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Since the turn of this century the art 
of wind tunnel testing has progressed 
very rapidly. During the 1930"s the 
design and construction of supersonic 
wind tunnels was mastered and rapid 
progress was made in establishing test 
flows of good quality and steadily 
increasing supersonic Mach numbers. 
The Mach number range around sonic 
speed, however, exhibits unusual diffi­
culties, both in the design of aeroplanes 
as well as that of wind tunnels. The 
difficulty is caused by the well known 
aerodynamic fact that in the transonic 
speed range the flow changes its 
character from a "single type flow", 
either subsonic or supersonic, to a 
"mixed-type flow" with local super­
sonic fields imbedded in subsonic flow 
or local subsonic fields imbedded in 
supersonic flow. 

T!ie transonic speed range depends 
more than either the subsonic or super­
sonic speed ranges on experiments to 
provide the required aerodynamic 
information for airplane and missile 
designers. This AGARDograph pre­
sents a review of the extensive efforts 
made during the last 15 years to develop 
practical transonic wind tunnels and 
discusses their performance and 
limitations. Emphasis is placed on the 
design and operational characteristics 
of both types of modern transonic 
wind tunnels, that is, on wind tunnels 
with either longitudinally slotted or 
perforated test sections. Each chapter 
of this volume has been made as 
complete as possible, with its own 
series of figures and a separate list of 
references and bibliographical material. 
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FOREWORD 

TRANSONIC aerodynamics and especially transonic wind tunnel testing con­
stituted for a long time one of the critical chapters of aerodynamic science. 
The theoretical reason can be easily seen: purely subsonic and purely super­
sonic flows can be described by approximate solutions derived from linear 
differential equations; therefore scaling rules and fundamental properties of 
such flows can be described in physical terms, which can be visualized in a 
relatively easy manner. If we have to deal with a flow in the transonic re­
gime, the similarity laws and scaling rules are not directly apparent and the 
measurements become highly dependent on the ratio between dimensions of 
the wind tunnel and the dimensions of the model. The first observations 
showed, for example, a rapid increase ofthe drag of wing profile as the speed 
approached the sound velocity; however, the value of the speed at which this 
drag increase occurred, aud i t s magnitude, depended more on the character­
istics of the wind tunnel than on the characteristics of the wing profile. Some 
of the quite experienced experimentalists published test results before they 
realized the enormous influence of wind tunnel effects. 

But even today with all the experiences derived from a large number of 
interesting publications, a comprehensive study of the problems of transonic 
wind tunnel testing has a great value. I am convinced that active workers in 
this field, as well as students, should find the present work of considerable in­
terest and value, combining as it does vast knowledge and broad recent ex­
perience. 

T H . VON KARMAN 
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1 Singularity in free flight 
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C H A P T E R 1 

INTRODUCTION 

SINCE the turn of this century the art of wind tunnel testing has progressed 
very rapidly. In the course of the development cycle from small, low-speed 
wind tunnels to the large, high-speed wind tunnels o f t h e 1930's and 40's, 
the aerodynamic design problems remained essentially the same, and the 
mechanical construction of the tunnels was readily accomplished on the 
basis of the general knowledge in this field. During the 1930's, the design 
and construction of supersonic wind tunnels was also mastered by several 
independent groups of investigators, and rapid progress was made in estab­
lishing test flows of good quality and steadily increasing supersonic Mach 
numbers. 

The Mach number range around sonic speed, however, exhibits unusual 
difficulties, both in the design of airplanes as well as in that of wind tunnels. 
This difficulty is caused by the well-known aerodynamic fact that in the 
transonic speed range the flow changes its character from a "single-type 
flow", either subsonic or supersonic, to a "mixed-type flow" with local 
supersonic fields imbedded in subsonic flow or local subsonic fields imbedded 
in supersonic flow. Even today, the complexity of transonic flow has made it 
impossible to establish simple transonic theories with which the charac­
teristics of airplanes or components can be reliably predicted. Consequently, 
the transonic speed range depends more than either the subsonic or the 
supersonic speed ranges on experiments to provide the required aerodynamic 
information for airplane and missile designers. 

Obviously the reliability and the limits of wind tunnel testing must be 
thoroughly understood before the results of such tests can be safely applied 
to airplane design. This rather general requirement is much more pro­
nounced in the transonic than in either the subsonic <ir supersonic speed 
ranges because the transonic wind tunnels developed to date are very 
sensitive with respect to the arrangement of slots, perforation pattern, 
model size, etc. 

This AGARDograph therefore presents a review of the extensive efforts 
made during the last 15 years to develop practical transonic wind tunnels 
and discusses their performance and their limitations. Emphasis is placed 
on the design and operational characteristics of both types of modern 
transonic wind tunnels, that is, on wind tunnels with either longitudinally 
slotted or perforated test sections. Each chapter of the AGARDograph has 
been made as complete as possible, with its own series of figures and a 
separate list of references and bibliographical material. 



C H A P T E R 2 

REVIEW OF THE HISTORY OF TRANSONIC 
TEST FACILITY DEVELOPMENT 

1. LOW-SPEED WIND TUNNELS 

a. Period before 1930 

An appraisal of the advances in wind tunnel test techniques can be 
readily obtained by comparing the modern wind tunnel facilities with their 
historical predecessors. For example, test equipment such as the wind tunnel 
built and used by the Wright Brothers in the early 1900's paved the way for 
the development of the early flying machines of this century. Since the basic 
problems were very elementary, relatively crude wind tunnels sufficed to 
provide the required information. T h e Wright Brothers' wind tunnel (see 
Fig. 2.1), for instance, was used to provide basic information on the lifting 
characteristic of wings, on the drag of the wings and the entire flying article, 
and particularly on the center of pressure and its location and shifting, 
which are so vitallv important to the stability and control of an airplane 
(Fig. 2.2). 

After they had succeeded in building and flying the first airplanes of this 
century, the inventors and engineers of the period required more refined 
wind tunnels. Subsequently Eiffel developed the "open re turn" type wind 
tunnel in France and Prandt l the "closed re tu rn" type wind tunnel in 
Germany. Problems investigated in these wind tunnels were concerned 
with the effectiveness of wing contours, the lift distribution in chord and 
spanwise directions, wing-planform influence, control, etc. T h e foundations 
of our knowledge of aerodynamic drag were established; and its principal 
categories, that is, pressure drag which is produced mainly by wing tip 
vortices (induced drag) and by separation of the flow, and surface friction 
were explored. Wind tunnels of this period had a more uniform flow, less 
turbulence, and more precise measuring equipment to determine the forces 
and pressures acting on the wing surfaces than did those of the earlier 
period. 

T h e engineering efforts before approximately 1930, including extensive 
use of wind tunnels, had as the end product an airplane from which most 
unnecessary external structural elements such as wing struts, landing gear, 
and unshrouded engine installations had been eliminated. Aerodynamically 
clean aircraft with smooth wings and fuselage, and shrouded engine instal­
lations were produced for numerous commercial uses (Fig. 2.3). 

b. Period after 1930 

After the external drag of the airplanes had been largely reduced, further 
progress was made by reducing the wing area and by making the airplane 
surfaces as smooth as possible. T h e influence of wing roughness, rivets, 
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steps in the contours, etc., was considered in the research for further im­
provements. It became necessary to conduct reliable investigations of these 
individually small effects which could, in their entirety, result in large 
performance improvements. Hence, the period of the 1930's is character­
ized by the development of large wind tunnels in which full-scale aircraft 
or full-scale components could be tested to provide reliable information on 

FIG. 2.1. Wright Brothers' wind tunnel (1900). 

FIG. 2.2. Wright Brothers' air/,lane (1903). 

3 



T R A N S O N I C W I N D T U N N E L T E S T I N G 

small-scale disturbances. The wind tunnels of this era are, for instance, the 
large 30 x 60 ft wind tunnel of the NACA at Langley Field, Virginia, and 
similar wind tunnels at Berlin, Paris (Fig. 2.4), and other places. 

T h e product of this era of aerodynamic progress was the clean airplane 
achieved at the end o f t h e 1930's and at the beginning o f the 1940's (Fig. 
2.5). Wing areas had been reduced to a minimum, compatible with flight 
performance and take-off characteristics and with full utilization of various 
lift augmenting devices such as trailing and leading-edge flaps. 

FIG. 2.3. Airplane of the 1930's—period preceding the I X - i 

During the 1930's it was also recognized, on the basis of theoretical and 
experimental work, that one predominant part o f the airplane drag was the 
turbulent boundary layer drag. Sizable reductions of this drag could be 
achieved when the turbulence of the boundary layer could be eliminated, 
and laminar boundary layer flow could be established. T o study this 
peculiar effect it was necessary to develop wind tunnels with exceptionally 
smooth flow. The turbulence generally inherent in conventional wind tunnel 
flow makes it nearly impossible to investigate aerodynamically smooth 
airplane models with proper simulation of free flight in the turbulence-free 
atmosphere. As a result, a number of special wind tunnels were designed at 
the end ofthe I930's and during the 1940's to investigate the laminar friction 
effect. Wind tunnels of this type were characterized mainly by large con­
traction ratios, the installation of several fine-mesh turbulence screens, and 
careful contouring of the inlet nozzle as well as the diffuser behind the test 
section. 

At the present time, that is, around 1960, we are still in the midst of at­
tempts to exploit the definitely demonstrated opportunity of significantly 
reducing the drag of a subsonic airplane (mainly its friction drag) by stabi­
lizing the laminar boundary layer. 
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a. Test section of NACA Langley 30 <G0 f t wind tunnel wilh model installation. 

b. Open-circuit wind tunnel at Chalais-Mendon, France. 

FIG. 2.4. Large wind tunnels of the 1930's—period for tests Oj 
full-scale airplanes. 
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REVIEW OF TRANSONIC TEST FACILITY DEVELOPMENT 

2. HIGH-SPEED SUBSONIC WIND TUNNELS 

A. General consideration of compressibility effect 

The wind tunnels used to develop aircraft before the early 1940's were 
not designed for a study of the compressibility effect of the air. At the flight 
speeds of most airplanes of that time (only a few of them exceeded velocities 
of 50 or 60 per cent of sonic speed), the air behaves much like an incom­
pressible fluid. This fact can be readily recognized by considering the 
density of air at various flight Mach numbers in comparison with the 
stagnation point density: 

Density Changes at Various Flight Speeds 

Speed at Sea Level, 
m.p.h. 

304 
456 
608 
760 

Mach No. 

0.40 
0.60 
0.80 
1.00 

Density Change, 
Ap/po, per cent 

7.6 
15.9 
26.0 
36.6 

I t is readily seen from this table that at flight speeds corresponding to 
Mach number of 0.50 the compressibility of the air can be taken into 
consideration by a small correction. Thus reliable results can be obtained 
in practically incompressible flow, that is, in low-speed wind tunnels. 
However, the table also shows that the density change grows very rapidly 
and becomes a major parameter when flight Mach numbers of 0.6 are 
exceeded. Hence, at the end of 30 years, when the trend of the fast airplanes 
of that period (fighter and bomber aircraft) was toward maximum flight 
speeds approaching sonic speed, the need for reliable aerodynamic design 
information resulted in major efforts to develop high speed wind tunnels. 

b. Closed wind tunnels 
In the 1930's, experimental research in small high speed subsonic wind 

tunnels was begun in order to obtain insight into the manner in which the 
characteristics of airplane components are influenced by the compressibility 
o f the air. Typical small wind tunnels of this period are the wind tunnels of 
the NACA in the United States and the wind tunnels of the Aerodynamic 
Research Institute at Gocttingen (supported by the theoretical work of 
Prandtl and Buscman). The first experimental information on the pressure 
distribution and the characteristics of simple two-dimensional wing sections 
at high subsonic speeds was obtained in these small wind tunnels. Drastic 
changes in drag, lift, and center-of-pressure location and its dependence on 
wing thickness, camber, and thickness distribution were documented in a 
cursory manner for the first time. 

Testing in these small wind tunnels revealed such significant aerodynamic 
changes that extraordinary efforts were soon made in several countries to 
investigate the observed effects more reliably in wind tunnels of larger scale. 



a. View downstream into lest section. 

b . Research wing installation. 

F I G . 2.6. High-speed wind tunnel (2.7 m diameter) of the DVL, 
Berlin, Germany (1939). 



R E V I E W O F T R A N S O N I C T E S T F A C I L I T Y D E V E L O P M E N T 

In Berlin the DVL, the first large wind tunnel (2.7 m diamj with velocities 
up to choking, started operation early in 1939 (Fig. 2.6). In the United 
States, several wind tunnels approximately 8 ft in diameter were put into 
operation by the NACA in 1940. Wind tunnels of this type provided the 
information required to develop the high-speed military- aircraft used in 
World War II . 

This period of airplane development was characterized by a rapid 
improvement in performance made possible by the advent of the turbojet 

;i. Hcinkel 17fi(1939). 

h. MesserschmiU 262 {1941 . 

FIG. 2.7. First jet-powered airplanes. 
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engine. T h e new-type engine provided a much more powerful and efficient 
propulsion system at the high speeds involved than the reciprocating 
engine-propeller system (Fig. 2.7). Also the aerodynamic shape of the 
airplanes of this period was so clean that, in slightly descending trajectories 
(not considering steep dives), it was possible to obtain velocities which 
approached sonic speed. T h e flight tests paralleling the tunnel investigations 
showed a tremendous increase in drag and unpredictable behavior of the 
airplanes, coupled with ineffectiveness or reversal of the controls, near sonic 
speeds. This period of development was marked by many total losses of 
airplanes caused by disintegration of structural components caused by 
changes in the pressure distribution or by the inability of the airplane 
controls to maintain level flight. 

During these years the pressure on wind tunnel operators was very great 
to provide test facilities in which the behavior of airplanes could be studied 
at speeds immediately below and through sonic speed. Normal closed-type 
wind tunnels could not provide the required aerodynamic information in 
the speed range close to Mach number one because of the choking pheno­
menon. The difficult situation facing the wind tunnel operators can best be 
described by a cursory review of the permissible blockage of a model at 
high subsonic Mach numbers (blockage calculated for one-dimensional 
flow): 

Blockage for Choking in Closed Wind Tunnels 
10ft Wind Tunnel {Circular) 

Mach No. 

0.8 
0.9 
0.92 
0.94 
0.96 
0.98 
1.00 

Blockage, 
per cent 

3.7 
0.88 
0.56 
0.31 
0.14 
0.03 
0.0 

Wing 
Thickness, in. 

3.5 
0.83 
0.53 
0.29 
0.13 
0.03 
0.0 

Fuselage 
Diam, in. 

23.1 
11.2 
8.9 
6.7 
4.5 
2.1 
0.0 

T h e table shows that two-dimensional wing tests become practically-
impossible in closed wind tunnels at speeds above Mach number 0.90. In 
the case of fuselage models with circular cross sections, the problem is 
somewhat less acute since, at Mach number 0.90 a fuselage nearly 1 ft in 
diameter can still be tested in a closed wind tunnel as can a fuselage of 
6.7 in. d iam at a Mach number of 0.94. 

I t is obvious, however, that in closed wind tunnels the model size rapidly 
becomes impracticably small when sonic speed is approached. Conse­
quently, during the 1940's much emphasis was placed on developing other 
types of wind tunnels or test facilities which could provide the required 
aerodynamic information. 
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c. Open-jet wind tunnels 

In order to alleviate the choking phenomenon, frequent attempts were 
made to investigate the transonic aerodynamic problems in open-jet wind 
tunnels. These attempts, made principally in the late 1930's and early 
1940's, did not prove successful. The failure was the result of difficulties 
connected with the strong tendency of open-jet tunnels to develop pulsations 
in the test-section flow. These pulsations originated in the turbulence of the 
mixing layer along the jet boundaries and made the flow around the model 
and its shock waves very unsteady. Also, tests in open-jet wind tunnels, 
even when the pressure in the surrounding open chamber was kept at a 
known static pressure (for example, corresponding to Mach number one), 
required the application of a Mach number correction of unknown magni­
tude. Added to this were the large power requirements of open-jet wind 
tunnels, which again can be traced back to the mixing layer of the jet 
boundaries and the resulting low diffuser efficiency. It is therefore under­
standable that serious consideration of this type of wind tunnel was dropped 
at an early stage. Attention was again concentrated on the closed wind 
tunnel which, if extremely small models were used, allowed sonic speed to 
be approached from below and from above; however, a gap was left which 
was unsuitable for the acquisition of test data. 

3. DROP TESTS 
In order to obtain interference-free experimental data on the character­
istics of airplane components in the critical speed range near Mach number 
one, efforts were made beginning around 1941 and continuing for several 
years to deduce such data from tests with unpowered models dropped from 
high altitudes. The model trajectory was measured by means of ground-
based optical observation stations or by built-in telemetry instrumentation, 
and the velocity, acceleration or deceleration, and aerodynamic forces were 
determined. 

Some typical tests of this period were conducted in the DVL, Berlin, with 
bodies of revolution.1 By using the ultra-high-altitude aircraft of this period 
(maximum altitude close to 50,000 ft) and dropping several models with the 
same external shape but different weights, it was possible to obtain aero­
dynamic data in the critical speed range, as depicted in Fig. 2.8. The 
accuracy of these data is quite satisfactory. Other model shapes were also 
examined using the same method; one had rectangular and swept-back 
wings stabilized by means of long cylindrical centerbodies with small thin 
tail surfaces. Interference-free drag and other aerodynamic data were 
obtained for such model shapes. 

The method of free-flight model testing was subsequently greatly im­
proved, particularly by activities carried on in the United States. Models 
were equipped with their own power supply, usually rockets, so that they 
would accelerate to large velocities when launched from the ground.2 In 
these tests, the booster, properly equipped with test surfaces, could serve 
as the test model, or the booster could be used to launch a highly instru-
mentated test model into the air where it would separate from the model 
after the boost phase. Test data could then be obtained for the separated 
model alone. 
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T h e advantages of the free-flight model testing technique lie in the fact 
that there is no possibility of wall interference effects, as in wind tunnels. 
Large models of airplanes or missiles can be used to provide reliable stability 
and control data of both the static and the dynamic type. However, such 
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FIG. 2.8. Drag coefficient of body of revolution with stability fins from 
drop tests (1944).* 

tests are very expensive, and the production of test data is relatively slow. 
Also the number of parameters for which information can be obtained 
(pressures, forces, moments, etc.) is relatively limited in comparison with 
the abundant possibilities offered in ground test facilities. 

T h e free-flight model testing technique, therefore, even though it is still 
used today, is used only for special problems. These special problems are 
mainly concerned with the dynamic stability of airplanes or missiles or 
with the establishment of reference data to check the reliability of wind 
tunnel data in cases of sensitive flow conditions. 

4. ROTATING RIGS 
During the search for experimental methods suitable for exploration of 
the transonic speed range, it was frequently suggested that rotating rigs be 
built. With such rigs, the models were mounted on a rotating arm and were 
thus subjected to high relative velocities. Usually the disturbances by the 
wake of the model flow were reduced by superposing a small perpendicular 
flow to remove the wake from the path of the model during the succeeding 
revolutions. 

Successful applications of this test method are known only in cases of 
small, very simple models. In the test rig of the NACA, for instance, a 
diamond-shaped two-dimensional wing was investigated through the tran­
sonic speed range. The data obtained compared quite well with the values 
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-BOUNDARY-LAYER REMOVAL DUCT 
EXHAUST TO ATMOSPHERE 

F I G . 2.9a. Schematic diagram. 
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TRANSONIC WIND TUNNEL TESTING 

predicted by theory and supported the validity of these theoretical methods, 
especially at Mach number one (Fig. 2.9). 

However, because of the overall complexity and the influence of the rela­
tive curvature of the test flow, the application of the whirling-arm method 
has not been extensive. It has generally been restricted to use in research 
investigations of simple two-dimensional airfoil shapes similar to that dis­
cussed above. 

I.-4992 

b. Photograph of airfoil installed. 

FIG. 2.9. The Langley annular transonic tunnel (rotating rig) (1948).3 

5. TRANSONIC TESTING WITH WING-FLOW TECHNIQUE 

a. Wing-flow technique wilh airplanes in free flight 

The technique of wing-flow testing stemmed from the urgent need which 
arose during the 1940's to provide aerodynamic information in the transonic 
speed range from slightly below Mach number one to low supersonic Mach 
numbers. It makes use of the fact that a local high-velocity field occurs 
around the wing with considerably higher Mach numbers than the free-
flight Mach number . For instance, a typical airplane wing will have devel­
oped local supersonic disturbance fields when the flight Mach number is 
still as low as 0.7 or slightly above. Thus, by flying an airplane in the speed 
range of Mach numbers 0.7 or 0.75 and placing a model on the wing in 
the region of the local high Mach number field, aerodynamic information 
can be obtained about model characteristics in the critical transonic Mach 
number range. A picture of such an installation is given in Fig. 2.10. Numer­
ous tests of this type were conducted in the United States during the 1940's 
by the NACA. 4 ' 
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The advantage of this method was that for the first time it was possible 
to obtain aerodynamic data concerning the overall forces and the pressure 
distribution for wings and other model components through the critical 
transonic speed range. On the other hand, the disadvantages of the method 
are very apparent. It has all the difficulties associated with flight tests of 

FIG. 2.10. Wing-flow method demonstrated by mode! mounted on wing of 
P-51D airplane (1947).* 

full-scale airplanes. Also, the low rate of data collection and the high cost 
of operation weigh heavily against it. Obviously only very small models 
can be used and the resulting low Reynolds numbers contribute to further 
uncertainty in the evaluation of such data. In addition, the most serious 
handicap of the wing-flow method derives from the non-uniformity of the 
flow field in which the model is placed. In contrast to the uniform flow 
existing in good wind tunnels, in the wing-flow method the model is exposed 
to a test flow field which has velocity gradients in the flow direction and 
perpendicular to it. Since near Mach number one the flow is extremely 
sensitive with respect to changes in stream density, the reliability of test 
data obtained by the wing-flow method cannot be readily assessed. As a 
consequence, this method was completely abandoned as soon as more 
reliable test methods became available. 

b. Wing-flow technique using bumps in wind tunnels 

The transonic bump technique in wind tunnels represents an exact parallel 
to the wing-flow method in flight testing described in the preceding para­
graphs. This method, which was employed in the United States in the 
1940's, provided a curved surface like a large bump in a subsonic wind 
tunnel. Along this curved surface or bump, a disturbance field was estab­
lished similar to that occurring above an airplane wing. Mach numbers 
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extending into the low supersonic range could be established in the local 
disturbance field. By suitable shaping of the contour of the bump, the 

a. Model installation. 

8 10 12 14 

STATION ON BUMP, IN. 

b. sLocal Mach number, Mi, in model area. 

FIG. 2.11. Transonic bump in NACA 7 x 10fi wind tunnel (1951).* 
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velocity gradients in both the horizontal and vertical directions could bc 
greatly reduced.5-6 A typical installation is shown in Fig. 2.11a. 

This method had the advantage that, by a relatively simple modification 
of an existing subsonic wind tunnel, it was possible to obtain aerodynamic 
data in the range from high subsonic to low supersonic Mach numbers. 
Also the rate of data collection and the instrumentation of the model could 
bc more complete than in flight tests so that increased data accumulation 
could be accomplished. 

However, the method did not eliminate the major disadvantage of the 
wing-flow method, that is, only relatively small models could bc installed. 
For instance in the Ames 16 ft high-speed wind tunnel o f the NASA, half-
wing models with a half span of no more than 18 in. were typical instal­
lations.7 Also the uniformity of the flow was subject to the same criticism 
discussed before (Fig. 2.11b). 

Thus the bump method of wind tunnel testing was also completely aban­
doned as soon as more efficient transonic wind tunnels could be established. 

ti. TRANSONIC TESTING IN CLOSED WIND TUNNELS 
WITH MOVABLE SIDEWALLS 

During the search for a suitable transonic test method, some subsonic wind 
tunnels were modified in the late 1940's to provide low supersonic velocities. 
These modifications were made in a crude but simple manner. The purpose 
was to provide in one wind tunnel the possibility of gathering information 
in both the subsonic speed range close to Mach number one and the super­
sonic speed range beginning at a Mach number slightly above one. Only a 
narrow gap around Mach number one remained in which no data could bc 
collected. 

An example of a wind tunnel of this type is the Wright Field 10 ft wind 
tunnel as it was during its initial phase of operation with solid walls (Fig. 
2.12a and Ref. 8). In this tunnel, movable sidewalls were provided to in­
crease the effective flow area in the test section downstream of the throat 
and to thus establish supersonic flow in the test region. The models naturally 
had to be very small, lirsl to avoid excessive flov\ distortion in the high 
subsonic Mach number range and second, to avoid interference effects due 
to shock reflection on the solid tunnel walls. 

The velocity distribution for the Wright Field 10 ft wind tunnel for 
various settings o f the sidcwalls arc indicated in Fig. 2.12b. With a model 
4 ft long, a Mach number non-uniformity of no more than + 1.0 per cent 
occurred at the highest attainable test Mach number of 1.18. 

A similar approach with the same objective was selected by a French 
group of the Institut Aeronautique, Saint-Cyr. This group provided a 
pair of movable inserts along the tunnel walls. Movement of the inserts 
changed the size of the throat and, consequently, allowed establishment of 
supersonic Mach numbers in the test section. T h e velocity distribution 
obtained with this device was also found to be satisfactory for some test 
work, the non-uniformities being mainly a function of the slenderness of the 
movable inserts. 

Because of the limitations of model size and wall interference, these 
schemes also are no longer used in transonic testing. 

17 



T R A N S O N I C W I N D T U N N E L T E S T I N G 

MOVABLE SIDE WALLS 

TEST SECTION 
r - MOVABLE SIDE WALL 

INWARD POSITION 

MOVABLE SIDE WALL 
OUTWAPO POSITION 

a. Test section configuration. 
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FIG. 2.12. Wright Field 10 fl wind tunnel (closed) with 
movable sidewalls (1951).B 

7. TRANSONIC TESTING IN CLOSED WIND TUNNELS 
WITH THICK BOUNDARY LAYERS 

a. Influence of wall boundary layer on choking Mach number in closed wind tunnels 
Accurate experiments concerning the choking Mach number in closed 

wind tunnels as a function of the model displacement showed that the 
choking Mach number is frequently higher than predicted by inviscous 
flow theory. This phenomenon is particularly pronounced at small Reynolds 
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numbers when the boundary layer along closed wind tunnel walls is rela­
tively thick. Calculations on the displacement thickness ofthe wall boundary 
layer in the vicinity of the model, based on experimental data, indicated 
that the increase in the choking Mach number can be attributed to the 
thinning of the boundary layer as a result of the disturbed pressure field 
around the model.9 

Normally, the increase in the choking Mach number, that is, in the 
maximum Mach number attainable in a closed wind tunnel, has the char­
acter of a relatively small correction. However, it can be reasoned that by 
artificial thickening of the wall boundary layer a sizable increase in test 
Mach number can be accomplished, even to the extent that supersonic 
flow in a test section with a constant geometrical cross section can be estab­
lished. Experiments were conducted in several small model tunnels in which 
the thick boundary layer was produced either by installing screens in the 
stagnation section of the test section10-11 or by recirculating low Mach 
number air along the test-section walls and through separate channels 
around the test section (see Fig. 2.13 and Ref. 11). Typical Mach number 
distributions are presented in Fig. 2.13b. It is apparent that the Mach 
number distribution in the test section is not very uniform. Furthermore, 
the center core of the flow is very small, less than \ the tunnel diameter or 
iV the tunnel cross-sectional area. 

WALL SETTING FOR 
M ABOVE I S 

F I G . 2.13a. Photograph of test section configuration. 
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REVIEW OF TRANSONIC TEST FACILITY DEVELOPMENT 

Another difficulty of the two-stream wind tunnel is connected with the 
determination of the velocity corrections in the wind tunnel where the 
model is installed. Theoretical studies of this problem had previously been 
carried out for incompressible flow assuming "no-mixing" between the 
high-speed center core and the low-speed surrounding airflow.12 However, 
in view of the numerous parameters involved (as, for instance, the distortion 
of the dividing line between the inner and outer cores by the model displace­
ment, Mach number, and friction), such wind tunnel corrections become 
rather inaccurate. Consequently, tests with this type of transonic test 
section were not carried further than the model tunnel phase in spite o f the 
fact that , in a given test section, the Mach number range from subsonic 
values to supersonic values as large as Mach number 1.33 could be covered 
merely by changing the power input to the wind tunnel drive. 

b. Closed wind tunnels with air bleed-in for low supersonic operation 

During the 1940's the urgent search for wind tunnels which could produce 
test results in the low supersonic Mach number range led to experiments 
with closed wind tunnels, both model and full-scale, in which an effective 
throat was formed at the upstream end of the test section by means of air 
bleed-in (Fig. 2.14). This scheme was applied in the 10 ft wind tunnel at 
Wright Field. It produced acceptable Mach number distributions in the 
range from Mach number 1.06 to 1.12 and, in addition, over the entire 
subsonic range available in this closed wind tunnel. The supersonic Mach 
numbers could be established by merely changing the inflow of bleed-air 
into the test section.13 With this scheme, it was possible during the late 
1940's to obtain supersonic test data on airplane models in a basically 
subsonic wind tunnel. 

However, with the air bleed-in scheme, the power requirements for a 
wind tunnel became extremely large, particularly in the supersonic Mach 
number range. This scheme was used only temporarily to provide given 
wind tunnel test data through the high subsonic and the low supersonic 
Mach number range, for a given model installation, until such a time as 
more efficient transonic wind tunnels could be developed. 

8. WIND TUNNELS WITH SLOTTED WALLS 

a. High subsonic speed range 
During the development of the low-speed wind tunnels in the 1930's 

and later, the combined influence of solid and open wall elements was 
investigated in detail by numerous researchers.14-15 I t was shown that the 
wind tunnel velocity correction could be greatly reduced by the proper 
arrangement of solid and open wall elements. 

The demand for wind tunnels with low velocity corrections again became 
urgent during the 1940's when it became necessary to increase the test 
velocities, although it was recognized that wind tunnel velocity corrections 
increased with the third power o f the Prandtl factor \ / ( l — M^ 2 ) . T o keep 
the magnitude of this wind tunnel correction reasonably small, it was 
therefore necessary to start with a low correction factor even in the incom­
pressible flow. 

21 



TRANSONIC WIND TUNNEL TESTING 

At the same time it was again pointed out by sevcial investigators that with 
a suitable geometry of longitudinal slots it should be possible to completely 
eliminate the velocity correction in incompressible wind tunnel flow. 
Moreover, application of the generalized similarity rule for compressible 

P^-tf^ 
VALVE 

BYPASS 

TEST CHAMBER 

•ANNULAR SLOT 

a. Test section configuration. 

A m ; MASS FLOW THROUGH SLOT MASS fLO« THROUGH TEST SECTION 

b. Mach number distributions. 

Fie. 2.14. Wright Field 10 ft wind tunnel with annular air-bleed-in (/949).13 

flow showed that this result would also remain valid at high subsonic 
velocities as long as the disturbance velocities remained sufficiently small. 
The calculations on this effect carried out in Germany,15 Italy and Japan 
produced theoretical correction-free slot arrangements. These activities, 
however, did not result in the construction of slotted wind tunnels because 
ofthe circumstances connected with and following World War II. 
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b. Transonic speed range 

The first really successful transonic wind tunnel was investigated in the 
United States in 1947 in tests at the NACA. 1 6 Based on calculations for the 
velocity correction in partially open and closed circular wind tunnels, it 
was determined at what relative slot open area the velocity correction 
would disappear at subsonic speeds. A small subsonic model tunnel was 
built with a test section 12 in. in diameter and having eight slots and a slot-
open area ratio of 12.5 per cent (Fig. 2.15). The tests not only indicated 
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a. Schematic diagram of transonic slotted tunnel. 

b. Circular, 12 in. diam. c. Octagonal, 12 in. effective diam. 

FIG. 2.15. Transonic slotted tunnel configuration of the NACA, U.S.A. (1948).™ 

that the velocity correction became very small, as intended, but also that 
the choking was greatly relieved. It was possible to operate the slotted wind 
tunnel with model blockages of close to 9 per cent at Mach numbers to 0.97. 
Furthermore, it was discovered that such a wind tunnel could be operated 
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not only at both subsonic and sonic speeds but also at supersonic speeds, 
merely by raising the power input to the wind tunnel compressor. These 
experimental results were of extreme importance. They demonstrated that 
for wind tunnel operation at low supersonic Mach numbers, it is not neces­
sary to have an exchangeable or adjustable nozzle, as in conventional 
supersonic wind tunnels. In one partially open transonic wind tunnel, 
useful testing can be accomplished over the entire transonic speed range 
from high subsonic to low supersonic Mach number. 

A considerable number of full-scale slotted wind tunnels have been built, 
particularly in the United States (for example, Fig. 2.16), according to the 
principle of the slotted wind tunnel described above. Wind tunnels of this 

FIG. 2.16. NACA 16ft transonic wind tunnel (1950).19 

FIG. 2.17. Bell X-l airplane (first airplane faster than sound) [October 14, 1947). 
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type were also constructed in Great Britain, Switzerland, France, etc. These 
wind tunnels were developed to a high degree of perfection by means of 
thorough and detailed experimental work. They were found to provide 
reliable data in the subsonic speed range up to and including Mach number 
one. However, it was also shown that they had the serious shortcoming of a 
very limited potential for cancelling shock-wave reflections. Therefore, the 
successful use of slotted wind tunnels in the supersonic speed range is 
restricted to very low supersonic Mach numbers ( M = 1.05). At higher 
supersonic Mach numbers these wind tunnels have the same limitations as 
conventional closed wind tunnels. A typical airplane designed with the 
knowledge obtained in the initial slotted wind tunnels is the first experimental 
airplane faster than sound, the rocket-powered Bell X-l (Fig. 2.17). 

9. WIND TUNNELS WITH PERFORATED WALLS 

a. Basic design and performance 

Investigations around 1950 showed that for effective cancellation of 
shock waves at wind tunnel walls it is necessary to provide a "small-grain" 
porous wall which can match the "flow inclination-pressure rise" charac­
teristics of shock waves. These early theoretical investigations were performed 
mainly by the staff of the Cornell Aeronautical Laboratory in the U.S.A., 
and were supplemented by some small-scale experiments.17 The experi­
ments proved that satisfactory shock cancellation can be accomplished when 
shock intensity and the porosity o f the walls are properly matched. 

It was found, however, that porous walls would not be very practical 
from the operational point of view. Not only is it nearly impossible to avoid 
clogging of the pores of such a wall during operation, but also the effective 
porosity must be continuously adjusted with each change in Mach number 
or in intensity ofthe shock waves. Such a requirement is very hard to satisfy 
in actual wind tunnel operation. 

As a further development, the perforated wall concept was introduced.1 7 

This wall consists of a large number of small discrete openings in the wind 
tunnel wall. It was shown both by theoretical calculations and by experiments 
that properly perforated walls arc capable of matching the "no-reflection" 
requirements over a considerable range of Mach number and shock intensity' 
when the geometry of the perforation is properly selected (Fig. 2.18). 

Numerous experiments indicated that such perforated walls are effective 
in cancelling shock-wave reflections. However, the investigations also indi­
cated that such walls are not basically well adapted to matching the desired 
characteristics of subsonic flow. This disadvantage of perforated walls at 
subsonic speeds is acceptable only when the size of the wind tunnel model 
is properly restricted, that is, when it is kept small enough. 

b. Further development of perforated wall wind tunnels 

In the course of detailed investigations of perforated wind tunnels, walls 
with slanted holes were studied in the mid-1950's.18 I t was recognized that 
normal perforated walls with perpendicular holes do not provide the proper 
boundary conditions for three-dimensional wave patterns and for two-
dimensional or three-dimensional expansion waves. This is the result of the 
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fact that stagnation air from the plenum chamber can easily be sucked into 
the test section. Consequently, the slanted holes were arranged in such a 
manner that they offered a larger resistance to inflow into the test section 
than to outflow out of the test section and in this manner provided a much 
improved matching for wave cancellation of both the compression and 

a. Mach number 1.15. 

b. Mach number 1.30. 

FIG. 2.18. Shock reflection on perforated wind tunnel walls (1950).17 
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expansion-type shock waves (Fig. 2.19). Examples of transonic wind tunnels 
with perforated walls o f the slanted-hole type are the modern AEDC 16 ft 
transonic and supersonic wind tunnels (Fig. 2.20) and the supersonic 

FLOW OUT OF TEST SECTION 

I I 
FLOW INTO TEST SECTION 

Fie. 2.19. Streamline pattern for inflow and outflow through a wall 
with inclined holes.1* 

8 x 6 ft wind tunnel at the Lewis Laboratory of the NASA. These tunnels 
are notable for the fact that in their design emphasis was placed on good 
operational characteristics in the supersonic speed range. 

A typical supersonic airplane developed with the aid of extensive transonic 
wind tunnel testing in both the high-subsonic and low-supersonic speed 
ranges is the North American F-100A shown in Fig. 2.21. 

Many detailed experiments have shown that perforated walls are effective 
only when the individual holes in the perforation arc comparable in size 
to or larger than the thickness of the boundary layer along the tunnel 
walls. Therefore, in order to produce the desired ratios between hole size 
and boundary layer thickness without the necessity for undesirably large 
holes in the wall, the boundary layer is frequently thinned by plenum 
chamber suction. Such suction has been found to be a significant method of 
making the perforated wall effective for wave cancellation. It is also ex­
tremely beneficial from the viewpoint of the overall power consumption of a 
wind tunnel. As a consequence, wind tunnels benefit greatly when a large 
portion of the total drive power is used for the plenum chamber suction 
drive system. For example, the 16 ft transonic wind tunnel of the AEDG 
provides 216,000 hp for the main drive system and approximately 180,000 hp 
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a. View downstream into Ihe lest section. 

b . Full-scale Army Sergeant in test section. 

F I G . 2.20. Id f t transonic wind tunnel of Arnold Engineering Development 
Center, Tullahoma, Tennessee (1956). 
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for the plenum evacuation system. It was shown that in the transonic 
speed range an addition of power to the plenum chamber suction system is 
frequently two or three times as effective as the addition of the same power 
to the main drive motors. 

FIG. 2.21. North-American F-100A airplane (1954). 

10. CONCLUDING REMARKS 
In the period after 1950, a large number of transonic wind tunnels have been 
constructed in the Western countries. These wind tunnels have either 
slotted or perforated type test sections. As a general rule, the slotted type 
is preferred whenever the main emphasis is placed on the subsonic speed 
range to slightly above Mach number one; the perforated type test section 
is preferred when the emphasis is placed on the supersonic range. Both 
types of transonic wind tunnels have been successful in providing the informa­
tion which designers of airplanes and missiles need prior to construction and 
flight testing. The accuracy ofthe data obtained in these tunnels has matched 
the urgency of such data at the time when transonic wind tunnel testing 
spearheaded airplane development through the transonic speed range. 

As is the case for most developments in technical fields, the present partially 
open wind tunnels still offer numerous opportunities for further refinement 
of design. For example, improvements in the matching o f the wind tunnel 
boundary conditions with the flow pattern of test models appear possible 
using suitable combinations of perforated and slotted walls.18 Also, the 
investigation of suitable hole size and hole geometry in combination with 
boundary layer control still offers numerous problems for research. 

I t should be mentioned that even at the present time it is not possible to 
calculate reliably the flow pattern, the pressure distribution, and the forces 
for a model in free transonic flight, except in extremely simplified cases, as, 
for instance, in the case of a two-dimensional wing. A large field still remains 
which has not been thoroughly explored by theoretical investigations. 
Consequently, most of the information required in the transonic speed 
range has been obtained and remains to be obtained by means of experi­
ments. Since transonic wind tunnels have been developed into a reliable 
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tool, the support required in the development of future airplanes and 
missiles can bc adequately provided by experiments in the transonic wind 
tunnels which are in operation at the present time. 
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C H A P T E R 3 

FLOW AROUND AIRPLANES IN FREE 
F L I G H T 

BEFORE the specific phenomena of the flow in wind tunnels are discussed, 
some basic characteristics of the flow around airplane components in free 
flight will be briefly considered. In this introductory discussion, particular 
emphasis is placed upon the effect of the displacement of the airplane 
components because displacement is the source of some major difficulties 
which occur in wind tunnel testing in the transonic speed range. 

1. SUBSONIC SPEED RANGE 
In the free flight of an airplane, the flow lateral to the plane's structure 
must achieve a larger stream density, pv, in order to compensate for the dis­
placement of the airplane. Consequently, the streamlines bulge out in the 
vicinity o f t h e airplane as shown in Fig. 3.1a. Near the surface of a wing, 
for example, the streamlines are curved according to the wing contour, and 
the velocities near the maximum thickness of the wing are larger and the 
static pressures smaller than the corresponding values in the undisturbed 
flow. Because of the curvature of the streamlines, centrifugal forces are 
produced which increase the static pressure normal to the streamlines 
according to the well-known relationship: 

pv2 

dp = - — - d y 
R 

T h e elementary centrifugal forces and the resulting pressure gradients 
compensate for the difference between the pressures at the wing surface and 
the undisturbed pressure. I t should be noted that in subsonic flow the 
bulging of streamlines extends to infinitely large distances from the wing 
and that the elementary centrifugal forces in the entire space between the 
wing and the infinitely distant streamlines contribute to the build-up of the 
static pressure from the low values at the wing surface to the higher values 
in the undisturbed flow. 

Streamline curvature and velocity increase near the model are correlated 
in such a manner that the displacement volume of the airplane is compen­
sated for by the larger stream density, pv, of the flow in the disturbance field 
around the model. For example, in the plane of the maximum thickness of a 
two-dimensional symmetrical wing, the continuity condition is satisfied by : 

n 

i*0>4» = [{pv)v-{pv)roidy = A{pv)me*DdxyD 

This equality is represented in Fig. 3.1b for the incompressible flow case. 
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b. Velocity distribution laterally to the wing. 

FIG. 3.1. Incompressible flow around an airplane wing in free flight. 

2. MAGH NUMBER INFLUENCE IN SUBSONIC SPEED RANGE 
When the flight speed is increased in the subsonic speed range, the stream­
lines of the incompressible flow no longer provide equilibrium between the 
elementary centrifugal forces and the static pressure gradients in the flow 
field. Also, the condition of continuity is no longer satisfied. Consequently, 
two major changes occur. The streamlines at a given distance from the wing 
will assume larger curvature and adjacent streamlines will become more 
and more equidistant with the approach of sonic velocity, according to the 
basic relationship for the stream density of a compressible flow, pv = f { M ) , 
see Fig. 3.2. On the other hand, the flow between any two streamlines near 
the model contributes less to the integral in the continuity equation (see 
Chapter 3, Section 1), since the stream density cannot grow in proportion 
to the velocity, but approaches a maximum value near the sonic speed. 
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In order to overcome this two-fold difficulty, that is, larger stream­
line curvature leading to larger pressure gradients, dpjdy, on one 
hand, and smaller blockage-relieving margin, A(/>»), of the flow on the 

o. 4 />Vs, STREAM DENSITY 
(/>v)*'STREAM DENSITY AT SONIC 

SPEED 

1.0 15 

MACH NUMBER 

FIG. 3.2. Relationship between stream density and Mach number in 
isentropic flow (y = 1.4). 

other hand, the velocities, v, near the wing surface are increased and the 
flow disturbance field is extended farther laterally into the flow with increas­
ing subsonic Mach number (Fig. 3.3 and Ref. 1). 

Both relieving effects, however, have definite limitations. When the 
sonic speed is exceeded locally, the stream density, pv, no longer increases 
bu t instead decreases with increasing velocity as shown in Fig. 3.2. Hence, 
local supersonic fields around a wing increase the effective wing blockage. 
Furthermore, when local supersonic speeds are attained, the streamline 

1.00 

FIG. 3.3a. Velocity distribution lateral to an airplane wing in subsonic 
free flight M ^ = 0.77. 
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FIG. 3.3b. Stream density distribution lateral to an airplane wing 
in subsonic free flight, M& = 0.77. 
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a. Symmetrical streamline pattern without shock waves, M x = 0.80. 
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b. Unsymmetrical streamline pattern with shock waves, M m = 0.85. 

FIG. 3.4. Compressible flow field around an airplane wing in free flight 
al Mach numbers of Af__ = 0.8 and 0.85. 
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curvatures are increased (Fig. 3.4a). Therefore, a more rapid lateral decay 
of the streamline curvature and a reduction of the mean width, &yo, of 
the disturbance field described in the continuity equation of Chapter 3, 
Section 1, result (Fig. 3.5). Hence, both terms in the continuity integral are 
influenced to the detriment ofthe requirements for compensation ofthe wing 
displacement. It is apparent that beginning at a well-defined critical speed 
close to sonic speed, a symmetric flow pattern (without shock waves) is 
no longer possible in isentropic flow.1 

Fio. 3.5. Velocity and stream density distribution lateral to an airplane wing 
in subsonic free flight, _W__ = 0.80. 

Only by establishing an unsymmetrical flow field with shock waves 
(Fig. 3.4b), that is by an increase of the local flow velocity beyond the 
maximum wing thickness, is the flow again capable of satisfying the con­
tinuity requirements in the plane of maximum wing displacement. Such a 
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velocity increase results in a decrease of the local streamline curvature and 
an increase of the lateral width, Ayo, of the disturbed flow around the 
wing (Fig. 3.6). 
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F I G . 3.6. Velocity and stream density distribution lateral to an airplane wing 
in subsonic free flight, Afa, = 0.85. 

3. SONIC SPEED # 

When the undisturbed velocity is equal to the sonic speed, the flow density, 
pv, in the disturbed flow region can only be smaller than that of the free 
flow. Consequently, the continuity condition, formulated in Section 1 of 
Chapter 3, cannot be satisfied for steady-state flow simultaneously with the 
condition that the streamlines at infinitely large lateral distances from a 
two-dimensional wing are not disturbed.2 In contrast to the usual flow 
patterns at subsonic velocities, the streamline deflection at sonic speed 
does not gradually decrease but rather continually increases with increasing 
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distance from a two-dimensional wing (Fig. 3.7a). This results in infinitely 
large bulging of the streamlines at infinitely large lateral distance. 

I t should be noted that pure two-dimensional flow is merely an academic 
type of flow. In free flight the flow is always three-dimensional because at a 

\\ \ \ \ \ \ 

SHOCK WAVE 

EXPANSION WAVES 

a. Sonic velocity. 

EXPANSION WAVES 

b . Supersonic velocity. 

F I G . 3.7. Streamline pattern around an airplane wing in free flight 
at sonic and supersonic velocities. 

sufficiently large distance, a flying object always acts as a point disturbance. 
In the case of a three-dimensional body the streamline bulging decreases 
asymptotically to zero with increasing distance from the body.2 However, 
for a three-dimensional body, the total frontal area of streamline bulging, 

A A B = (27rr)Armax 

increases with the distance from the body in line with the basic relationship 
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between stream density and velocity (Fig. 3.2) and tends to infinity a t 
infinitely large lateral distances from the body. 

4. SUPERSONIC SPEED RANGE 
As soon as the free-stream velocity has exceeded Mach number one, it is 
again possible to establish a steady-state flow solution with undisturbed 
parallel streamlines at large lateral distances from a two-dimensional wing 
(Fig. 3.7b). Because o f the characteristic shape o f the stream density curve, 
the mean velocity in the disturbance region around the maximum model 
thickness is smaller than the velocity of the undisturbed flow (Fig. 3.8). 
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FIG. 3.8. Velocity and stream density distribution lateral to an airplane wing 
in supersonic flight, Moo = 1.5. 

This is the opposite of the conditions in subsonic flow where the mean 
velocity in the disturbed region around a model is larger than the velocity 
of the undisturbed flow. 
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C H A P T E R 4 

WALL INTERFERENCE C O R R E C T I O N S IN 
CONVENTIONAL WIND TUNNELS 

1. O P E N - J E T WIND TUNNELS 

a. Subsonic speed range 

In an open-jet wind tunnel, the streamlines bulge out around the model 
in a similar fashion as in free flight (see Fig. 4.1). The free jet is surrounded 
by a plenum chamber in which the static pressure is essentially constant. 
Consequently, the static pressure along the free-jet boundary must also be 
constant and, more specifically, equal to the undisturbed pressure existing 
upstream of the model in the undisturbed free jet . The mathematical 
formulation of this statement follows: 

Pressure along free-jet boundary: 

p = constant 

and in the case of an infinitely long je t : 

p - p x = A/> = 0 

or, in first approximation: 

{vx—Va ĵVar, = tWVxfVaa = 0 

After introduction of the velocity potential, O = ^ - f <£, we obtain as 
the condition for the free-jet boundary: 

d<f,jdx = 0 

along the jet boundary. Since this condition holds true along the bulged-out 
boundary streamline, as well as in the first approximation for a line 
y = constant = _r//2, the above equation may be integrated to give: 

*j> = constant 

It should be noted that according to the above consideration, the undis­
turbed free-stream pressure is already established at the finite distance of 
the jet-boundary streamline. In free flight, however, the undisturbed 
pressure is not attained before an infinitely large lateral distance from the 
model. Consequently, in an open wind tunnel the pressure build-up in the 
flow between model and jet boundary must occur considerably faster; 
that is, the streamlines will be more highly curved and the resulting centri­
fugal forces larger than in free flight (Fig. 4.1). Because of the greater 
bulging-out of the streamlines, the airflow between adjacent streamlines is 
contained in a larger area, and consequently, the mean velocities are 
somewhat smaller than in free flight. This effect is usually taken into consid­
eration in the form of a velocity correction which states that the equivalent 
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free-stream velocity of a free jet is somewhat smaller than the undisturbed 
free-jet velocity. 

It should be kept in mind also that in addition to the velocity correction, 
the streamline pat tern around a model in a free-jet wind tunnel is distorted. 
T h e only means of reducing such flow distortions in a free je t is to reduce 
the model size. Only when the model dimensions are sufficiently small in 

Yes, 

^ ^ M ^ 2 3 ^ 

vm 

b. Open jet. 

FIG. 4.1. Streamline pattern around airplane wing in free flight and in 
open-jet wind tunnel. 

comparison to the free-jet dimensions is the simulation of free-flight condi­
tions in a finite-size je t satisfactorily accurate. It has been the objective of 
numerous mathematical investigations to determine the correction terms of 
first and higher order for the purpose of predicting from the free-jet test 
results the behavior of models in free flight.1 

b. Mach number influence 

When the Mach number is increased in a free-jet wind tunnel, the basic 
deviations between free je t and free flight remain qualitatively the same. 
However, the bulging-out of the streamlines is increased with increasing 
Mach number and, consequently, the effective velocity is further reduced 
or the free-jet velocity correction further increased.2 

Also, no peculiar difficulties arise in establishing the flow at Mach number 
one. Unlike free flight or closed wind tunnel conditions, the free-jet boundary 

42 



WALL INTERFERENCE CORRECTIONS IN WIND TUNNELS 

streamlines can freely bulge out and thus readily compensate for the in­
ability of the flow to establish flow conditions with larger stream density, 
pv, than those occurring in undisturbed flow of Mach number one. 

Supersonic flow fields are characterized by the occurrence of discrete 
disturbance waves of either the compression or expansion type. When the 
approach velocity in an open-jet wind tunnel is increased to supersonic 
values, the region of boundary interference is restricted to the region down­
stream of waves reflected from the free-jet boundary. The disturbance 
waves impinge upon the free-jet boundary and are reflected to satisfy the 
requirement of constant undisturbed pressure along the jet boundary. In 
particular, a compression wave is reflected as an expansion wave of approx­
imately equal but opposite pressure change, and an expansion wave is 
reflected as a compression wave (Fig. 4.2). 

JET BOUNDARY 

STREAMLINES 

REFLECTED 
EXPANSION WAVE 

PRIMARY SHOCK WAVE 

a. Shock wave reflection. 

PRIMARY 
EXPANSION WAVE 

JET BOUNDARY 

STREAMLINES 

REFLECTED 
COMPRESSION WAVE 

b. Expansion wave reflection. 

F IG. 4.2. Wave reflection at open-jet boundary. 

The usual method of testing in supersonic open-jet wind tunnels is to 
restrict the model length so that the reflected waves do not meet the model 
but pass behind it. In this case, the free-jet wind tunnel provides test 
data which are not influenced by boundary effects and are identical to those 
in free flight. T h e maximum model length which will yield interference-free 
flow is determined by the path of that reflected wave which is at the farthest 
upstream location. This critical reflected wave is normally the bow wave 
originating at the model nose. The path of the reflected bow wave depends 
naturally upon the local Mach numbers and the direction of the flow 
through which it passes, and follows, therefore, approximately the Mach 
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wave direction in the undisturbed flow. Results obtained from numerous 
wind tunnel tests with typical models are presented in Fig. 4.3 as a guide 
for determining the maximum interference-free model length.3 
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FIG. 4.3. Maximum model length in supersonic wind tunnels 
(without shock reflection interference).3 

2. CLOSED WIND TUNNELS 

a. Subsonic speed range 

In a wind tunnel with solid straight walls, bulging-out of the boundary 
streamlines is prevented by direct guiding o f the walls (Fig. 4.4). 

T h e velocity components normal to the walls, .„ , must vanish at the 
walls. T h a t is, in mathematical formulation: 

vn = 0 or dtj>jdn ~ 'c^\dy = 0 

This condition must be satisfied along the walls, that is, in two-dimensional 
flow, along l inesy — constant. 

Closed Wind Tunnels with Straight Walls.—Proceeding from the model 
outward to the walls, the streamlines are gradually straightened out by the 
influence of the walls to the extent that near the model surface, they follow 
the model contour and, at the walls, become completely straight. Conse­
quently, the streamline curvature in the field between model and walls as 
well as the centrifugal forces and the resulting pressure gradients in this 
region are reduced in comparison to free-flight conditions. According to 
the equation for the pressure gradient in curved flow, 

dpjdn ~ dpldy = (pvz)jR, 

the static pressure at the walls will not reach the undisturbed free-stream 
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value, as in free flight, but remains essentially smaller in the wall area lateral 
to the model. 

Because bulging-out of the streamlines is not possible laterally around the 
model, the airflow between adjacent streamlines must squeeze through a 
smaller area than in free flight; that is, in the subsonic speed range the mean 
flow velocity is increased in the space between model and walls. Conse­
quently, the model in a closed tunnel is exposed to a mean flow with larger 
velocities than those prevailing far upstream of the model. This influence 
can be taken into account by a mean velocity correction, which for closed test 
sections is approximately of equal magnitude, but of opposite size, to the 
corresponding correction in a free jet . 

It should be noted that also in the case of a closed wind tunnel, the 
velocity correction does not perfectly correlate the wind tunnel flow around 
a model with free-flight conditions. As described before, the streamlines 
around the model are distorted by the presence of the walls. Therefore, 

"-

a. Free flight. 

^ S ^ ^ ^ ^ S S ^ 

b . Closed wind tunnel. 

F I G . 4.4. Streamline pattern around airplane wing in free flight and in 
closed wind tunnel. 

also in the case of a wind tunnel with plain straight walls, there is no means 
of reducing this distortion other than through reduction ofthe relative model 
size. It is the purpose of second and higher order correction calculations to 
modify the wind tunnel test data to correspond more closely to free-flight 
conditions.1 
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Closed Wind Tunnels with Contoured Walls.—In contrast to the free-jet wind 
tunnel, the closed wind tunnel offers an additional possibility for simulating 
free-flight conditions more closely; namely, by elimination o f the condition 
of straight rigid walls. The wind tunnel walls could be bulged-out to follow 
the required streamline shape. If the wall contours were made identical to 
free-flight streamlines, the correlation would be perfect. It is obvious that 
such a state cannot be reached without knowing in advance the exact flow 
around the model; this is generally not before the results of accurate wind 
tunnel tests are known. Despite the inability to establish perfect wind tunnel 
contours, it appears feasible to shape the wind tunnel walls according to a 
few basic types of flow around typical models. For example, the overall 
displacement of a model could be compensated for by one type of wall shape 
whereas the detailed local contours of the model would be neglected. In 
the same manner , the basic characteristics of a lifting surface could be 
simulated whereas details of the lift distribution would be neglected. It is 
apparent that successful application of this principle would require special 
wall shapes for each type of model and even for each model setting (angle of 
attack) and consequently would become very cumbersome. 

Experiments at high subsonic speed in a test section with solid walls 
which could be bent according to the streamline contours were conducted 
in a British model wind tunnel. A small 6-in. experimental wind tunnel 
was used, and some exploratory tests were conducted with a two-dimensional 
airfoil model. A group of test results were obtained for different wall shapes 
without having definite proof which condition yielded the most reliable 
results. Also a large German high-speed wind tunnel (7 ft), constructed at 
Ot tobrun near Munich and completed in 1945, had flexible upper and lower 
test section walls. No results, however, have been obtained from this tunnel 
with a model installed and the test section walls contoured according to 
estimated free-flight streamlines. 

I t appears that the principle of contouring closed test section walls has 
been successfully applied only in a few cases in which extremely large 
models or model supports had to be used, as for example, in the propeller 
test configurations of the 7 ft wind tunnel of the Cornell Aeronautical 
Laboratory, Inc. (Ref. 4 and Fig. 4.5). 

The extremely large sensitivity of a flow area change in closed wind 
tunnels, particularly at high subsonic Mach numbers at which relief from 
flow distortion and choking is most urgently needed, is responsible for the 
decision of wind tunnel designers to abandon the contoured-wall wind tunnel 
and to pursue other principles for reducing the flow distortion in high-speed 
wind tunnels. 

b. Mach number influence 

Subsonic Speed Range.—With increasing Mach number in the subsonic 
speed range, the distortion of the streamlines in the constricted area between 
a model and the walls of a closed wind tunnel remains qualitatively the 
same. Because of the compressible flow relationship for the stream density, 
pv (see Fig. 3.2), the velocity increase caused by the wall effect must increase 
with Mach number in order to attain the necessary stream density increase, 
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FIG. 4.5 Propeller dynamometer installation qf Cornell Aeronautical 
Laboratory, Incorporated.* 
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A(/w). For a small model, the mean velocity increase caused by the model 
blockage is, in linearized, one-dimensional flow 

AVJVOO = 
A/2 ' A T 

This relationship is shown in Fig. 4.6. It should be noted that in the 

x < 

j 

10 

l i s . 

A*,*MODEL CROSS SECTIONAL AREA 

8 1.0 1.2 

MACH NUMBER, M „ 

16 18 2 0 

Fio. 4.6. Mean velocity increase in narrowest sections of closed wind tunnel because 
qf model installation (linearized, one-dimensional flow). 

subsonic speed range the mean velocity is increased to make up for the 
model blockage, whereas in the supersonic range the mean velocity is 
decreased. Furthermore, the magnitude of the velocity change is growing 
to infinitely large values when Mach number one is approached from either 
the subsonic or supersonic side. 

I t is only when the model size is drastically reduced that measurements 
in closed wind tunnels a t Mach numbers close to one can be conducted 
with satisfactory simulation of free-flight conditions. Tests simulating free-
flight conditions at Mach number one are not possible in a closed wind 
tunnel. By nature, the closed wind tunnel does not have either the capability 
of gradually extending its lateral disturbance region with increasing Mach 
number as in free flight, or of unlimited streamline bulging-out and the 
resulting flow area increase as in open wind tunnels. In fact, in closed wind 
tunnels the well-known choking phenomenon occurs which limits the 
maximum Mach number to values which correspond to maximum stream 
density conditions (that is, to Mach number one conditions) in the con-
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stricted flow channel between model and walls. The choking Mach numbers 
for different model sizes with the assumption of one-dimensional isentropic 
flow in the narrowest section are shown in Fig. 4.7. At a Mach number of 
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F I G . 4.7. Choking Mach number in closed wind tunnels as funclion of Mach number 
(one-dimensional). 

0.80, a model blockage of A M I A T = 3.7 per cent causes choking; at Mach 
number 0.90, the choking blockage is reduced to 0.88 per cent, and at 
Mach number 0.95, to 0.21 per cent. Realizing that a blockage of 0.21 per cent 
in a three-dimensional test corresponds to a model with a maximum dia­
meter of no more than 5.5 in. in a 10 ft diameter wind tunnel, it is apparent 
that transonic testing in a closed wind tunnel is very impractical. 

It should also be pointed out that the limit for practical wind tunnel 
testing has already been reached at Mach numbers somewhat lower than 
the choking Mach numbers indicated above, since at choking, the flow in 
the constricted channel between model and test section walls tends to reach 
the Mach number one condition with its maximum stream density (pv) the 
choked flow is normally greatly distorted and bears little similarity to free-
flight conditions. As a practical rule, it is frequently recommended that the 
allowable model blockage be reduced to two-thirds, or better to one-half, 
of the blockage allowable for one-dimensional flow.2 The approach of 
critical choking conditions can be detected by observing the wind tunnel 
wall static pressure in the vicinity of the narrowest section (see Fig. 4.8). 
The steep drop of the wall static pressure, as exhibited by a typical airfoil 
model installed in a closed wind tunnel, signals the approach of critical 
conditions and the limit for reliable testing. 

Supersonic Speed Range.—At supersonic Mach numbers, wave reflections at 
the tunnel walls introduce disturbances which restrict the useful Mach num­
ber testing range in closed wind tunnels in a manner similar to that for open-
jet tunnels. The wave reflection, however, is different from open-jet reflection 
since the condition of unchanged flow direction along the wind tunnel walls 
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F I G . 4.9. Maximum chord of two-dimensional model wings in a supersonic closed wind 
tunnel from considerations of choking and wave reflections (see Fig. 4.3). c = wing 

chord, H = tunnel height. 
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requires that expansion waves be reflected as expansion waves, and com­
pression waves as compression waves (see Fig. 8.2). In order to prevent 
reflected waves from invalidating the test results, the model length must be 
kept small enough to cause the reflected waves to pass behind the model. 
Therefore, the same relationship for maximum model length exists for tests 
in closed wind tunnels as for tests conducted in open-jet wind tunnels (Fig. 
4.3). By comparing the permissible model blockage from the viewpoint of 
choking elimination with the permissible model size from the viewpoint of 
wave reflection interference, it can be concluded that the more stringent 
requirement at low supersonic Mach numbers is the no-choking requirement 
whereas at high supersonic Mach numbers the no-wave reflection inter­
ference is predominant (Fig. 4.9). 

c. Analysis of choked flow in closed wind tunnels 

As stated previously, in a closed wind tunnel with choked flow, the mean 
velocity in the constricted cross section between model and test section 
walls is approximately equal to the speed of sound. Although it is apparent 
that the flow with choked tunnel conditions does not truly simulate free-
flight conditions, it was reasoned that some similarity of the choked tunnel 
flow and free-flight flow at Mach number one might exist.5 In both 
free-flight and choked tunnel conditions, the local Mach numbers will be 
lower than one in the region somewhat upstream of the model nose, and in 
the area somewhat upstream of the maximum model thickness the Mach 
numbers will approach one. Behind the maximum model thickness the flow-
will be supersonic. 

Flow calculations for a two-dimensional double-wedge in free flight and 
in a closed wind tunnel, with the wall influence introduced into the calcu­
lations as a first order disturbance effect, are presented in Figs. 4.10 and 4.11 
(Ref. 5). It should be noted that the sonic line, that is, the line separating 
subsonic and supersonic flow regions, is very similar in both flow cases. 
Deviations occur mainly near the tunnel wall where the sonic line must 
be bent into the vertical direction in order to satisfy the non-curved flow 
conditions near the test section wall, that is: 

dvx dp 

dy dy 

pv2 

R 

As long as the model length and thickness are kept small enough, the pressure 
distributions on the double-wedge surface coincide with good approximation 
for both cases investigated. 

For example, even with a model wing of as large as 1.3 per cent blockage, 
which permits wind tunnel testing only up to approach Mach numbers 
somewhat smaller than the choking Mach number of 0.88, free-flight 
conditions at Mach number one are simulated a t choked wind tunnel 
conditions with pressure deviations of no more than Ap/q = 0.027, which 
amounts to 4 per cent of the maximum pressure disturbance of the 
double-wedge airfoil.5 However, the maximum wing chord in this case 
must not be larger than 13 per cent of the test section height; that is, the 
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thickness ratio o f the double-wedge airfoil must not be smaller than 10 per 
cent. In view of the generally much more slender model shapes tested in 
transonic flow, the model size in practical testing must be kept much smaller 
than indicated in the above example and is governed greatly by wave 
reflection conditions. 

SONIC LINE 

EXPMSION WAVES 

a. Free flight. 

TUNNEL WALL 

SONIC LINE 

EXPANSION WAVES 

b . Choked wind tunnel. 

F I G . 4.10. Flowfields around double-wedge airfoil in free flight at Mach number one 
and in a choked closed wind tunnel.7* 

An experimental study of choked wind tunnel flow has been conducted 
by D. Barish who verified experimentally the validity of the above consid­
erations.6 

T h e choked tunnel flow theory discussed in the previous paragraphs 
makes it possible to obtain approximate experimental information on the 
free-flight conditions near Mach number one. This Mach number one test 
point, however, is a singular test point only because no test data can be 
correlated with free flight in the Mach number range slightly below or above 
choking Mach number . 
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3. COMPARISON OF WALL INTERFERENCE CORRECTIONS FOR 
VARIOUS TYPES OF TEST SECTIONS (SUBSONIC FLOW) 

It was shown in the preceding sections that the influence ofthe flow boundary 
conditions in open and closed wind tunnels can be taken into consideration 
by adding correction terms to the local velocities around the model. One of 

'O 

<_) 
a. 
< 

FREE FLIGHT 

CLOSED CHOKED TL 

OPEN TUNNEL 

F I G . 4 .11. Pressure distribution of double-wedge airfoil in free flight at Mach number 
one, in choked closed wind tunnel, and in sonic free-jet.b 

the most significant corrections in transonic testing refers to the effective 
flow velocity which corresponds to the flight velocity in unlimited air space. 
Various theoretical methods have been successfully employed to determine 
the correct wind tunnel velocity and its dependence on Mach number.2 

For open wind tunnels, for example, the velocity corrections due to the 
solid model displacement was found to be in a first order approximation: 

1 Vol 
t-sVxIva, = . K . 

(1-Afoo2)3 '2 A T W 

where Mao is the corrected Mach number and A" is a constant depend­
ing upon tunnel as well as model geometry. The velocity corrections 
according to the above equation have been determined for many tunnel 
and model configurations with the assumptions that the compressibility 
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effect can be linearized and that the model dimensions are small in com­
parison to the tunnel dimensions and, therefore, second and higher order 
terms o f the ratio of wing chord/tunnel height, C/H, may be neglected. For 
a circular cross-sectional wind tunnel, the velocity corrections according to 
the above equation are shown in Fig. 4.12. 
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F I G . 4.12. Velocity corrections in open, closed and partially open wind tunnels 
as function qf Mach number.-

For a closed wind tunnel, theoretical investigations for the model dis­
placement influence resulted in first order wind tunnel corrections which 
follow the same equation as for open tunnels. However, the sign is opposite 
to the open-tunnel corrections and the value of the constant A" is different. 
Again, for a circular cross section, the closed wind tunnel correction was 
calculated and is represented in Fig. 4.12. I t should be noted that the 
closed tunnel correction is four times as large as the open tunnel correction 
and that both corrections tend asymptotically to infinity when the Mach 
number approaches one. The magnitude of the velocity correction indicates 
that the first order correction calculations are no longer reliable near Mach 
number one, and hence, higher order correction calculations with the 
resulting cumbersome application become necessary even for relatively small 
models. It must also be realized that the compressibility effect has been 
considered in the above correction equation only in first order; calculations 
for second or higher order compressibility correction as are needed near 
Mach number one are extremely complicated. Even for the much simpler 
free-flight flow, such refined calculations have been made only in few 
special cases, and are found to be impractical for general wind tunnel 
testing. 

In order to avoid this complication, wind tunnel testing near Mach 
number one has been frequently accomplished with very small models 
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which can be expected to stay within linearization limits of wind tunnel 
corrections. However, the small-model test method is very uneconomical 
and, in addition, not a very reliable method because the Reynolds numbers 
of the tests are generally too small. 

To overcome these difficulties, the most successful efforts for reliable 
transonic wind tunnel testing have been directed toward the development 
of correction-free tunnels, that is, wind tunnels in which, by means of proper 
arrangement of open as well as closed wall elements, the velocity correction 
disappears on the basis of first order calculations. 

For a wind tunnel with zero-velocity correction due to model displace­
ment in incompressible flow, it can also be expected that at high subsonic 
Mach numbers the velocity correction remains zero with good approx­
imation as long as the large flow disturbances around the model do not 
extend to the vicinity o f the tunnel walls. In such a case (see Fig. 4.13), the 

TUNNEL WALL 

FLOW REGION WITH 
LARGE DISTURBANCES 

REGION OF SMALL DISTURBANCES -
(LINEARIZATION OF COMPRESSIBILITY EFFECTS POSSIBLE) 

F I G . 4.13. Model in wind tunnel with flow regions of small and 
large disturbances. -

flow in the proximity of the walls, that is, the flow which principally deter­
mines the wind tunnel boundary correction, is still in the velocity range of 
linearized compressible flow and will produce, with the same wall geometry, 
zero-velocity correction independent of the size of the model displacement. 
A typical curve for a correction-free wind tunnel is included in Fig. 4.12. 
The wind tunnel correction remains zero independent of Mach number and 
model size according to considerations presented previously and in Ref. 2. 

I t must also be realized, however, that in partially open wind tunnels 
the zero-velocity correction results begin to become questionable when 
Mach number one is approached very closely. Close to Mach number one, 
the velocity disturbance near the tunnel walls reaches values which can no 
longer be considered small enough for linearization of the compressibility 
effect. This critical value has not been reliably determined by means of 
theoretical studies because of the extreme complexity of the compressible 
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flow around a model in a mixed wall-type wind tunnel. However, numerous 
comparative wind tunnel tests have been carried out in various types of 
partially open wind tunnels to determine the maximum model size which 
will produce acceptably reliable results (see Chapter 10). 
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G H A P T F R 5 

SUBSONIC FLOW IN WIND TUNNELS WITH 
LONGITUDINAL SLOTS 

1. PHYSICAL ASPECTS AND WALL INTERFERENCE IN 
SLOTTED WIND TUNNELS (WITHOUT LIFT) 

a. Wind tunnels with few wide slots 

Since open and closed wind tunnels produce deformations of the stream­
lines around models with opposite signs and thus require velocity correc­
tions with opposing signs, wind tunnels with mixed open and closed wall 
elements can be expected to eliminate flow distortions and velocity correc­
tions if the open and closed wall elements are properly distributed. Accord­
ingly, in theoretical investigations, Wieselberger determined various wall 
configurations which would produce a zero-velocity correction for non-
lifting bodies of revolution (Fig. 5.1). He demonstrated that for zero-velocity 
correction the ratio of open to closed wall elements must differ, depending on 
the arrangement of thc open areas and the cross-sectional shape of thc wind 
tunnel.1 In the specific case of a rectangular cross section, the two open 
sidewalls must be shorter than the solid upper and lower walls to produce 
a zero-velocity correction (side ratio b\a = 1 . 1 7 ) at the plane of the 
model. 

As noted in Chapter 4, the streamlines around a model in the neighbor­
hood of open wall elements bulge more than in free flight. This difference 
results from the necessity of building up the static pressure in the test section 
from the low values around the model to an undisturbed pressure along the 
free-jet boundary. On the other hand, the streamlines along the closed wall 
portions of a slotted wall straighten out to follow the plane of the wall. 
Because of the large relative size of the individual open or closed wall ele­
ments in tunnels with few slots, the correct streamline curvature exists only 
in a small region around the tunnel centerline. Outside this region, stream­
line deformation typical of either the open or the closed wall will be pre­
dominant. 

Wind tunnels with wide longitudinal slots o f the VV'ieselbergcr type have 
serious disadvantages for practical transonic testing. First, the power 
requirements are considerably larger than those for closed wind tunnels 
since the mixing losses along free-jet boundaries are several times larger than 
the friction losses along closed walls. This fact is documented by a comparison 
of the power requirements for typical open and closed wind tunnels (Fig. 
5.2). Open wind tunnels require at least twice as much power to achieve 
the same velocity as closed wind tunnels of similar size. Secondly, in open 
wind tunnels flow pulsations can become very disturbing because of the 
periodic shedding of vortices from the mixing zone at the free-jet boundaries. 
The pressure waves resulting from these boundary vortices become steeper 
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125 

F I G . 5.1. Velocity corrections in rectangular tunnel with open sides for 
small spherical model.1 
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F I G . 5.2. Comparison qf drive power for open, closed and slotted 
wind tunnel (12 in. diameter).2 
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as the local velocity reaches sonic speed. They propagate themselves up­
stream with the relative velocity, vrei = a — v^, that is, they tend to become 
stationary when the local flow velocity approaches the sonic speed. A good 
demonstration of the type of disturbance to be expected from such vortex 
shedding is shown in the Schlieren picture of a two-dimensional airfoil 
model with a blunt trailing edge (see Fig. 5.3). It is clear that the pressure 

F I G . 5.3. Schlieren photograph qf airfoil with blunt trailing edge, 
illustrating periodic vortex formation at M = 0.70. '2 

waves produced by the periodic shedding of trailing-edge vortices become 
stationary when they travel into the high-subsonic velocity field around the 
model mid-chord point. When local supersonic fields with terminating 
shock waves occur around models in high-subsonic flight, the model-
produced pressure waves will produce the well-known type of fluctuating 
shock waves. However, the shock-wave fluctuations produced by the model 
itself must not be confused with the shock-wave fluctuations produced by 
disturbance waves originating along the free-jet boundary or at the wind 
tunnel diffuser. Since both types of fluctuations frequently occur simul­
taneously, it is difficult to separate them, and the danger of gathering 
erroneous wind tunnel data exists. 
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FIG. 5.4. Influence of sonic throat behind closed test section on shock-wave stabilization at Mach number 0.78 
(photographs by Th. £obel, DFL, Braunschweig). 
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In closed wind tunnels, the upstream movement of pressure waves 
originating in the tunnel diffuser can be successfully prevented by a control­
lable second throat having sonic flow (see Fig. 5.4). With open-jet wind 
tunnels or mixed-type wind tunnels with large open wall elements, no such 
positive method of preventing the upward movement of pressure waves 
exists. 

b. Wind tunnels with many narrow slots 

The disadvantages of large open-area wind tunnels can be effectively 
reduced when the open wall elements are broken up into numerous narrow-
slots. In this case, the power requirements are also reduced since the large 
vortices are replaced by numerous small vortices, and the total open area, 
that is, the sum of the areas of all individual slots, is essentially reduced for 
the case of correction-free flow. 

The early work done on multi-slot test sections by the NACA became 
widely known in 1948.2 In the case of longitudinally slotted wind tunnels 
with ten slots, it was found that an open-to-total area ratio of approximately 
12 per cent was necessary to eliminate the velocity correction required by 
three-dimensional model displacement (Fig. 5.5). This ratio compares with 
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F I G . 5.5. Calculated velocity corrections in slotted wind tunnel based on various 
approximation methods as function qf open-area ratio.2 

the ratio of 36 per cent required by the Wieselberger test section with two 
open side walls, a demonstration of the significant reduction in the open 
area required for correction-free wind tunnels when the number of slots is 
increased. 

The early NACA work on slotted wind tunnels2 was based on potential 
flow calculations in which the condition of vy = 0 along the closed wall 
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parts and of Avx = 0 along the open wall parts was satisfied by a disturbance 
flow field superposed in the conventional manner . These flow disturbances 
are strong in the proximity of the slots, but they tend to eliminate each 
other at large distances from the slotted walls, since the radial extent of 
the non-uniform flow region in the proximity of the slotted wall is propor­
tional to the distance between slot centerlines. 

If the number of slots is increased, the width of the region of non-uniform 
flow near the wall is reduced at the same rate as the decrease in distance 
between slot centerlines. In the case of a fine-grain test section, the region 
of non-uniform flow shrinks to a narrow zone. Inside this zone, the influence 
of each individual slot is noticeable; outside there is only the uniform overall 
effect of a partially open wall (Fig. 5.6). Furthermore, if the open-to-closed 

CENTRIFUGAL FORCE 
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(a) FLOW PATTERN 

(b) COARSELY SLOTTED WALLS (8 SLOTS) (b) FINELY SLOTTED WALL (16 SLOTS) 

A R | 6 = | T AR 8 

F I G . 5.6. Influence of number qf slots (equal oj>en-area ratio, s/d) on width 
of the regions with large disturbance velocities.13 

area ratio is chosen correctly, the flow inside the narrow near-wall strip 
coincides with the flow in free flight, that is, streamline shapes and local 
disturbance velocities are identical with those occurring in free flight. When 
this is the case, the static pressure along the inside boundary of the narrow 
non-uniform flow region is, in general, different from the pressure of the 
undisturbed free flow, and the static pressure on the plenum chamber side 
o f the slotted test section remains equal to the undisturbed pressure. Conse­
quently, the static pressure must change rapidly within the narrow strip 
close to the slotted wall. In particular, the pressure build-up in this zone of 
non-uniform flow must be equal to the entire pressure build-up which would 
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occur in free flight beyond the test section between the tunnel wall and 
infinity. Since the pressure build-up lateral to the streamlines is produced 
by centrifugal forces, the centrifugal forces in the narrow strip near the wall 
must be magnified by the arrangement of the slots so that they exceed 
significantly the centrifugal forces ordinarily occurring in free flight at this 
distance from the model. 

c. Pressure build-up in flow through slotted walls 

The mechanism by which the flow through a slotted wall magnifies the 
centrifugal forces can be readily understood from a consideration of Fig. 5.6. 
Figure 5.6a shows a typical streamline pattern in the axial direction; Fig. 
5.6b shows a cross section of the region of non-uniform flow near the slotted 
wall. Because of continuity requirements, the radial velocities at the slot 
bases are considerably larger than those along the inner boundary of the 
non-uniform region. In the case of small velocity gradients in the main flow 
direction (.v-direction), the radial velocities are inversely proportional to the 
open-area ratio of the wall, that is: 

d 
'Vslot = — • I'r tunnel 

S 

Since the radius of curvature can be expressed as: 

V Vx, 
Rr 

dvrjdx dvr/dx 

the total local velocity can be replaced, as a first approximation, by the 
undisturbed velocity »w. Then the local pressure gradient at the slot bases is: 

^ 2 K _ O . pVaP/BVr\ d 
(f^/t'^slotbase = — P~r— = 1 

Rc Vao \ dx /tunnel S 

d/dp\ i ) 
*\ er/tunii 

The magnification of the pressure gradients at the slot base, therefore, is 
directly proportional to the open-area ratio o f the slotted wall, since 

djs = /ItotalMsloi 

At other locations within the disturbed flow annulus, the local centrifugal 
forces are different from those at the slot base. Their distribution within the 
disturbance region depends only upon the slot open-area ratio when points 
of equivalent locations, that is, constant nsjd and Ujd, are considered, and 
the main flow parameters, such as velocity, density, and flow curvature, are 
constant. The local pressure gradients at any position within the region 
near the wall can therefore be written: 

p v a ? / c v r \ I d n , t s \ 

(WHw. - - — (— -/-'7'T 
VK \ cx /tunnel \S d d I 
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where 

/8{v r jva 0)\ 

\ dx ) . tunnel 

is the streamline curvature at the inner boundary of the annular disturbance 
zone. 

The total pressure build-up in the non-uniform flow region of the slotted 
wall is determined by the summation of all individual centrifugal forces 
over the radial width of the non-uniform flow area. Since at a constant 
open-area ratio the radial width is proportional to the distance between 
slots, a total pressure build-up through the non-uniform flow region can be 
expected as follows: 

Ap xm {dpjdr)mea,n An = const (Spjdr)aiotb&se d 

or finally: 

\ p q = f ( s d ) 
( p l 2 ) v ^ H*ld) 

= ~ f ( s l d ) 
tx-c 

Detailed mathematical calculations3-4 resulted in the determination of 
the function f(d\s) when slowly changing flow curvature in the axial direc­
tion and small values of djR, as is generally the case, are assumed. With these 
results inserted and realizing that Vr'v^ ~ 0W, the above equation can be 
written finally as: 

2 / • n s \ b d u 

A ^ = - l o g s m ( - - j 

/ s \ di 

d{xjd) 

(*/«0 
It has been shqwn that this equation is valid for subsonic, transonic and 
supersonic flow as long as the disturbance velocities in the slotted wall 
region arc kept sufficiently small in relation to the free-stream velocity.3 

T h e above equation defines the pressure build-up which occurs in the 
non-uniform flow region near the slotted wall. For multi-slotted test-section 
walls, the width of this region is small (see Fig. 5.6). Since in the case of 
wind tunnel correction calculations, the flow at some distance from the wall 
is of main significance the actual flow around the individual slots may be 
disregarded, and only the overall effect of the slotted wall need be con­
sidered. It is therefore permissible in such calculations to replace the actual 
wall with a fictitious wall which produces the same effect as the real wall 
at some distance from the wall. According to the preceding equations, the 
boundary condition which must then be satisfied by the fictitious wall is 
as follows: the pressure disturbance produced by the model in the wind 
tunnel must be compensated by the pressure rise through the fictitious wall 
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so that at the plenum chamber side of the wall the undisturbed free-stream 
pressure is maintained. T h a t is: 

A/>nctltious = Al lo t ted wall 

By using the linearized flow relationship, 

Avx 
Apjg = - 2 -20 , / i fe . 

Van 

the above equation can be written: 

<f>x+f{sld}dtf,x» = 0 

with 

1 I IT S\ 
f(sjd) = - - . l o g s i n - -

IT \ 2 d ] 

This equation* represents the boundary conditions to be satisfied by the 
fictitious slotted wall. It should be noted that, in comparison with the 
boundary condition for open walls, <j>x = 0, and for closed walls tj>y = 0, 
the boundary condition represented by the equation for slotted wall contains 
one more term; this fact makes it possible to influence the flow field in the 
wind tunnel by means of additional parameters, that is, by the slot width 
and the distance between slots. 

d. Influence of slot width 

It was concluded in Chapter 5, Section Ic that the pressure build-up 
occurring in curved flow as it approaches a slotted wall is directly propor­
tional to the distance between slot centers. This fact is readily understood 
when it is realized that, for a given wall open-area ratio, the radial extent 
of the high-curvature region near the wall is proportional to the distance 
between slots. Also, since the distribution of the local velocities and centri­
fugal forces must be the same relative to slot width and distance, the total 
build-up of the static pressure in the high-curvature region must be propor­
tional to the radial extent of the high-curvature region or, as stated before, 
to the distance between slot centers. Thus, to maintain a desired value of 
the additional pressure build-up in the case of a large number of slots, it is 
necessary to reduce the slot width and thus to compensate for the smaller 
width of the high-curvature region by increasing the curvature of the flow 
in the slot region. 

Slotted walls with a large number of narrow slots therefore offer the 
significant advantage of a correction-free wind tunnel with a small wall 
open-area ratio and consequently permit a reduction in the power require­
ments and flow fluctuations associated with free-jet boundaries (see Fig. 
5.2). The theoretical limit of this reduction of slot width is reached when the 
normal flow in the slots approaches sonic velocities and begins to choke. 
However, in reality, the validity limit of the theory presented is reached 
much sooner; that is, whenever the normal velocity through the slots is no 

* Subscripts x and y indicated differentiations vs. x and y, respectively. 
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longer small in relation to the free-flow velocity (as required for first order 
approximations). 

Theoretical results showing the necessary open-area ratio for various 
slotted walls obtained from the above "fictitious-equivalent wal l" theory 
are presented in Fig. 5.7 as a function of slot number* for three-dimensional 
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FIG. 5.7. Open-area ratio qf circular slotted wind tunnels for vanishing velocity 
corrections as function qf slot number.* 

models in correction-free circular wind tunnels.4 The rapid decrease in open-
area ratio required with increasing slot number is apparent . For example, 
with eight slots, an open-area ratio of 6.6 per cent is required; with sixteen 
slots, this ratio is reduced to 0.7 per cent. 

For two-dimensional models and tunnels, the required slot width, con­
sidered as a function of slot number, exhibits a similar trend5 . Figure 5.8 
shows, however, that in this case considerably smaller open-area ratios are 
required to produce correction-free wind tunnel flow. At a distance between 
slot centerlines of 40 per cent of the tunnel height, which is approximately 
the same relative distance between slots as in the three-dimensional case 
with eight slots distributed over the circumference of a circular tunnel, an 
open-area ratio of only 0.57 per cent is required instead of the 6.6 per cent 
needed for the three-dimensional case. 

The influence of deviations from the correct open-area ratio is shown in 
Fig. 5.9 for circular wind tunnels with eight slots. It is apparent that devia­
tions towards more "closed wal l" configurations have considerably more 

• The mathematical methods of calculating the velocity corrections are generally 
the same as those used for the downwash corrections for lift. Other methods are 
indicated in more detail in Section 5 of this chapter. 
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influence than deviations towards more "open wall" configurations. There­
fore, it is advisable to select a somewhat "too-open" slot width in order to 
avoid overshooting into the more sensitive "too-closed" region. 

SLOT SPACING, ft 

F I G . 5.8. Open-area ratio for zero-velocity correction for small two-dimensional model 
in two-dimensional slotted tunnel as function of slot spacing.* 
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F I G . 5.9. Velocity correction for circular tunnel with eight longitudinal slots 
as function of open-area ratio.4 
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2. C H A R A C T E R I S T I C S OF SPECIAL SLOT CONFIGURATIONS 

a. Slotted walls with protruding slats 

T h e effectiveness of a slotted wall diminishes rapidly when the distance, d, 
between slot centers is reduced, for example, when the number of slots is 
increased for a constant wall open-area ratio. It is possible to compensate 
for this loss of effectiveness by using solid wall portions (slats) which protrude 
into the test section and by equipping the slots with solid or perforated 
sidewalls to guide the flow (see Fig. 5.10a). With such a wall, the flow 
between the sidewalls of the slots is curved, with the radius: 

where vr is the mean radial velocity component of the flow in the vicinity 
of the slotted wall. Consequently the additional pressure build-up of flow 
within slots of a height, /, is calculated with the assumption of potential 
flow in the slots: 

/ dVrlvar, 
Ap!q = - 2 -

S b(x]d) 

s d(xjd) 

the entire pressure build-up of such a wall is: 

c0„ (1 /TTS\ l\ 
A f , q - 2 - log sin — - -

d(xld)\n \ 2 d ) sj 
It is evident from this equation* that increases in the slot height, /, support 
the slot effect. Consequently, slotted walls with protruding slats can be made 
more open than conventional slotted walls without changing the wall 
characteristics. 

Varying the slot height is an additional means of adjusting the slot 
effect to the required values so that matching of the wall and model charac­
teristics can be more readily achieved without approaching critical condi­
tions resulting from choking or from excessively large radial velocity compo­
nents to which the linearized theory can no longer be applied. When it is 
realized that the protruding slat effect can also be accomplished by guide 
plates which extend into the test-section flow (Fig. 5.10b), it is apparent 
that a slotted wind tunnel with controllable effectiveness could be simply 
built by providing for adjustability of the slot sidewalls. In spite of these 
apparent advantages, no experiments with such special slotted walls are 
known in the literature. 

b. Slotted walls with perforated cover plates 

In the preceding paragraphs it was shown that an ideal slotted wall 
produces a pressure change in the cross flow through the wall, mainly as 
a result of the flow curvature which is amplified by the slots. The pressure 

* Note: log sin[(7./2) ' (s/d)] is always a negative term. 
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• (a) SLOTS WITH EXTERNAL SIDE PLATES 

(b) SLOTS WITH INTERNAL SIDE PLATES 

PERFORATED 

(c) SLOTS WITH PERFORATED COVER PLATES 

d. Photograph qf slotted lest section wilh perforated cover plales 
(model of Wright Field 10 ft wind tunnel). 

F IG. 5.10. Slotted walls with different slot configurations. 



TRANSONIC WIND TUNNEL TESTING 

drop in frictionless cross flow without curvature is determined approximately 
by the Bernoulli equat ion: 

^-msH?* 
This second-order term for the pressure drop is, generally, small in com­
parison with the term representing the curvature effect and is usually 
neglected in wind tunnel correction calculations. 

However, experiments show that in actual flow, even in the case of non-
curved streamlines, a pressure drop occurs which, at moderate cross-flow 
velocities, is approximately linearly proportional to the cross-flow velocity, 
that is: 

Apjq = K— = Kdw 
Vx 

This pressure drop can be explained as the result of friction or local separa­
tion zones (see Fig. 5.11); it can also be increased artificially by covering 
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F I G . 5.11. Cross-flow characteristics of single longitudinal slot (unpublished data qf 
AEDC transonic model tunnel by Gardenier and Chew). 

the slots with perforated plates (Fig. 5.10c). Generally, perforated plates in 
oblique flow have a pressure drop approximately linearly proportional to 
the cross-flow velocity. T h e factor K in the above pressure equation then 
depends upon the geometry of the cover plates and the open-area ratio of 
the basic slotted wall. 
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Thus the pressure change in a curved flow crossing a slotted wall which 
has protruding slots and perforated cover plates can be written finally as: 

m U d) si 
Wwll /I s\ l\ d 

. . v / . / l TT 
Apjq = 2 — - - . l o g sin - - \ - - \ - K - B w 

In this equation, Apjq represents the effective pressure difference between 
the test section and the plenum chamber (positive when plenum chamber 
pressure is higher). 

The same relationship can also be expressed as a differential equation in 
terms o f the velocity potential, tf>: 

fl ( l s \ l\ 1 d 
•tx-txyd. -.log sin - - - - \ - -K- j>y = 0 

\TT \1T d l s ) 2 s 

This equation* must be satisfied along the wall which, for the purpose of 
these interference calculations, has been assumed to be homogeneous. 

A wall such as that described by the above equation has four geometrical 
parameters which can be selected independently of each other: 

1. Open-area ratio of basic slots, s!d. 
2. Distance between slot centers in relation to the tunnel diameter, djD. 
3. Height of slot sidcwalls in relation to slot width, Ijs. 
4. Pressure drop constant of cover plates, K. 

The first three parameters influence the magnitude of the flow curvature 
term, and, hence, the calculations for conventional slotted walls can be 
applied to determine the interference effects of slotted walls. The fourth 
parameter is basically of a different nature, and the determination of the 
resulting wind tunnel flow requires other methods (sec Chapter 6). 

The final equation shown above indicates the wall boundary condition 
resulting from the combined influence of all four wall parameters. It can be 
used profitably when the degree of matching between model flow in free 
flight and wall characteristics is to be determined. For example, for a typical 
model in a subsonic wind tunnel, the addition of perforated cover plates 
would not serve a useful purpose since, as will bc shown in Chapter 6, no 
improvement of the matching between model requirements and wall 
characteristics would result. On the other hand, for a model in a supersonic 
wind tunnel an improvement in matching would result from the addition 
of suitably selected cover plates (see Chapter 9). 

3. DISTRIBUTION OF VELOCITY CORRECTIONS ALONG MODEL 

a. Slots with constant width 

The velocity corrections for coarsely slotted and fine-grain multi-slotted 
wind tunnels discussed previously refer to the center point of the test models. 
In the special case of a correction-free tunnel with slots of constant width, 
the velocity correction disappears only at the mid-point of the model; at 
other points along the surface the velocities differ from free-stream values. 
This variation of wall-produced disturbance velocities is shown in Fig. 5.12 

* Subscripts x and^i indicate differentiations vs. x and y, respectively. 
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for a small model whose displacement is simulated by a doublet.4 The flow 
around the model is somewhat distorted in a manner similar to the distor­
tion of the flow around models in open and closed wind tunnels. However, 

"D 4 

F I G . 5.12. Velocity corrections at centerline qf circular tunnel with eight 
longitudinal slots.4 

in the slotted wind tunnel, the magnitude of the disturbance velocities is 
considerably less than in the open or closed wind tunnel. This difference in 
magnitude remains, even after a suitable correction for the free-stream 
velocity is applied, that is, even when the actual velocity at the model 
mid-point is considered equal to the corrected free-stream velocity and is 
used as the reference point. 

b. Slots wilh varying widlh 

With a slotted wind tunnel it is possible to vary the slot in the flow direc­
tion and, in this way, to reduce or even eliminate the wall-produced disturb­
ance velocities at the model mid-point and also at other stations. When the 
slot width changes only gradually in the flow direction, it is permissible to 
apply the previous equations to determine slot effectiveness at each axial 
station along the wall and the slot width required for proper matching of 
model-produced disturbances and wall geometry. 

Complete matching of model disturbance and wall geometry is obtained 
when the slot-produced pressure build-up along the wall is equal to the 
model pressure disturbance, that is: 

Oi A M 2 
— I = - . log sin 
q /slot tr 

\ 2 d ) d x \ d D \ V o l ) \ q /model 
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This equation was evaluated assuming a small model in a circular tunnel 
with eight longitudinal slots of different constant open-area ratios. The 
model was assumed small enough to allow simulation by a single doublet. 
It is apparent from Fig. 5.13 that the model disturbances change in such a 
manner that only in restricted regions along the wall can the open-area 
ratio o f the slots be properly selected. Also, there is one region in particular 
in which the model disturbances have a sign opposite to that of the slot-
produced pressure build-up; a slot configuration with characteristics 

- 3 0 

- 2 0 
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F I G . 5.13. Comparison between model- and slot-produced disturbance pressures along 
wall of circular tunnel with eight slots. 

opposite to those of regular slots would therefore be required. Such an 
"opposite wall effect" is physically impossible since it would be necessary 
to assume a reversal in the direction of the centrifugal forces. 

With a slot open-area ratio of 6.6 per cent, determined previously to be 
the correction-free open-area ratio at the mid-point of the model (see 
Chaper 5, Section Id), the slot pressure build-up matches the model disturb­
ance pressures in free flight only in certain areas. However, since the tunnel 
interference effect along the tunnel centerline is the integrated effect of 
the wall along its entire length, this integrated- or mean wall-effect should 
match the requirements much better than in the local areas represented in 
Fig. 5.13. 

It is also noted that the slot-produced pressure build-up is symmetrical 
with respect to the A-axis, that is, is symmetrical around the mid-point of 
the model. This fact represents a significant advantage of the slotted wall 
over the perforated wall. The perforated wall exhibits an unsymmetrical 
pressure build-up proportional to the local cross-flow velocity, i'r,'vx, which 
has a fundamentally different characteristic than the model-produced 
disturbance pressure along the wall (see also Fig. 6.3). 
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In view of the results shown in Fig. 5.13, it would be advantageous to 
narrow the slot width upstream and downstream of the model in order to 
enlarge the region of correction-free flow instead of using a uniform slot 
width over the entire length of the tunnel. 

4. MACH NUMBER INFLUENCE ON THE EFFECTIVENESS OF 
WALLS WITH LONGITUDINAL SLOTS (WITHOUT LIFT) 

T h e preceding calculations concerning the effectiveness of slotted walls were 
made assuming incompressible flow. However, it should be realized that the 
velocity components perpendicular to a slotted wall are, in actual practice, 
always of low subsonic velocity, and the edges of the longitudinal slots may 
be considered "subsonic leading edges" with the extreme sweep-back angle 
of 90°. Consequently, the basic assumption of the preceding calculations 
holds true for both subsonic and supersonic flow. Furthermore, the flow 
pattern in any plane perpendicular to the wall is of the same type if the 
flow inclination changes only very gradually in the direction of the main 
flow. 

Thus, as in the slender body theory, the flow field in any plane perpen­
dicular to the main flow may be treated as incompressible flow, whether 
the velocity of the main flow is subsonic or supersonic (see Ref. 6). This 
statement can be readily understood when the linearized continuity equation 
is considered: 

dvx dv„ dvz 

(1-Moo2) + — - + = 0 
dx dy dz 

If the flow field changes very gradually in the ^-direction; that is, in the 
direction o f the main flow, then the expression (1 — M^,2) . dvxjdx is consid­
erably smaller than the terms: cvH cy and dug cz. This is particularly true 
in the vicinity of the slotted wall where large changes of vu and vz occur as 
the flow approaches the individual slots. Also, in the range near Mach 
number one, the factor (1 — Af^,2) is substantially smaller than one and thus 
contributes to making vy and vt the predominant terms in the linearized 
continuity equation. Consequently, the continuity equation for flow fields 
which change only very gradually in the x-direction may be written approx­
imately : 

dvu dvz 
— + = 0 
dy dz 

This equation is the familiar continuity equation for incompressible flow in 
the y-z planes. Since it no longer contains the Mach number of the main 
flow (which might be subsonic or supersonic), the calculations concerning 
the slot effect presented in the preceding paragraphs are also valid for both 
subsonic and supersonic flow, within the approximation described above. 

In the case of slotted walls with perforated cover plates, the factor K, 
which describes the pressure drop through perforated cover plates, may 
change with Mach number and must be introduced as the particular value 
for the Mach number under consideration (see Chapter 5, Section 2b) . 
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5. LIFTING WING IN CIRCULAR WIND TUNNEL 
WITH LONGITUDINAL SLOTS 

a. General discussion of the lift influence 

In transonic wind tunnel testing the flow distortions due to lift are generally 
not as serious as those produced by the displacement of the model. This is 
readily understood when the choking phenomenon is considered. Choking 
is caused by the inability of the sonic flow to increase its stream density, pv, 
and thus to squeeze through the constricted passage existing between the 
model and the tunnel wall. In contrast, the lift of a model is mainly connected 
with changes in flow direction and resulting effects on the mean stream den­
sity, pv; there is no direct effect on a sensitive parameter of the sonic flow. 
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(b) WING CHORD REDUCTIONS DUE TO LIFT 

FIG. 5.14. Influence of lift coefficient on choking Mach number of two-dimensional wing 
with thickness ratio, tjc = 0.10, in closed wind tunnel.1 

Only when an unsymmetrical diversion of the flow from one side of a 
lifting wing to the other occurs does the choking effect become somewhat 
more severe (see Fig. 5.14 and Ref. 7). 

The fact that lift is not as critical a parameter as model displacement is 
also evident from the fact that in the subsonic speed range the velocity 
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corrections in a wind tunnel due to model displacement grow with the third-
power o f the Prandtl factor,8 that is: 

(ADx/ltaOcompr = (— I {AVxIVajinc 
\ ( l -Moc*) 1 / 

I 1 \3 Vol 

' l ( l - M « . 2 ) » / B""Z* 
where, for slender models, 8 D = 1.00. The flow inclination corrections due 
to lift do not change with Mach number at all when the lift coefficient is 
kept constant, that is: 

8 /Iwlng 

8 -'Itunnel 

where, for small wings in circular closed tunnel, S = 1.00. 

b. Flow inclination corrections al Ihe cenler-of-pressure of a lifting wing 

The following discussion is based first on the assumption of incompressible 
flow. It will bc shown later that the results can be readily applied to com­
pressible subsonic flow by means of a simple transformation. 

The magnitude o f the flow inclination corrections required at the center-
of-pressure of a lifting wing can be determined in a simple manner when 
the Trefftz theorem is applied. This theorem states that the downwash 
correction required at the center-of-pressure of a lifting wing is exactly one-
half the downwash correction required at infinitely large distances behind 
the wing.9 This theory assumes that all free vortices which produce the 
downwash correction start in the plane of the wing. This Trefftz theorem is 
valid, not only for the main wing free vortices, but also for all image vortices 
required to satisfy the boundary conditions. The determination of the 
downwash at infinitely large distances behind the wing in the so-called 
Trefftz plane is therefore greatly simplified since it is reduced to a two-
dimensional problem. 

For the purposes of this survey, the basic singularity of a lifting wing is 
assumed to consist of a horseshoe vortex with its two free vortices starting 
at the wing tip and extending infinitely far downstream. In the case of a 
wing span which is small in relation to the tunnel diameter, the two free 
vortices may bc replaced by a single doublet line. The mathematical prob­
lem is then to determine at the centerline of the wind tunnel for x -*• co, the 
downwash velocity produced by the interference potential required to 
satisfy the mixed wall boundary conditions (Fig. 5.15). 

The general solutions for the velocity field of the basic doublet and the 
interference flow can be written in the form of a series, in complex variables, 
(see Ref. 10), as follows: 

00 
Ao + 2 iA»±m cos[(« ± m)Q + B n ± m sin[(n + m)£]} 

W~-^± 
/ ? 2 ^ [ s i n 2 ( n v ) - s i n 2 ( « 0 ] ' 
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or with 

Z = R & = Rz 

AQ + 2 { J A n ± m [ z n ± m + z- ( n ± m )] + JB n ± m [z»± m - «"("±,")]} 

W = 
m i 

i/?2[l -2_:2» cos(2v) + z 4 n ] i z- ( n - 1 ) 

CLOSED WALL ELEMENT 

F I G . 5.15. Doublet replacing wing-tip vortices in Trefftz-plane behind small-span 
wing in slotted tunnel. 

where: 
W = Complex velocity of doublet with interference field 
2n = Number of slots of equal width equally-spaced 
I v = angle indicating width of slots (sec Fig. 5.15) 
Z = complex coordinate (distance from tunnel center) = Rz = Rctll°. 
0 = direction angle of vector Z 
R = tunnel radius 
m = 1,2, 3, . . . = constant 

A, B = constants (real numbers). 
It can be readily verified that the above equation satisfies the boundary 

conditions o f the slotted wall. At the wall Z = Re ( 0 ; hence, £Waii = 9 is a 
real value. 

For the open parts of the wall 

nv > nt, 

and the term 

[sin2(ni') — sin2(n£)]* 

is a real value. Consequently, the velocity vector has the direction of the 
local coordinate, z, that is, it is perpendicular to the tunnel boundary. 
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On the other hand, when (nv) < (n£), as in the case of the solid wall 
parts, the root becomes imaginary, and the velocity vector is oriented per­
pendicular to z. These two velocity directions satisfy the boundary condi­
tion. 

For the area around the tunnel center (z ->0) , the denominator of the 
above equation for W is directly proportional to £~ (n-1). Hence, the velocity 
W in this area can be represented by a simple power series of z- The con­
stants A and B must be determined in such a way that at the tunnel center 
only singularities with terms z~2 remain (they represent the singularity of 
the original doublet) and that tbc symmetry o f the velocity field is properly 
considered. 

Calculations based on these requirements are described in Ref. 10; the 
results for the downwash correction at the wing (x = 0) in tunnels of various 
configurations are presented in the form: 

CL Ayr 
Beorr — Kgeom + Aa — otgeom H 8 

8 A T 

Tunnel with Two Slots (n = 1) with the Open Slots Locatednear the Wing Tips.— 
In the case of a tunnel with open slots located near the wing tips, the value 
8 is then; 

8 = COS(TTC) 

where c = the ratio of open to total wall area. 
Thus for c = 0 (closed tunnel), 8 = 1 ; for c = 1 (open tunnel) , the 

result is 8 = — 1. In order to make the correction zero (8 = 0), the tunnel 
wall must be exactly half open and half closed (see Fig. 5.16). 

Tunnel with Two Slots (n = 1) wilh the Open I Vail Areas Located above 
and below the Wing.—In the case of a tunnel with two slots with the open 
wall areas located above and below the wing, the value of 8 is :1 0 

l - 2 s i n 2 [ ( l - _ : ) 7 r / 2 ] sin20 i f d9 

+ 
_ 2 f l - 2 s m 2 [ ( l - C W 2 ] s i n 2 0 d g , r 

J { l - s i n 2 [ ( l - f ) 7 7 / 2 ] sin20}» / J {1 — sir { l - s i n 2 [ ( l - f ) ^ / 2 ] sin20}l / J {1 - sin2[(l - _>/2] sin«fl}' 
o o 

+ COs[(l — c)n~\ 

Again the limits for open and closed tunnel walls are satisfied by 8 = — 1 
and 8 = + 1 , respectively. However, it is found that the downwash correc­
tion becomes zero, that is 8 = 0, when an open-area ratio of approximately 

c = 5 per cent 

is established. It is noteworthy that only a very small open slot area at the 
top and bottom of the tunnel is needed to make the necessary downwash 
correction disappear (see Fig. 5.16). This is in decided contrast to the 
arrangement of two slots located at the tunnel sides. 

Tunnel with 2n Slots of Equal Width Equally Distributed (n > 1) disregarding 
location of slots on top and bottom or on sides.—In the case of a tunnel with 2n 
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slots of equal width equally distributed, disregarding the location of the 
slots on the top and bottom or on the sides, the value of the correction 
factor 8 is:1 0 

cos [ («+ l )* ]d* I"*"?-* c o s [ ( « + l ) * ] d * 

8 = 

r c o s [ ( n + l ) e j d 0 / r 

J {sin2[(l - c)irj2] - s in2^}*" / J {sin2[(l-c)7r/2]-sin2«6l}t 

For any value of n > 1, the conditions for c = 0 (closed tunnel), and 
c — 1 (open tunnel) arc satisfied by the above relationship (see Fig. 5.17). 

10 

8 o 

10 

I 

/-SLOTS NEAR WING TIPS 

^ ^ 

SLOTS ABOVE 
WING 

( 
V . 

(BELOW > 

o> 

' ' 

tf-T^ 
^F 

.2 .4 .6 8 
OPEN-AREA RATIO 

F I G . 5.16. Flow inclination corrections for small wing in circular tunnel 
with two slots.10 

10 

I t can also be seen from this equation that the open-area ratio, c, for correc­
tion-free tunnels, that is, for 8 = 0, meets the following requirements: 

c < !/(« + !) 
Hence, with increasing slot number, the open-area ratio required for zero 
interference becomes smaller, and, with infinitely many slots, approaches an 
infinitely small value (see Fig. 5.17). These results are in agreement with the 
results discussed in Section Id of this chapter, that is, in order to maintain 
its effectiveness, a multi-slotted wall must be provided with a progressively 
smaller open-area ratio as the slot number is increased. On the other hand, 
for any finite open-area ratio, a slotted wind tunnel acts as an open wind 
tunnel when the slot number is increased to large values, n ->oo. 

For a circular tunnel with eight slots, an open-area ratio of 1.2 per cent 
is required to eliminate the flow inclination correction at the wing. 
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c. Flow inclination in vicinity of lifting wing 

The necessary flow inclination correction differs for different points in a 
slotted wind tunnel; in particular, the values of the downwash corrections 
given in the preceding paragraph are valid only for the center-of-pressure 
of a lifting wing simulated by a single horseshoe vortex. However, by 
suitable superpositions of the horseshoe vortices, it is possible to determine 

10 

8 

2 
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/ - n ' 8 

1 1 1 
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F I G . 5.17. Flow inclination corrections for small wing in circular tunnel 
with several longitudinal slots.10 

the deviations from the single horseshoe theory. Moreover, the change of 
the flow inclination correction in the flow direction is important since it 
determines the flow curvature correction required along the main wing, as 
welljas the downwash correction necessary at the horizontal tail. It is not 
possible to determine these corrections using the simplified analysis in the 
Trefftz plane; more complex calculations are necessary. By introducing the 
simplified boundary condition of a multi-slotted wall, that is, by replacing 
the slotted wall with an equivalent homogeneous wall (see Section Ic of 
this chapter) the variation in the necessary downwash correction along the 
centerlinc o f the wind tunnel can be determined. 

For the purpose of these calculations, the velocity potential of the original 
horseshoe vortex with the small span was developed into the series4: 

*" i l ^ M H T + J ~ H H i X j ) s i n (v) d A 

no 
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where: 
C L = lift coefficient o_ wing 

R = radius of wind tunnel 
r, x, oi = cylindrical coordinates 

A = variable. 
T h e terms H*{1) indicate Hankcl functions of the first order, that is, special 
types of the Bessel functions, as defined, for instance, in Ref. 11. The Hankel 
function has the proper characteristics of disappearing at large values of 
the argument, r -> oo; and at small values, r -> 0, they develop a singu­
larity, H i l l ) ->• oo. 

T h e variation of the potential in the .v-direction is reflected in the above 
equation by the Fourier development with the non-symmetric terms 
sin (Xx/R). Thus the variation of the potential in the r-direction is properly 
representcd by the selected Hankel function since the above expression for 
^1 satisfies the continuity equat ion: 

, *j>ww *j>r 
<f>xx + <f>rr + — - + — = 0 

r - r 

It should be noted that in the above equations the potential <f>i is divided 
into a symmetrical and a non-symmetrical term. The term, Rir, represents 
the symmetrical part, that is, the potential of a pair of infinitely long vortex 
lines with opposite directions of rotation. The second term with the Hankel 
function represents the non-symmetrical part, that is, the potential of a 
pair of vortex lines which change their directions of rotation at the origin 
x = 0. Since for small values of r, the Hankel function can be written: 

2 1 
A//i<D(iAr) ~ — 

i t r 

and since the Fourier development of a non-symmetrical step function is: 

- s i n l — 1 ( 
J A \ R I 

the correctness of the above equation for <f>i is apparent . 
T h e velocity potential <̂ 2 of the wall interference field can also be ex­

pressed as a series in a similar manner : 

*= ~k ~TTV*R COS M [ C l i i + 1 C u { ' i J l ( ° i ) ] s i n { x j ) d X 

The Besscl function, iJ i( iXrR), is used in this development since this func­
tion is regular and finite at all points within the tunnel, r ^ R, and since 
it also satisfies the continuity equation. The constants C\ and QAJ, must be 
determined in such a manner that the boundary condition of the slotted 
wall is satisfied by the total potential, tf>i+if>2'. 

<t>x + *i>xyf{sld)d = 0 
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with: 
1 / TT s \ 

/(,/<*) = - - l o g sm(--j 

By introducing tf,, and </>2 into the equation for the boundary conditions 
and solving for the constants C, the final result for the wall interference 
potential is obtained4 : 

CL A w i (2rTln)f{sld)-l r 
<4o = VrcR COS U){ 

32 A T 

• I 

- / 

T l(27r/«)/(j/rf) + l R 

'[1 -(2nln)f(sld)][-H^'{iX)]-(27rln)f{sld)XiHo^(iX) 

[l-(2tTln)f(sld)][-iJ1(iX)]+(2trln)f(sld)XJo(iX) 

x —ifilih — I sinlA— 

L I R) \ R 
<\.\ 

With this equation it is possible to determine the interference velocities 
inside the wind tunnel, as desired. 

For example, Fig. 5.18 represents the downwash correction necessary 
behind a wing in a circular wind tunnel with eight slots. The same correc­
tion may bc applied in the case of circular tunnels having a different number 
of slots by varying the open-area ratio in such a manner that the term 
f(sjd)>n is kept constant, that is: 

1 /irs\ 
- l o g s i n l — I = constant 
n h \2d] 

The curves of Figs. 5.17 and 5.18 show that an eight-slotted wind tunnel 
requires an open-area ratio of approximately 1.2 per cent for zero-downwash 
correction at the wing itself and at large distances behind the wing. However, 
at small distances behind the wing a downwash correction is necessary in 
the direction of the closed tunnel. It might therefore be more practical in 
actual wind tunnel operation to increase the open-area ratio slightly, for 
instance, to approximately 5 per cent. At the larger open-area ratio, the 
downwash correction needed at the plane of the wing is still small, only 
approximately one-fifth that required for the open wind tunnel case. 
Furthermore, the required downwash correction in the vicinity o f the wing 
remains essentially constant so that a curvature correction for the main wing 
is not necessary. 

It should be again noted that for a given slot number the open-area ratio 
recjuired for zero-downwash correction is smaller than that required to 
eliminate the velocity correction. 

The curvature corrections in the plane of the main wing, that is 
dAa/d(*•/._?) are shown in Fig. 5.19 for a circular slotted wind tunnel with 
eight slots. Again, the results are applicable to wind tunnels which have a 
different number of slots when the open-area ratio is varied according to: 

1 / i r i \ 
- log sin I — = constant 
n 8 \2d) 
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FIG. 5.18. Flotv inclination corrections behind wing in circular tunnel 
with eight slots.4 
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F I G . 5.19. Flow curvature corrections behind wing in circular tunnel 
with eight slots.4 
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d. Mach number influence 

Within the validity o f the Prandt l -Glauer t approximation, the downwash 
correction discussed in the preceding paragraph can be readily applied to 
the subsonic compressible flow range. According to Ref. 8 and the general 
discussions preceding this section, the required downwash correction as a 
function of the lift coefficient remains unchanged with Mach number 
when the wind tunnel flow is distorted according to the given similarity 
rules. 

For example, all dimensions perpendicular to the flow direction must be 
reduced by the Prandtl factor while the dimensions in the flow direction 
remain unchanged. Thus, the open-area ratio ofthe tunnel remains the same, 
since both slots and slats are distorted by the same factor. However, the 
tunnel radius is reduced by the Prandtl factor while the distances behind 
the wing remain unchanged. Therefore the graphs (Figs. 5.18 and 5.19) 
can be generalized by using xi[R(l — Af2)*] as a universal parameter. It is 
apparent that with increasing Mach number, the necessary curvature 
correction dAa/d(*/_R) is increased if all other geometrical parameters are 
kept constant. 
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C H A P T E R 6 

SUBSONIC FLOW IN WIND TUNNELS WITH 
P E R F O R A T E D WALLS 

1. BASIC CHARACTERISTICS OF PERFORATED WALLS 

a. Pressure change in cross flow through perforated walls 

Perforated wind tunnel walls, in contrast to the wind tunnel walls with 
longitudinal slots discussed in Chapter 5, are characterized by a large 
number of openings which may be either transverse slots or holes with 
circular or other cross-sectional shapes. The most essential aerodynamic 
difference between these two types of walls is the arrangement of lift-
producing leading edges. T h e perforated wall has numerous openings, each 
of which forms the leading edge of a lift-producing wall element. In the 
extremely simplified case of transverse slotted walls (Fig. 6.1), each solid 
wall clement acts as an individual wing so that the entire wall is, in effect, 
a lattice with a stagger angle of 90°. A longitudinally slotted wall may also 
be considered to consist of numerous elementary wings of infinitely small 
aspect ratio; however, within first order calculations, such wings are known 
to produce no lift at large distances behind their leading edges. T h e trans­
verse slotted wall, like a lattice, produces a lifting force which is in first 
order, directly proportional to the angle between the wall surface and the 
approaching flow. 

For wind tunnel wall correction calculations, the flow around each 
individual slot is of little interest; the integrated effect o f t h e multi-slotted 
wall at some distance from the wall determines the amount and type of wall 
interference. Hence, it is sufficient for such calculations to replace the real 
wall, with many discrete slots, with a fictitious homogeneous wall. This fic­
titious wall is to produce the same total lift as the real wall. Because the 
fictitious wall is assumed to be homogeneous, the lift is evenly distributed 
over the wall, and, consequently, a uniform pressure drop or rise in the 
wall cross flow is produced. Since a perforated wall acts like a lattice and 
since the lifting force of a lattice is proportional to the flow angle, the 
pressure drop produced by the fictitious perforated wall will also follow this 
relationship. Hence, in the first approximation: 

Aplq = K9 

where: 

Ap denotes the pressure difference between plenum chamber and test 
section 

q is the dynamic pressure of the flow 
6 is angle between the wall surface and the approaching flow. 

T h e constant A" depends upon the geometry of the wall and the Mach 
number and is discussed in more detail in Chapter 11. 
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It is noteworthy that in the case of outflow, the flow is attached to the 
wall .urface only at the test-section side of the perforated wall; at the 
plenum chamber side it is usually completely separated. T h e main result 
of this difference is a change in the magnitude of the constant A" of the 
preceding equation. Experiments have shown that, even in the case of 
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FIG. 6.1. Wall with transversal slots or perforation in oblique flow. 
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F I G . 6.2. Pressure drop characteristics qf perforated wall in cross flow for incompressible 
flow (wall thickness 0.022 in.; hole diameter 0.024 in.; open-area ratio 20per cent).* 

small inflow into the section, the wall retains its essentially linear charac­
teristics (see Fig. 6.2). 

H o u g h the previous discussion is concerned with walls with transverse 
slots, it has been shown by experiments that any wind tunnel wall having 
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transverse or oblique slots or many individual holes of an arbitrary shape 
follows the general relationship: 

Apjq = K 9 + K & + K & + ... ~ K9 

The linear term in the above equation is generally the predominant one in 
the range of flow angle near a wind tunnel wall and is the only term used in 
wind tunnel correction theory in existing publications. 

b. Comparison between perforated walls in pure isentropic flow and in highly viscous 
flow 

T h e above linear relationship between pressure drop and small cross-flow 
angles is a good description of the characteristics of perforated walls when 
the flow approaches the conditions of potential flow, that is, when the 
friction effects are negligibly small. In the case of large friction effects, for 
example, when the boundary layer is thick in comparison with the hole 
size, the similarity between the flow through a lattice in potential flow and 
a perforated wall is no longer maintained. This fact is confirmed by wall 
characteristic tests which showed large non-linear effects of a sometimes 
irregular nature when the wall spacings were made small in relationship to 
the boundary layer thickness. 

On the other hand, when the walls are formed of porous material with 
many small channels, the friction forces are the predominant forces, and, 
again, the pressure drop is a linear function of the cross-flow velocity. It is 
interesting that both extremes—perforated walls with extremely small 
friction effects and porous walls for which friction is the dominating factor— 
lead to purely linear relationships between the pressure drop and the flow 
angle. However, a major difference exists in the characteristics of the two 
walls. At constant flow angle, 9, the pressure drop of perforated walls 
increases as the dynamic pressure of the approaching flow increases, that is: 

Ap = Atyoo = K99— v j -

In the case of porous walls, the pressure drop increases only as the velocity 
component, vy, perpendicular to the wall, that is1 : 

poo Ap 
Ap ~ Vy = K p 9l'rc — 9qar 

2 Voo 

In order to maintain the same relationship between model-produced 
disturbance pressures and wall-produced pressure changes, the porous 
wall must be continuously adjusted as the test velocity changes. T h e per­
forated wall provides the desired relationship automatically. A similar 
disadvantage in wall characteristics also exists in the case of longitudinally 
slotted walls if the slots are very narrow and very deep. 

2. FLOW DISTORTIONS IN PERFORATED WALL WIND TUNNELS 
When a model is installed in a perforated wall wind tunnel, the perforated 
wall characteristics do not match the type of disturbance which occurs with 
a model in free flight. Figures 6.3a and b present the local pressure disturb­
ances and the local flow inclinations of a wing in free flight along a line 
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y = constant; also the characteristic line of a perforated wall is shown for 
comparison in Fig. 6.3b. The discrepancy between the two curves indicates 
that at subsonic speeds no perfect simulation of the free-stream conditions 
is possible in perforated wall wind tunnels. The corresponding curves for a 
slotted wall (see Chapter 5, Fig. 5.13) show a much closer match between 
model and wall characteristics. Therefore, it can be concluded that for 
subsonic testing the longitudinally slotted wind tunnel is generally superior 
to the perforated wall wind tunnel. 
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F IG. 6.3. Flow disturbances of wing in free flight (incompressible) along line 
v = constant = wing chord (t/c — 0.28). 
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T h e character of the flow distortion can be most clearly recognized by 
considering a model in a wind tunnel which initially has closed walls, and 
then drilling holes in selected areas of these walls. A model in a closed wind 
tunnel produces a flow-area constriction in the region of its maximum 
thickness so that at high subsonic Mach numbers "choking" of the flow 
occurs. In free flight, choking is avoided by means of the bulging of the 
streamlines. T o simulate free-flow conditions and to circumvent the choking 
phenomenon in the wind tunnel, provisions must be made for the flow to 
expand through suitable openings into the surrounding plenum chamber . 
When such openings are provided in the neighborhood of maximum model 
thickness (for example, if the initially closed walls were replaced by perfor­
ated walls in this area) and the surrounding plenum chamber pressure is 
maintained at the undisturbed pressure level, there would be no flow out ofthe test 
section into the plenum chamber. On the contrary, there would bc flow from 
the plenum chamber into the test section. Consequently, the flow constriction, 
and thus the choking difficulty, become even more severe (Fig. 6.4). This 

PERFORATED WALL WITH INFLOW 

-%VJk 

-vv; 
F I G . 6.4. Model in closed wind tunnel with perforated wall section 

in model region at subsonic speeds. 

inflow into the test section is the result of the fact that the pressure around 
the maximum thickness of a model is smaller than the free-stream pressure; 
thus air is sucked into the test section instead of flowing to the outside, as 
required for free-flight simulation. 

Since inflow and outflow are controlled by the pressure difference be­
tween the test section and the plenum chamber, it is obvious that outflow 
from perforated test sections can be accomplished only by placing the wall 
openings in regions in which the static pressure is larger than the plenum 
chamber pressure. Such regions exist at large distances upstream and 
downstream of the model. For example, when the wall upstream of the low 
pressure region of the model is replaced by perforated material, some flow 
enters the plenum chamber ahead of the model and thus by-passes the 
critical area in which flow constriction normally occurs and choking takes 
place at high Mach numbers (Fig. 6.5). 

When the entire wall of a wind tunnel is perforated, it is obvious that 
both effects described above occur simultaneously. Ahead of the model, 
some air is diverted into the plenum chamber. In the low pressure regions, 
that is, upstream and downstream of the maximum model thickness, some 
air is sucked into the test section. In the high pressure region downstream 
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of the model, air again flows into the plenum chamber (Fig. 6.6). T h e 
overall-flow picture, therefore, is highly unsymmctrical in contrast with 
free-flight conditions. Despite this lack of symmetry, it has been shown that, 
with a proper open-area ratio of the perforated walls, the flow velocity at 
the mid-point of the model can be made equal to that of free flight so that 
no correction for the mean effective free-stream velocity is required. I t can 
also be shown that choking of the flow between the model and the perfor­
ated wall can be eliminated. However, in such a case it is even more essential 

PERFORATED WALL 
WITH OUTFLOW CLOSED WALL 

\ 

F I G . 6.5. Model in closed wind tunnel with perforated wall sections upstream 
of model at subsonic speeds. 

OUTFLOW INFLOW OUTFLOW 

PERFORATED WALLS 

F I G . 6.6. Schematic outflow- and inflow-pattern for model in perforated 
wind tunnel at subsonic speeds. 

than with other types of transonic wind tunnels that the partially open walls 
be extended far enough upstream of the model to produce the required 
outflow into the plenum chamber ahead of the model. 

T h e above considerations show, as stated before, that for subsonic testing 
the perforated wall is not the most suitable type of partially open wall. The 
reason so much attention is given it in transonic testing is the fact that in 
the supersonic speed range perforated wall tunnels are superior to other 
types of wind tunnels (see Chapters 8 and 9). Furthermore, in practice, the 
flow distortions in the range of subsonic operation of a perforated wall 
wind tunnel are small enough so that it is permissible cither to neglect them 
completely in the case of small models or to apply suitable corrections in 
the case of larger models (see Chapter 7). 
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3. VELOCITY CORRECTIONS IN THE VICINITY OF ONE 

PERFORATED WALL (TWO-DIMENSIONAL, 

INCOMPRESSIBLE FLOW) 

a. General relationships 

In the case of two-dimensional incompressible flow, for example, around 
a cylinder or a lifting wing with an infinitely large span, a simple relationship 
can be derived by which to determine the interference velocity in the 
vicinity of one perforated wall.2 The term tp may denote the velocity po­
tential, ip the steam function, and <I> the complex stream function 
<$> = aS+n/i. Furthermore, the subscript oo may indicate the condition of 
the undisturbed parallel flow, the subscript 1 the primary singularity 
(doublet in free flight, etc.), and the subscript 2 the additional singularity 
required to satisfy the boundary condition of a perforated wall. T h e sub­
script 2c may indicate the correction singularity required for a closed wall. 

Derivation of Universal Relationships.—For one perforated wall the bound­
ary conditions required along the wall are, then: 

A/»_no{_el + A/>wail = 0 

or, in terms of the velocity potential, with only first order terms considered: 

i<piz + *i>2x)+m<f>iy + <f>2>,) = 0 

where K is the perforated wall constant, according to the definition: 

A/>wall = A"0<7oo 

It should be noted that the above relationship is valid when the wall is 
located at a positive distance y with respect to the primary singularity. 

The above equation for the boundary condition of a perforated wall can 
be transformed to: 

ZJ-yJ- = = arc t a n ( - 8 / 2 ) = arc tan(7r-8/2) 
>j>lx + *j>2x K 

Hence, the streamlines of the total disturbance flow field, ^i+aS?, must 
intersect the perforated wall at a constant inclination angle — 8 2 or 
(TT—8'2), respectively. T h e angle S 2 is a function of the wall porosity only: 

tan 8/2 = 2 / K 

A schematic o f the streamline is shown in Fig. 6.7. 
T h e special case, K -> oo, indicates the closed wall, and the above 

equation is simplified to : 

j>\y + 9-2.y = 0 

It is known that the boundary conditions of a closed wall can be fulfilled 
by image singularities referenced to the closed wall, since for an image, 
the singularity is (see Fig. 6.8): 

v V u = - Vy, 
and 
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It was shown by Kassner2 that the following simple relationship exists 
between the complex stream function of a perforated wall, 0>2, and that of 
a closed wall, *t>2c (see Appendix V I ) : 

<D2 = e'»<D2c 

Thus , the conjunct velocity vectors are connected in the following manner : 

d<l>2 
= e'» 

d«D2c 

PERFORATED WALL 

__• 491 / ) ) / / > y * Z z ~ 

8/2 

y/rm INTERSECTION ANGLE 

-8/?. =CONSTANT 

FIG. 6.7. Streamline pattern of disturbance flow, rfii+^2, around model 
in vicinity of a perforated wall.2 

IMAGE SOURCE 

X 
IMAGE VORTEX 

@ CLOSED WALL 

* 

SOURCE VORTEX 

F I G . 6.8. Source and vortex with image singularities in vicinity of one closed wall. 

The remarkably simple fact exists that the conjunct velocity vector, 
d $ t / d £ — Vmt— iv--.t, is found by merely rotating the conjunct velocity 
vector of the closed wall image singularity by the angle 8 in the counter­
clockwise direction. For the velocity vectors themselves this manipulation 
corresponds to a rotation by the angle 8 in the clockwise direction. 

From simple geometrical considerations it is readily apparent that the 
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rotation of the velocity vector of the image singularity flow field, O^ , by 
the angle 8 in the clockwise direction results in a rotation of the total disturb­
ance velocity vector of the flow field, cbi+fac, by 8/2 in the clockwise 
direction. Since, for the closed wall case the wall streamline is parallel to 
the wall, this rotation makes all disturbance flow streamlines intersect with 
the perforated wall at the constant angle, —8/2, or (IT — 8/2), as re­
quired. 

In the case of the closed wall, which is a special case of the perforated 
wall with A" - > oo, the angle 8 is found to be zero from the previous relation­
ship, tan 8/2 = A"/2, as required. For an open wall, that is, a perforated 
wall with A" = 0, the velocity vector rotation angle is 8 = 180°, confirma­
tion of the fact that the image singularity of an open-jet boundary changes 
its polarity in comparison with the closed wall boundary. For all perforated 
walls between the two extremes of the open and closed wall, the angle 8 
has values between 0° and 180° (see table below): 

Rotation Angle, B,for Various Wall Porosities 

8, deg 

K 

0 

oo 
closed 
wall 

30 

7.46 

60 

3.46 

90 

2.00 

120 

1.16 

150 

0.536 

180 

0 
open 
wall 

The velocity diagrams for some typical cases of a doublet in the vicinity of 
various perforated walls are presented in Fig. 6.9. 
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m 

FIG. 6.9. Vector diagrams of disturbance velocities at wall-point, P,for 
cylinder (doublet) near various perforated walls.2 
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b. Specific singularities near one perforated wall 

Doublet.—When the primary singularity is a doublet which represents a 
cylinder in parallel flow, the complex stream function of the image singu­
larity for a closed wall is: 

(I)2c = 
VvrTif 

--_» 

with: 
ro = radius of cylinder 
Z = r e i s = complete variable (Z = 0 at center of image cylinder). 

The complex stream function for the singularity required to satisfy the 
boundary condition along a perforated wall is then: 

VarTQ2 

(p2 = e'*(D2c = e-uo-t) 
r 

In this case the resulting singularity is again a doublet; the orientation 
however, is turned counter-clockwise by the angle 8 (see Fig. 6.10). 

Source.—When the primary singularity is a source, the image singularity 
for a closed wall is again a source and its complex stream function is: 

<l'2c = ^ l o g ^ = ^ l o g ( r e " 0 
ZTT 2.TT 

with Q_ = source intensity. 
The complex stream function of the interference flow is then: 

0 
<D2 = e "(D 2 c = — e " log Z 

2-T 

CLOSED WALL PERFORATED WALL 

K = 2 .00 
>=90 , > 

K . . 8 2 8 
8=135° 

OPEN JET 

K 'O (open jet ) 
8'180» 

FIG. 6.10. Doublet with image near various perforated walls.2 
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Obviously the interference singularity is not a source. By means of further 
mathematical manipulation 

O2 = I — cos8 j log Z + I — sin8 Ji log Z 

This equation indicates that the interference flow singularity consists of a 
source with the intensity (Q,cos 8) and of a vortex with the circulation 
( - Q . s i n 8) (see Fig. 6.11). 

IMAGE SINGULARITY 

(VORTEX 8 SOURCE) 

PERFORATED WALL 

PRIMARY SOURCE 

F10. 6.11. Streamline pattern for source and image singularity in vicinity 
of perforated wall. 

Vortex.—In this case, the image singularity for a closed wall is given by : 

F F 
0 2 c = - — 1 log Z = - —i log(r e" ) 

2TT 2TT 

representing a vortex with the circulation, T. By applying the calculation 
principle outlined above the singularity which satisfies the boundary condi­
tion for a perforated wall is: 

0 2 = — I — cos 8 Ji log Z + I — sin 81 log Z 
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Hence, a vortex in the vicinity of a perforated wall requires a vortex with the 
circulation, F cos 8, and a source with the intensity, F sin 8, to satisfy 
the boundary conditions. 

c. Mach number influence 

T h e preceding calculations can be made applicable to compressible 
subsonic flow by changing the flow field according to the general similarity 
rule based on linearized compressible flow.3 According to this rule, all 
dimensions of models and streamlines in the flow direction remain un­
changed, and all dimensions perpendicular to the flow direction are reduced 
by the factor (1— M,,2)1 , In addition, all disturbance velocity compo­
nents in the flow direction, as well as the static pressure disturbances, are 
reduced by the square o f the Prandtl factor, that is by (1 — Af^.2). 

With the above similarity rule, the calculations and graphs developed 
for both two-dimensional and three-dimensional incompressible flow, can also 
be used for compressible subsonic flow when the following parameters are 
introduced: 

Model (three-dimensional) 

Cross-sectional area A M (1 — M x
2 ) * 

Volume of the model Vol( 1 - MJ*) 

Wind Tunnel Dimensions 
Coordinate in x direction x 
Coordinates perpendicular to the flow direction y ( l — Af^2)* 

Tunnel height H( 1 - Af^2)* 
Tunnel diameter _D(1 — Af^ 2) ' 

Flow Disturbances 

Disturbance velocity component in flow direction Aui(l — M x
2 ) 

Disturbance velocity component perpendicular to flow 
direction vv(l — Af^2)* 

Local flow angle 9{ 1 - M x
2 )» 

Local pressure disturbance (Apiq)(l —M^2) 
Wall cross-flow parameter A"( 1 — Af^2) * 
With increasing Mach number, the cross-flow parameter A" decreases 

with the Prandtl factor (1 — M^2)*. In the limiting case when Af approaches 
one, the wall parameter approaches zero, that is, approaches the value for 
an open wall. Hence, a perforated wall which exhibits a linear relationship 
between pressure drop and flow inclination angle acts like an open jet 
when Mach number one is approached. However, this situation does not 
occur in reality since near Mach number one the validity of the linear 
theory is restricted to very small flow disturbances. Furthermore, the wall 
parameter A" does not approach infinitely large values as predicted by the 
strict application of the linear theory. 

In the case of a quadratic relationship between pressure drop and cross-
flow velocity, that is: 

Apjq = A"'02 
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the cross-flow parameter K remains constant with increasing Mach number 
within the validity range of the similarity rule. Consequently a perforated 
wall which shows a quadratic relationship near Mach number one will 
experience no change in its wall characteristic parameter through the 
entire range in which the quadrat ic relationship holds true. 

It may be concluded, therefore, that in the main subsonic Mach number 
range, particularly when the cross-flow characteristics are linear, a perfor­
ated wall tends to act more and more like an open wall when the Mach 
number is increased. Near Mach number one, where the cross-flow relation­
ship has a tendency towards a quadratic relationship, a perforated wall 
produces a boundary effect which is distinctly different from that of an 
open jet . 

In view of the complexity of transonic flow theory, the validity of the 
above conclusions from theory must be carefully investigated by experi­
ments (see Chapter 7). As a general rule, for practical testing in perforated 
wind tunnels, it was found sufficient to select a wall parameter which would 
give velocity corrections close to zero in the high subsonic Mach number 
range. I t was then assumed that any deviations from the correction-free 
conditions were small enough to be neglected. Naturally this is true only 
for a limited range of model size (see Chapters 7 and 10). 

d. Two-dimensional wing without lift 

T h e influence of the wall open-area ratio was examined more closely 
with regard to the interferences produced by the model displacement. 
Within linear theory, particularly for small models, the displacement effect 
of a two-dimensional wing may be examined by introducing a single doublet 
into the calculations. Hence the relationships of Section 3b of this chapter 
may be applied directly when the doublet strength is adjusted according to 
the size and shape of the model. Since a doublet in parallel flow represents 
a cylinder (radius = ro), the radius of the equivalent cylinder must bc 
selected to satisfy the following relationship: 

T h e coefficient, A„ is a form factor that has a value of two in the case of 
a cylinder and may be sufficiently well approximated by A,, = l + l : c in 
the case of slender wings (see Ref. 4) . 

The distribution of the vertical velocity component vy and of the local 
pressure disturbance along a perforated wall was calculated, and the results 
are shown in Figs. 6.12a and b . In an open jet, A" = 0, the curve for the 
velocity component vy is anti-symmetrical with respect to the .v-dircction 
(see Fig. 6.12a). The shape of the curve is very similar to the shape of the 
curve for free flight. However, in free flight the maximum vertical velocity 
disturbances are only approximately one-half as large as in an open jet . 

When a perforated wall with a gradually decreasing open-area ratio 
corresponding to A' > 0 is considered, the distribution curves for vy gradually 
deviate more and more from the free-jet curve (see Fig. 6.12a). The location 
of the maximum velocity disturbances shifts forward, but the magnitude of 
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the disturbances is gradually decreased. It is significant that at x = 0 the 
vertical velocity component at the wall no longer disappears as in free flight; 
instead negative vertical velocities occur which reach maximum values for 
wall parameters of A" ~ 2. This fact is an indication of inflow through the 
wall into the test section at the model mid-station, as discussed in detail in 
Section 2 of this chapter. Naturally, for a closed wall, that is, for K -*• oo, 
the disturbance velocities vy disappear along the wall. 
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F I G . 6.12. Flow disturbances along wall for slender model near one 
perforated wall.2 

99 



TRANSONIC WIND TUNNEL TESTING 

The pressure disturbances along the perforated wall are presented in 
Fig. 6.12b. For a free je t (A" = 0), the pressure disturbances along the jet 
boundary disappear as required by the characteristics of a free jet . For a 
closed wall, (A" -»• oo), negative disturbance pressures occur which are 
twice as large as the disturbance velocities in free flight. By opening the wall, 
that is, by reducing gradually the wall parameter A", the maximum pressure 
disturbances along the wall are also reduced. However, the disturbance 
pressure distribution is no longer symmetrical in the x-direction as in the 
case of the closed wind tunnel and the free-flight case. It is only possible 
to create an approximate matching of free-flight conditions in that region 
of the wall which is considered to be the most significant. However, it is 
impossible to match even approximately the disturbances over the entire 
length o f the perforated wall. 

4. FLOW DISTURBANCES IN A PERFORATED TWO-DIMENSIONAL 
WIND TUNNEL (TWO PERFORATED WALLS) 

a. Method of calculation 
For a model wing, the solution represented by a doublet placed between 

two perforated walls can be readily found by applying the method of 
suitable consecutive image arrangement based on the solutions for a single 
wall. For instance, in Fig. 6.13a the principle of consecutive image formation 
is represented for a doublet between two closed walls, and, in Fig. 6.13b, 
by a doublet in an open jet . When the same principle of image formation 
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Fio. 6.13. Doublet between two perforated walls of various open-area 
ratio (two-dimensional). 
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is applied to a doublet between two perforated walls, an arrangement of 
doublets is obtained such as is indicated in Fig. 6.13c. Since all image 
singularities are again doublets and have their alignment in space rotated 
by given angles, a mathematical solution can be readily found. 

The complex stream function for all image doublets required to satisfy 
the boundary conditions for a doublet between two perforated walls is then 
(see Ref. 2): ' 

<I>2 = I'ooTo2 
E.n* 1 

^ Z-inH Zi 

= vxr0
2 {— c o t a n / / ( — Z \ 

I// \ H ^ I ZI 
By evaluating this equation, that is, by separating the real velocity potential 
from the above complex stream function, the disturbance velocities in the 
entire field can be calculated. 

The above equations have been derived for incompressible flow. By 
application o f the similarity rule (see Section 3c of this chapter) , the results 
can be made applicable In compressible flow in the subsonic speed range 
within the validity of linearized theory. 

b. Interference due lo displacement of model between two perforated walls 

The preceding equations for a doublet placed between two perforated 
walls were evaluated, and the results are presented in Fig. 6.14 for typical 
interference parameters. 

The distribution of the vertical velocity along one o f the perforated walls 
shows a pattern similar to that found previously for a doublet in the vicinity 
of one perforated wall (Fig. 6.14a). For gradually decreasing open-area 
ratios of the wall, that is, for A" proceeding from 0 to 0.4, 1.0, etc., the curves 
for the vertical velocity distribution assume more and more unsymmetrical 
shapes. In particular the vertical velocity component at the wall in the region 
of the maximum model thickness (.v = 0) is no longer zero. On the contrary, 
a gradual increase of inflow velocity occurs, which reaches a maximum for a 
flow parameter of approximately 

A"(l-Moo2)» = 3 

With the open-area ratio smaller than A'(l— Af^,2)* = 3, the inflow 
velocity tends to decrease again until finally, for a closed wall, no cross-flow 
velocities occur along the wall, as required for physical reasons. 

The particular distribution of the vertical disturbance velocities along 
the wall results in a distortion of the streamlines in the vicinity of the wall, 
as indicated in Fig. 6.14b. The open-jet streamline is symmetrical in the 
v-direction and exhibits a shape similar to the corresponding streamline in 
free flight. As the wall open-area ratio decreases, the streamlines become 
more and more unsymmctrical, and their maximum deflection point shifts 
further upstream from the mid-point of the model. If the streamlines are 
normalized, for instance, at a station 
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representing a test section with its upstream end located at this point, such 
a test section would experience more inflow than outflow along its perforated 
walls between stations 

.v 1 
-= —1.5 and + 1 . 5 

Hil-M^y 
Consequently, such a streamline pattern can be maintained only when 
some backflow is provided from the test section into the plenum chamber 
(see Chapter 12). Such outflow from the test section usually occurs in a 
very restricted region at the downstream end of the test section and docs 
not greatly disturb the velocity distribution in the test section proper (see 
Fig. 12.14). As a result, the distributions presented in Figs. 6.14a and b for 
an infinitely long test section may also be applied to test sections of finite 
length when the test-section region near the downstream end is excluded. 

The unsymmetrical interference pattern is also recognizable in the 
unsymmetrical distribution of thc disturbance pressures along the centerline 
of the wind tunnel (see Fig. 6.14c). The distribution curves for both the 
open jet and the closed wall wind tunnel are symmetrical in the .v-direction; 
however, the maximum disturbance pressures have a different magnitude 
and sign. With a gradually decreasing wall open-area ratio, a gradual 
transition from the open-jet curve to the closed-wall curves occurs with an 
accompanying development of lack of symmetry in the flow. It is noticeable 
that for a wall parameter of A"( 1 — M x

2 ) ' = 2.56, the pressure disturbance 
at the model center disappears. Therefore, for sufficiently small models, the 
velocity correction in a perforated wall wind tunnel also disappears for 
walls with this characteristic. However, even at this specific wall parameter 
A"(l—Moo2)' = 2 . 5 6 , a pressure gradient develops in the flow direction 
which, particularly in the case of long slender models, might require consid­
eration of second-order correction terms for pressure and drag measurements. 
This pressure gradient cannot be detected during empty-tunnel calibrations 
since it is produced by the model installation itself. 

5. VELOCITY CORRECTIONS IN CIRCULAR PERFORATED 

WALL WIND TUNNELS 

a. Method of calculation 

In the case of a cylindrical perforated wall wind tunnel, it is not possible 
to satisfy the wall boundary conditions by simply adding images, as in the 
case of two-dimensional or square wind tunnels. It is necessary to utilize the 
basic continuity equation for potential flow (note: <f> = ^ 1 + ^ 2 ) : 

S2<p c26 1 86 
_ i + _i + - _ : = 0 
dx2 dr2 r dr 

The boundary condition along the perforated wall of the circular tunnel 
is then 

86 2 86 
— + — — = 0 
or K dx 
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Doublet.—The displacement of a small model in a wind tunnel can be 
simulated by a three-dimensional doublet with the velocity potential: 

m x 
6* = 

4TT (*2-|-r2)3/2 

When this expression is introduced into the continuity equation, it 
requires the addition of an interference potential S-z which, according to 
Goodman, 5 can be written in general form as: 

, _ i n n ( r l R ) \ l . mr(xjR) « * W R ) \ 
<h = X <o " n sm \- Cn cos } 

Z \ l/R )\ IjR IIR I 
This equation can be modified by means of mathematical manipulations, 

and the following result is finally obtained for the disturbance velocity in 
the .v-direction at the axis of a circular wind tunnel : 

m 1 C f (h(q) .K 1 (q) - (KIK 2 ) . I 0 {q) .K 0 (q) )q 2
j 

Avx = fax = ^ - 7 — — — - — — — — - O N T„, , — dq 

and finally: 

2 n 2 R * o J I i ( q ) + ( K I K 2 ) I l ( q ) 

Avx Vol 
= F D 

Voo D * 

Small Lifting Wing.—The simplest method of introducing a lifting wing 
into the calculation is by means of a horseshoe vortex. Assuming a horseshoe 
vortex of infinitely small span and following the method of calculation used 
for the doublet in the preceding paragraph, the velocity potential of the 
wall interference can bc determined. Then the (low inclination correction 
at the wing is5: 

*.__•___(,__*] * j= * . ,c_i? 
4rrA2( K J I i ( q ) + ( K I K 2 ) l ' l ( q ) f A T 

Mach Xumber Influence.—The equations in the preceding paragraph are 
written for incompressible flow. By application of the similarity rule, which 
is valid within the limitations of linear theory, the calculations and its 
solutions can be adapted to compressible subsonic flow by means of the 
general relationships indicated in Section 3c of this chapter. 

b. Wall interference due to model displacement and model lift 

The preceding calculations were evaluated with respect to the velocity 
correction in the .v-direction and the angle-of-attack correction at the 
lifting wing. The velocity correction in an open wind tunnel was found to 
have a magnitude of only one quarter of that in a closed wind tunnel and 
was of the opposite sign (see Fig. 6.15). 

It should be noted that at a value of: 

A^ l -Moo 2 ) 1 = 2.42 
the velocity correction disappears. 
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The flow inclination correction at the position of a small lifting wing has 
the same absolute magnitude in an open jet as in a closed wind tunnel; the 
corrections, however, are of opposite sign (see Fig. 6.16). The flow inclination 
correction disappears when a wall cross-flow coefficient is provided with the 
magni tude: 

A(I-Moo2)» = 2.27 

FIG. 6.15. Velocity corrections due to displacement of slender model in 
circular perforated wind tunnel.7 
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FIG. 6.16. Flow inclination correction due to lift of a small wing in circular 
fierforated wind tunnel.7 
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T h e wall parameters for zero correction in perforated wall wind tunnels 
are only slightly different for the various types of correction under consid­
eration. For example, for a small two-dimensional model between two 
perforated walls, A"(l— M ^ 2 ) ' = 2.56; for a small model in a circular 
perforated wind tunnel, A(l—M^,2)* = 2.42; and for a small horseshoe 
vortex in a circular perforated wind tunnel, A"( 1 — Af^,2)' = 2.27. These 
small differences make it possible for one constant geometry to approxi­
mately eliminate both the velocity correction and the flow inclination 
correction at the mid-point of the model. 

This possibility represents a significant advantage of the perforated wall 
wind tunnel in comparison with longitudinally slotted wind tunnels. In 
the latter case, different wall parameter values, resulting in different open-
area ratios, are required to make either the displacement velocity correction 
or the flow inclination correction disappear. In particular, for a circular 
wind tunnel with eight slots, an open-area ratio of 7.0 per cent is required 
to eliminate the velocity correction; an open-area ratio of 1.2 per cent is 
required to eliminate the flow inclination correction (see Chapter 5, Sections 
Id and 5c). 

It should be stressed once more that the values indicated above for zero 
correction of velocity and flow inclination hold true only for the area 
around the center of the model. As was the case for longitudinally slotted 
wind tunnels, the corrections vary along the surface of the model, particu­
larly in the flow direction. Higher order correction terms can be calculated 
based on the general solutions discussed. However, the general practice is 
to select the open-area ratio of the perforated wall in such a manner that 
the corrections disappear at the center of the model, making it likely that 
at other points of the model the corrections will be immaterial. However, 
these assumptions need to be examined more closely experimentally. 

6. COMPARISON OF THE FLOW AT LARGE DISTANCE BEHIND 
A LIFTING WING IN SLOTTED AND PERFORATED 

WIND TUNNELS 
In the preceding paragraph, the downwash corrections for a lifting wing 
in a perforated wind tunnel were determined at the position of the wing 
(x = 0). In order to determine the downwash at other points, for instance 
very far behind the wing, general solutions of the type presented5 must be 
numerically evaluated. Even for points infinitely far behind the wing it is 
not possible to determine the downwash using the "Trefftz-plane assump­
t ion" that the downwash at infinitely large distances (x -*• oo) is twice as 
large as that at the place o f the wing. This fact indicates a basic difference 
in the behavior of slotted and perforated test sections and can be readily 
understood by considering the boundary conditions of the two types of walls. 

Slotted Wall.—As shown in Chapter 5, the boundary condition of a slotted 
wall is: 

6 x + d.f{sld)-6Xy = 0 

At large distances behind the wing, the pressure and the velocity disturb­
ances cbx disappear because this area (x -* oo) is influenced only by the 
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disturbance of the infinitely long wing-tip vortices. From the above equa­
tion, it can also be seen that the flow curvature 6xy must disappear at x -> oo, 
as is plausible. However, no information can be gained on the vertical 
velocity component vy from this simple consideration. 

The required information on vv can be obtained from application of the 
"Trefftz theory". This theory states, as noted above, that the downwash 
at large distances behind a wing is twice as large as that at the wing itself. 
With the downwash angle known at the wing and from the equations 
presented in Section 5b of Chapter 5, the downwash at large distances 
behind a wing can be readily determined. 

Perforated Wall.—The boundary condition of a perforated test section is 
according to the equation in Section 3 of Chapter 6: 

6 x + \K6y = 0 

where A" is the pressure drop coefficient of the wall. At large distances 
behind a lifting wing, the term tf>x must again disappear because of symmetry 
considerations. Consequently, according to the above equation, the normal 
velocity component 6 y must also disappear in this area. Thus the perforated 
wind tunnel at x -> oo behaves like a closed wind tunnel in which the 
streamlines are straightened out completely. Hence, the Trefftz condition 
that the downwash at large distances behind a wing is twice as large as the 
downwash at the plane of the wing does not hold true. The physical reason 
for this behavior is that the perforated wall acts like a lattice of elementary 
wings which generate free vortices not only in the plane of the wing (x = 0) 
but throughout. The Trelftz condition holds true for each elementary 
vortex, but because of the lack of symmetry of the vortex pattern in the 
.v-direction, it does not hold true for the vortex system as a whole. To date, 
no numerical calculations have been published concerning the downwash 
as a function of the distance behind a lifting wing in a perforated wind 
tunnel. 

This discussion indicates a significant basic difference between the 
behavior of slotted and perforated wind tunnels at large distances behind a 
lifting wing. 

A P P E N D I X 

(Ref. Section 3a) 

Mathematical proof for <!>;. = cis<t>2c 
Assuming the above relationship to be correct, the conjunct velocity 

vectors of the flow fields <I>2 and <I>2e are found by differentiation in the 
complex p lane: 

d<P2 d<I)2c 

d£ " dZ 
and by introducing the velocity components vx and vy 

V x , - i O y , = C i S (Vx l c - iVy 2 c ) 
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Since the closed-wall singularity is represented by the image of the pr imary 
singularity, the above equation for points along the perforated wall can 
also be writ ten: 

{ V x 2 - i V y ^ j w = ^ ' { V x ^ i V y ^ j u , 

and with 
8/2 = arc tan 2/A" 

after some transformations: 

iK+i 
£A —t 

The imaginary terms of this equation result in: 

(o_e1+»_ra)«.+itf'(i'lf1+»»,)_!. = 0 
This relationship is identical with the boundary conditions previously noted 
and indicates the compatibility of the relationship <J>o = ew<I>2c with the 
boundary requirements. 
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C H A P T E R 7 

EXPERIMENTS IN SLOTTED AND 
PERFORATED WIND TUNNELS AT 

SUBSONIC AND SONIC MACH NUMBERS 

1. INTRODUCTION 
IN Chapters 5 and 6, the characteristics of slotted and perforated wind 
tunnels, and in particular their superior features compared with conven­
tional closed or open wind tunnels, were discussed. I t is the purpose of this 
chapter to give a brief survey of experimental investigations in order to 
show to what extent the theoretical expectations have been borne out by 
experimental evidence. 

The survey is mainly concerned with two-dimensional airfoils and models 
of rotational symmetry, with occasional reference made to combinations of 
fuselage and wing. A more thorough discussion of experimental data ob­
tained in transonic wind tunnels will be presented in Chapter 10 where the 
emphasis is placed on the testing of complete airplane models over the 
transonic and supersonic speed ranges. In contrast, the following discussion 
is restricted to the subsonic and sonic speed ranges to which the theoretical 
investigations of Chapters 5 and 6 apply. In order to establish points of 
reference, some model test results obtained in closed and open jet wind 
tunnels are also cited. 

2. TWO-DIMENSIONAL DOUBLE-WEDGE AIRFOIL MODELS 
IN CONVENTIONAL AND SLOTTED WIND TUNNELS 

Several experimental investigations have been carried out using sym­
metrical double-wedge airfoils. This particular contour was selected by 
several investigators because theoretical pressure distribution data for this 
shape are available from the transonic theory presented in Ref. 1. 

a. Tesl results from conventional wind tunnels 

A series of symmetrical double-wedge airfoils with blockage ratios of 
2.8, 3.6 and 4.4 per cent were investigated in the 7 | x 9 i n . closed wind 
tunnel of Brown University.2 The configuration of the wind tunnel and 
the three models, with the locations of the pressure orifices, are shown in 
Figs. 7.1a and b. The double-wedge airfoils were built as semi-models and 
were placed close to the bottom wall so that larger models, and hence larger 
Reynolds numbers, could be used in the wind tunnel. The boundary layer 
along the lower wall was eliminated by a boundary bleed gap. The upper 
wall was solid for the experiments under discussion. However, it could be 
replaced by other test walls, for example, by slotted walls, as discussed later. 

The models simulated double-wedge airfoils with a thickness ratio of 
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12 per cent. Each airfoil was equipped with ten pressure orifices which were 
positioned at similar locations so that a direct comparison between the 
pressure readings was possible. 

The experimental pressure readings from four forward and four rearward 
pressure orifices are presented in Fig. 7.2a as a function of the uncorrected 
Mach number . T h e results indicate that, as expected, model size has a 
continuously increasing influence when the Mach number is increased. This 

M i 
r—i r ^ i -

' ft t i l : -

y .J 
SW.\W.\\\\*^x.X.\SS\^ 

-OBSERVATION WINDOW^ A 

a. Wind tunnel with model 

r-r 
MODEL WING 

aa 1 
ALL DIMENSIONS IN INCHES 

— , u a 

FLOW 

"j 
n -

-
-

i f 13 46 

HOLE 

- 5 

~*\* 
r—,'f ~ ' t . 
- y i 
sra 9 IO 

DIA. oeo 

I 

f 

s ' 

/ l l 
° T 

. H 

• < 
n 

aJ. 

•H 
m 

43 
.141) 

— 4 

— 184 
—1.33 
—sz 
—SI 
— 102 

ST89I0 

* — 

is If 6 i t 

. *\ 

1 3 i 

— 143 
- U 0 3 
r—.7l 
— t o 
—oe 

7 9 
2 4 .8 10 

- H -
^ 3 3 0 

J I 
I 06O 033 J 

MODEL a, 4 4 % BLOCKAGE 

v-270 

A ± \J ao 
i 

T .043 ] \ 034 

MODEL b,3.6%BLOCKAGE MODEL c, 2.8%BL0CKAGE 

b. Model wings. 

FIG. 7.1. Wind tunnel configuration and double-wedge model wings.2 

was particularly true for the rearward pressure orifices which extended into 
the supersonic Mach number region at the higher test Mach numbers. 
Also, as predicted by theory, the large model approached choking of the 
closed test section at a Mach number somewhat less than 0.8. 

T h e same experimental data shown in Fig. 7.2a, corrected according to 
the correction method given in Ref. 2 of Chapter 4, are presented in Fig. 
7.2b. It is apparent that the correlation between the data for the three 
different model sizes was greatly improved after the corrections were applied, 
particularly in the case of the pressure orifices in the forward region of the 
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wings. The rearward orifices are located in a much more sensitive region 
having flow fields in which the shock-wave locations shift rapidly. 

These experimental data demonstrate clearly the limitations of a closed 
wind tunnel. The maximum Mach number is limited by the choking Mach 
number, and, even more so, by the flow distortion which occurs at Mach 
numbers somewhat below choking. 

b. Experiments in slotted wind tunnels 

The same experimental setup described above was used for the study of 
slotted wall wind tunnel interference after the upper wall of the closed 
tunnel had been replaced by experimental slotted walls (see Fig. 7.1a). In 
this case, an arrangement with three individual slots was selected.2 Accord­
ing to theory (see Fig. 5.8), a slot width of approximately 0.006 in. is 
required to eliminate blockage and the need for velocity correction for a two-
dimensional model. However, this theoretical result holds true only for non-
viscous flow. In reality, the effective open area of such a narrow slot will be 
greatly reduced by the boundary layer build-up along the slot sidcwalls. 
In order to allow for this viscosity effect, the investigators selected consid­
erably wider slots of 0.05 in. width. 

The pressure measurements for this investigation are presented in Fig. 
7.3 as a function of Mach number in the same manner as the closed wind 
tunnel pressure measurements. No velocity correction was applied. It is 
apparent that in most of the Mach number range the agreement among the 
measurements for the three airfoil models with blockages varying between 
2.8 and 4.4 per cent is very good. In the forward region of the airfoil, and 
also in the rearward region, all three airfoils produced similar results up 
to a Mach number of 0.98, the highest attainable in the experimental setup. 
However, the largest model with 4.4 per cent blockage was somewhat too 
large, as indicated by its somewhat lower pressures. 

The influence of slot width was then explored by repeating the same 
experiments in a test section which had three slots j in. wide; that is, the 
slot width was arbitrarily increased by a factor of five. The results, presented 
in Fig. 7.4 for two typical orifices ofthe smallest airfoil (2.8 per cent blockage) 
indicate good agreement. Evidently the slot width can be increased without 
penalty considerably beyond the theoretical value, at least in the case of 
pressure distribution measurements of symmetrical airfoil models without 
lift. This result is encouraging since it indicates that the width of relatively 
narrow slots is not a particularly sensitive parameter. Slotted walls will 
also yield reliable data for models without lift, even when significant slot 
width deviations occur in the direction of the open wind tunnel. 

c. Comparison of slotted wind tunnel dala with theory for Mach number one 

The results of the slotted wall wind tunnel tests were replottcd in a more 
conventional manner, that is, pressure distribution versus the orifice station 
for various selected Mach numbers (see Fig. 7.5). Also indicated on this 
graph is the theoretical pressure distribution for Mach number one according 
to Ref. 2. It is apparent that a smooth transition takes place from typical 
subsonic Mach numbers to supercritical Mach numbers with shock formation 
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and gradual downstream shifting of the terminating shock until the experi­
mental distribution finally has a close resemblance to the theoretical distri­
bution. The comparison is particularly good in the region downstream of 
the maximum thickness of the airfoil. In the upstream region, the experi­
mental pressures at high Mach numbers are somewhat smaller than theory 
predicts. It cannot be definitely stated that this deviation is caused by an 
interference effect in the slotted wind tunnel. It should also be remembered 
that transonic theory utilizes a series development of flow parameters around 
the sonic point, that is around 1 —p,:po = 0.472. 

5 6 .7 .8 .9 
UNCORRECTED MACH NUMBER, M „ 

F I G . 7.4. Pressure distribution for double-wedge model wing with 2.8 per cent blockage 
in slotted test section with different slot configurations (Figs. 7.1a and b).2 

In summary, it can be concluded from these early experiments that a test 
section with properly selected slot geometry is suitable for tests in the 
critical Mach number range to Mach number one since choking is prac­
tically eliminated and the typical trends of the flow field and the rapid 
changes in the shock-wave location are properly simulated. 
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3. TWO-DIMENSIONAL AIRFOIL MODEL IN DIFFERENT 
SLOTTED WIND TUNNELS 

Another comprehensive investigation of slotted and perforated wall wind 
tunnel characteristics was carried out in the high-speed model wind tunnel 
of the National Physics Laboratory in England.3 This tunnel was 1 \ x 3 in. 
in cross section and was arranged so that the upper and the lower walls 
could be modified. T h e results were checked in the NPL closed 2 0 x 8 in. 
tunnel in order to obtain a comparison with nearly interference-free data . 
It cannot be assumed that in the 20 x 8 in. tunnel the small model wing 
experienced no interference effects at all; however, the results in this tunnel 
were sufficiently close to free flow and may be used as a reasonably good 
guide. 

FIG. 7.5. Pressure distributions for double-wedge model wing with 2.8 per cent blockage in 
slotted test section (three slots 0.05 in. wide) and comparison with theory 

(Figs. 7.1a and b).2*^ 

a. Pressure distribution at zero lift 

In the N P L investigation, an RAE-104 model wing with a thickness 
ratio of 10 per cent was used. The model was sized to give 2.67 per cent 
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blockage in various test sections. A slotted wall with a slot centerline spacing 
of d';H = 0.20 and an open-area ratio of 4 per cent produced the best 
results. Some typical pressure distributions at various Mach numbers are 
presented in Fig. 7.6. The distributions in the larger 20 x 8 in. closed wind 
tunnel are also indicated. At the lower Mach numbers, to approximately 
Mach number 0.85, the comparison between the data from the two tunnels 
is very good. At the higher Mach numbers, however, the data deviate, the 
slotted model tunnel being somewhat too open. 
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FIG. 7.6. Pressure distributions for two-dimensional RAE-104 airfoil in slotted 
wind tunnel (2.67 per cent blockage) and in large closed wind tunnel.3 

Again, the open-area ratio of 4 per cent is much larger than that pre­
dicted by theory for non-viscous flow. The latter ratio would bc on the 
order of 0.2 per cent, but such narrow slots would be largely blocked by 
the boundary layer along the walls, as in the case discussed in Section 2b 
of this chapter. 

b. Blockage correction at zero lift 

To obtain an indication of the velocity correction which might bc required 
in a slotted wind tunnel because of incorrect selection of the open-area ratio 
of the slots, the pressure distributions for the airfoil in the slotted N P L tunnel 
were compared in detail with those for the same airfoil in the assumedly 
correction-free 20 x 8 in. tunnel. For this comparison, the test Mach number 
and the pressure distribution in the 20 x 8 in. tunnel were considered to be 
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correct. T h e Mach number correction for the slotted tunnel was then deter­
mined, assuming that for each individual orifice the same pressure ratio 
would result from the tests in the small slotted wall and big closed wind 
tunnels. Corrected Mach numbers were determined in this manner for a 
number of orifices along the airfoil chord; the results are presented in Fig. 
7.7. T h e data for all orifices scatter around a single mean curve which 
coincides with the uncorrected Mach number to approximately Mach 
number 0.87 but starts to deviate toward an open tunnel curve with in­
creasing Mach number . 
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FIG. 7.7. Experimental blockage correction for two-dimensional RAE-104 airfoil 
( a = 0°) with 2.67 per cent blockage in slotted wind tunnel, based on comparison 

with tests in 20 in. X 8 in. closed wind tunnel.3 

I t is of interest to note (Fig. 7.8) how the corrected Mach numbers for 
slotted walls of different open-area ratios compare with those for a closed 
or an open je t tunnel. T h e da ta for the slotted wall even cross the curve of 
the open jet tunnel at Mach numbers in the vicinity of Mach number one. 
In the case of the closed wind tunnel the Mach number correction produces 
values higher than the uncorrected test Mach number ; in the case of the 
slotted test sections and, naturally, in that of the open jet tunnel also, the 
correction produces values lower than the test Mach number. T h e slotted 
wall with an open-area ratio of 4 per cent and much narrower slot spacing 
( d H = 0.033) acts much like an open je t tunnel. 

It would be interesting to apply this correction procedure to tests in 
large slotted wall wind tunnels and to compare the results with interference-
free data. 
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c. Lift curve slope 

The same RAE-104 model airfoil was also investigated in various slotted 
wall model tunnels of different configurations (2,67 per cent blockage at 
zero lift) and in the larger closed wind tunnel at an angle of attack of 2°. 
Again, the slotted walls with a d;H — 0.20 and 4 per cent open-area ratio 
yielded results which came closest to the data obtained in the 20 X 8 in. 
closed wind tunnel (see Fig. 7.9). For this comparison the Mach number 

4 :033 
/O^-SLOTTED 1 

— • 4 % 

10 06 0.9 08 0.7 

CORRECTED MACH NUMBER, M „ 

FIG. 7.8. Experimental blockage correction for two-dimensional RAE-104 airfoil 
(a = 0°) with 2.67 per cent blockage in different wind tunnels, based on comparison 

wilh tests in 20 in. x 8 in. closed wind tunnel.3 

04 
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FIG. 7.9. Lift coefficient of two-dimensional RAE-104 airfoil (a = 2°) with 2.67 
per cent blockage in different wind tunnels (dala corrected for blockage according to 

Fig. 7.8).3 
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was corrected according to the blockage correction described previously and 
represented in Fig. 7.7. No angle-of-attack correction was applied. I t was 
noticeable that when the slot number was increased and the same total 
open-area ratio was maintained the walls rapidly approached open jet 
conditions. The deviation is apparent in spite of the fact that the Mach 
number has been corrected for blockage. It is obvious, therefore, that an 
additional angle-of-attack correction is required; without it the data 
obtained from this multi-slotted wall are much like data obtained from an 
open jet tunnel, not only with respect to blockage, but also with respect to 
the flow inclination correction. 

For comparison, the lift curve slopes of the model airfoil are also presented 
for the closed and open jet wind tunnels with a 7 J- x 3 in. cross section. 
These curves have been corrected for blockage but not for lift; the result 
is an angle-of-attack change. Large deviations remain uncorrected in the 
open jet results. 

4. BODY OF REVOLUTION IN SLOTTED WIND TUNNELS 
AND IN FREE FALL 

To obtain further insight into the interference effect in slotted wind tunnels, 
a slender body of revolution was tested in both the Langley 16 ft transonic 
tunnel and in free fall.4 The Langley tunnel was equipped with eight 
longitudinal slots for a total open-area ratio of 12 per cent, and a model of 
rotational symmetry was built with a length of 10 ft and a fineness ratio 
of 12 (Fig. 7.10). The blockage ratio amounted to 0.27 per cent of the 

FREE-FALL MODEL-

375 CHA SIMULATED 
AIR SPEED HEAD LANGLEY 16' TRANSONIC 

TUNNEL MODEL 

FINENESS RATIO 12:1 
LOCATION OF MAX 0 I A . j - . 5 O 
NOSE RADIUS A-X)OOsT 

FIG. 7.10. Models investigated in the Langley 16ft transonic tunnel 
and in free-fall tests.4 

16 ft wind tunnel. The free fall model was equipped with horizontal and 
vertical tail surfaces to produce the required stability. The Reynolds num­
ber for both the wind tunnel tests and the drop tests was approximately 
38 million. 

Some typical pressure distribution data from this series of tests are shown 
in Fig. 7.11 for Mach numbers between 0.85 and 1.003. It is apparent that 
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the general trend of the pressure distribution is identical for both the wind 
tunnel and the free fall tests. There are, however, two marked deviations 
between the two sets of data . Particularly at the lower Mach numbers the 
static pressures measured in the 16 ft tunnel are somewhat lower than those 
of the free fall tests. This difference has a magnitude of Ap'q = 0.03, corres-
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FIG. 7.11. Pressure distributions for body of revolution (Fig. 7.10) from Langley 

16 fl transonic tunnel (0.27 per cent blockage) and from free-fall tests.4 
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10 

ponding to a change in the free-stream Mach number of approximately 
1.5 per cent. I t cannot be definitely stated whether this difference is the 
result of wind tunnel interference effects or of an inaccurate assessment of 
the accuracy of the flight tests. 

The second difference occurs near the downstream end of the model, 
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between the stations at 0.85-0.95 of the model length. The cause of this 
difference is also not known exactly. However, the shift toward higher 
pressures in this area in the free fall tests might be the result of differences 
in the fairings between the sting support and the model end. Since the latter 
explanation is very plausible, the discrepancy in the rearward regions may 
be dismissed as unessential as far as wall interference is concerned. 

In summary, it can be stated that the overall trends of the pressure dis­
tribution changes in the high subsonic and sonic speed ranges were equally 
well represented by the data obtained in the Langley 16 ft transonic wind 
tunnel and lhat obtained in the free fall tests. 

5. EXPERIMENTS WITH BODIES OF REVOLUTION IN 
P E R F O R A T E D T E S T S E C T I O N S 

a. Model wilh fineness ratio of 12 

A 6 x 6 . 2 5 in. model test section equipped with perforated walls having 
an open-area ratio of 22 per cent was used to investigate a fuselage model 
with a fineness ratio 12 and with the maximum thickness located at approxi­
mately 40 per cent of body length behind the nose.5 Practically interference-
free data for the same model were obtained by experiments in an 8 ft closed 
tunnel in which the model blockage amounted to only 0.012 per cent. In 
contrast, the blockage of the fuselage model in the 6 x 6.25 in. perforated 
model tunnel was 2.09 per cent. 

Some of the results are presented in Fig. 7.12 for the selected Mach 
numbers of 0.89 and 0.95. In these experiments, the sidewall setting o f t h c 
perforated wall wind tunnel was changed from 0 to 30' converged and 
finally to 60' converged. The deviations among the three wall settings are 
relatively small. 

T h e agreement between the data from the perforated wall tunnel and the 
interference-free data is excellent at Mach number 0.89. At Mach number 
0.95, however, a significant discrepancy exists. The pressure distribution in 
the large closed tunnel changed rapidly between Mach numbers 0.89 and 
0.95. This change is not readily explainable, and it is possible that the data 
in the large closed wind tunnel, rather than the data in the perforated wall 
wind tunnel, may be erroneous (see for comparison the test results for a 
similar model shown in Fig. 7.11). Such reasoning appears to be supported 
by the fact that the tests in the closed wind tunnel were conducted close to 
the choking Mach number, that is, in a region in which testing in a closed 
wind tunnel is extremely sensitive. 

No indication of lack of symmetry of the pressure distribution due to 
symmetrical interference effects can be noted. 

b. Cone-cylinder model 

Extensive experiments in a large 16 ft transonic wind tunnel (perforated) 
and in a 1 ft transonic wind tunnel (perforated) were conducted at the 
Arnold Engineering Development Center with cone-cylinder models having 
a cone angle of 20". In these experiments, as well as in theoretical studies, 
it was found that transonic tests of cone-cylinder models arc extremely 
sensitive in the Mach number range slightly below Mach number one and 
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in the low supersonic range. This sensitivity is caused by the abrupt turning 
of the flow around the sharp shoulder at the transition from the cone to 
cylinder which leads to concentrated expansion waves that are very difficult 
for either slotted or perforated walls to absorb. It was found in these test 
series that a wind tunnel with fixed perforated wall geometry is not capable 
of producing interference-free data for cone-cylinder models in the critical 
transonic range.6 
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F I G . 7.12. Fuselage model with fineness ratio of 12 in perforated model test section 
(2.09 per cent blockage) and in large closed test section.5 

In these experiments the correlation between the results obtained in the 
perforated wall wind tunnel and interference-free data could be made 
reasonably close only when the open-area ratio of the walls in the vicinity 
of Mach number one was drastically reduced to values as low as 1.5 per cent. 
In addition, it was necessary to use walls with inclined holes slanted 60° in 
the flow direction to make the perforated walls more capable of absorbing 
concentrated expansion waves. 

Some results obtained with the 2 per cent blockage cone-cylinder model 
are presented in Fig. 7.13 for the most critical Mach numbers of 0.95, 1.00 
and 1.05 (Ref. 7). By using small open-area ratios, proper wall settings, and 
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inclined holes, the correlation could be made reasonably close. It should 
be mentioned that at Mach numbers below 0.95, cone-cylinder models 
exhibit smoother pressure distribution curves and are less difficult to test in 
transonic wind tunnels. Also, in the case of the more common model shapes 
which do not have sharp shoulders but are smoothly curved like airplane 
fuselages, the test conditions are considerably less severe than those shown 
for the cone-cylinder model. However, the Mach number range immedi­
ately around Mach number one remains a region of particular difficulty for 
wind tunnel testing. 
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lest section having 60° inclined holes and optimum open-area ratio.7 

6. EXPERIMENTS WITH WING-FUSELAGE MODELS IN 
PERFORATED TEST SECTIONS 

a. Pressure distribution measurements in model lesl section 

In the absence of any systematic test series performed with two-
dimensional airfoil sections in perforated wall wind tunnels, a test series 
performed using a simplified wing fuselage configuration will be cited here. 
The model used in these tests is given in Fig. 7.14 (see Rcf. 5). In order to 

125 



T R A N S O N I C W I N D T U N N E L T E S T I N G 

show the effect of wall interference more clearly, a rather thick fuselage and 
wing section were selected. The fuselage had a fineness ratio of 4 and the 
wing a thickness ratio of 10 per cent. The tests were conducted in a small 
6 x 6.25 in. test section with perforated walls having an open-area ratio 
of 22 per cent with the wall setting 1 ° converged. The model size was selected 
so that the total blockage of wing and fuselage amounted to 2.47 per cent. 
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FIG. 7.14. Wing-fuselage model for correlation tests? 

The small model was also tested in a large 8 ft closed wind tunnel. Since 
in this tunnel the model blockage amounted to no more than 0.014 per cent, 
these data may be considered interference-free except in the immediate 
vicinity of Mach number one. 

The pressure distribution over the fuselage and the wing at zero-degree 
angle of attack are presented in Fig. 7.15a-d. It is apparent that the agree-
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ment between the tests in the perforated wall tunnel and in the large closed 
wind tunnel is very satisfactory. However, at the highest test Mach number 
of 0.96, a small systematic deviation between the two sets of data occurred 
which may be explained by a small difference in Mach number. This 
difference may require a small velocity correction in the perforated wind 
tunnel in the direction of a somewhat smaller value. 

I t is particularly remarkable that even at the blockage ratio of 2.47 per 
cent no indication of a pressure gradient produced by the test-section walls 
can be found. Such a pressure gradient, the result of interference in perfor­
ated test sections, was predicted by the theoretical calculations of Chapter 
6. It is apparent , therefore, that the model is either small enough to eliminate 
the pressure gradient effect or that the boundary layer overshadows this 
effect so that it is no longer noticeable. 

b. Force measurements in 36 x 35 in. lest section 

A very extensive series of correlation tests are in progress in a number of 
British transonic wind tunnels of both the slotted and perforated type.8 

For these tests a special correlation model consisting of a fuselage and a 45° 
swept-back wing with a thickness ratio of 6 per cent was selected (see 
Fig. 7.16). Various models, some of different sizes but of the same shape 
and some identical, were built and tested in various wind tunnels. Certain 
results of these correlation tests, not completed at the present time, arc 
already available and are cited here. 

WING SECTION R A . E 102 16%) 

ALL DIMENSIONS ARE IN BODY DIAS 

FIG. 7.16. Wing-fuselage model for correlation tests? 

Models of 0.5 and 0.06 per cent blockage were installed in the full-scale 
9 x 8 ft A R A perforated wall wind tunnel, and lift, moment, and drag 
coefficients were determined. Unfortunately, the Reynolds number during 
these correlation tests was not always kept constant. For the small model the 
Reynolds number was an average of 2 x 106. It is not possible at the present 
time to assess the influence of this Reynolds number difference until more 
detailed investigations have been conducted. 
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FIG. 7.17. Wing-fuselage models of different size (Fig. 7.16) in ARA 9 ft x 8 ft 
perforated test section with 22.5 per cent open-area ratio? 

Some results are presented in Fig. 7.17a for the lift coefficients, in Fig. 
7.17b for the moment coefficients, and in Fig. 7.17c for the transonic drag 
rise as a function of Mach number. All curves for the small and the large 
blockage models exhibit the same changes when the Mach number is in­
creased from high subsonic to low supersonic values. On the other hand, 
definite differences between the results for the various models exist. T h e 
waviness of the curves in the Mach number range between Mach numbers 1.0 
and 1.1 seems to indicate that some disturbances due to wave reflection occur. 

Reference should also be made to the more refined perforated test sec­
tions with inclined holes for which systematic measurements' have been 
conducted (see Chapter 10 of this AGARDograph) . 

7. B O D I E S OF R E V O L U T I O N AT S O N I C SPEED 

a. Theoretical considerations 

As discussed in detail in previous chapters, the interference effect of tunnel 
walls cannot be extrapolated reliably to the vicinity of Mach number one 
from theoretical calculations based on subsonic flow characteristics. In order 
to obtain some insight into the characteristics o f the flow in a slotted or per­
forated wind tunnel at Mach number one, theoretical investigations, utiliz­
ing the transonic similarity rule by von K a r m a n , 9 were carried out for a 
body of revolution. T h e flow field around a body of revolution in free flight 
at Af = 1 had been determined previously for specific shapes by Guderley 
and Yoshihara.1 0 By utilizing the Guderley-Yoshihara solution for the flow 
along the tunnel wall and applying the usual boundary conditions for either 
slotted or perforated walls, it is possible to determine for each wall geometry 
the pressure in the plenum chamber and, thus, a Mach number correction 
for the wind tunnel test. Such calculations based on the von K a r m a n tran­
sonic similarity rule and on the Guderley-Yoshihara theory for bodies of 
revolution at Mach number one were carried out by Berndt1 1 for slotted 
wall wind tunnels, and later by Page1- for perforated wall wind tunnels. 
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It was shown that in neither case was it possible to satisfy the boundary 
condition at all stations ofthe wall when the wall geometry was kept constant 
in the flow direction. For slotted wall wind tunnels, however, a slot geometry 
can be determined for which the boundary condition is satisfied over a large 
range of the tunnel wall. It is significant to note that such wall geometry is 
not identical to the wall geometry determined previously for interference-
free flow at subsonic velocities. However, in the example studied by Bcrndt, 
the difference between both cases was found to be relatively small. For any 
other wall geometry, a Mach number correction should be applied which 
can be estimated from the following equations: 

Slotted Wall Wind Funnel 

AAf = 0-9g (r*IR)«" (r*lx*)W (Ref. II) 

For usual configurations, the expression, g, has values between 0-15 and 0-35. 
r* is the radius ofthe model at the station at which sonic speed is reached for 
the first time at the model surface. Correspondingly, x* is the coordinate in 
flow direction starting from the model nose, again at the station where sonic 
speed is reached first at the surface (R = wind tunnel radius). 

Perforated Wind Tunnels 

A M = - h (r*//?)«/7 (r*/**)2 '7 (Ref. 12) 

The numerical value of h for a 20 per cent open perforated wall was cal­
culated to be h = 0-82. 

These equations show some significant features. First, the sign of the 
correction is opposite for slotted and perforated walls of conventional 
geometry. A slotted wall reaches sonic flow conditions at an uncorrected test 
Mach number which is somewhat smaller than one. On the other hand, a 
perforated wall reaches sonic speed at an uncorrected test Mach number 
which is somewhat larger than one. 

Furthermore, it is shown that no longer is the maximum cross-sectional 
area of the model, or the blockage ratio, A M ' ; A T , the main parameter of 
significance, but that rather it is the cross-sectional area of the model at the 
station where first sonic speed is obtained. It is significant also that the Mach 
number correction grows considerably less than the blockage ratio at the 
sonic point ; that is specifically, it grows only with [ r*Kf~ . Consequently, 
the wind tunnel correction is reduced at a much smaller rate than the block­
age ratio when the model size is reduced in a given wind tunnel. 

Another important conclusion from the calculations in Rcf. 11 is that in 
wind tunnel testing at sonic speed the length of a model is a more critical 
parameter than the model thickness. From the calculations of Guderley and 
Yoshihara it is known that only downstream of the reflected limiting Mach 
wave can a wall interference effect be felt when perfect matching of the 
boundary conditions is assumed in the subsonic range along the wall. 
Consequently, because of the smaller curvature of the streamlines around 
slender models, the same degree of wall interference, or inaccuracy of wind 
tunnel test data, is obtained for slender bodies in a given wind tunnel when 
they have a shorter length than blunt models. 

The correction factors indicated above for slotted and perforated wind 
tunnels depend upon the geometry of the models and upon the wind tunnel 
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parameters such as slot geometry, boundary layer, etc. In order to obtain 
reliable data at sonic speed, extensive test work is required to calibrate the 
individual wind tunnel for various model shapes. Near sonic speed, a sim­
plification of the calibration task for the large group of possible model shapes 
is possible when the equivalence rule of Oswati tsch-Keune 1 3 (transonic area 
rule) is employed. 

It might be mentioned that transonic wind tunnel testing near the sonic 
speed still offers some unexplored and promising possibilities. Since for a 
slotted and for a perforated test section, the Mach number correction was 
found to be of opposite sign, it can be expected that by combining the two 
wall types, for example by using walls having longitudinal slots with per­
forated cover plates, the Mach number correction near Mach number one 
can be greatly reduced, or even eliminated (see Chapter 9, Section 4). 

b. Experiments on the validity of Mach number correction at sonic speed 

T h e validity of the Mach number correction at sonic speed was checked in 
two sets of experiments for a slotted and for a perforated wall wind tunnel. 
In both cases, a parabolical-arc model of rotational symmetry with a fineness 
ratio of six was used. 

• UNCORRECTED 
(MOOT=I000) 

• CORRECTED 
(MOOT = .988) 

.4 

„ T = UNCORRECTED MACH NUMBER 
IN WIND TUNNEL 

x/L 

FIG. 7.18. Pressure distribution along parabolic-arc body of revolution (fineness 
ratio 6, blockage 0.37%) at sonic speed in a slotted 45 by 48 cm wind tunnel.14-15 

Some pertinent results obtained by Drougge1 4 are shown in Fig. 7.18. 
T h e wind tunnel was equipped with longitudinal slots for which the value of 
0-9 g in the correction equation for slotted wall wind tunnels was found to be 

0-9 g = 0-26. 
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The theoretical data for this model, indicated also in the figure, were ob­
tained from calculations by Guderley and Yoshihara. The uncorrected wind 
tunnel data differ from the theoretical values, particularly in the region 
around and behind the maximum thickness of the model. Application of the 
Mach number correction, which in this particular case amounted to 
A A/ = 0-012, was not successful; it shifted the experimental curve in the wrong 

direction. The deviations between theory and experiments behind station 
x/L = 0-75 can be disregarded since the theory is established for a model with­
out sting support; the deviations can bc readily explained by the sting effect. 

The same model was also investigated in a perforated wall wind tunnel by 
Page and Speiter.15 Significant deviations between theory and uncorrected 
wind tunnel results are apparent (see Fig. 7.19). The Mach number correc-

UNCORRECTED MOOT = UNCORRECTED MACH NUMBER 
( M „ T = I 0 0 0 ) IN WIND TUNNEL 
CORRECTED 
(Mo,T =1.039) 

x/L 
F I G . 7.19. Pressure distribution along parabolic-arc body of revolution (fineness 
ratio 6, blockage 0.46%) at sonic speed in Ames l-i foot transonic wind tunnel 

with perforated walls."' 

tion according to the previously given equation results in A M = —0-039. 
This correction is generally in the right direction and brings the pressures 
around and behind the maximum thickness of the model in good agreement 
with theory. However, larger deviations are obtained for the forward part 
of the model. 

In summary, it may be stated that at sonic speed the need for a correction 
of the free-stream Mach number exists even with a wind tunnel geometry 
which at lower Mach numbers produces practically correction-free data. 
Transonic similarity considerations can be used to obtain an estimate o f the 
Mach number corrections to be expected near Mach number one. However, 
more refined calculations and careful wind tunnel calibration tests are re­
quired for precision wind tunnel testing in this speed range. Particular 
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attention should be given to the movement of the main shock wave which 
normally terminates the local supersonic field around models in the tran­
sonic speed range. I t has been observed in numerous experiments that the 
wall interference effect frequently results in a delay of the rearward shock 
movement and thus in a distortion of the flow field and errors in pressure 
distribution and force and moment measurements.1 6 Suitable geometry of 
transonic wind tunnel walls will reduce the magnitude of such delays. How­
ever, whenever the terminating shock position is particularly sensitive to 
changes of Mach number, boundary layer, etc., special care in the evaluation 
of wind tunnel test data must be applied. 
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SUPERSONIC WALL INTERFERENCE IN 
PARTIALLY OPEN TEST SECTIONS FOR 
TWO-DIMENSIONAL CONFIGURATIONS 

1. GENERAL CONSIDERATIONS CONCERNING WAVE REFLECTIONS 
IN OPEN, CLOSED AND PARTIALLY OPEN TEST SECTIONS 

a. Open and closed test sections 

In supersonic wind tunnels, models produce compression and expansion 
waves which, unless special measures are taken, are reflected from the test-
section boundaries. If the models are not small enough, the reflected waves 
will meet the models and will cause discrepancies between the flow in the 
wind tunnel and the flow in free flight. If the wind tunnel walls are solid 
boundaries, a shock wave will be reflected with the same sign, that is, as a 
compression wave. Expansion waves such as those generated around the 
shoulder of the model shown in Fig. 8.1 are reflected as expansion waves. 

It is known as a general principle in supersonic flow that waves are 
reflected with the same sign and the same absolute flow turning angle 
(also approximately the same intensity) from a plane solid wall because the 
flow direction must be maintained parallel to the solid wall (see Fig. 8.2). 
O n the other hand, along an open boundary, the condition of a constant 
static pressure along the boundary must be met. Therefore a compression 
wave meeting an open boundary will be reflected as an expansion wave of 
ccpial density with the same absolute pressure change. In the case of an 
expansion wave impinging upon an open boundary, the reverse relationships 
hold true (Fig. 8.2). 

Since solid boundaries and open jet boundaries produce wave reflections 
having opposite characteristics, there is a possibility of eliminating wave 
reflections by means of a suitable mixing of open and solid boundaries. 
Such mixed boundary conditions might be produced by using walls of either 
the slotted or perforated type. 

b. Partially open walls 

Several examples of two-dimensional shock-wave reflections without 
consideration of the wall boundary layer are presented in Fig. 8.3. T h e 
inclined flow behind an oblique shock wave meets the perforated wall and 
produces a pressure drop when it flows through the wall. If this pressure 
drop is equal to the pressure rise through the main oblique shock wave, the 
static pressures in the flow and in the plenum chamber are in equilibrium, 
and the condition of "no reflection" is obtained. If the open-area ratio of 
the perforated wall is smaller than in the "no reflection" case, a partial 
reflection in the form of a compression wave occurs since the cross flow 
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through the wall must be reduced to produce pressure equilibrium. On the 
other hand, if the open-area ratio is greater than in the "no reflection" 
case, a partial reflection in the form of an expansion wave occurs, and the 
pressure equilibrium is established by increasing the cross flow through the 
wall. 

F I G . 8.1. Schlieren picture showing wave reflection in supersonic test section 
with solid walls. ' l 

SOLID WALL 

REFLECTED 
COMPRESSION 

FREE BOUNDARY 

COMPRESSION 

Fio. 8.2. Wave reflection in supersonic flow on solid and on free-jet boundaries. 
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The wave pattern for oblique flow through a partially open wall is shown 
schematically in Fig. 8.4. A system of expansion and compression waves is 
produced in which the waves cancel each other gradually and disappear 
completely at large distances from the wall. It is apparent from this simplified 
consideration that the flow in close proximity to the walls is non-uniform 
but at a suitable mixing distance from the wall the non-uniformity decays 
and the flow assumes a uniform quality. At a given Mach number the 
thickness of the non-uniform flow layer is proportional to the size of the 
openings in the wall, so that only a narrow layer of non-uniform flow exists 
when many small openings, instead of a few large openings, are provided. 
Since it is obvious that in wind tunnels the layer of non-uniform flow must 

MSm 

PERFORATED WALL 

PARTIAL REFLECTION 
(Compression Wove) 

OPENINGS TOO SMALL 

WWW 

PARTIAL REFLECTION 
(Expansion Wove) 

OPENINGS TOO LARGE 

NO REFLECTION 

OPENINGS CORRECT SIZE 

F I G . 8.3. Shock-wave reflection on partially open walls with 
various opening ratios. ,2 

not extend to the model, the use of test-section walls with "small-grain" 
openings is necessary. This requirement holds true for both perforated and 
slotted test-section walls. In other words, a great number of small individual 
openings (i.e. circular holes or transverse or longitudinal slots) is required 
for efficient wave-reflection cancellation in wind tunnels. The permissible 
size of these openings depends upon the shape of the opening, the thickness 
of the wall boundary layer, the Mach number, and the flow angle. 

The above considerations on the correct open-area ratio of perforated 
walls are based on the requirement for equilibrium between test-section and 
plenum chamber pressures behind a shock wave. In general, pressure 
equilibrium is not obtained with an open-area ratio of 0.50, that is, with a 
wall having open and closed areas of equal size. Consequently, an oblique 
shock wave first reflects compression waves which exceed the expansion 
waves in intensity or expansion waves which exceed the compression waves. 
This initial unbalance of intensity will then be eliminated by the formation 
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of additional waves behind the main oblique shock wave if the walls have 
the correct open-area ratio. 

The above discussion indicates that the wave cancellation problem is 
divided into two separate problems: first, the problem of the reflection of 
the initial shock; and secondly, the problem of establishing the correct 

LARGE SLOTS 

OBLIQUE PARALLEL 
FLOW 

MANY SMALL SLOTS 
OR MANY OPENINGS 
OF ARBITRARY SHAPE 

NARROW STRIP OF 
NON-UNIFORM FLOW 

Flo. 8.4. Wave pattern for supersonic flow crossing a wall wilh 
transversal slots.12 

pressure equilibrium between the test-section and plenum chamber pressures 
behind the initial oblique slunk through .1 system of,secondary waves. 

In addition to the above considerations concerning wave cancellation in 
inviscous flow, the boundary layer along partially open walls has been 
found to have a significant influence on the shock cancellation character­
istics of the walls. One of the major problems in achieving effective wave 
cancellation is to find a suitable method of controlling wall boundary layer 
(see Section 4 of this chapter). 

.. Influence of outflow and inflow on shock reflection 

In the preceding discussion it is assumed that with partially open walls a 
definite relationship exists between cross flow and pressure drop. It will 
now be shown how the pressure drop relationship can be calculated assum­
ing, among other conditions, constant entropy in the flow. In the case of 
flow out of the test section, the condition of constant entropy can be met 
reasonably well. In the case of inflow from the plenum chamber into the 
test section, however, low energy air flows through the wall, and the condi­
tion of constant entropy in the cross flow is not met. It is possible, however, 
to shape partially open walls in such a manner that, in spite of entropy 
changes, the "pressure drop-cross flow" characteristics for inflow and 
outflow are approximately equal. Walls with inclined holes will be discussed 
in some detail in Section 5 of this chapter and in Chapter 9, where experimen­
tal results obtained using such walls are presented. 

When specially shaped walls arc employed which have the characteristic 
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of an equal pressure drop for both outflow and inflow, the analytical calcu­
lations for reflection-free walls are again applicable as far as the required 
characteristic "cross flow-pressure d r o p " relationship is concerned. However, 
the open-area ratios determined from isentropic flow relationships must be 
modified. 

2. THEORY OF WAVE CANCELLATIONS IN WIND TUNNELS 
WITH LONGITUDINAL SLOTS 

a. Conditions in the vicinity ofthe impinging waves 

When a two-dimensional shock wave impinges upon a flat wall having 
longitudinal slots, the impinging shock wave will be reflected as a shock 
wave from the solid parts of the wall according to the general laws of wave 
reflection. In a similar manner, the impinging shock wave will be reflected 
as an expansion wave from the open parts of the wall, that is, from the slots. 
If no other waves are produced further downstream of the impingement of 
the initial shock wave, the reflected shock waves and the reflected expansion 
waves will cancel each other at some distance from the wall where their 
combined intensity equals zero. In other words, the effect of the reflected 
shock and expansion waves is nullified at some distance from the wall when 
the slotted wall has equal areas of solid walls and open slots, that is, when 
the open-area ratio of the wall is /lopen .'botai = 0.50. It should be noted that 
only with a 50 per cent open longitudinally slotted wall is the effect of the 
primary reflected waves thus eliminated at some lateral distance from the 
wall. However, as will be shown, this 50 per cent open wall will not satisfy 
the requirement of pressure equilibrium in the flow behind the reflected 
waves. 

In the regions adjacent to the slots of the longitudinally slotted walls, 
the static pressure for a 50 per cent open wall will equal the undisturbed 
pressure (the pressure in the plenum chamber) . Along the solid portions of 
the wall behind the reflected shocks, the static pressure will be considerably 
larger than either the pressure in the plenum chamber or the pressure 
behind the initial shock wave. Consequently a wave system will develop 
along the edges of the slots which will tend to equalize the pressures between 
the regions adjacent to the slots. At a sufficient distance behind the impinging 
shock wave, the secondary wave system will assume a uniform character 
along the edges of the individual slots, anil there will he no further changes 
in the flow direction. It is for this uniform flow far behind the initial imping­
ing shock that the condition of pressure equilibrium between the flow in 
the wind tunnel and the air in the plenum chamber must be satisfied. 

b. Conditions downstream of the impinging waves 

When a wall with longitudinal slots is exposed to an oblique supersonic 
flow such as that which occurs far behind a two-dimensional oblique shock 
wave, the cross flow is basically of the subsonic type. This situation is 
analogous to the case of inclined flow around slender bodies or small-aspect-
ratio wings.1 The pressure drop through such a slotted wall can therefore 
be readily calculated from the basic laws of continuity and momentum. 
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When entropy changes are neglected and the compressible flow equations 
are linearized, the pressure drop of a flow passing through the wall at a 
small oblique angle, 9. is (sec Section 1 of Appendix to this chapter) : 

Apjq = ( 1 / J P - l ) * 

The open-area ratio necessary to provide complete cancellation for 
slotted walls can then bc determined: 

/?2 = £(Af2- l ) !0 

where R = ratio of open to total area, and 
d = flow inclination angle behind oblique shock. 

From these linearized calculations, the open-area ratios for slotted walls 
were calculated for complete and partial cancellation of shock-wave reflec­
tions (Figs. 8.5a and b). It is significant that the correct open-area ratio 

. o u 

.50 

, 4 0 

,30 

. 2 0 

.10 

n 

I 
M'1.5 

1 

PERFORATED WALL 

"^SLOTTED WALL 

1 1 

R-RATI0 OF OPEN TO TOTAL AREA 

.60 

0 2 4 6 8 
FLOW ANGLE, 8, ,deg 

1.2 1.4 1.6 1.8 
MACH NUMBER 

2 .0 . 

F I G . 8.5a. Open-area ratio of longitudinally slotted and perforated walls for 
complete shock cancellation.12 

for longitudinally slotted walls changes with both the Mach number and 
the flow angle of the flow approaching the slotted wall. The longitudinally-
slotted wall, therefore, is not well suited to cancellation of shock waves in 
a wind tunnel capable of a variety of Mach numbers because the wall 
open-area ratio would have to be adjusted continuously in order to meet the 
"no-reflection" condition. An even more serious difficulty is the fact that it 
would also be necessary to adjust the wall open-area ratio when the super­
sonic flow approaching the longitudinally slotted wall changed its direction. 
Such an adjustment is not easy to accomplish because the flow direction 
around a complex wind tunnel model changes locally, even at a given 
constant angle of attack. 
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FIG. 8.5b. Open-area ratio of longitudinally slotted walls for partial shock 
cancellation at M = 1.80.2 

3. THEORY OF WAVE CANCELLATION IN PERFORATED 
WIND TUNNELS 

a. Linearized theory 

When thin walls with transverse slots (which can be assumed to act in a 
manner similar to thin walls with perforations) are considered, the flow 
pat tern can be readily determined by the method of characteristics. If 
entropy changes are neglected and the compressibility equations are 
linearized, the pressure drop of a supersonic flow passing the wall at a small 
oblique angle, 0, is (see Section 2 of Appendix to this chapter) : 

Ap 2 / 1 \ 
= 1 0 = KB 

q (Af2-l)»\fl ) 

T h e open-area ratio, R, necessary to provide complete wave cancellation 
for perforated walls can then be calculated: 

R 0.50 

The value of the open-area ratio of perforated walls thus obtained from 
linearized theory for the "no-reflection" case is independent of Mach 
number and shock intensity. Such a characteristic is highly desirable and 
makes the perforated wall superior to the longitudinally slotted wall because 
one wall with constant geometry is then capable of satisfying the require­
ments for reflection-free conditions at different Mach numbers and flow 
angles (see Fig. 8.5a). 

If the open-area ratio of perforated walls is not selected correctly, a 
partial reflection of an impinging shock wave will occur. In this case, when 
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the same assumptions are made as previously, the pressure rise Apr due to 
partial reflection of the primary shock wave can bc determined from the 
following relationship: 

AprIApsh = 1 - 2 / ? 

This relationship is presented graphically in Fig. 8.5c. 

__ p_= PRESSURE RISE IN 

REFLECTED SHOCK 

AP s h= PRESSURE RISE IN 
PRIMARY SHOCK 

.4 .6 
OPEN-AREA RATIO 

Flo. 8.5c. O/ien-area ratio of perforated walls for partial shock 
cancellation at AI — 1.80. 

It should bc noted that the above equation is valid only for conditions at 
some distance behind the impinging shock wave. As in the case of longi­
tudinally slotted walls, the type of reflection at the impingement point of 
the initial shock wave depends upon the character of the wall in that area. 
If the shock wave should strike a solid portion ofthe wall, it would be reflected 
as a shock wave. However, as with longitudinally slotted walls, this initial 
reflected shock from a perforated wall is supplemented by another wave 
system which is instrumental in establishing pressure equilibrium between 
the plenum chamber flow- and the tunnel flow downstream of the initial 
shock. More detailed consideration of the wave pattern shows that the 
transition from the initial reflected wave to the final stabilized wave system 
will bc accomplished within a distance which will bc smaller than the 
distance between the leading edges of two adjacent transverse wall elements. 

b. Deviations from linearized theory 

The preceding calculations are based on the assumption that the flow is 
isentropic and follows the linearized Prandtl-Glauert theory. The factor K 
in the equation for the pressure drop at the wall, 

Aplq = KB 
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can be written as (see Section 2 of Appendix to this chapter) : 

2 / 1 

(Af*-1)« 

2 / 1 \ 

" ! _ l ) I ^ ~ ) 

I t is known that in real flow this equation does not hold true, particularly 
in the case of Mach numbers near one, because the linearized theory 
requires that for Af -* 1 the factor K would tend to go to infinity. In actual 
flow the factor K maintains a finite value. 

For complete wave cancellation it would be necessary to use a wall with 
cross-flow characteristics according to : 

K = 2/ (Af2- l )» 

As was shown by analytical investigations, such a condition for A" can be 
met in linearized isentropic flow when the wall open-area ratio R of the 
perforated wall is equal to 0.50. However, since in real flow the factor K 
does not vary according to the above law, particularly in the case of M a c h 
numbers near one, the open-area ratio of perforated walls must be reduced 
significantly near Mach number one in order to produce the necessary 
large values of K. 

4. EXPERIMENTAL RESULTS FOR TWO-DIMENSIONAL 
SHOCK-WAVE CANCELLATION 

a. Longitudinally-slotted wind tunnel walls 

A number of systematic experiments have been conducted in several 
laboratories in order to check the correctness of the equations describing 
wave reflection from slotted walk. 

T h e staff of the United Aircraft Corporation2 studied the cancellation of 
shock reflections on slotted walls having open-area ratios between 10 and 
50 per cent. Figure 8.6 presents a number of selected Schlieren photographs 
from this test series. A two-dimensional plate set at an angle of 3° in super­
sonic flow at Mach number 1.8 was used to produce a two-dimensional 
shock front. 

I t can be seen that for solid walls [R = 0) and for slotted walls having a 
10 per cent open-area ratio, the reflection of the primary shock wave occurs 
in the form of a compression reflection. When the open-area ratio is increased 
to 20 or 30 per cent, the reflected wave becomes an expansion wave, indi­
cating that the wall is too open. According to theory, a slotted wall with an 
open-area ratio of approximately 21 per cent would be required to cancel 
a shock wave of 3° turning angle in Mach number 1.8 flow. The experi­
mental results of these tests are, therefore, in qualitative agreement with 
theory. However, the slotted wall with 20 per cent open-area ratio produced 
an expansion reflection of the impinging shock wave although theory predicted 
that this open-area ratio would provide an almost reflection-free geometry 
and would produce only a weak compression reflection. Apparently a longi­
tudinally slotted wall in a supersonic wind tunnel acts somewhat more 
open in real flow than non-viscous theory predicts when the boundary layer 
along the wall is not considered. 
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In order to check quantitatively the reflection characteristics of longitu­
dinally slotted walls, a series of systematic experiments with shock reflection 
were carried out in the W A D C Propulsion Laboratory 6 in. supersonic 
wind tunnel.3 '4 Again a flat plate was used to produce a two-dimensional 
shock wave which would impinge upon the test-section wall. The intensity 
of the reflected wave system was then probed by means of detailed measure­
ments along a line at a constant distance from the wall (see Fig. 8.7). 

First the pressure distribution through a shock wave and the reflection 

F I G . 8.6. Reflection of a 3° shock wave on longitudinally slotted walls with different 
open-area ratios, R, at parallel wall setting, M = 1.80.2 

SHOCK PLATE 

FLOW 

CENTERLINE OF^PROBE_ 

PERFORATED WALL"^. ^\y^ 

* * I L 
44 45 46 47 48 49 SO 91 52 53 54 

NOZZLE STATIONS , i n . 

FIG. 8.7. Test configuration for shock wave reflection.12 
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from a solid wall were examined. The pressure data for this case are presented 
in Fig. 8.8. I t can be seen that upstream and downstream of the shock 
fronts the pressure is essentially constant and that the reflected shock has 
approximately the same intensity as the primary impinging shock. 

The same test equipment was then used to investigate the shock reflection 
from a longitudinally slotted wall with 20 per cent open-area ratio. T h e 
slot width was 0.1 in., the distance between slot centers was 0.6 in., and the 
wall thickness was fe in. T h e results obtained for this case are shown in 
Fig. 8.9. Both surveys, that above the open area and that above the solid 
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FIG. 8.8. Reflection of a 3° shock wave on a solid wall at M = 1.75.12 

area o f the wall, are basically very similar. I t is also obvious that at a probe 
distance approximately two times the distance between slot centers, the 
influence of the open and the solid portions of the wall is no longer noticeable 
as individual distinct reflections; the open and solid parts of the wall act 
together as one partially open wall. This selected open-area ratio of 20 per 
cent should have yielded reflection-free conditions for a 3° shock in Mach 
number 1.75 flow, according to theory. Although the strong reflections 
experienced with a solid wall are greatly reduced by the slotted wall con­
figuration, the test results show an irregular pressure distribution behind 
the initial reflected wave. Apparently a complex system of secondary shock 
and expansion waves causes unpredictable disturbance conditions, even at a 
large distance downstream of the initial reflected shock. The cause of these 
experimentally determined pressure disturbances can be found in viscous 
flow effects and secondary flow as described in detail by Allen and Spiegel5 

and in Chapter 9. 

Thus , despite experimental verification of the fact that slotted walls have 
the capacity to reduce shock reflection considerably when the open-area 
ratio of the wall is properly selected, the potential of such a wall in a sujier-
sonic wind tunnel is not considered very favorable. This conclusion results 
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from the disturbing influence of the viscosity and secondary flow effects and, 
most significantly, from the necessity of selecting a different open-area 
ratio for each shock strength and each Mach number. The number of experi­
mental investigations of the shock reflection characteristics of longitudinally 
slotted walls is therefore relatively limited. 
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FIG. 8.9. Reflection of a 3 J shock wave on a longitudinally slotted wall with 20 per cent 
open-area ratio al M = 1.75 (pressure surveys at 1-in. distance from wall).12 

b. Perforated wind tunnel walls 

Qtialitalive Experimental Results.—As early as 1950 results were reported 
for experiments conducted in a transonic wind tunnel at the Cornell Aero­
nautical Laboratory.6-7 The Schlieren pictures of the tests showed that in 
the low supersonic Mach number range up to 1.3, no visible reflections 
could be detected when shock waves produced by a two-dimensional wedge 
impinged upon perforated wind tunnel walls. The selected Schlieren 
pictures of this early experimental study shown in Fig. 8.10 indicate that in 
the critical Mach number range from just above Mach number one to Mach 
number 1.3 it is possible to cancel the shock reflections completely or to 
reduce them to an acceptable level using a wall of constant geometry. 

The same conclusions can be drawn from experiments conducted by 
United Aircraft Research Laboratories on the shock reflections produced 
on perforated plates in supersonic flow in the Mach number range between 
1.5 and 2.0 (Ref. 8). The Schlieren pictures obtained during these tests 
indicate that a 50 per cent perforated wall, which has approximately the 
correct open-area ratio for reflection-free flow, produced pronounced wall 
reflections in the form of expansion waves (see Fig. 8.11). More detailed 
investigations showed that the observed reflection pattern, that is, the 
sjiock wave reflected as an expansion wave, is controlled by the thick 
boundary layer which forms along perforated walls and acts as an open je t 
boundary. Since the primary condition for wave reflection from open jet 
boundaries is that the static pressure be maintained, the shock waves are 

147 



F I G . 8.10. Shock reflection on perforated wind tunnel walls, M *m 1.15 and 1.30? 

,M = 1.5 

,M = 2.0 

K—3—-J 
* Jk 

F I G . 8.11. Schlieren photographs of shock reflections on perforated walls with and 
without boundary layer removal? 



S U P E R S O N I C W A L L I N T E R F E R E N C E 

reflected as expansion waves. This interpretation of the test results led to 
the concept that the boundary layer, particularly its subsonic portion, must be 
removed or at least sufficiently thinned if a perforated wall were to be 
effective for wave cancellation. Experimental results presented in Fig. 8.11 
verify the fact that with proper boundary layer removal a perforated wall 
acts as theory predicts: no visible reflections for a perforated wall having 
the proper open-area ratio can be detected. 

Qttantitalive Experimental Results.—The initial quantitative results reported 
briefly in the preceding section were supplemented by a number of system­
atic experimental studies in which the reflected wave system was surveyed 
in detail at certain distances from the test wall.9 United Aircraft Corporation 
showed by Schlieren photos and by systematic pressure probing that at a 
Mach number of 1.2 a perforated wall with a 23 per cent open-area ratio 
acts in almost the same manner as an open jet boundary when the boundary 
layer is not removed (see Fig. 8.12). The boundary layer thickness at a 
point just upstream of the shock impingement point was also determined, 
and the fact was verified that perforated walls develop extremely detri­
mental and thick boundary layers if no auxiliary suction is provided to 
remove the layer. At the same test conditions, that is, at a shock angle of 
4° and a supersonic flow of Mach number 1.2, perforated walls can effec­
tively eliminate shock reflections when boundary layer at the shock impinge­
ment point is thinned by means of auxiliary suction (see Fig. 8.12). These 
United Aircraft experiments show the significance of boundary layer 
removal from perforated walls and the potential value of such walls in 
eliminating shock reflections. 

Another extensive systematic series of shock reflection tests in supersonic 
flow was conducted in the 6 in. supersonic wind tunnel of WADC with the 
same equipment described previously (see Fig. 8.8). For a shock wave of 
3° in a supersonic flow of Mach number 1.75, a perforated wall having a 
39 per cent open-area ratio reduced the reflected shock strength to a very 
small value when the boundary layer thickness was sufficiently reduced (see 
Fig. 8.13). Various boundary layer thicknesses were studied in this test series. 
With the thickest investigated, that is, with an auxiliary suction of only 
Arrtajma = 0.02 • Aw.At per cent) the boundary layer acted much like an open jet 
boundary. Hence the impinging shock wave was reflected as an expansion 
wave having nearly the same intensity as the initial shock wave. Behind the 
shock the boundary layer gradually flowed through the perforated wall into 
the plenum chamber so that at a certain distance behind the impingement 
point a thin boundary layer and good reflection cancellation were obtained. 
When the boundary layer was thinned by auxiliary suction (i.e., when 
Amajma = 0.62-Au!/1 A, per cent) the open jet boundary character of the 
shock wave reflection largely disappeared so that the initial disturbance 
field behind the primary shock wave was weaker and decayed more quickly 
until the final state of the flow was reached (Fig. 8.13). 

Results similar in principle to those obtained with the 39 per cent open-
area wall were also obtained in the WADC series using perforated walls 
with open-area ratios of 10, 20, and 30 per cent.4 All pressure surveys from 
these tests (Figs. 8.13-8.16) show that a local disturbance field produced 
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mainly by the boundary layer develops immediately downstream of the 
impinging shock wave. In the case of thick boundary layers, that is, 
when little or no auxiliary suction is provided, the shock wave is reflected 
as an expansion wave until the boundary layer is bled off through the 
perforated wall and a thin boundary layer having a constant pressure level 
is finally established. T h e thinner the initial boundary layer, that is, the 
greater the amount of auxiliary suction provided, the smaller is the open 
boundary layer effect and consequently the disturbance pressure field. 

From the results of the W A D C boundary layer surveys conducted at a 
point upstream of the impingement point of the primary shock (see Fig. 
8.17), it can be estimated that an axial distance corresponding to four to 
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52 
STATION, in 

F I G . 8.13. Reflection of 3 shock wave on perforated wall, 39 per cent open-area ratio, 
M = 1.75 (pressure surveys at 1 in. distance from wall)?-12 

52 
STATION, in. 

F I G . 8.14. Reflection of 3° shock wave on perforated wall, 10 per cent open-area ratio, 
M = 1.75 (pressure surveys at 1 in. distance from wall)? 
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52 
STATION, in. 

FIG. 8.15. Reflection of 3° shock wave on perforated wall, 20 per cent open-area ratio, 
M = 1.75 (pressure surveys at 1 in. distance from wall)? 

52 
STATION, in. 

FIG. 8.16. Reflection of 3° shock wave on perforated wall, 30 per cent open-area ratio, 
M = 1.75 (pressure surveys at 1 in. distance from wall)? 
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five boundary layer thicknesses is required before the boundary layer and 
the resulting local pressure disturbances reach steady-state conditions. 
Boundary layer thickness is defined here as the distance from the wall to a 
point at which 99 per cent of the undisturbed velocity is obtained (see 
Fig. 8.17). 
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Calculations on Boundary .Layer Influence on Wave Reflections.—To confirm the 
concept that even boundary layers with completely supersonic velocity-
profiles can produce local disturbances of considerable intensity, an ex­
tremely simplified calculation was carried out for the reflected wave pattern 
along a perforated wall having a thick boundary layer. A test configuration 
similar to that of Fig. 8.13 with the suction adjusted t o p c = ps^, was assumed. 
T h e measured boundary layer profile was represented by a simple step 
function. With this simplification, the wall boundary layer was represented 
by a layer of uniform flow at a Mach number of 1.2; outside this layer the 
undisturbed Mach number 1.7 existed (Fig. 8.18a). 

It was further assumed that the wall characteristics could be defined by 
the following relationship: 

- ± p - = K(H>] 
iipv*)u> \VxJw 

where 
Ap = pressure drop in flow through wall 

t\pv2 = q = dynamic pressure 
iy i'x = flow inclination angle. 
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T h e subscript "tu" indicates that the flow parameters were measured in the 
immediate vicinity of the wall. T h e constant K was selected in such a way 
that complete cancellation of the shock reflection would occur in the case 
of " ze ro" boundary layer thickness near the wall. 

With the above assumptions it was possible to determine the wave pat tern 
using the method of characteristics. T o establish equilibrium between the 
pressures in the boundary layer and the plenum chamber, it was necessary 
to increase the cross-flow velocity vyw locally in order to compensate for the 
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reduced mass flow density (pv)w. Only after the boundary layer was com­
pletely bled off did the final state of pressure equilibrium exist between 
boundary layer and plenum chamber. The pressure distribution obtained 
from the above calculations is plotted and compared with experimental 
da ta in Fig. 8.18b. Main features of the experimental curve, the initial 
pronounced pressure drop and the subsequent recovery to the correct 
pressure level, are properly described by the calculations. 

This simplified calculation can also be used to predict the decay of the 
wave reflection pattern at increasing distances from the wall. Since expan­
sion and compression waves of equal intensity have a tendency to cancel 
each other, the expectation is that, at large distances from the perforated 
wall, the pressure non-uniformities will level off and finally disappear 
completely. As Fig. 8.18b shows, the decay o f t h e initial pressure disturb­
ances is extremely slow for the selected test configuration. It is conceivable 
that an important parameter for the rapid progress of decay is the initial 
thickness of the boundary layer. 

The above calculations and the experimental results show that the 
boundary layer has only a local effect. As soon as it is bled off through the 
wall, the final balance between cross flow through the wall and the pressure 
drop is established. This final balance is independent of initial boundary-
layer thickness. 

Partial Reflection of Shock Waves from Perforated Walls.—The data reported 
in the preceding sections were further analyzed with respect to the partial 
reflection which remains when the open-area ratio of a perforated wall is 
not correctly selected for reflection cancellation. Some results of the United 
Aircraft experiments with reflections from perforated walls having different 
open-area ratios in the Mach number range between 1.3 and 2.0 when the 
boundary layer has been largely removed (Ref. 8) are presented in Fig. 
8.19. This figure shows that by changing the perforated wall open-area 
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ratio from completely closed to completely open, the shock-wave reflection 
should theoretically change from a complete compression wave to a complete 
expansion wave. The experimental results obtained with open-area ratios of 
10 and 50 per cent closely approximate the theoretical prediction for walls 
with transverse slots. However, somewhat larger open-area ratios are 
required for the same degree of reduction in the intensity of the reflection 
wave than are predicted. For example, a 60 per cent open-area ratio was 
required for complete reflection cancellation instead of the 50 per cent 
open-area ratio wall with transverse slots predicted by theory. 

Some results of the W A D C experiments are plotted in a similar manner 
(Fig. 8.20). Shock intensities corresponding to 3° of flow turning angle at a 
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M a c h number of 1.75 can be extrapolated to produce reflection-free condi­
tions for an open-area ratio of approximately 50 per cent when stabilized 
conditions behind the primary shock wave are considered. 

In summary, it can be stated that perforated walls behave basically as 
theory predicts when proper measures are taken to reduce the boundary 
layer thickness. However, because of the presence of the boundary layer, a 
local disturbance field occurs in the region between the initial impingement 
point of the primary shock wave and the region where conditions are finally 
stabilized. 
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5. EXPERIMENTAL RESULTS FOR TWO-DIMENSIONAL 
EXPANSION-WAVE CANCELLATION 

According to theory an ideal perforated wall should bc capable of eliminating 
reflections of shock waves and expansion waves since, with small flow 
inclinations, the "pressure-drop vs. cross-flow" characteristics of both the 
waves and the wall are linear and can be matched by proper geometry of 
the walls. However, in real flow it is difficult to obtain linear wall charac­
teristics having the same slope for outflow and inflow through the wall due 
to both the boundary layer effect and the inflow of low energy air from the 
plenum chamber into the test section. In order to investigate these problems, 
some experimental studies were conducted in the 12 in. transonic model 
tunnel o f the AEDC. 1 0 It was found from these tests that by the selection of 
a perforated wall with suitable geometry (converged to the proper angle), 
reflections of expansion waves can be eliminated in the same manner as can 
reflections of compression waves. 

Some examples of expansion wave cancellation at Mach number 1.35 are 
shown in Fig. 8.21. A conventional perforated wall with 22 per cent open-
area ratio acts as an open jet boundary when the walls are set parallel, 
that is, when the boundary layer thickness along the perforated wall is 
permitted to grow to large values. However, if the boundary layer is thinned 
sufficiently by converging the walls to 15' and 30', respectively, the expansion 
wave reflections on these same walls are practically eliminated. 

I t is important to note that walls which were too open for expansion 
wave reflection at the parallel wall setting were too closed for proper com­
pression wave cancellation. At the wall setting which gave practically 
complete cancellation of expansion wave reflections (30' convergence), the 
reflection of a compression wave was very pronounced. It must be con­
cluded, therefore, that a conventional perforated wall is not capable of 
eliminating reflections of both expansion and compression waves unless a 
change is made in the geometry of the wall. 

Wave Reflection from Differential-Resistance Walls.—In order to produce 
reflection cancellation of both expansion and compression waves, it would 
be necessary to provide a wall which would produce the same pressure drop 
characteristic for outflow and inflow. A conventional perforated wall with 
straight holes does not possess this characteristic but, as will be discussed in 
more detail in Chapter 9, walls with inclined holes can be devised which 
produce an equal pressure drop through the wall for both outflow and 
inflow. It is even possible to increase the inflow pressure drop above the 
values for outflow. 

Walls with inclined holes were tested in the transonic model tunnel of the 
A E D C in order to explore briefly the potentialities of such walls for reflection 
cancellation of impinging waves of both types.10 Some typical results arc 
shown in Fig. 8.22. A wall with 60° inclined holes and 6 per cent open-area 
ratio almost eliminated reflections of expansion waves. The same wall with 
the same setting also essentially reduced the reflection of compression waves, 
though it was somewhat too closed for complete cancellation. 

T o obtain complete cancellation of both expansion and compression waves 
using the same wall geometry and setting, the differential-resistance charac­
ter o f the wall must still be somewhat amplified. 
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W h e n resul ts o b t a i n e d w i t h t h e c o n v e n t i o n a l wa l l (see F ig . 8.21) a n d for 
t h e w a l l w i t h inc l ined holes (see F ig . 8.22) a r e c o m p a r e d , it c a n b e c o n c l u d e d 
t h a t t h e " i n c l i n e d - h o l e " wa l l is s u p e r i o r to t h e " c o n v e n t i o n a l - h o l e " wa l l if 
s i m u l t a n e o u s cance l l a t i on of b o t h compres s ion a n d e x p a n s i o n w a v e s m u s t 
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APPENDIX 

DERIVATIONS OF EQUATIONS FOR 
PARTIALLY OPEN WALLS IN OBLIQUE 

SUPERSONIC FLOW11 

1. WALL WITH LONGITUDINAL SLOTS 

a. Oblique parallel flow crossing a wall wilh longitudinal slots 
The derivations in the following sections are carried out for small devia­

tions from parallel flow with all deviation terms up to the second order 
included. As in the case o f the wall with transverse slots, the pressure at the 
back side of the slotted wall is assumed to bc adjusted in such a way that the 
same mass flow per unit area crosses the wall and any plane parallel to the 
wall in flow area (J) (Fig. 8.23). Then with the distance between slot 
centers being d and the open-area ratio being /?, the required continuity 
equation becomes 

and 

Referring to Fig. 8.23: 

hd ( p i v i ) = h3dR(p3v3) 

hi(pii'i) = h3R{pzv3) 

hi sin #3 = h3 sin Bi 

W h - W ) - As(*i-J»i3). 
Considering only terms of second-order magnitude: 

hijh3 = Bi/B3 

When this equation is introduced 

= X—) 
R \ p 3 v 3 / 

The change of the stream density pv, can be related to the change of the 
velocity by means of the general energy equation: 

P3v3 = pi vi \l - (Mi» - 1) ( - ^ - ) + ̂ ( - f - ) ] 

where 62 is constant. 
Another equation is obtained from momentum considerations which, 

because of the lack of external forces in the .r-dircction, states that there is 
no change of the velocity components in the Ar-direction: 

t>l = v3 or vi cos Oi = v3 cos #3 
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and 
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i \ a 2. 

val vi = - — = l - ^ + ifla2 

1 - | 0 3 2 

D3-I»l 

Vl 
hBi- + hB3-

When the previous equations are combined: 

ps v3 = pi vi[ 1 - (Afi* - 1) ( - J0i2 + J03
2) + small terms] 

and, finally, 

fl3[l-(M1
2-l)(-^1

2 + ^3 2 ) ] = —0i 
R 

PRIMARY SHOCK WAVE 

REGION r-COMPRESSION WAVES 
r j - j—EXPANSION WAVES 

REGION ® 

FIG. 8.23. Flow pattern for crossflow through a wall with longitudinal slots.11 

Then, when the terms of the third order are neglected: 

1 
* = - * 

T h e pressure change can also be calculated from the velocity change by 
means of the basic energy equat ion: 

Ps-p i - v, \ 2 

qi \ i'\ ' \ vi 1 

with C3 being a constant. 
Hence: 

hffh_ 
+ei*.-0#) + Ck{-W+\W)a = 6i2-W = W 1 - ^ ) 
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APPENDIX 

Unlike the case of the wall with transverse slots, the pressure drop 
through the wall is represented by a quadratic function of the cross-flow 
angle B. 

b. Shock-wave cancellation 

A shock wave produces a pressure change according to the relationship: 

Pl-Por 2 
- — — = 0 i+C 40i 2 

?1 (Afoo2- !) ! 

The correct wall opening ratio R for complete wave cancellation can be 
determined again from the condition that the pressure on the back side of 
the slotted wall p 3 is equal to the pressure p m of the undisturbed parallel 
flow: 

'/i *n 

and, after introducing several previous equations, 

2 / 1 

(Af„*-1)» 
+ 0r( l - —)=0 

I 2 1 2 1 
— - 1 = - g + <74 ~ 
tf2 ( M x * - l ) i Bi (Afcc 2-!) 1 Bi 

Then for small values of Bi the correct wall open-area ratio R, becomes: 

R2 = i ( M v ? - i y B * 

c. Momentum considerations 

The preceding calculations are based on the fact that the velocity compo­
nents in the Ar-direction, m and v3j,, are equal in flow regions (J), (^), and 
(3) (Fig. 8.23). This can be readily seen by consideration o f the momentum 
terms for the flow region Pi , P%, P 3 , and Pi , which is bounded by two 
streamlines. Supersonic waves occur only in the region immediately down­
stream of the impinging primary shock wave. Further downstream the 
system is wave-free because of the subsonic character of the flow perpen­
dicular to the wall. In the wave region the pressure terms in the momentum 
equation are cancelled due to symmetry of the flow. In the region behind 
the wave system, flow inclination B%, as well as flow velocity v% and pressure 
p2, are equal to the corresponding values in flow region (J) . These equalities 
follow from the requirement for constant unit cross flow through any plane 
parallel to the wall in regions (1) and @ and the assumption of isentropic 
flow. Consequently the pressure terms in the momentum equation are 
cancelled completely along the streamlines from Pi to P 3 and from P^ to 
P i . Hence, also, the horizontal velocity components must be equal. 
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2. WALL WITH TRANSVERSE SLOTS 

a. Oblique parallel flow crossing a wall wilh transverse slots 
The pressure on the back side of the wall (flow area Qf)) is assumed 

to bc adjusted in such a way that the same mass flow per unit area crosses 
the wall at any plane parallel to the wall in flow area (1) (Fig. 8.24). Then 
from continuity considerations 

h\(pwi) = h3(p3v3) 

REGION © REGION (D 

PRIMARY SHOCK WAVE 

I—NNN 
REGION ® M 3 

FIG. 8.24. Flow pattern for crossflow through a wall with transversal slots.11 

If entropy changes are neglected, as is permissible in linear theory, then the 
well-known supersonic wave relationship exists: 

Hence : 

With 

and 

P3Vz = p i v l [ l - ( M ^ - l ) i ( B 3 - B l ) ] 

hi = / . 3 t l - ( A f i 2 - l ) i ( 0 3 - 0 i ) ] 

hi = d sin Bi ~ dB\ 

h3 = s sin B3 ~ sB3 = RdB3 

the following equation is obtained: 

0i = R B 3 [ l - ( M i 2 - i y ( B 3 - B i ) ] 

By solving this equation for (B3—Bi) and developing in a series, 

( l / R ) - l 
03 — 01 = : — . — ~ 0 i 

l - 0 i ( A f i 2 - l ) * 

or bv further linearization: 

03-01 - ( — - l)0i 

162 



A P P E N D I X 

In linearized supersonic flow with waves of one kind only, the following 
relationship between pressure changes and flow direction changes exists: 

Ap - 2 
— = A0 
2 ( M i 2 - 1 ) » 

This equation is applied to the flow regions (3) and (J) 

p 3 - p i 3 - p i - 2 / 1 \ 

qi ( M i 2 - l ) l \ R 

b. Shock-wave cancellation 

If it is assumed that the oblique parallel flow discussed above is produced 
by a shock wave in the original parallel flow at the Mach number Af (see 
Fig. 8.24), the pressure change through this shock wave is: 

Pi " A * = 2 

qi ' (Afi2-1)» l 

The correct wall opening ratio R can now be determined from the condition 
that the pressure on the back side ofthe slotted wall/>3 is equal to the pressure 
p x o f the undisturbed flow: 

P l - p a o P z - P l _ p 3 ~ P ° o 

l l 1\ l l 

or, after introducing several preceding equations: 

2 2 / I \ 
—01 1 0j = 0 

( M i 2 - l ) i ( A / ! 2 - l ) i \ f l / 

from which 

R = } 

c. Momentum considerations 

It is to be noted that, contrary to the case of a longitudinally slotted 
wall, the velocity components parallel to the initial undisturbed flow are 
not equal for flow regions (J) and (3) (see Fig. 8.24). The momentum equa­
tion may be applied to the area bounded by the two streamlines shown in 
Fig. 8.25 and the oblique lines P1P2 and P3Pr*. Since the pressures in each of 
the areas a-a, b-b, c-c, etc., are constant, the pressure term in the momentum 
equation is: 

[(PuP->) s i n a ] p i - [ ( P 3 P 4 ) sina]/»3 = C i ( p i - p 3 ) 

with C'i being a constant for a given Mach number. 

The complete momentum equation is then: 

ma{v\x - o»M) - C ^ p s - p i ) = 0 

where: ma = hipivi 
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and finally: 
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Cl 
( * * , - » ! , ) = — ( P i - P a ) 

ma 

For a shock-wave reflection the pressure pi is larger than the pressure ^ 3 ; 
as a result the velocity component v3jc in the region at the back of the wall 
is larger than the velocity component i'ix in region (J) of the oblique parallel 
flow behind the initial shock. 

COMPRESSION WAVE 

EXPANSION WAVE 

PRIMARY SHOCK WAVE 

FIG. 8.25. Streamline and wave pattern for crossflow through a wall uilh 
transversal slots.11 

d. Partial reflection 

The following equations were obtained previously for the pressure drop 
through the wall (Sections 2a and b of this Appendix and Fig. 8.24). 

J\'o Reflections 

with 

p i - p s Apxh 
= = h r0\ 

qrxr, qro 

A ; = 
( M 2 - l ) i 

Partial Reflection with pressure rise Apr, and flow direction change A0: 

(pi + A p r ) - p 3 Ap sh + Apr 

'!' 'h 
= (KC + AK)(B-A6) 

i th : 

AC + AA~ = ( I ) 
( M 2 - l ) i ' / ? ' ( A / 2 - l ) » 

By dividing these two equations and after several transformations 

Apr A K A 0 / t AA"^ 

Ap sk 

n p r -A A - i t ? / _ i A \ 

Apfh " ~ & " T \ + ~ K j 
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F r o m these l inear ized s h o c k - w a v e e q u a t i o n s , t h e following r e l a t i o n s h i p 
can be d e r i v e d : 

Apr AB 

A p s h ~ B 

By c o m b i n a t i o n o f t h e t w o e q u a t i o n s for Apr Apsh '• 

Apr A A / A ; 

~Ap~7n ~ Y+AKjK~e 

a n d , after i n t r o d u c i n g t he va lues for K c a n d ( A c + A i T ) : 

Apr 
— — = 1 - 2 R 
Apgh 
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C H A P T E R 9 

SUPERSONIC WALL INTERFERENCE IN 
PARTIALLY OPEN TEST SECTIONS FOR 
MODELS OF R O T A T I O N A L SYMMETRY 

AND COMPARISON WITH TWO-
DIMENSIONAL WALL I N T E R F E R E N C E 

I T has been demonstrated in the preceding chapters that, in the case of two-
dimensional waves, test-section walls can be developed which satisfactorily 
eliminate reflections (see Chapter 8). However, it can be shown theoretically 
that a perforated wall with constant geometry is not capable of completely 
eliminating wave reflections over the entire model region in the case o 
three-dimensional wave fields. The physical reasons for the difference in the 
behavior of two-dimensional and three-dimensional shock reflections will 
be discussed in the following sections. 

1. BOUNDARY CONDITIONS ALONG WIND TUNNEL WALLS: 
TWO-DIMENSIONAL AND THREE-DIMENSIONAL MODELS 

a. Two-dimensional uedge-flal-plale model 

To obtain insight into the order of magnitude of flow inclinations and 
pressure disturbances along wind tunnel walls, the flow disturbance of 
typical simple two-dimensional models in supersonic flow at Af = 1.5 was 
calculated. The model sizes were selected to give test-section blockage ratios 
of 2, 4, and 6 per cent (see Refs. 1 and 2). Figure 9.1 shows that with these 
simple wedge-flat-plate models the pressure rise is concentrated in the 
initial shock wave. Behind the initial wave, the pressure is gradually reduced 
by means of expansion waves originating at the shoulder o f the models. 

b. Three-dimensional cone-cylinder model 

A schematic showing the compression and expansion wave pattern 
around cone-cylinder models in free flight is presented in Fig. 9.2. In 
contrast to the wave field for a two-dimensional wedge-flat-plate body, this 
wave system consists not only of an initial shock and a following system of 
expansion waves initiated at the shoulder of thc body; in addition, a second­
ary wave system covering the entire three-dimensional flow field is produced 
to satisfy the continuity requirements for wave fronts proceeding in a three-
dimensional flow field. The pressure distribution calculated along a plane 
which would correspond to the ideal wind tunnel wall for a 2 per cent 
blockage model would then have only a small portion of the compression 
occurring in the initial conical shock (point A in Fig. 9.2). The major 
portion of the compression would occur in the system of secondary compres­
sion waves downstream of this initial shock. Compression along the ideal 
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tunnel wall is then abruptly interrupted because the expansion wave system 
causes the pressure to drop rapidly to values below the pressure level of the 
undisturbed flow (region B-C) . Behind this expansion wave system, the 
pressure gradually returns to the level of the undisturbed pressure. 

The relationship between pressure disturbance Ap qvi and flow inclination 
6 is presented in Fig. 9.3. T h e magnitude of the wall disturbances is seen 
to be considerably greater with two-dimensional than with three-dimensional 
models. In the two-dimensional case, the 6 per cent blockage model reaches 

M.«i.s 

20 

0 . 4 

0 . 3 

< V -
0.2 

0 . 1 

k 
\ 

1 

' — S I . 

V1 

o 
\ 

BLOC* 

- 4 % 

\ 

\ 

AGE 

1 * 

- 2 % 

W 
X V 

12 16 20 24 28 32 

F I G . 9.1. Calculated pressure distributions along the test-section wall for "wedge-flat-
plate" models in supersonic flow? 
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F I G . 9.2. Calculated pressure distribution along Ihe test-section wall for cone-cylinder 
models in supersonic flow? 
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a maximum flow inclination of approximately 9° at the wall; a three-
dimensional model with the same blockage ratio reaches a maximum of 
only 3°. The graph also indicates that, with the two-dimensional model, a 
wall having linear characteristics matches the model disturbance charac­
teristics very well; therefore only small wall-interference effects should be 
expected. 

WEDGE-SECTION 
(2-DIMENSIONAL) 

0.4 

CONE-CYLINDER 
(3-DIMENSIONAL) 

0.4 

F I G . 9.3. Comparison between flow disturbance along the test-section wall at M = 1.5 
for two-dimensional and three-dimensional models in supersonic flow ? 

For cone-cylinder models, the characteristic curve Apjq = f ( B w ) , that is, 
pressure disturbance as function of flow inclination, can no longer be 
represented by a straight line as is approximately true in the two-dimensional 
case (linear theory). Some noteworthy features of the characteristic curve 
are as follows (see Fig. 9.4): 

1. The compression waves upstream of the expansion wave system 
(region A-B) increase the pressure and the flow inclination angle so 
that the flow angles at a given pressure rise are considerably larger 
than predicted by the Prandt l -Meyer curve. 

2. In the expansion wave region (region B-C), the pressure drops rapidly 
below the value of the undisturbed pressure. At the point at which 
the pressure reaches the undisturbed value, that is, at Aplq = 0, the 
flow still has an inclination of 0.7° in a direction away from the body. 
At zero flow inclination, Bw = 0 (flow parallel to the cone-cylinder axis . 
the disturbance pressure is negative, that is. the local pressure is smaller 
than the static pressure of the undisturbed flow. As the flow progresses 
downstream into the negative pressure region, it attains flow inclina­
tions directed toward the body (inflow) and reaches absolute magni­
tudes only slightly smaller than those in the outflow region (point C). 
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3. In the inflow region, particularly in the region C - 0 , the pressure 
deviates even more from linear characteristics since considerably 
lower static pressures occur than are predicted by linear theory. 

I t is obvious in the case of the three-dimensional wave system under 
consideration that boundary conditions for an ideal disturbance-free tunnel 
wall cannot be obtained with a perforated wall having linear characteristics 

FIG. 9.4. Theoretical disturbance distribution and wave system of cone-cylinder model 
with 2 per cent blockage at M = 1.20? 

c. Models equipped with various contours 

The most remarkable feature in testing a cone-cylinder model in a 
partially open test section, and, as will be shown later, the main source 
of interference, is associated with the concentrated expansion wave system 
initiated at the shoulder of the model. If the sharp-edged shoulder of the 
cone-cylinder model is rounded off, however, these expansion waves are 
distributed over a larger area, and consequently the matching problem can 
be expected to be less severe. T o determine the degree of improvement 
which might be anticipated, the flow field around a cone-cylinder model 
having a rounded shoulder and that around a smoothly-curved model, the 
NACA RM-10 model, were calculated theoretically to determine the flow 
disturbance characteristics produced along an ideal wind tunnel wall. The 
results of these calculations1-2 are presented in Fig. 9.5. 

T h e rounding o f the shoulder o f the cone-cylinder model was assumed to 
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extend over a region equal to approximately one-third of the cone length. 
Even this relatively slight rounding ofthe shoulder resulted in a considerable 
reduction of the flow disturbances (both pressure and flow inclination) at 
the plane o f the wall. In particular, the magnitude o f the maximum inflow 
angle was reduced to nearly one-third that of the corresponding cone 
cylinder. However, the maximum outflow angle was reduced only slightly. 

(11121/1 ' I I 
TYPICAL CHARACTERISTIC 
OF PERFORATED WALLS 

CONVENTIONAL ( I ) 
DIFFERENTIAL RESISTANCE (2) 

FIG. 9.5. Theoretical disturbance distribution along the test-section wall for different 
bodies of revolution wilh 2 per cent blockage at M •-- 1.20? 

T h e disturbance characteristics of this cone-ogive model are thus much 
closer to the characteristic cross flow of a test-section wall having linear 
characteristics than are those of the cone-cylinder model. In the extreme 
case of the continuously-curved NACA RM-10, the mismatch between 
model disturbances and linear wall characteristics was reduced even further. 

2. MODEL DISTURBANCES COMPARED WITH CROSS-FLOW 
CHARACTERISTICS OK 1'ER KORATED TEST SECTIONS 

(CONVENTIONAL AND DIFFERENTIAL-RESISTANCE TYPE) 
a. Two-dimensional wedge-flat-plale model 

Wind tunnel models produce distinct types of disturbances, both in the 
local flow direction and in the local static pressure along the wind tunnel 
walls. If the walls are properly designed, they can support this difference 
between the pressures along the inside and outside of the test section pro­
duced by the local oblique directional flow calculated previously (see 
Figs. 9.1 and 9.2). To a first approximation it may bc assumed that at each 
point along the wall only the local conditions, not the influence of the 
adjacent areas upstream or downstream, need be considered. With the two-
dimensional wedge-flat-plate model these local conditions can be readily 
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supported by a partially open wall having linear characteristics (see Fig. 
9.3). It should be noted that for a given model the local pressure disturbance 
is related to the local directional flow disturbance by a linear function. 
Consequently, not only can the condition for one particular point, that is, 
one value of pressure disturbance associated with one value of flow inclina­
tion, bc satisfied, but a whole series of such conditions can be met, as is 
necessary for interference-free testing of a model at any given value of 
model setting and Mach number. 

As shown in more detail in Chapter 8, a perforated wall with an open-area 
ratio of approximately 50 per cent will satisfy to a first approximation the 
requirements for interference-free testing of a wedge-flat-plate model or 
any other two-dimensional model in supersonic non-viscous flow. 

b. Cone-cylinder models 

When the disturbance characteristics of a cone-cylinder model in super­
sonic flow (see Fig. 9.3) are considered, it is immediately apparent that no 
wall having a definite relationship between cross flow and pressure drop 
can match the requirements of the model-produced disturbances. Therefore, 
in principle it is not possible to design a partially open wall having fixed 
geometry which will be capable of matching locally the "cross flow-pressure 
d r o p " characteristic of cone-cylinder models. At best it may be hoped that 
a suitable compromise can be accomplished which will satisfactorily reduce 
the wave reflections from the wind tunnel walls. 

It appears possible that in the compression region (region A-B of Fig. 
9.4) the correct boundary conditions can be approximated by a wall which 
has linear pressure-drop characteristics similar to those of a perforated wall. 
In the expansion region, however, such a wall is not capable of producing 
the necessary boundary conditions because large deviations from linearized 
flow occur. Moreover, in the region where the pressure disturbance is zero, 
the correct boundary condition should be one of outflow or parallel flow, 
depending upon the wall station under consideration. Such opposite 
characteristics are obviously impossible to attain with a perforated wall 
of constant geometry since the flow field around a cone-cylinder model in 
a conventional perforated test section would be distorted because inflow 
into the test section would occur in the region where outflow is required. 
T h e result would be strong compression disturbances originating in this 
region. 

A part of the inflow difficulties described above could be overcome if a 
wall could be designed which resists flow into the test section more than it 
does flow out of the test section. With a differential-resistance wall having a 
characteristic according to O-B in the outflow region and according to 
O (.' in the inflow region, it appears possible to achieve simultaneous 
matching of the outflow and inflow over large areas (Fig. 9.4). Even in 
such a case, though, some mismatch would remain in the expansion wave 
icgion (Fig. 9.4, region B-C) because even a differential-resistance wall 
could not support a negative pressure in the test section while the flow was 
proceeding outward against a higher pressure in the surrounding plenum 
chamber. 
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It should be realized, however, that the cone-cylinder model under 
consideration produces the most severe matching problem possible because 
of the concentrated expansion wave region which originates at the shoulder 
of the model. 

c. Alodels of rotational symmetry having various contours 

The main source of interference in the testing of cone-cylinder models in 
perforated test sections is associated with the concentrated expansion wave 
system originating at the shoulder of such models. I t can therefore be 
expected that models with rounded shoulders (the cone-ogive-cylinder 
model or, even more, the continuously-curved NACA RM-10 model) will 
produce disturbances along a test-section wall which can be more closely 
matched by the cross-flow characteristics of a typical perforated wall. 

When the characteristic disturbance curves of three models having 
different contours are compared (Fig. 9.5), it becomes plain that the same 
wall can provide an adequate matching of the flow in the compression wave 
regions if the wall open-area ratio is properly selected. In the expansion 
wave regions, and particularly in the inflow regions (that is, in the regions 
having negative values of #„,), a perforated wall with linear characteristics 
will gradually produce less mismatch as the sharp shoulder of the cone-
cylindcr model is rounded into the cone-ogive and then into the continuously-
curved NACA model. If a differential-resistance-type wall were employed, 
the matching would be improved still more since one wall characteristic 
could be selected for the compression wave regions and another for the 
expansion wave regions. 

This latter statement is not entirely true for the RM-10 model with 
continuous curvature because, in this case, the improvement in matching is 
restricted to the upstream portion of the inflow region. In the downstream 
part of this region, the matching is actually better with a conventional 
perforated wall having equal resistance to both outflow and inflow. Fortu­
nately the mismatch downstream is not very critical and causes no inter­
ference on the model since shock waves, if deflected from the wall in this 
region, do not intersect the model but pass behind it (sec reflection limit 
indicated in Fig. 9.5). As a result, it may be stated that even for the 
continuously-curved RM-10 model a suitably designed differential-resistance 
wall would reduce the wall interference effect as compared with that of a 
conventional perforated wall. 

In summary, the theoretical investigation of bodies of revolution having 
various contours shows that the elimination of wave reflections from wind 
tunnel walls with linear characteristics becomes particularly difficult when 
a system of concentrated expansion waves exists, as, for instance, around 
three-dimensional models having sharp corners or small radii of curvature. 
Gradually curved contours can be expected to produce less severe wave 
reflection problems. In the case of the three-dimensional models investigated, 
neither conventional nor differential-resistance-type perforated walls can 
provide the required wall characteristics in those regions where outflow 
from the test section occurs in spite of the fact that the static pressure in 
he test section is lower than in the surrounding plenum chamber. However, 
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in these cases, the replacement of the conventional wall with linear charac­
teristics by a suitably perforated differential-resistance-type wall would 
considerably improve the possibility of obtaining interference-free da ta 
from wind tunnel tests. 

3. MODEL DISTURBANCE CHARACTERISTICS COMPARED WITH 
THE CROSS-FLOW CHARACTERISTICS OF COMBINED 

SLOTTED-PERFORATED TEST-SECTION WALLS 

a. Comparison of perforated and slotted walls for testing of three-dimensional models 

Perforated Walls.—It was shown in the preceding section that in testing 
three-dimensional models a perforated wall of either the conventional or 
the differential-resistance type cannot adequately match the disturbance 
characteristics of the model in those regions along the wall where the test-
section pressure is lower than the plenum chamber pressure, but the flow 
is directed outward into the plenum chamber. This can be readily recog­
nized when the boundary condition for perforated walls is considered (see 
Chapter 5): 

A v x + K A v n = 0 
or : 

Apjq = KBu, 

where Ap = difference between local static pressure in test-section and 
plenum chamber pressure 

q = dynamic pressure of test-section flow 
K = characteristic wall constant 

B,c = local flow direction at wall. 

The above equation states that in regions having a negative local static 
pressure difference, that is, when the pressure in the test section is lower 
than the plenum chamber pressure, the test-section flow must be directed 
from the plenum chamber into the test section in order to produce a pressure 
difference having the proper sign. In the case of the interference-free models, 
however, the model disturbance characteristics are exactly the reverse of 
the basic characteristics of a perforated wall. This deficiency occurs not 
only in supersonic flow where it is generally restricted to relatively small 
regions of mismatch; in subsonic flow the discrepancies extend widely since 
the subsonic flow upstream ofthe maximum model thickness must be directed 
outward from (and behind the maximum thickness inward into) the wind 
tunnel. Consequently the perforated wall causes basic distortions in the 
flow pattern in subsonic flow, as shown for instance, in Ref. 3 and as discussed 
in detail in Chapter 5. This characteristic is known to be a basic disad­
vantage of perforated wind tunnel walls in subsonic testing. However, due 
to the fact that the distortion in subsonic flow is usually small, perforated 
wind tunnel walls have been used satisfactorily in subsonic tunnels, particu­
larly in tests of complete airplane models. 

Longitudinally Slotted Walls.—The boundary conditions occurring with 
longitudinally slotted walls are basically different from those occurring with 
the perforated wall. In addition to the pressure change caused by the 
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cross-flow velocity component through the slotted wall (see Chapter 11), an 
additional pressure difference occurs which is dependent upon the curvature 
ofthe flow approaching the slotted wall. The additional term for this pressure 
change can be expressed in the following form when only linear terms are 
considered (see Chapter 5 ) : 

2 / Rn\ 
Apjq = - l o g ! sin \dBwje(xjh) 

where R = open-area ratio of wall 
cBw]dx = flow curvature 

h = distances between slot centers. 
This equation presents the only pressure-drop term within the validity of 
the linearized theory for non-viscous flow in the vicinity of a slotted wall. It 
may bc applied to both subsonic and supersonic flow using the same assump­
tions since the theory for longitudinal slots can be handled much like that 
for slender bodies at small angles of attack.4 

The additional pressure difference due to flow curvature near the slotted 
wall is caused by centrifugal forces which arc magnified by the slot effect in 
the manner discussed in detail in Chapter 5. The significance ofthc curvature 
effect upon the pressure-drop characteristics of a wall arises from the fact 
that, with sufficiently large curvature, this effect may become predominant. 
When such is the case, a longitudinally slotted wall can support cross flow 
in a direction opposite to that indicated by the difference between the 
test-section and the plenum chamber pressure. Since a wall with these 
characteristics is required for the cancellation of expansion waves emanating 
from the shoulders of a body of revolution such as a cone-cylinder model, 
the slotted wall offers some significant advantages. 

'Flic additional pressure build-up occurring in curved flow approaching 
a slotted wall is directly proportional to the distance between slot centers 
when the open-area ratio is kept constant. Thus to maintain the desired 
constant value of build-up when a larger number of slots is used, it is neces­
sary to reduce the open-area ratio of the wall at the same rate that the 
distance between slot centerlines is reduced. 

Longitudinally Slotted Walls wilh Protruding Slats.—Another interesting 
slotted test-section configuration has been studied theoretically. In this 
configuration the solid wall portions (slats) protrude into the test section, 
and the slots are equipped with solid or perforated sidewalls which guide 
the flow. The centrifugal pressure gradients are amplified even more than 
in a simple slotted test section, and the total pressure build-up due to flow 
curvature is increased: 

S0W \2 I R n \ 2 ll 
Aplq=^x^b logrT)-^-h\ 

where / = height of slot walls. 
Since the pressure build-up across a wall of this type is increased by 
increasing the slat height, the slots in such a wall can be made wider without 
changing their effectiveness. 

13 175 



TRANSONIC WIND TUNNEL TESTING 

It might also bc noted that improved pressure build-up may be accom­
plished by a configuration in which the lateral guides of the slots are made 
to protrude into the flow. Because such guides can bc made adjustable and 
possibly controllable, it appears possible to develop a wall with character­
istics that can be easily varied to conform to the boundary conditions 
existing along a given wall. 

T h e choice of the wall configuration for effective shock cancellation in a 
transonic wind tunnel involves a compromise between the pressure disturb­
ance conditions ofthe model and those of the wall. The additional parameter 
provided by the slot height in the case of longitudinally slotted walls streng­
thens the possibility of obtaining a satisfactory compromise and makes this 
configuration quite attractive; the conventional type of slotted walls pre­
viously discussed dues not possess this flexibility. 

As shown in the preceding discussions, a slotted wall can support outflow 
from the test section, even when the pressure inside the test section is smaller 
than the pressure in the plenum chamber. Therefore a perforated test section 
equipped with longitudinal slots can be expected to eliminate some of the 
difficulties occurring with both the conventional perforated test-section wall 
and the conventional longitudinally slotted test-section wall. 

b. Various bodies of revolution in test sections equipped with the combined perforaled-
slotled-type walls 

I t is possible, of course, to produce a perforated-slotted test section 
which combines the characteristics of both by covering the openings of a 
slotted test section with perforated cover sheets. T o determine whether or 
not this configuration had promise, a theoretical investigation was made of 
the flow around several three-dimensional bodies in test sections of the 
combined type. 

For this study the flow around a cone-cylinder model was calculated for 
a plane corresponding to the tunnel wall (see Fig. 9.4). T o the pressure 
occurring in free flight was added the pressure which can be supported by 
a longitudinally slotted wall in curved flow. The resulting disturbance 
pressure is the pressure left to be supported by the perforated cover plates. 
Since perforated walls have essentially linear characteristics, a satisfactory 
match can be obtained if this disturbance pressure is also linear. 

T h e results of the calculation for the 2 per cent blockage cone-cylinder 
model in a test section having sixteen longitudinal slots and an open-area 
ratio of 36 per cent are presented in Fig. 9.6. According to the equations 
given in Section 3a of this chapter, approximately the same results can be 
obtained with walls having 32 or 64 slots and open-area ratios of 18 and 
5 per cent, respectively. For the purpose of these calculations, the regions 
with abrupt changes of pressure (see Fig. 9.4, points .4, B, and C) were 
smoothed out over a distance corresponding to the distance between the 
wall slots. It can be seen that the slot effect considerably reduces the pre­
viously noted difficulty with respect to the support of negative pressures 
inside the tunnel in outflow regions. Also the characteristics of the remaining 
wall pressure disturbances match the characteristics of an ideal perforated 
wall fairly well over the entire region of the initial compression and ex­
pansion waves. In the region behind the expansion wave system, however, 
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significant differences between the desired characteristics and those of a 
conventional perforated wall still remain. These remaining differences can 
be reduced considerably by means of properly matched differential-resistance 
cover plates (see Section 2c of this Chapter) . 

The effect of the slots on the disturbance flow characteristics of the 
continuously-curved NACA RM-10 model was also investigated using wall 
configurations with sixteen and eight slots and an open-area ratio of 5 per 
cent. The results, presented in Fig. 9.7, indicate that with a suitable com-

" i 
4.-WITHOUT SLOT EFFECT 

WITH SLOT EFFECT 

-4—I—I 
16 SLOTS, 36 % 
SLOT AREA RATIO 

F I G . 9.6. Flow disturbance along Ihe walls of a test section with and without longitu­
dinal slots for a cone-cylinder model with 2 per cent blockage (20' cone angle) 

at M = 1.20? 

8 SLOTS-5% OPEN 

16 SLOTS- 5X0PEN 

"-.04 

F I G . 9.7. Flow disturbance along the walls of a test section with and without longitu­
dinal slots for NACA R M - 1 0 Model with 2 per cent blockage at M = 1.20? 

bination of perforated and slotted walls the disturbance pressure along the 
tunnel wall produced by this model can be satisfactorily matched. In order 
to make the matching perfect it would be necessary either to reduce the total 
open-area ratio to 1.5 per cent while sixteen slots were retained or to keep 
the open-area ratio of 5 per cent and reduce the number of slots to eleven. 

In summary, the theoretical investigation of bodies of revolution having 
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various contours shows that combined perforated-slotted walls offer promise 
for the testing of smoothly-curved models. However, some shock reflection 
difficulties remain in testing models which produce regions of strong com­
pression waves since a large portion of the test section must be solid. 

4. WIND TUNNEL TEST RESULTS OBTAINED FOR CONE-CYLINDER 
MODELS IN VARIOUS PARTIALLY OPEN TEST SECTIONS 

AT A MACH NUMBER OF 1.20 
a. Conventional perforated walls with different open-area ratios 

A systematic series of cone-cylinder models having different cone angles 
and blockage ratios was investigated over the Mach number range between 
0.75 and 1.25 in the transonic model tunnel of the AEDG using various 
perforated test sections.5 In these tests, significant wall interaction diffi­
culties were observed in the supersonic speed range which could be traced 
back to the mismatch between the wall characteristics of a conventional 
perforated wall and the characteristics required for effective cancellation of 
compression and expansion waves emanating from the model. 

Pressure Distribution at Model Surface.—Figure 9.8 presents the experimental 
pressure distribution for a 2 per cent blockage cone-cylinder model in a 
perforated test section having a 12 per cent open area. Hole diameter and 
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FIG. 9.8. Pressure distribution along surface of cone-cylinder model in perforated test 
sections wilh 12 per cent open-area ratio, 0° wall setting, 2 per cent blockage, 

at M = 1.20? 

wall thickness were each ui in., and the wall setting was parallel to the 
ccnterline of the test section. It can be seen that the compression waves 
originating from the conical flow field of the model were reflected as com­
pression waves. Consideration of the initial and the reflected wave systems 
and comparison with theory (see Sections 2 and 3 of this chapter) indicate 
that the wall with 12 per cent open area is too closed. 
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Perforated test sections having 22 and 33 per cent open areas and the 
same hole size, wall thickness, and parallel wall setting, were therefore 
investigated. Figure 9.9 shows that the 22 per cent open wall very nearly 
eliminated wave reflections in the compression wave region (xjD = 3.6-
5.6); the 33 per cent open wall was definitely too open since the compression 
waves were reflected as expansion waves in this region. However, further 
analysis of Fig. 9.9 indicates that in the case of the 22 and 33 per cent open 
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FlG. 9.9. Pressure distribution along surface qf cone-cylinder model in perforated test 
section with different open-area ratios, 0° wall setting, 2 per cent blockage 
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walls, a much more serious disturbance region occurs behind the compres­
sion wave region of the model. Reflection waves from this region can be 
expected to impinge on the model approximately 5.6 diameters behind the 
nose. These disturbances can be traced to the expansion waves originating 
from the shoulder of the model and are even greater in magnitude than the 
disturbances observed in the compression wave region. T h e nature of these 
expansion wave disturbances implies that the walls with 22 and 33 per cent 
open area reflect the expansion waves as compression waves or, as the 
magnitude of the observed compression disturbances indicates, that a con­
centrated inflow into the test section produces a flow inclination considerably 
'arger than that produced by interference-free flow. 

The test results obtained with a cone-cylinder model in perforated test 
sections having different open-area ratios at a parallel wall setting show 
that it is possible to select a wall geometry which satisfies the condition of 
no-reflection in the compression wave region. It is also possible to select a 
wall geometry which cancels the expansion wave reflections. However, none 
ofthc conventional perforated walls will satisfy the no-reflection requirement 
of wind tunnel testing in both the compression and expansion regions. 

Basically the same conclusion results from the experiments with perforated 
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walls having 12 and 33 per cent open areas when the walls arc diverged to 
+ 30' and + 4 0 ' , respectively (see Fig. 9.10). 

It must be concluded, therefore, that conventional perforated walls are 
not capable of producing satisfactory reflection-free da ta with the selected 
cone-cylinder model. 
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FIG. 9.10. Pressure distribution along surface of cone-cylinder model in perforated test 
section with different open-area ratios, 30' and 40' diverged wall setting, 2 per cent 

blockage, at M = 1.20? 

Survey of Reflected Wave Syslem.—To gain specific insight into the origin of 
the observed disturbances, the flow field was surveyed at various distances 
from the model ; in this way the disturbances were traced to their origin. 
In Fig. 9.11, some typical survey results are presented for the case of a 2 
per cent blockage cone-cylinder model in a perforated test section having 
22 per cent open walls. The initial shock wave produced only a slight 
disturbance on the surface o f the model (point lb) . Furthermore, it can be 
clearly seen that the entire compression wave field between the initial shock 
wave and the expansion wave system from the shoulder was properly 
absorbed by the walls since the experimental and theoretical curves coincide 
very closely in this region. The major difficulty in testing a cone-cylinder 
model in the selected perforated test section, therefore, did not arise because 
of unsatisfactory absorption of the compression wave system but because of 
the difficulty of eliminating reflections produced by a strong expansion wave 
system originating at the shoulder o f the model. 

Difficulties similar to those described in the preceding section also occurred 
in the testing of a smaller \ per cent blockage cone-cylinder model in a 
33 per cent open perforated test section (see Fig. 9.12). Because of the large 
open-area ratio of the wall, the compression wave system was reflected as an 
expansion wave system, as is proved by the pressure distribution between 
points l b and 2b at the surface o f the model. Also, in the region influenced 
by reflections of the expansion wave, that is, between points 2b and 3b, 
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very significant disturbances occurred which were similar to reflections from 
walls that arc I pen. As belong these disturbances could be traced back 
to an excessively large inflow in the expansion wave region along the tunnel 
wall. 

The surveys presented above are typical and confirm the conclusions 
drawn in the previous section, namely, that conventional perforated walls 
are not capable of simultaneously eliminating the reflections of the com­
pression waves and the expansion waves produced in the extreme case of a 
three-dimensional cone-cylinder model. 
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Fio, 9.11. Wave system and pressure survey results for a cone-cylinder model with 
2 per cent blockage in conventional />erforated test sections with 22 per cent open-area 

ratio at M = 1.20? 

b. Perforated walls of the differential-resistance type 

Characteristics of a Differential-Resistance Wall.—The guiding idea utilized 
for the development of a differential-resistance wall is as follows. It is obvious 
that the resistance to inflow into a test section can be increased if the flow 
can be directed against the main test-section flow. The inflow will then 
have to overcome at least a part of the dynamic pressure of that flow. This 
end can be obtained rather simply with a sufficiently thick perforated wall 
by inclining the holes obliquelv against the main flow direction (see Fig. 
9.13). 

181 



T R A N S O N I C W I N D T U N N E L T E S T I N G 

.34 

INITIAL 

i i l l / — m n n t i . W A L L 

' T i o ^ ; 30 — 

--\fl\-^fc- r — 
/ , v \O s \ v ^ \ l " o m , 

v m 
____&____$_ 

2b - 3 b - 31° -
F I G . 9.12. Wave system and pressure survey results for a cone-cylinder model with 
•J per cent blockage in conventional perforated test sections with 33 per cent open-area 

ratio at M = 1.20? 

I J 
FLOW OUT OF TEST SECTION 

FLOW INTO TEST SECTION 

F I G . 9.13. Streamline pattern for inflow and outflow through a wall with inclined holes. 
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Some typical test results* for holes inclined at angles of 60° are shown in 
Fig. 9.14 (Ref. 1). When such a wall has a 6 per cent open-area ratio, the 
outflow region matches the characteristics of a conventional wall with 
22 per cent open area, and the resistance of the inflow into the test section 
is considerably increased, as intended. 

Also, in the case of a given partially open wall, the reference point for 
the empty test section can be shifted along the characteristic cross-flow 
curve by changing the wall alignment from a parallel to a converged or 
diverged setting. It is with respect to this reference point for the empty test 
section that the pressure and flow direction disturbances produced by the 
models must be related (see points A and B in Figs. 9.14a and b). The choice 

D 6% 

22 

-.02 

A,H 

-.01 

«**; i 

.16 

pa 

fiA 

y 

~ i 

/. 
[ '7 

[ 

\ 

* .01 ' .02 | .03 

x" Wlr*)*,' 

(a) (b) 

FIG. 9.14. Cross-flow characteristics of conventional perforated and 

differential-resistance-type walls at AI = 0.90? 

of reference points A and B indicated that the differential-resistance wall 
should be set at 0°; the conventional wall should be set at a convergence 
angle of 45 ' . In considering the model disturbances, therefore, the charac­
teristics of these two walls must be compared on the basis of Fig. 9.14b in 
which the two reference points are brought into coincidence. 

The differential-rcsistance-type wall matches much more closely the 
characteristics required for wave cancellation in the case of cone-cylinder 
models in both compression and expansion regions. However, even such a 
wall cannot completely meet the theoretical cross-flow characteristics of a 
cone-cylinder model since it cannot support a lower pressure in the test 
section in the outflow region. 

* The experimental results shown in Fig. 9.14 were obtained at a Mach number 
of 0.90 instead of at the desired Mach number of 1.20. At the time of this test series, 
the AEDG transonic model tunnel was not equipped to obtain the necessary data 
in the supersonic speed range. 
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Cone-Cylinder Model Test Results.—A series of investigations was conducted 
to verify the improved testing characteristics of differential-resistance-type 
wind tunnel walls having 6 0 ' inclined holes and a 6 per cent nominal 
open-area ratio. Some typical results1-5 for a 2 per cent blockage cone-
cylinder model obtained in the AFDC transonic wind tunnel with this new 
lest section are presented in fig. 9.15. The experimental lesl data follow die 

.OU 

3 5 

. 4 0 

.45 

. 50 

< >o 

> 
ft 
l<\ i \ 
1 c\ 
1 

1 
I 
1 
1 

J 
^ o * -

o \ 

c 
k 
\ 

oo 
? « -1 

o 

/—THEORY 

' S ^ o ^ o f * * ? ^ , - j 
s EXPERME 

~"V 

NT 

) 
y J t 

10 12 14 

Fio. 9.15. Pressure distribution along surface of cone-cylinder model in perforated 
test section with hole axis inclined 60", 6 per cent open-area ratio, 2 per cent blockage, 

and 0° wall setting, at M = 1.20? 

theoretical curve closely; differences are no greater than 1-1 J- per cent of 
the total pressure and may be explained to some extent by the non-uniformity 
of the empty test-section flow. The improvement in the test results with the 
differential-resistance-type wall becomes obvious when the results are 
compared with data obtained using the conventional perforated test section 
(see Fig. 9.8). Reflected waves are considerably reduced, not only in the 
compression wave region, but also in the expansion wave region. 

Although smoothly curved models should be less critical than cone-
cylinder contours, further investigation is needed to determine whether the 
same good results obtained with the new type wall can also be obtained with 
models which do not have the extreme shape of the cone cylinder. 

c. .Longitudinally slotted tesl sections with and without perforated cover plates 

T o obtain insight into the wall interference characteristics of typical 
test sections having longitudinal slots, some test results obtained with the 
same cone-cylinder model (20° cone angle) in various slotted test sections 
will bc discussed in the following sections. 
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Conventional Tests.—The tests were conducted at the Al .DC in a typical 
transonic model tunnel test section having sixteen uncovered longitudinal 
slots and 11 per cent open area. Some results o f t h e cone-cylinder investi­
gations1 with this test section are presented in Fig. 9.16. The comparison of 
the experimental pressure distributions along the surface with theoretical 
free-flight distributions indicates that the agreement between experiment 
and theory is even poorer than in the case of the corresponding experiments 
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FIG. 9.16. Wave systems and pressure survey results for a cone-cylinder model with 
2 per cent blockage in a longitudinally slotted test section (sixteen slots in parallel walls 

with 11 per cent open-area ratio at M = 1.20? 

made using conventional perforated test sections. It is particularly note­
worthy that a large discrepancy between experiment and theory begins at 
a point on the surface of the cone (point lb) which is considerably ahead of the 
point where the initial conical shock would be expected to be reflected against the 
surface of the model. 

The disturbance wave pattern which produced these discrepancies 
upstream of the initial conical shock shows that a secondary flow occurred 
in the slots (discussed by Allen and Spiegel in Ref. 6). This secondary flow 
field can be attributed to a layer of subsonic flow close to the walls and in 
the slots. Although in supersonic flow a sudden pressure rise may result 
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from impinging shock waves, such a sudden rise is not possible in subsonic 
flow. Instead, particularly in the subsonic flow region, the pressure increase 
caused by impinging shock waves is propagated upstream in the flow. 
Consequently a new boundary is established for the supersonic flow, and a 
secondary wave system occurs (see Fig. 9.17). Besides the disturbances 

SHOCK 

F I G . 9.17. Secondary flow field and wave system for shock-wave reflection al a slotted 
wall.1* 

produced directly by this secondary flow field, very strong expansion and 
compression waves occur which impinge on the model further downstream 
(Fig. 9.16) and result in serious deviations from the theoretical flow field. 

It can be concluded that a conventional longitudinally slotted test section 
is even less capable of producing satisfactory interference-free results for the 
selected test conditions than a conventional perforated test section. 

Slots with Perforated Cover Plates.—One major difficulty in testing cone-
cylinder models in slotted test sections was found to be connected with the 
fact that a strong interference effect ofthe walls occurs upstream ofthe model-
initiated shock waves. T o find a remedy for this difficulty, further tests were 
carried out in which perforated cover sheets (such as those employed in 
the WADG 10 ft wind tunnel7) were placed over the longitudinal slots. 
These cover plates are similar in principle to the corrugated slot plates 
employed in the test by Allen and Spiegel.6 Their purpose is to reduce 
i he secondary flow in the slots and to thereby prevent the upstream propa­
gation of disturbances. Since it has been verified that perforated walls 
reduce the axial momentum of the flow on the outside of the walls to a 
negligibly small magn i tude^ the cover plate may be expected to operate 
similarly, 
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Wind tunnel tests of the 2 per cent blockage cone-cylinder model were 
conducted in a slotted test section having sixteen longitudinal slots which 
were covered by perforated sheets with an open area of approximately 
33 per cent. Hole diameter and thickness of the perforated sheets were 
each iV in. 1'he area ratio of the slots was 30 per cent, which, with the 
33 per cent open cover sheets, produced a geometric open-area ratio of 10 
per cent. This open-area ratio is approximately equal to the open-area ratio 
of the conventional slotted wall discussed in the preceding sections (see 
Fig. 9.16). Typical pressure distributions from these tests are presented in 
Fig. 9.18. No serious disturbance due to secondary slot flow can he delected. 
The pressure distribution coincides well with the theoretical pressure dis­
tribution upstream of the point where the initial conical shock reflection 
strikes the model. However, the test results indicate that in the compression 
wave reflection region, x D = 3.6-5.6, the selected wind tunnel wall is 
too closed; the compression waves produced by the model are reflected as 
compression waves. In the region behind the expansion wave reflection, 
xjD > 6.5, the experimental pressure distribution coincides satisfactorily 
with the theoretical distribution. 

These tests verified the fact that a slotted test section with perforated 
cover sheets over the slots is capable of effectively eliminating the secondary-
flow disturbances previously discussed. However, the walls must be opened 
more than for the conventional slotted configuration in order to eliminate 
reflections in the compression wave region. To produce a test section having 
the proper open area for successful absorption of compression waves, it was 
necessary to increase the slot width to as much as 53 per cent of the wall 
area and to diverge two walls of the test section to + 3 0 ' . 

The preceding results of cone-cylinder tests in slotted test sections show 
that, as was true in the case of conventional perforated test sections, wall 
configurations consisting of longitudinal slots with perforated cover plates 
can be devised which will eliminate the wall interference in either the 
compression or the expansion wave region. However, no satisfactory slottcd-
wall configuration having conventional perforated cover plales over the slots has 
been found which can simultaneously eliminate the wave reflections in both 
the compression and the expansion wave regions. 

Slotted Test Sections wilh Perforated Cover Plales of the Differential-Resistance 
Type.—Differential-resistancc-type cover plates over longitudinal slots 
should be beneficial because differential resistance to the cross flow over 
longitudinally slotted walls is required to eliminate the wall interference in 
both the compression and expansion wave regions. In order to verify this 
expectation, a series of tests was conducted in the AEDC transonic model 
tunnel using a wall configuration having twelve slots (open-area ratio of 
20 per cent without cover plates) and cover plates with holes inclined at 60° 
angles and an open-area ratio of 22 per cent. With such a wall configuration, 
both a noticeable slot flow curvature effect and a strong differential-resistance 
wall effect should be produced. Typical results of this test series are presented 
in Fig. 9.19. The experimental results coincide much better with theory 
than do the results obtained using conventional slots without cover plates. 
It should be noted that the test Mach number was somewhat smaller than 
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1.20, as is obvious from the generally high pressures along the model surface 
(see Fig. 9.19). 

T h e test with the slotted walls and cover plates of the differential-
resistance type indicates that it is possible to obtain fairly reliable test 
results for cone-cylinder models in the Mach number range near 1.20. 
However, in the selected case of the cone-cylinder model, the concentrated 
shock waves were of small intensity, that is, the initial conical shock produced 
at the tunnel wall was no more than one-fifth of the entire pressure rise 
produced by the model. With other models which produce strong shock 
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1WK—T 
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F I G . 9.19. Pressure distribution along surface of cone-cylinder model in conventional 
slotted wall test sections and in combination slotted test sections with differential-

resislance-type cover plates al M = 1.20.' 

waves the conditions may be more severe. In these cases reflections from the 
large area of solid wall between the slots will meet the model before the 
intensity is sufficiently reduced by the counteracting effect of the expansion 
waves originating at the slots. 

A comparison between the results obtained with cone-cylinder models in 
perforated test sections and in longitudinally slotted sections with perforated 
cover plates indicates that more reliable test results were obtained near 
Mach number 1.20 when perforated walls of the differential-resistance type 
were employed. 
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5. RESULTS OF WIND TUNNEL TESTING WITH THREE-
DIMENSIONAL MODELS IN PERFORATED TEST SECTIONS 

AT VARIOUS MACH NUMBERS AND BLOCKAGE RATIOS 
In the preceding section the emphasis was placed on test results obtained 
with 2 per cent blockage cone-cylinder models in perforated test sections at 
Mach number 1.20. Some additional typical test results obtained using 
cone-cylinder and cone-ogive-cylinder models in perforated test sections 
with varying blockage and open-area ratios of the wall will be presented 
and discussed in this section. In all these tests the wall geometry was selected 
according to the differential-resistance principle. In particular, holes with 60° 
inclination and a ratio of hole size to wall thickness of 1.0 were used to 
produce the differential-resistance character. 

a. Cone-cylinder model with 2 per cent blockage al subsonic and supersonic Mach 
numbers 

The same 2 per cent blockage cone-cylinder model discussed in the 
preceding section was utilized to obtain test results over the entire transonic 
Mach number range, that is, from high subsonic to supersonic Mach 
numbers of 1.4. The test results were first obtained in the AEDC transonic 
model tunnel (12 in. test-section height) in a test section having differential-
resistance walls with a 6 per cent open-area ratio. Then the same models 
were transferred to the full-scale 16 ft transonic wind tunnel o f the AEDC, 
and again test data were obtained over the identical Mach number range. 
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FIG. 9.20. Pressure distribution of cone-cylinder model in perforated test section for 
various Mach numbers (6 per cent open-area ratio, 60^ inclined holes, d = \ in., 
I = \ in., parallel wall setting) (D = cylinder diameter, x = axial distance behind 
apex) (unpublished dala by Gardenier and Eslabrooks obtained in the AEDC transonic 

model tunnel). 
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Since in the latter case, the blockage ratio dropped to the extremely small 
value of 0.008 per cent, the data resulting can be considered to be practically 
interference-free. 

Pressure distribution curves for the 2 per cent blockage model are com­
pared with the interference-free distributions shown in Fig. 9.20 for Mach 
numbers 0.95, 1.1, 1.2, and 1.4. The Mach number range around Mach 
number one is not included in this figure. Agreement between the da ta 
from the 2 per cent blockage model and from the interference-free test of 
the 20° cone-cylinder model is satisfactory. Though the influence of wave 
reflections can be recognized at all supersonic Mach numbers, their mag­
nitude is reasonably small. 
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Fio. 9.21. Pressure distribution of cone-cylinder model in perforated test section with 
various open-area ratios for M = 7.00 (60° inclined holes, d = J in., t = \ in.) 
(unpublished dala by Gardenier and Estahrooks obtained in the AEDC transonic 

model tunnel). 
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b. Cone-cylinder model with 2 per cent blockage in differential-resistance test sections 
wilh different open-area ratios near Mach number one 

Some test results obtained with the 2 per cent blockage cone-cylinder 
model in the test section with 6 per cent open walls discussed previously are 
presented in Figs. 9.21 and 9.22 at the most sensitive Mach numbers of 1.00 
and 1.05. In these cases the test results exhibit large disturbances. 

6 % O P E N A R E A ! 

WALL ANGLE ft, 'On i in 

P« LOCAL PRESSURE 
P„-TOTAL PRESSURE 

D« CYLINDER DIAMETER 

« • AXIAL DISTANCE 
BEHIND APEX 

l ! 5% OPEN AREA| 

Q • 4 0 min DIVERGENT 

FIG. 9.22. Pressure distribution of cone-cylinder model in perforated test section with 
various open-area ratios for M = 1.05 (60° inclined holes, d = \ in., t = lin.) 
(unpublished data by Gardenier and Eslabrooks obtained in the AEDC transonic 

model tunnel). 

As pointed out in Chapter 8, it can be expected that in the Mach number 
range around one the open-area ratio of perforated walls must be reduced 
in order to accomplish suitable matching between shock cross-flow charac­
teristics on the one hand, and wall cross-flow characteristics on the other 
hand. In order to check this conclusion the same model was investigated in 
perforated test sections having the same hole geometry but with the open-
area ratio reduced from 6 per cent to 3 and 1.5 per cent, respectively. 
Typical results for the smaller open-area ratios are also presented in Figs. 
9.21 and 9.22. As expected, the less open walls produced smaller wall 
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interferences in the Mach number range under consideration than did the 
6 per cent open wall. At Mach number one, a wall with 1.5 per cent open-
area ratio and a wall setting of 40' divergence gave the least interference; 
at a Mach number of 1.05, the open-area ratio of the wall should be in­
creased to approximately 3 per cent with the wall setting parallel. 

In view of the test results over the entire transonic Mach number range, 
it is apparent that a 6 per cent differential-resistance wall would be capable 
of producing reasonably interference-free data in the subsonic Mach 
number range up to 0.95. As Mach number one is approached, the wall 
should be closed to approximately a 1.5 per cent or less open area. When 
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F I G . 9.23. Pressure distribution of cone-cylinder models of different blockage ratios in 
perforated test sections at Al = 1.10 (6 per cent open-area ratio, 60^ inclined holes, 
d — \ in., t = I in.) {unpublished data by Gardenier and Estabrooks obtained in the 

AEDC transonic model tunnel). 

the Mach numbei is further increased to Mach 1.05. the wall should be 
opened again to 3 per cent open area, and the opening should be increased 
up to 6 per cent for Mach numbers of 1.1 and above. It should be remem­
bered, however, that such variation of the open-area ratio of a perforated 
wall would be required mainly when the emphasis of the wind tunnel 
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testing was placed on obtaining correct pressure distributions over the model. 
If the emphasis is placed on force or moment measurements of complete models, 
reasonably good data even in the most critical range of Mach number one 
and above, can frequently be obtained with walls having the same geometry 
because a compensating effect is produced over the model surface. Some of 
those measurements are given in Section 5e of this chapter. 
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FIG. 9.24. Pressure distribution qf cone-cylinder models of different blockage ratios in 
perforated test sections at M = 1.20 (6 per cent open-area ratio, 60° inclined holes, 
d = J in., t = I in.) (unpublished data by Gardenier and Estabrooks obtained in the 

AEDC transonic model tunnel). 

c. Cone-cylinder models with different blockage ratios 

Cone-cylinder models with the same 20° cone angle and blockage ratios 
of \ , 2, and 4 per cent were tested in the AEDG transonic model tunnel. 
T h e same wall geometry was utilized for these tests, that is, a 6 per cent 
open wall with 60° inclined holes. The test results presented in Figs. 9.23 
and 9.24 compare the data for these models with those for the 0.008 per cent 
blockage model which can be considered to be practically interference-free. 
It is remarkable that even the large 4 per cent blockage model still yields 
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reasonably good pressure distribution data. This is more surprising in view 
of the fact that the test Mach numbers for the 4 per cent blockage model 
were obviously somewhat lower than the nominal values of Mach numbers 
1.1 and 1.20. 

In contrast the data for the £ per cent blockage model show noticeable 
deviations from the interference-free data. This surprising result is not 
explained completely and requires further detailed probing before the 
cause o f t h e phenomena can be determined. It might be that the selected 
wall geometry is most suitable for testing of relatively large models which 
produce strong disturbance wave systems. For the weaker waves which are 
produced by the small £ per cent blockage model, a wall of a different 
geometry might be more advantageous. In support of this point, it should 
also be remembered that the wall utilized in the test series was developed 
by using a 2 per cent blockage model. Naturally therefore the 2 per cent 
blockage model produced the best correlation with interefrence-free data 
in this test section. 

d. Pressure distribution measurements for cone-ogive-cylinder models in perforated 
lest sections 

T h e cone-cylinder models utilized in the experimental investigation dis­
cussed previously develop a strong concentrated expansion wave system 
around their shoulders. This concentrated expansion wave system causes 
many difficulties in matching model and wall characteristics. In some phases 
of the AEDC testing, therefore, the shoulder of these models was rounded, 
and the resulting cone-ogive-cylinder models were investigated through 
the same Mach number range. The cone angle of these models was again 
20° total, and the radius of the ogive was ten times the diameter of the 
model cylinder. 

Models of different sizes were built which produced 2 per cent blockage 
in the small transonic model tunnel and \ per cent blockage in the full-scale 
transonic wind tunnel of the AEDC. Some unpublished data from this test 
series, conducted by Gardenier and Estabrooks, arc shown in Fig. 9.25. In 
this case, as in the case of the cone-cylinder model tests, the test results up 
in Mach number 0.95 and above 1.2 indicate satisfactorily small wall inter­
ference effects. In the low supersonic Mach number range, however, definite 
wall interference effects are noticeable, particularly at Mach numbers 1.0, 
1.05, and 1.1. Again, it should be possible to develop a wall geometry which 
produces small wall interference in the lower supersonic Mach number 
range, as was the case for the cone-cylinder models. This possibility has not 
been verified, however, since too few systematic measurements of contin­
uously-curved bodies of revolution have been conducted in transonic wind 
tunnels to permit a comparison with interference-free data . 

e. Force measurements on cone-cylinder models wilh different blockages 

As mentioned before, the pressure distribution measurements along the 
surface of models reveal most clearly the interference effects produced by 
reflections from the wind tunnel wall. Since force measurements produce 
an integrated effect over the entire surface ofthe models, many ofthe pressure 
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disturbances will disappear because of mutual compensation of the various 
disturbance regions. Consequently it can be expected that, in many tests, 
force and moment measurements will produce reliable data, even when the 
pressure distribution measurements reveal noticeable interference effects. 

As an example of this phenomena, some normal force and moment 
coefficient test results for cone-cylinder models in the Mach number range 
from 0.6 to 1.6 are shown for a model with 1 per cent blockage and a model 
with 0.01 per cent blockage. The 1 per cent blockage tests were conducted 
in the AEDC transonic model tunnel; the 0.01 per cent blockage tests were 
conducted with another cone-cylinder model in the full-scale transonic 
wind tunnel of the AEDC. The walls in both cases were of the differential 
resistance type, 6 per cent open, with inclined holes of 60°. 

The slopes of the normal force and moment coefficients of both models, 
determined for the angle-of-attack range near a = 0° are shown in Fig. 9.26. 

- 1 . 0 
NORMAL FORCE COEFFICIENT 

Cm-MOMENT COEFFICIENT RELATED ' 

- NOSE xX> — i C m / i a > 0 
O.AN0LE OF ATTACK IN DEO 

I i I i I L 
10 LZ 

MACH NUMBER 
1.4 1.6 

FIG. 9.26. Force measurements of cow-cylinder model with LjD = 10 in. in perfor­
ated test section around angle qf attack — 0° (6 per cent open walls, 60° inclined 
holes, d — J in., ' = J in.) (unpublished data by Gardenier and Eslabrooks ob­

tained in the AEDC transonic model tunnel). 

The correlation between the two sets of data is very satisfactory considering 
the fact that two different models in two different wind tunnels were used for 
these tests. 

In summarizing the test results obtained from various models of axial 
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symmetry in transonic test sections, it can be concluded that reasonably 
accurate pressure distributions, and, in particular, force and moment data, 
can be obtained with 1 per cent blockage models in transonic test sections 
through the entire subsonic, sonic, and supersonic Mach number range 
with the desired differential-resistance-type walls. However, when precise 
pressure distribution measurements are required in the immediate vicinity 
of Mach number one and slightly above, it will be necessary to study the 
interference flow pattern more closely. Additional preliminary tests with 
walls of a small open-area ratio and possibly different wall geometry might 
be required in order to cover this range satisfactorily (see also Chapter 10). 
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C H A P T E R 10 

TYPICAL TEST RESULTS FROM COMPLETE 
AIRPLANE MODELS IN TRANSONIC WIND 

TUNNELS 

T h e preceding chapter discusses methods for transonic testing of individual 
airplane components in different types of transonic test sections. However, 
reliable testing to determine the aerodynamic characteristics of new aircraft 
is possible only when the conclusions from suitable test configurations, 
arrived at on the basis of individual component tests, also hold true for 
complete airplane tests. Therefore the critical evaluation of complete air­
plane test results is the final check of the testing possibilities of transonic 
wind tunnels. 

I. INFLUENCE OF FLOW N O N - U N I F O R M I T I E S 
In Chapter 9, it was demonstrated that force and moment measurements 
for bodies of revolution frequently produce satisfactory results, even when 
the pressure distribution along the surface of the models indicates consider­
able disturbance due to incomplete cancellation of wave reflections or to 
ot l .er causes (see Fig. 9.26). This result can be readily understood since 
forces and moments of complete models are produce ' by the integrated 
local pressures along the model surface; there is usually therefore a compen­
sating effect to such disturbances. 

In some transonic test sections, however, flow non-uniformities occur 
which arc not produced by the test model itself. They already exist in 
the empty test section. Such non-uniformities may be caused by wall 
irregularities, by incorrect distribution of the open area of slotted and 
perforated walls, or by boundary layer effects. 

A brief systematic study was conducted by the NACA to determine 
experimentally to what extent a typical disturbance in an otherwise satis­
factorily uniform test-section flow influences the aerodynamic character­
istics of a complete airplane model.1 The tests were performed in the NAGA 
8 ft wind tunnel where a circular test section with solid walls was installed. 
T h e Mach number distribution along an axial line at a distance 1 in. from 
the centerline o f the tunnel is shown in Fig. 10.1. I t was generally uniform 
except for a pronounced dip which reduced the Mach number locally from 
the average value of Mach 1.20 to approximately 1.15. This deficiency of 
A M = 0.05 extended over a range of ± 1 in. radial distance from the tunnel 
centcrlinc and decayed gradually at larger distances. For example, at a 
distance of 7 in. from the centerline the disturbance was reduced to A M 
= 0.022. Also the Mach number dip extended obliquely out from the center-
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line along approximately the Mach 1.20 lines. No detailed measurements of 
the flow inclination were made ; however, it may be assumed that flow 
inclination disturbances were small. 

A complete airplane model with a span of approximately 18 in. was 
placed in the test section at different axial locations. During one test series 
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FIG. 10.1. Much number distribution for NACA 8ft wind tunnel / in. from tunnel 
centerline at three different axial locations.' 

the main wing was exposed to the Mach number disturbance. Then the 
model was positioned further forward so that the disturbance was first 
positioned between wing and tail and, finally, in the tail area (see Fig. 10.1). 
At the three locations indicated, the lift, moment and drag coefficients of 
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the complete model were measured (Fig. 10.2). It is apparent from the test 
results that a flow non-uniformity with a Mach number decrement of 
A M = 0.05 need not produce significant irregularities in the model aero­
dynamic parameters greater than the accuracy of normal wind tunnel 
testing. This result is particularly noteworthy in view of the fact that the 
disturbance extended outward along the Mach 1.20 lines, and in addition, 
the aerodynamic centerline of the wing was swept back at an angle which 
also corresponded roughly to the Mach lines. Because of this coincidence 
maximum interference flow disturbance and wing characteristics would be 
expected to occur in this Mach number range. 

LONGITUDINAL LOCATION OF FLOW DISTURBANCE 
O IN REGION OF MODEL WING 
D BETWEEN MODEL WING AND TAIL 
O IN REGION OF MODEL TAIL 
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FIG. 10.2. Lift, drag and //itching moment coefficients qf an airplane model for three 
positions of flow disturbances along the length of the model for M = 1.2,2 

T h e conclusion may therefore be drawn that flow non-uniformities of 
the type found in the brief test series described above can be tolerated without 
seriously compromising the validity of the aerodynamic test parameters of 
complete models. 

I t must be remembered, however, that in this test series only a disturb­
ance of the local Mach number occurred; the local flow direction, although 
not determined experimentally, was probably quite small. If a Mach 
number or flow-inclination non-uniformity extends over an axial distance 
which is small compared with the chord length of the wing or tail surface, 
the influence of such non-uniformity may be expected to be small. On the 
other hand, if the axial extent of a disturbance region exceeds the chord 
length of the wing or tail, the measured forces on the wing and tail may be 
significantly impaired (see also Ref. 2). In judging the permissibility of 
flow disturbances in wind tunnel testing, not only must the disturbance 
magnitude be considered but also, and more significantly, the extent of the 
disturbance related to the characteristic length of the wing and tail of 
the complete model. 
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2. COMPARISON OF FORCE MEASUREMENTS FOR A 
FUSELAGE-WING MODEL IN SLOTTED AND 

PERFORATED TEST SECTIONS 
In order to investigate the relative merits of different transonic test sections 
a simple "fuselage-wing" model with 1.0 per cent blockage was investi­
gated in the A E D C transonic model tunnel using both longitudinally 
slotted and perforated test sections.3-4 The same model was also tested in 
the W A D C 10 ft transonic wind tunnel where the blockage was only 
0.014 per cent. Data obtained in this latter tunnel may be assumed to be 
practically interference-free, except possibly in a narrow Mach number 
range around Mach number one. The model shown in Fig. 10.3 had a 

FIG. 10.3. Photograph of fuselage-wing model ror transonic testing: 

fuselage with a cylindrical afterbody and a swept-back wing. The instal­
lation in the transonic model tunnel is shown in Fig. 10.4. Force measure­
ments were obtained for drag and lift in the angle-of-attack range from —2' 
to + 3 \ ° . The moments could not be determined owing to a malfunction 
of the moment measuring elements of the balance. 

a. Testing in slotted lest sections 

The slotted test sections used in the test series at WA D C and A E D C 
had sixteen slots and a total open-area ratio of 11 per cent. The slot was 
tapered at the upstream end of the test section in order to provide uniform 
flow through the Mach number range. Supersonic flow was obtained using 
a sonic nozzle ahead of the test section and plenum chamber section.4 

Lift coefficients for the model as a function of angle of attack are shown in 
Fig. 10.5 for various Mach numbers between Mach 0.80 and 1.10. Obviously 
the results from the transonic testing of the 1.10 per cent blockage model 
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were not greatly affected by placing the top and bot tom walls at 30' diverg­
ent, parallel, or 30' convergent settings. The setting of only two walls was 
changed. The lift coefficients obtained in the 10 ft W A D C wind tunnel 
coincided well with the model tunnel data . It can thus be concluded that 
reliable lift coefficient measurements can be obtained for small angles of attack 
( ±4° ) u s i " g wing-fuselage models with blockage ratios of 1.10 per cent in 
longitudinally slotted test sections. 

-12.00-

0.33—)~j(- -J2.66) *\ 

WALL CROSS SECTION A - A 
MAXIMUM OPEN A R E A ' 1 1 % 

-SUPPORT STRINGERS 

30 ,3 (DISTANCE FROM NOZZLE EXIT) 

SUPPORT STRUT -

BOTTOM WALL- T- f - l 
©---(DIVERGED) 

z_ -DIFFUSER FLAP 

FIG. 10.4. Installation of fuselage-wing model in slotted lest section? 

Drag coefficients were also determined for the same model in both wind 
tunnels. T h e general trend of the drag curves as a function of the lift coeffi­
cient is in reasonable agreement through the transonic Mach number range 
although there is a more noticeable shift in the curves (see Fig. 10.5). T h e 
drag coefficients for zero lift were measured more closely over the same 
Mach number range; both the total measured drag and the fore drag of 
the model are shown in Fig. 10.6. It is apparent that in the supersonic Mach 
number range between 1.04 and 1.20 significant irregularities occurred 
which were obviously caused by wave reflections from the slotted test-
section walls. A change of the wall setting from 30' divergent to 30' con­
vergent did not produce significantly different results. 

b. Testing in perforated test section 

The same fuselage-wing model was also tested in a perforated test section 
having an 11.8 per cent open-area ratio. The walls, iV in. thick and provided 
with straight holes TV in. in diameter, were selected as suitable on the basis 
of preliminary tests conducted in the same model tunnel using similar 
models and a variety of geometry walls. Wall settings of 30' diverged, 
parallel, and 30' and 45 ' converged were used.3 
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Lift coefficient as a function of angle of attack at Mach numbers 0.80, 
1.00 and 1.10 are shown in Fig. 10.7. At both convergent wall settings the 
agreement between the WADG interference-free data and the model 
tunnel data was very good. The divergent setting, however, produced a 
noticeably smaller lift-curve slope than did the WA D C tunnel. This dis­
crepancy was greatly reduced when the walls were placed at parallel 
setting. Good agreement between model tunnel and large tunnel measure­
ments was again exhibited by the drag test results when the walls were 
placed at a convergent setting (see Fig. 10.7). The influence of wall setting 
can be mainly attributed to differences in wall boundary layer formation as 
discussed later. 

Drag results with the model for zero lift are shown in Fig. 10.8. The 
fore-drag coefficients obtained in the model tunnel are in excellent agreement 
with the WADC data. The influence of the wall setting is negligibly small 
and within the accuracy o f the test. It must be remembered, however, that 
the fore drag is not a very sensitive parameter since it is the base drag 
which is mainly influenced by shock reflection. 

The total drag coefficients showed a large influence from the reflected 
waves when the wall was placed at the divergent setting and also, to a 
smaller degree, at the parallel wall setting. For these conditions the bound­
ary layer along the wall can be expected to be comparatively thick, and, 
in agreement with previous tests on two-dimensional shock reflection 
characteristics (see Chapter 8), intense shock reflections occurred. At the 
converged wall settings of —30' and —45', that is, at wall settings which 
produce thin boundary layers, shock reflections were greatly reduced so 
that the total drag coefficients of the model tunnel coincided satisfactorily 
with the practically interference-free data obtained in the large WA D C 
wind tunnel. However, the drag coefficient determined at Mach number 
1.02 in the WADC tunnel is obviously influenced by wave reflection from 
the wall (see Fig. 10.8). In the model tunnel, wave reflection at this Mach 
number was effectively eliminated. 

In the subsonic speed range, the drag values for the converged settings of 
the perforated model tunnel walls are somewhat larger than the corres­
ponding values obtained from the WADG wind tunnel. At subsonic Mach 
numbers the best agreement was obtained when the walls were set parallel; 
a t supersonic Mach numbers best agreement was obtained when the walls 
were converged —30' or —45'. The exact reason for this discrepancy is 
not fully known. It might be an indication of the axial pressure gradient 
which is established by the interference flow around a model in perforated 
test sections and is accentuated by wall convergence because ofthe reduction 
of the wall boundary layer thickness. Possibly also a difference in the 
turbulence of Reynolds number level of the two tunnels might have caused 
this difference in the measurements of base drag. 

c. Comparison between slotted and perforated test-section results 

The tests of the wing-fuselage model in the transonic model tunnel with 
both longitudinally slotted and perforated test sections show that reliable 
data can be obtained with both types of test sections in the subsonic and 
sonic Mach number range when the geometry of the test-section walls is 
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TYPICAL TEST RESULTS FROM COMPLETE A I R P L A N E MODELS 

properly chosen. In the supersonic Mach number range, however, the longi­
tudinally slotted test section was found to be incapable of effectively elim­
inating the wave reflections from the tunnel wall so no reliable drag data 
could be obtained. On the other hand, with perforated test sections, wave 
reflection disturbances could be effectively minimized when the walls were 
placed at converged settings of —30' or —45', in order to keep the wall 
boundary layer thin. 
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FIG. 10.8. Fore-drag and total-drag coefficients for wing-fuselage model in perforated 
lest section in comparison with interference-free data? 

On the basis ofthe comparative tests with a 1.10 per cent blockage model 
and as a result of a large number of other tests, it can be stated that the 
greater potential for testing complete airplane models through the transonic 
Mach number range lies with suitably shaped perforated test sections, 
particularly when special emphasis is to be placed on the supersonic Mach 
number range. 

3. TESTS IN SLOTTED TEST SECTIONS 

a. Tapered unswept wing in slotted model tunnel 
The NAGA conducted a series of transonic wind tunnel tests with several 

semi-span wings in a small model tunnel having a cross section of 6.25 x 
4.50 in. (Ref. 5). These wings were mounted on one of the solid side-
walls of the tunnel; the upper and lower walls were equipped with eighteen 
slots per wall, producing open-area ratios of 20 and 12.5 per cent, respec­
tively. (Open-area ratio is related to the area of the upper and lower wall 
only—see Fig. 10.9.) The semi-span of the wing was 4.24 in., that is, 68 per 
cent of the width of the tunnel; blockage thus amounted to 1.9 per cent of 
the tunnel cross section at zero angle of attack. The aerodynamic parameters 
of the wing were determined through the transonic Mach number range in 
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the small slotted model tunnel and then in the large NACA 7 x 10 ft tunnel 
to permit comparison. Data obtained in the large 7 x 10 ft tunnel may be 
assumed to be interference-free. 

Some of the results relating to the lift and pitching moment character­
istics obtained during this test series are presented in Figs. 10.10a and b . 
The 20 per cent open walls were too open and produced lift curve slopes 
much like open wind tunnel data. The 12.5 per cent open walls, however, 
produced results which compared well with the data obtained in the large 
7 x 10 ft wind tunnel. 

The slopes of the lift and moment curves determined at zero lift are 
presented for several tunnel configurations in Figs. 10,11a and b. The lift 
curve graph also compares data obtained from the closed and open wind 
tunnels to which no corrections for wind tunnel boundary effects were 
applied. Again the data from the 12.5 per cent open slotted wind tunnel 
coincide well with the data from the 7 x 10 ft wind tunnel. In particular, 
the large boundary effects which are evident in the data obtained using the 
closed and open wind tunnels are greatly reduced in both slotted wind 
tunnels. Only in the Mach number range slightly above Mach number one, 
do significant deviations occur between the interference-free 7 x 10 ft wind 
tunnel data and the data obtained in the small 12.5 per cent open slotted 
wind tunnel. The observed agreement between the various test results is 
particularly remarkable when effects of the wall boundary layer and the 
existence of a gap around the semi-wing are taken into consideration. 

The curves for the pitching moment slopes (Fig. 10.11b) for both slotted 
wind tunnels largely coincide. However, noticeable deviations occur be­
tween the data obtained in the slotted wind tunnels and the data obtained 
in the interference-free 7 x 1 0 ft wind tunnel since the model wing was 
obviously too large for the small model test section. 

In the same NACA test series a smaller wing having a similar plan and 
with the blockage ratio reduced from 1.9 per cent to 0.7 per cent was also 
tested in both the previously-defined slotted model wind tunnels and in the 
full-scale 7 x 10 ft wind tunnel. The results from the model and full-scale 
tunnel tests coincide closely.5 

In these same tests the trend of the drag rise due lo lift was in good agree­
ment for the test series in the three tunnels. However, the results were not 
conclusive for the absolute level of the drag coefficient through the Mach 
number range, conceivably because of the small size of the models used. 

The results of these early NACA tests indicate that the slotted wind tunnel 
is indeed a very effective means of eliminating choking and reducing 
boundary interference effects in the transonic Mach number range. Even 
with large wings having a span 68 per cent of the tunnel width, the test 
results obtained match the trend of the interference-free data reasonably 
well as far as lift and pitching moments are concerned. 

b. Wing-fuselage model in full-scale slotted test section 

A typical fuselage-wing model with a 45° swept-back wing was investi­
gated through the transonic speed range in both the NACA 8 ft transonic 
wind tunnel and the NACA 16 ft wind tunnel at Langley Field.6 Two 
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models were built, the small one having a fuselage length of 32.6 in. and a 
24 in. wing span and the larger one having a fuselage length of 100 in. 
and a 73 in. wing span (Fig. 10.12). The blockage of the small model 
amounted to 0.2 per cent in the 8 ft tunnel and 0.04 per cent in the 16 ft 
wind tunnel. The blockage of the large model in the 16 ft wind tunnel 
was 0.38 per cent. Both the 8 ft and the 16 ft wind tunnel walls were of the 
longitudinally slotted type. T h e 8 ft wind tunnel had twelve slots for an 
open-area ratio of 11 per cent (see Ref. 7). The 16 ft transonic wind tunnel 
had eight slots for an open-area ratio of 12.5 per cent (see Ref. 8). The 
Reynolds number of the small model was approximately 5.8 x 108 based 
on the mean aerodynamic chord of the model wings. 
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Some typical measurements of the aerodynamic characteristics of the 
model configurations are presented in Figs. 10.13-10.15. The correlation at 
all Mach numbers within the test range is very good. Not merely the general 
trends of the aerodynamic parameter curves but also the quantitative values 
are reasonably well matched. Only in the case of the pitching moment 
characteristics as a function of the lift coefficient are some differences 
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WING DETAILS 
AIRFOIL SECTION 

(PARALLEL TO PLANE OF SYMMETRY) NACA 65A0O6 
AREA, SO. FT. I 
ASPECT RATIO 4 
TAPER RATIO 0.6 
INCIDENCE, DEG. 0 -25 CHORD UNE 
DIHEDRAL, DEG. 0 

C = 6.125 

FUSELAGE DETAILS 
FINENESS RATIO 9.8 
BASE DIAMETER 1.88 
STING DIAMETER AT BASE 1.42 

32.605 

FIG. 10.12. Sketch of wing-fuselage model in NACA 8 ft transonic wind tunnel tests? 

FIG. 10.13. Lift coefficients as function of angle of attack for NACA transonic 
wing-fuselage model? 

214 



TYPICAL TEST RESULTS FROM COMPLETE AIRPLANE MODELS 

between the measurements of the large and small models noticeable in the 
Mach number range near Mach number one. 

A cross plot of the drag coefficients for the same models a t 0° and 4° 
angle of attack is presented in Fig. 10.16. Agreement among all three 
measurements at zero angle of attack is very good; although some deviations 
occur in the subsonic Mach number range below 0.9 at 4° angle of attack. 
However, in the transonic speed range the levels again coincide satisfac­
torily at this angle of attack. These observed drag deviations may be attri­
buted to small differences in lift coefficient occurring during the various 
test series. In the supersonic Mach number range shock interference with 
the drag measurements is clearly indicated by the waviness of the drag 
curves in this speed range. Unfortunately, in the large 16 ft tunnel the 
measurements were taken only to Mach number 1.07; the test range in the 
8 ft wind tunnel extended to Mach 1.13. Thus no direct comparison is pos­
sible in the supersonic Mach number range between Mach 1.07 and 1.13. 

.BC 

.72 

.64 

. 5 6 
o 

o 
- . 4 8 

X-
-2. 
u 
u . 4 0 
u. 
b. 

g .32 

"T 

a 24 

Small Model in 16ft TT (Plain Symbols) 

— Small Model in SftTT (Flagged Symbols) M_,QO 
— Large Model m I6I1T T (Crossed Symbols) 

O O O 
ANGLE OF ATTACK, a deg 

FIG. 10.14. Drag coefficient as function of angle of attack for NACA 
transonic wing-fuselage model? 

The results of the test series just described indicate that wall interference 
in tests of single-wing and tailless airplane configurations in the transonic 
Mach number range is reasonably small with respect to the quantitative 
lift and moment characteristics and the general trend of the drag curves. 
This conclusion is valid as long as the blockage ratio is kept below 0.38 per 
cent and the "wing-tunnel width" ratio is lower than 40 per cent. However, 
even at such low blockage area ratios, some supersonic interference effects 
are clearly noticeable in the measured drag curves. 

It should be remembered that the models used in these test series were 
not equipped with horizontal tails and, consequently, their sensitivity to 
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flow curvature effects was greatly reduced. At the present time there are 
no published results from any systematic test series in slotted wind tunnels 
which would permit the definition of wall interference from complete air­
plane models having horizontal tail surfaces and different blockage ratios. 

4. TESTS IN PERFORATED TEST SECTIONS 

a. "Wing-fuselage" AGARD model " B " in model and full-scale wind tunnels 
The AGARD model B, which consists of a fuselage with cylindrical 

center section and a delta wing, was tested at various blockage ratios in the 
transonic model tunnel and in the full-scale 16 ft transonic wind tunnel of 
the AEDC. 9 - 1 0 Sketches o f the models are shown in Fig. 10.17. One model 
was built to produce 2£ per cent blockage in the transonic model tunnel 

.04 — I 1 1 • 1 1 1 
Small Model in 16ft TT 

_ Small Model in8ft TT Ragged Symbols 
Large Model in l6 f iTT Crossed Symbols 

.8 .9 
MACH NUMBER, 

FIG. 10.16. Drag coefficient as function of Mach number for 0° and 4° angle of attack 
for NACA transonic wing-fuselage model? 

and 0.01 per cent blockage in the full-scale tunnel. Another larger model 
had a blockage of 1.15 per cent in the full-scale tunnel. T h e Reynolds numbers 
for these comparison tests were R e = 0.9-108 for the small model in the 1 ft 
model tunnel, Re = 0.5-106 for the small model with 0 .01% blockage in the 
full-scale 16 ft tunnel, and R e = 4.2-106 for the large model with 1.15% 
blockage in the 16 ft tunnel. (Reynolds numbers are based on the model 
fuselage diameter.) Both the model tunnel and the full-scale tunnel were 
equipped with differential-resistance perforated walls having an open-area 
ratio of 6 per cent (Ref. 11, and Chapter 8). 

Some results from these tests for lift, pitching moment, and drag at 
several Mach numbers are presented in Figs. 10.18-10.20. Agreement 
among all three model tests is within acceptable limits. 

The drag coefficient and the slopes of the lift curve and the pitching 
moment curves, dCLjSa and 8CmjdCL for C L = 0, are presented in Fig. 
10.21 as a function of Mach number. In general the agreement is reasonably 
good. The slight variations are within the accuracy of the testing. This fact 
is particularly remarkable when the differences in Reynolds numbers men­
tioned above are taken into consideration. 
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b. "Wing-fuselage, horizontal tail" AGARD model " C " in model and full-scale 
wind tunnels 

The same models which were tested without a horizontal tail (described 
in the preceding section—AGARD model B) were later modified. An 
elongation of the cylindrical fuselage and a horizontal tail were added (see 
Fig. 10.17). By this modification, the A G A R D models C become more 
sensitive to flow curvature, and, hence, more suitable for checking the wall 
interference in transonic wind tunnels. The two models built for this test 
series had the same blockage ratios as the A G A R D model B. (Model 
tunnel: 2 \ per cent blockage; full-scale tunnel: 0.01 and 1.15 per cent 
blockage.) 

AGARD MODEL B 

\ ^ K J 
-

AGARO MODEL C 
( T M . SURFACES AOCC0 TO HOOCL fi) 

FIG. 10.17. AGARD calibration models B and modified C (airfoil surfaces— 
symmetrical 4°a circular arc).10 

Typical measurements of the aerodynamic characteristics of A G A R D 
models C are presented in Figs. 10.22-10.24. The curves for the fore-drag 
coefficients are in close agreement for all three model blockages investi­
gated, but the lift curves, and especially the moment curves, show some 
differences that appear to grow with the relative size of the models. 

The increased wall interference with increased model blockage is also 
noticeable on the curves showing the lift and pitching moment slopes and 
the drag coefficients for zero lift (see Fig. 10.25). Some of the differences 
may be the result of different boundary layer development along the models 
in the tvyo wind tunnels. An indication of such a boundary layer influence 
seems to be noticeable in the pitching moment results for subsonic Mach 
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TRANSONIC WIND TUNNEL TESTING 

numbers (Fig. 10.23): the curves for pitching moment as a function of lift 
coefficient exhibit a noticeable S-shape in tlie case of the small model in 
the 1 ft tunnel ; the curves for this small model and for the large model in 
the full-scale tunnel do not show a similar S-shape. Such S-shapes in pitching 
moment curves are a typical indication of large boundary layer influence 
on the aerodynamic parameters. 

The measurements made with A G A R D models C do not indicate strong 
wave reflection interference. I t is instead apparent from the gradual and 
smooth type of the deviation among the pitching moment curves that 
widely distributed wall interference effects, not wave reflections, are prob­
ably responsible for the observed discrepancies. 
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F I G . 10.21. Fore-drag coefficients and slopes of lift and pitching moment curves as 
function ofAlach number for AGARD model B in model and full-scale test sections?-10 

In general, however, the model with 1.15 per cent blockage exhibited 
lift, pitching moment , and drag coefficients which coincide reasonably 
well with the measurements obtained with the interference-free 0.01 per 
cent blockage models. 
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TRANSONIC WIND TUNNEL TESTING 

c. Airplane model with unswept wing and horizontal tail surface in different wind 
tunnels 

Two different sized models of a transonic airplane were investigated 
through the transonic speed range in two perforated wind tunnels at the 
Cornell Aeronautical Laboratory (Ref. 12). These models had straight 
unswept wings and horizontal tails which made them sensitive to changes 
of flow curvature. One model was built with a 6 in. wing span, the second 
with an 18 in. span. 
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F I G . 10.25. Fore-drag coefficient and slopes of lift and pitching moment curves as 
funclion of Alach number for AGARD model C in model and full-scale perforated 

test sections at zero lift?-10 

T h e model airplanes were tested in perforated wall wind tunnels 3 x 4 ft 
and 1 x 1 ft in cross section, respectively. The small model had a blockage 
of 0.79 per cent and a ratio of wing span to tunnel width of 0.50 in the small 
wind tunnel and a blockage of 0.07 per cent and a wing span to tunnel 
width ratio of 0.17 in the large wind tunnel. The larger 18 in. wing span 
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TYPICAL TEST RESULTS FROM COMPLETE AIRPLANE MODELS 

model, tested only in the 3 x 4 ft transonic tunnel, had a blockage ratio of 
0.59 per cent and a ratio of wing span to tunnel width of 0.50. 

Some aerodynamic parameters determined in this test scries are presented 
in Figs. 10.26-10.28. The general shape o f t h e lift, pitching moment, and 
drag curves is the same for the small model tests in both the 1 ft and the 
4 ft tunnels. There are, however, some parallel shifts of the moment and 

FIG. 10.26. Lift coefficient curves for complete airplane model with horizontal tail 
in two perforated transonic wind tunnels qf Cornell Aeronautical laboratory.' ' 

- 6 i n . Model in 4M Tronsonic Tunnel 
(Pium Symbols) 

-6!n. Model in l i t Tronsonic Tunnel 

(Flogged Symbols) 

MOMENT COEFFICIENT, C m 

F I G . 10.27. Lift coefficient as funclion of filching moment coefficient for complete 
airplane model with horizontal tail in perforated transonic wind tunnels of Cornell 

Aeronautical Laboratory.' •' 

drag curves which can be only partially explained by slight differences in 
the set Mach number of the tests. 

The larger 18 in. wing span model was later tested in both the 4 ft 
transonic wind tunnel and a 12 ft subsonic wind tunnel. In the latter case 
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F K ; . 10.28. Drag coefficient for complete airplane model with horizontal tail in perfor­
ated transonic wind tunnels qf Cornell Aeronautical iMboratory?-

i'u;. 10.29. Lift and pitching moment coefficients at subsonic Alach numbers for 
complete airplane model with horizontal tail in perforated transonic wind tunnel and 

subsonic wind tunnel qf Cornell Aeronautical Laboratory?2 
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TYPICAL TEST RESULTS FROM COMPLETE AIRPLANE MODELS 

the wall interference was negligibly small so that a direct comparison of the 
transonic wind tunnel data with interference-free data was obtained. Some 
results are shown in Figs. 10.29 and 10.30. The agreement among the 
curves for lift, pitching moment, and drag coefficients is excellent. Not only 
the general trends of the curves, particularly in the region close *o stall, but 
also the quantitative results, are in good agreement. 

The lift curve slope, dCifda, and the drag coefficient at zero lift for the 
three configurations are presented in Fig. 10.31 as a function of Mach 
number. For this comparison the test results for the lift curve slope of the 
small model in the 4 ft wind tunnel were omitted for Mach numbers below 
0.90 because of some unexplainable irregularities which occurred during 
the testing. The general trends and the quantitative results for the lift curve 
slopes are in good agreement. The drag coefficients for all three wings also 

- 4 t t Tronsonic Tunnel 
(Plain Symbols) 

-12ft VDWT 
(Flogged Symbols) 

FIG. 10.30. Drag coefficient as function of lift coefficient al subsonic Alach numbers for 
complete airplane model wilh horizontal tail in perforated transonic wind tunnel and 

subsonic wind tunnel of Cornell Aeronautical laboratory?2 

coincide reasonably well. However, in the low supersonic range some wall 
interference is noticeable, obviously a result of incomplete cancellation of 
wave reflections at the tunnel wall. 

T h e agreement among the tests with the various complete airplane models 
is particularly significant because the unswept wings of these models were 
expected to present a considerably more severe problem of wave reflection 
cancellation over a larger range of Mach number than would models with 
swept-back or delta wing configurations. 

5. COMPARISON BETWEEN WIND TUNNEL AND 
FLIGHT TEST RESULTS 

A direct comparison between the aerodynamic characteristics of an airplane 
model which were measured in a transonic wind tunnel and those of the 
full-scale airplane which were measured during flight is possible in only a 
few instances. 
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In the case of a typical supersonic airplane with the wing swept hack 
approximately 35" and the tail surface likewise swept back horizontally 
and vertically, the Cornell Aeronautical Laboratory could obtain such a 
comparison.1 2 The model which had a wing span of 18 in. was tested in the 
Cornell 3 x 4 ft transonic wind tunnel with perforated walls. Some of the 
aerodynamic characteristics measured during both the wind tunnel and the 
flight test are discussed in the following paragraphs. 
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TYPICAL TEST Kl Sl LTS FROM COMPLETE AIRPLANE MODELS 

Agreement in the lift curve slope . ../. . x is very good (Fig. 10.32). The 
pitching moments show the same slope change above Mach 0.90; however, 
in the flight tests the slope . C,„ . x levels off at somewhat smaller values than 
it does in the wind tunnel test. Flight data are in good agreement with the 
wind tunnel data for neutral point location {dCm/dCi,) in the Mach number 
range slightly above Mach number one and seem to fall between the data 
obtained from the Cornell 4 ft wind tunnel tests and those obtained from 
the 8 ft Langley Field transonic wind tunnel. At the two highest Mach 
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numbers, 1,1 and 1.15, of the test series; however, the flight test points show 
a pronounced deviation from the curves obtained in both wind tunnels 
though the two wind tunnel curves themselves are in excellent agreement. 

In Fig. 10.33a some typical measurements o f t h e yawing stability para­
meters of the airplane are shown. In the wind tunnel tests the yawing 
moment stability parameter , dCnjdP, becomes much smaller as the Mach 
number approaches one; at higher Mach numbers a step recovery to 
higher values was exhibited. The flight test data do not show the pronounced 
reduction when the Mach number approaches one; however, they do 
indicate the general tendency towards larger values at Mach numbers 
slightly above one. A definite explanation of this discrepancy is not available. 
The differences could be due to the Reynolds number differences between 
the model tests (mean aerodynamic chord of only 4.7 in.) and the full-
scale flight tests. This explanation seems to be supported by transonic data 
from another wind tunnel in which the Reynolds number was somewhat 
higher than in the Cornell tests though it was still lower than that of the 
flight test. These latter tests indicate directional stability characteristics 
which I,ill between the flight lest and the Cornell wind tunnel test results. 

T h e general trend of the roll-stability parameter, dCt/8j3, agrees reason­
ably well (Fig. 10.33b), particularly beyond Mach number one, where the 
lateral stability values decrease rapidly in both the wind tunnel and the 
flight tests. This trend is especially evident in the flight test results at a 
lift coefficient of 0.2. However, the graph also demonstrates the great 
difficulty of obtaining measurements with a high degree of accuracy during 
flight testing. The scatter of the flight test points is considerable and defi­
nitely much greater than the scatter occurring with the better controlled 
conditions of wind tunnel testing. 

The side force stability parameter, cCv\'cfi, shown in Fig. 10.33c, exhibits 
no violent changes through the transonic Mach number range. The trends 
of both the wind tunnel data and the scattered data from the flight tests 
show reasonably good agreement. 

6. CONCLUDING REMARKS 
In view of the results obtained in transonic wind tunnel and flight testing, 
it is possible to state that even with wind tunnel models having an 18 in. 
wing span and an aerodynamic chord of approximately 4 in. it was possible 
to predict the general trends and the critical changes of the aerodynamic 
parameters for the complete airplane as it passed from high subsonic Mach 
numbers through sonic speeds to supersonic Mach numbers. This fact is 
particularly remarkable when it is remembered that not only did a large 
difference in Reynolds number exist between the wind tunnel and the flight 
tests, but that the flight test results could also be greatly influenced by 
aero-elasticity effects. By using larger models and more refined methods 
(i.e. by applying corrections for differences in Reynolds number, surface 
roughness, aero-elasticity, etc.), it appears highly possible to predict reliably 
the characteristics of the full-scale airplane through the transonic speed 
range as a result of wind tunnel model testing. 

I t is suggested that as a general rule for transonic wind tunnel tests the 
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TRANSONIC WIND TUNNEL TESTING 

models should not exceed a blockage ratio of 1 per cent. For precision 
measurements the blockage ratio should be kept as small as one-half of 
I pe rcen t with a wing span nol exceeding one-hall the tunnel widlh. In 
addit ion, the model length is often a critical parameter, particularly when 
the tail surface effectiveness is to be determined. The influence of tail surface 
position with respect to the location and width of possible reflected wave 
bands needs careful consideration in each individual case. 
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C H A P T E R 11 

CROSS-FLOW C H A R A C T E R I S T I C S OF 
PARTIALLY OPEN WALL ELEMENTS 

1. PHYSICAL ASPECTS OF THE FLOW T H R O U G H 
PARTIALLY OPEN WALLS 

Numerous theoretical and experimental investigations have been carried 
out to determine the pressure drop characteristics of transonic wall elements 
exposed to flow into and out of the test section. Before these various studies 
are discussed, a brief review of the wall characteristics required for inter­
ference-free testing will be presented. 

a. Requirements for transonic test-section walls 

As pointed out in the preceding sections, the wall interference in transonic 
wind tunnels can be eliminated or minimized when specific predetermined 
characteristics of the test-section walls are established. One main require­
ment, naturally, is that characteristics of the wall be reliably predictable, 
either theoretically or experimentally, and that such a wall consistently 
maintain these characteristics. It was assumed in most calculations of wall 
interference that the walls produce a linear relationship between cross-flow 
velocity and pressure drop. This requirement must be satisfied, not only for 
outflow from the test section but also for flow into the test section. Since 
in the latter case low-energy air accumulated in the plenum chamber flows 
into the test section, it is possible to approach this goal in the case of inflow, 
only by means of special configurations such as walls with differential-
resistance geometry. 

Also the wall disturbance waves which are generated by the edges of 
each opening must decay to a sufficiently low level before they strike the 
test model. This requirement usually results in the "small-grain" wall 
openings discussed in detail later in this section. 

Finally, it is important , particularly in large wind tunnels, that the 
boundary layer growth along the walls, that is, the viscosity effect, be kept 
reasonably small. This growth determines decisively the power require­
ments for a wind tunnel, and, in a more direct manner , the amount of 
auxiliary suction required to eliminate undesirably thick boundary layers 
along the test-section walls. 

The various requirements for suitable transonic wind tunnel walls are 
so complex that only by using the orientation of theoretical calculations in 
conjunction with extensive experiments has it been possible to develop 
suitable wall shapes for use in transonic wind tunnels. 
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CROSS-FLOW CHARACTERISTICS OF WALL ELEMENTS 

b. Basic characteristics of different types of walls 

Longitudinally Slotted Wall.—In the absence of friction, the pressure drop 
through a longitudinally slotted wall exposed to straight oblique flow 
follows a quadratic relationship (see Chapter 8). This result is easily under­
stood since only the velocity component perpendicular to the wall produces 
a pressure change similar to the flow through an orifice. I t has also been 
shown that with a slotted wall a pressure change is produced which depends 
upon the curvature of the flow approaching the wall (see Chapter 5). 
Besides these two pressure change components, an additional pressure drop 
is caused by viscous forces. Experiments have shown that the viscosity effect 
is predominant when the flow angle is small with respect to the wall and 
when no appreciable flow curvature exists. 

T h e total pressure drop through a wall with longitudinal slots can be 
represented by the equation: 

Ap 30 
= K i 8 + K 2 6 * + K 3 -

q d(xjh) 

where h = distance between slot centers. With typical longitudinally 
slotted walls, the constants in the above equation have approximate magni­
tudes dl A', 0.50 ami K> 1.0; thus the linear lenn predominates For 
wall angles up to 10°. 

In the vicinity of impinging shocks pure longitudinally slotted walls 
develop a strong flow recirculation that is very detrimental to effective 
wave cancellation. By means of corrugated sheets placed in each slot or by 
perforated cover plates,1 this recirculation can be largely eliminated; 
combined "perforated-slotted" walls have been found to produce satis­
factory results in transonic testing. 

Porous Walls.—Walls made of a porous material have cross-flow charac­
teristics of a linear type. In this case the pressure drop is produced mostly 
by friction in the narrow channels, and the dynamic effects are practically 
eliminated. It has been shown that the pressure drop for such walls is directly 
proportional to the mass flow through the wall: 

Ap = Kmay 

where may = mass flow per unit area through the porous wall. With some 
transformation, the pressure drop can also be expressed in the following 
manner : 

Apjqx = {KijVor)B 

This equation indicates that, as desired, porous walls produce a pressure 
drop coefficient proportional to the flow inclination B. However, as indi­
cated, the pressure drop coefficient also depends upon the velocity of the 
undisturbed flow in the test section. This very undesirable characteristic 
postulates that, for each velocity vm in the test section, a different geometry 
of the porous wall is necessary to maintain a constant ratio of Apjqx. In 
addition, practical difficulties could arise from the fact that the narrow 
channels in the porous walls might have a tendency to clog up and would 
then require frequent cleaning. 

As a consequence of these disadvantages, not many test results for wind 
tunnel walls of this type have been published. 
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Thin Perforated Test-Section Walls.—When a perforated wall is placed at 
a large oblique angle in parallel flow, a pressure drop is produced which 
closely follows a quadrat ic law. As Pindzola (Sverdrup and Parcel, Inc.) 
showed, the pressure drop through a perforated wall is given by the equat ion: 

Apjqa, = K v sin-B 

where K v = pressure drop coefficient Apjq^ when the plate is positioned 
perpendicular to the flow (B = 90°). 

Experimental data obtained with a perforated wall having approx­
imately 22 per cent open-area ratio and \ in. diameter holes in 0.040 in. 
thick walls are shown in Fig. 11.2. T h e quadrat ic law holds between the 
limits presented, that is, from 15° to 90°. However, in the case of smaller 
angles of attack—which are of primary interest in transonic wind tunnel 
testing—these test data are not conclusive, and more refined experiments 
are required for the angle-of-attack range which is of particular interest in 
wind tunnel testing. 

When oblique flow approaches a perforated wall at small angles, it can 
bc expected that the solid wall elements will act as wing elements and will 
produce lift. This characteristic becomes obvious when an idealized perfor­
ated wall is replaced by a wall with numerous transverse slots. Such a wall 
behaves exactly as the lattice which has been extensively investigated for 
use with compressor and turbine developments. At small angles of attack 
such lattices are known to produce a lift (equivalent to a pressure drop 
through the wall, which is proportional to the angle of attack of the lattice 
with respect to the approaching flow. Also, at large angles of attack such 
lattices produce an additional pressure drop which is proportional to the 
square of the cross-flow velocity. The total pressure drop through a perfor­
ated wall can then bc represented by: 

A/>/?00 = KB+h\lT-

Usually this linear term is sufficient to represent the behavior of perforated 
walls in transonic wind tunnel testing. 

According to the lattice theory the linear relationship of the cross-flow 
coefficient ran be expected to appl . niil, in cases of Small viscosit) effects. 
When viscosity effects become large—for instance, when the ratio of bound­
ary layer thickness to the area of the walls becomes large—significant 
deviations from the linear law can be expected. These deviations are equiv­
alent to the behavior of single wings at low Reynolds number where thick 
boundary layers occur along the wing surfaces. 

Thick Perforated Walls.—When the thickness of perforated walls is large in 
comparison with the diameter of the wall openings, the individual wall 
elements can no longer act as the individual wings of a lattice, and therefore 
considerable deviation from the observed laws occurs (see Fig. 11.1). Besides 
impairing the lift-producing circulation of each wall element, thick walls 
tend to guide the cross flow like channels. Then in the absence of viscosity 
effects, the walls may produce a pressure rise instead of a pressure drop 
because these individual channels may act as diffusers. This effect can be 
expected particularly when the inlet to each individual hole is rounded so 
that flow separation at the inlet is avoided. Usually no pressure recovery 
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occurs at the exit of the individual holes as a result of the abrupt change of 
cross section. For such cases, when viscosity effects are neglected, the 
pressure change can be wri t ten: 

Ap 1 
— = — s i n 2 0 - l 
9ao R 2 

where a minus sign indicates that the pressure change is a pressure rise. 
I t is apparent from this equation that with thick perforated walls the 

pressure drop characteristic will not be as steep as in the case of thin walls 
with otherwise equal geometry. Furthermore, under certain circumstances, 
irregularities may be expected which might lead to a pressure rise instead of 
to the normal pressure drop which occurs when flow passes such a wall. 
The limits for the transition from "aerodynamically th in" walls to acceptably 
thick walls cannot be readily determined by theory alone. In a number of 
systematic experiments, however, the influence of wall thickness on transonic 
testing has been thoroughly explored. 

2. THEORETICAL CALCULATIONS FOR THE PRESSURE DROP 
T H R O U G H PERFORATED WALLS 

Several theoretical studies of the pressure drop of cross flow through perfor­
ated walls have been conducted for both subsonic and supersonic flow. 

In most of these calculations the assumptions are made that the flow is 
non-viscous and that potential flow exists on both sides of the perforated 
wall; that is, at the test-section side and the plenum chamber side. In the 
case of outflow from the test section into the plenum chamber, these assump­
tions should not cause the calculated pressure distribution along the test-
section side o f the walls to differ significantly from the actual. 

In the case of inflow from the plenum chamber into the test section, the 
assumptions are not applicable. Most significantly, the total pressure of the 
flow from the plenum chamber is equal to the mean static pressure of the 
plenum chamber, which is considerably smaller than the total pressure of 
the test-section flow. No adequate theoretical calculations have been pub­
lished to define quantitatively the pressure drop through a wall for inflow 
conditions. 

a. Thin wall with single transverse slot in incompressible flow 

The flow field and the disturbance velocities have been calculated in 
Ref. 2 for a wall having a single transverse slot. In these extremely simplified 
calculations it is demonstrated that the essential boundary conditions for a 
thin transverse slotted wall are similar to those of a flat plate with lift. 
When the disturbance velocity potential of the single slot is multiplied by 
the imaginary number i = \ / — 1, the disturbance potential of a flat plate 
in oblique flow is obtained (see Fig. 11.3). In the case o f the flat plate, the 
condition of the circulation corresponding to the lift of the wing must then 
bc introduced. In the case of the single slot, the condition of smooth flow 
at the upstream edge of the slot is introduced, and thus the circulation is 
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defined (Kutta condition). The disturbance velocity potential o f t h e single 
slot is then obtained; 

*(0 = - ^ " 1 + logf) 
TT 

(o) SINGLE SLOT IN POTENTIAL FLOW 
DISTURBANCE POTENTIAL^ (Z) 

V M 

Z-X+IY 

DISTURBANCE VELOCITIES: i f a / i x • V,, - i» , 
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(b) MODIFIED POTENTIAL FLOW 
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BOUNDARY CONDITIONS SATISFIED BY FLAT PLATE IN 
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F I G . 11.3 Potential flow relationships for single transverse slot? 

Here £ is a complex variable connected with z = AC -f-ty in the real plane 
by z = k{$+ 1/f). The mean vertical velocity over the slot area vn is deter­
mined in such a manner that the continuity equation is satisfied, that is: 

.-here 

Vyd x — V}\w 

w = slot width 

From this equation the distribution of the disturbance velocities Avy and 
Avx along the wall and across the slot, and the pressure in the plenum 
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chamber, can be easily determined. It is found that: 
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F I O . 11.4. Disturbance velocity distribution and streamline pattern for wall with 
single transverse slot? 
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and for the cross-flow pressure drop (positive sign for pressure drop) : 

4 vn 
Apjq*, = 

•nVco 

The disturbance velocities along the wall were determined from these 
equations; their distribution is shown in Fig.l 1.4. As required, the upstream 
edge of the slot acts like the trailing edge of a wing, that is, the flow is parallel 
to the wall surface in this area. The downstream edge of the slot acts like 
the leading edge of a wing exposed to oblique parallel flow. According to 
this physical flow picture, increased axial velocities occur along the wall 
upstream of the slot, and reduced axial velocities occur downstream of the 
slot. Along the plenum chamber side of the wall, the static pressure is 
constant and corresponds in magnitude to the constant disturbance velocity 
Ai'x over the slot width. 

b. Thin wall with single transverse slot in compressible subsonic flow 

The results obtained for a single transverse slot in incompressible flow 
can be made applicable to compressible subsonic flow by means of the 
Prandtf-Glauert approximation for flow with small perturbations. Accord­
ing to the generalized correlation rule,3 the disturbance velocities in the 
x direction and the disturbance pressures are increased by the factor 
1/(1—Af2); the disturbance velocities in the y direction are increased 
by 1/(1—Af2)'. Consequently the basic relationship for the pressure drop 
through a wall having a single slot can bc represented by: 

Ap 1 4 vh 

qao (l-M^ynVoo 

It can be seen that the pressure drop through a transverse slot increases 
with the Prandtl factor 1/(1—Af2)*. Naturally, as in other linearized 
compressible flow problems, this relationship does not hold true in the Mach 
number one range. Also, since viscosity effects are not considered, the slot 
width must be large in comparison with the local boundary layer thickness 
if good correlation between theory and experiment is to be obtained. 

c. Thin walls with series of transverse slots in subsonic flow 

If the distance between individual slots is large in comparison with the 
slot widths, as is the case with small open-area ratios, the same relationship 
derived previously for the single slot will hold true since the interaction 
between the individual slots is negligibly small. In other words, the pressure 
drop through a wall with several lateral slots may bc presented as: 

Ap 1 4 vh 

q m ( I - M 2 ) * IT On 

where vi, is again the mean vertical velocity in the open slot area. Then if 
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the velocity vv and the flow inclination 0 at large distances from the wall 
are introduced: 

Ap 1 4 1 
_ L = e 
qar. (I-M^TTR 

If, however, the open-area ratio between the individual slots can no 
longer be considered small, as is the case with walls having large open-area 
ratios, the interaction between the individual slots becomes appreciable, 
and the above simple relationships no longer hold true. A thin wall with 
numerous transverse slots may be treated as a lattice, and each wall element 
between two slots may be considered to be a lifting wing (see Fig. 11.5) 

VELOCITY. Voo 

PRESSURE . p c 

STAGGER ANGLE, (3 

PRESSURE, p c 

FIG. 11.5. Sketch of lattice with small stagger angle. 

The flow inclination and lift coefficients of a lattice with a stagger angle 
of 90° have been determined in Ref. 4 by means of conformal mapping. 
For each such wing, the lift coefficient is obtained from the following 
equat ion: 

CL = KL2Tr(smB*){vao*jvn)2 

with: 

2 

TT 1 

— cot/-fl) 
R \2 I 

and the circulation around each wing from: 

F = TTVOO*cK^ sin B* 

where c = chord length of elementary wing. In these equations all terms 
with an asterisk represent the mean conditions in the plane of the lattice 
itself. 

By applying simple laws of incompressible aerodynamics and after 
transformation: 

Disturbance Velocity in Flow Direction in Slot .\rea.— 

Avx 

Van 
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Pressure Drop of Cross Flow through Wall.— 

Apjqar, = 2 sin» cot/77/?) 

( 77 \ Vh 

- R ] = A"— 
2 / ito 

= 2R— cot ( 

,-ith 

K = 2 R cot fr) 
For compressible subsonic flow, the factor A" can be written3 : 

K = K M j ( l - M 2 ) i = 0 

where K M is the value of K at zero Mach number. These same equations 
are also derived in Ref. 5. 
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I'm. 11.6. Pressure drop for crossflow through wall with lateral slots from 
lattice theory. 

The results of the above theoretical calculations are plotted in Fig. 11.6. 
As before, the wall cross-flow coefficient is K = 4/TT for small open-area 
ratios up to approximately 20 per cent; for larger open-area ratios the cross-
flow coefficient rapidly decreases in magnitude. For a wall with a 50 per 
cent open-area ratio, for instance, the coefficient is only K = 1.00, that is, 
approximately 78 per cent of the value for small open-area ratios. The 
constant approaches zero as R ->• 1, that is, in the case of the completely 
open wall. 
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d. Single transverse slot in wall with separated flow on the plenum chamber side 
(subsonic flow) 

In the preceding sections it was assumed that the thin transversally slotted 
wall is placed in a parallel oblique flow and that potential flow without 
flow separation exists on both sides of the test-section wall. Another theor­
etical study was conducted6 in which the more realistic assumption was 
made that the flow separates at the plenum chamber side and that free-
boundary je t streamlines originate from each slot. 

Thin Walls.—Some significant streamlines for this flow pattern are 
shown in Fig. 11.7a. At the upstream edge of the slot the flow separates 
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FIG. 11.7. Streamline pattern for cross flow through wall with single transverse slot 
and flow separation on plenum chamber side? 

and forms a free-jet streamline with a boundary pressure equal to the static 
pressure in the plenum chamber. Further downstream in the test section, 
a dividing streamline is formed with a stagnation point at the wall. Starting 
at this point, the flow proceeds forward against the main wind tunnel flow, 
separates at the edge of the slot, and proceeds into the plenum chamber to 
form another free-jet boundary streamline. It is believed that this flow 
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picture corresponds more closely to the real flow conditions, and the study, 
therefore, serves as a check on the previous more simplified calculations. As 
in the previous treatment of a single slot (Section 2a of this chapter) the 
pressure drop was again7 : 

Apjqar, = (Aj-n){vhjVar,) 

Since the two calculations for walls with a single transverse slot arrive 
at the same result, it may be expected that the preceding calculations for 
multi-slotted walls will also give a sufficiently accurate prediction of the 
pressure drop through the wall. 

These calculations assume potential non-viscous flow, and the results 
are given for small flow velocities through the wall, that is, for linearized 
flow only. For higher cross-flow velocities through the wall the higher-order 
terms of the theory will cause deviations which may be approximated by 

Apjqar, = {$JT.)(vhjVar,) + Ki (v h jv 0 0 ) n 

Thick Walls.—In Fig. 11.7b, the streamline pattern is presented for a 
very thick wall with a single transverse slot. Again the separated flow 
forms a free-jet streamline at the upstream edge of the slot. On the down­
stream edge, however, the flow proceeds along the side wall of the slot 
after it has perhaps formed a small separated flow area near the down­
stream edge of the slot. 

In either case of flow through thin or thick walls, the hodograph repre­
sentation of the velocity field along the walls and along the free streamlines 
results in very simple curves. They are either straight lines corresponding 
to the flow along the surfaces of the wall and the slot, or they are arcs corres­
ponding to the free-jet boundaries having constant velocities. Because of 
mathematical difficulties, no successful treatment for the thick wall has 
been published to date. 

e. Perforated walls with circular holes 

The preceding calculations have been carried out for walls with two-
dimensional transverse slots. No calculations have been published for walls 
with more confined openings such as circles, squares or triangles. However, 
the main physical aspects of flow through a wall with circular holes, or holes 
with other shapes, should be similar to those of flow through a wall with 
transverse slots. Again, a "leading edge" effect will occur on the downstream 
edge of the holes, and a "trailing edge" effect, establishing the " K u t t a " 
condition, will occur on the upstream edge. The wall elements between the 
openings may be assumed to act like wings with a small aspect ratio. Such 
walls will therefore develop a smaller pressure drop than walls with trans­
verse slots which act similar to wings of an infinitely large aspect ratio. 

/ . Perforated walls in supersonic flow 

When a perforated wall is replaced by a wall with transverse slots, the 
pressure drop in cross flow through such a wall can be readily determined 
using the method of characteristics and the oblique shock-wave theory. As 
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shown in more detail in Chapter 8, the pressure drop through a transversally 
slotted wall in supersonic flow was found to be : 

?oo (A/2 -1 ) 

2 / 1 > 

- ( ! - * ) ' 
( A f 2 - ! ) ^ ' (p y ) o o 

= fx(pv)hj (pv)ar, 

where 8 = flow angle upstream of the wall 
R = open-area ratio of the wall. 

Because of linearization of the flow characteristics, this equation may be 
expected to apply only at Mach numbers which are sufficiently higher than 
Mach number one. In the immediate vicinity of sonic speed, the real flow 
characteristics will cause the factor K to reach a finite plateau instead of 
tending toward infinity. As a consequence, in supersonic flow, a perforated 
wall of given geometry will not satisfy the requirements for interference-free 
testing through the entire Mach number range. In the immediate vicinity 
of Mach one a smaller open-area ratio must be employed in order to estab­
lish the high cross-flow resistance required by flow theory, 

3. EXPERIMENTS TO DETERMINE THE CROSS-FLOW 
CHARACTERISTICS OF PERFORATED WALLS 

A large number of experiments have been carried out in order to verify 
and supplement the theory concerning the cross-flow characteristics of 
perforated walls. Such experiments covered a wide range of wall geometry, 
in which, among other parameters, the hole arrangements, wall thickness, 
hole orientation, etc., were varied as were the Mach number and viscosity 
effects. Some typical experimental results are discussed in the following 
sections. 

a. Simple types of perforated walls in low-speed flow ( M = 0.05) wall with 
transverse slot 

Since theoretical investigations (see Section 2 of this chapter) had pre­
dicted quantitatively the behavior of a single transverse slot in a thin wall, 
some early experiments were performed to verify the theoretical results in 
a low-speed (Af = 0.05) wind tunnel.2 Various cross-flow velocities were 
produced by varying the pressure in the plenum chamber which surrounded 
the test wall. In this manner, outflow from and flow into the test section 
could be established. 

First, the pressure distribution along the wall upstream and downstream 
of the slot was determined and the data compared with the theoretical 
results (see Fig. 11.8a). T h e agreement between theoretical and experi­
mental data is remarkable. Upstream of the slot the pressures are lower 
than in the parallel flow; higher pressures exist downstream of the slot. T h e 
theoretical assumptions made in the simplified theory are therefore compat­
ible with real flow, and consequently, good agreement can also be expected 
in the case of the pressure drop characteristics. 
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The pressure change caused by the cross flow through the single slot 
described above is shown in Fig. 11.8b. The experiments prove definitely 
that the pressure drop characteristic is of the linear type. However, the slope 
of the curve is somewhat larger than linear theory predicts, even when 
quadrat ic terms for the pressure change are taken into consideration. 
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FIG. ll.8a. Disturbance velocity distribution along wall wilh single transverse 
slot (M = 0.05)? 

It is significant that even in the case of flow into the test chamber, that is, 
at a condition for which the theory is not expected to apply, the linear 
relationship still exists. 

Walls with a Single Hole and Various Types of Perforations.—In the same test 
series, the characteristics of a wall with a single large hole and several 
truly perforated walls with many holes were investigated at a subsonic 
Mach number of approximately 0.05. 

The single hole had a diameter of 2.26 in. in a test section 4 in. wide. 
As was the case with the single slot, the cross-flow characteristics of the 
single hole exhibit a linear trend (Fig. 11.9). The cross-flow pressure drop, 
however, is somewhat smaller than for the single slot. 

The cross-flow results for the four perforated walls with open-area ratios 
varying between 20 and 37 per cent show the same linear trend as the other 
extremely idealized configurations (single slot and single hole, Fig. 11.9). 
The average cross-flow pressure drop for the perforated walls may be re­
presented by: 

Apjq = l.0{VhjVao) 

The results for all perforated walls coincide quite well. Apparently the 
interference between individual holes has small influence within the range 
of open-area ratios tested. 
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FIG. 11.9. Cross-flow characteristics of various perforated walls (AI = 0.05).2 
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If the pressure-drop characteristic is related to the velocity- vy perpen­
dicular to the perforated wall and at some distance from the wall, the 
following equation is obtained: 

Apjq = 1.0(1 jR)(vy jvx) = l.0(l/R)B 

where R = open-area ratio o f the wall 
0 = flow angle. 

Again it should be noted that in the range of inflow to the test section the 
linear relationship holds approximately t rue; however, some pronounced 
differences between the individual walls are apparent . Unfortunately no 
measurements are reported for the boundary layer thickness along these 
test walls. In the light of later experiments (see Section 4 of this chapter) , 
it may be assumed that the boundary layer thickness was not larger, but 
probably smaller, than the diameter of the individual holes. Also the holes 
tested in this series were consistently larger than the thickness of the wall, 
wiih the ratio of hole diameter to wall thickness varying between 1.1 and 
1.7. As shown later, the small boundary layer thickness in conjunction with 
the relatively large holes was probably instrumental in establishing the 
linear characteristics of the perforated walls in the above test series. 

b. Mach number influence of cross-flow characteristics of perforated walls (see also 
Section 4c of this chapter) 

Subsonic Range.—Several test series have been performed to investigate 
the influence of Mach number on the cross-flow characteristics of perforated 
walls. Typical results of one such investigation are shown in Fig. 11.10 

FIG. 11.10. Cross-flow characteristics of perforated wall at different subsonic 
Alach numbers? 
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(Ref. 8). In this case the test wall had a small open-area ratio of approx­
imately 7 per cent and holes of 0.125 in. diameter in a thin wall 0.049 in. 
thick. T h e test results show the slope of the cross-flow curves increasing with 
increasing subsonic Mach number at approximately the rate predicted by 
theory. However, the curves show a pronounced tendency to deviate from 
linear characteristics when large cross-flow velocities occur in the individual 
holes. At each Mach number the characteristic curve becomes extremely 
steep when large cross-flow velocities occur, indicating the proximity of 
choked flow for the hole. In general, however, cross-flow velocities high 
enough to produce choking in the holes do not occur in normal wind tunnel 
testing. The range of small angles of approaching flow, up to approximately 
5°, are of greater interest. However, the experimental data of this test 
series were not obtained at small enough intervals to define wall charac­
teristics in this range with sufficient accuracy. 

(_°v.«, 

F I G . 11.11. Cross-flow characteristics of perforated wall at subsonic, sonic and super­
sonic Mach numbers? 

252 



CROSS-FLOW CHARACTERISTICS OF WALL ELEMENTS 

Subsonic, Sonic and Supersonic Alach Numbers.—In another test series a 
perforated wall with a small open-area ratio of 7 per cent, a hole diameter 
of 0.06 in., and a wall thickness of 0.063 in. was investigated at Mach 
numbers ranging from 0.60 to 1.24 (see Ref. 7). Some experimental results 
for this wall are shown in Fig. 11.11. Again it is apparent that with increasing 
Mach number the slope of the characteristic cross-flow curves becomes 
steeper. When the range of small cross-flow mass flows is disregarded (below 
approximately \\po)hj(pv)ar, = 0.10), the slope o f t h e curve for Mach num­
ber 0.6 is in reasonable agreement with the curve predicted by theory for 
individual slots, that is, 

Ap _ 4 I Q>P)» 

~^7 " i r ( l - JW»)»(po)o 0 

In the case of supersonic velocity, the test curve is also in satisfactory agree­
ment with the theoretical slope: 

Ap 2 ( H * 

~ T ~ (M*- l ) i (pv)ao 

It should be remembered that in the experiments reported in Fig. 11.11, 
the test-section flow direction was not oblique but was parallel to the test 
wall. Consequently the cross-flow pressure drop equation must be modified 
slightly to account for the difference from the theoretical treatment des­
cribed in Chapter 8 for oblique supersonic flow approaching a perforated 
wall. Bccauseof the small open-area ratio ofthe test wall in this case, however, 
the difference between oblique and parallel flow approaching a wall is very-
small. 

It is interesting that in the reported experiments with perforated walls 
(Fig. 11.11) the characteristic curves show increased curvature in the range 
of small cross-flow velocity. It is believed that the curvature is caused by-
viscosity effects and especially by the flow of the boundary layer along the 
perforated wall. This consideration is in agreement with the results reported 
later in this section on the influence of boundary layer thickness. In the tests 
under discussion here the boundary layer should bc rather large in compari­
son with the relatively small hole diameter of 0.06 in. When, at larger 
cross-flow velocities, the boundary layer is bled off through the perforated 
walls, the influence of thc boundary layer is reduced, and better correlation 
wilh theory occurs. This trend is also exhibited by the test data shown in 
Fig. 11.12.' 

Supersonic Mach Numbers.—A large number of different perforated walls 
were investigated to study cross-flow characteristics at Mach number 1.45 
(see Ref. 7). The walls had hole diameters ranging from 0.06 to 0.50 in., 
wall thickness from 0.02 to 0.299 in., and greatly varying open-area ratios. 
The experimental results presented in Fig. 11.12 indicate that in most cases 
the slope of the linear characteristic curve is somewhat larger than was 
predicted by theory. Linear theory resulted in characteristic curves accord­
ing to: 

Ap 2 (pv)k 

~q~ " (Af»-l)»(/>o)oo 
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T h e slope of all curves presented is approximately 10 per cent greater than 
was predicted. 

Some remarkable features are exhibited by certain unorthodox wall 
configurations. The majority of the walls had ratios of hole diameter to 
wall thickness considerably larger than one. However, one wall had a hole 
diameter only approximately 40 per cent of the wall thickness (wall A in 
Fig. 11.12). In this case the characteristic curve clearly has a smaller slope 
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FKJ. 11.12. Cross-flow characteristics of various perforated walls at M = 1.45? 

and also shifts in a direction which requires negative pressures in the plenum 
chamber to provide zero outflow from the test section. This result is in quanti­
tative agreement with the expected results from the diffuser effect and the 
discussion of the physical aspects of flow through thick perforated walls 
(see Section 1 of this chapter) . 

Another wall B had holes which were large compared with the wall 
thickness and which were countersunk on the test-section side (Fig. 11.12). 
This particular shape exhibited significantly reduced resistance to cross 
flow, which is in agreement with qualitative thinking, since the loading effect 
of the holes on the test-section side is obviously disturbed. When the same 
wall is turned around so that the countersunk shape is located on the 
plenum chamber side, the walls once more exhibit the normal character­
istics of thin perforated walls. The streamline pattern for a wall with con­
ventional holes is shown schematically in Fig. 11.13. 

Another interesting wall investigated had so-called "educated holes". 
T h e guiding idea for this modification of the hole shape was the development 
of a wall which would not produce outflow even though the pressure on the 
flow side of the wall was greater than in the surrounding plenum chamber. 
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Such a characteristic is particularly desirable in some diffuser applications 
when no outflow o f t h e supersonic flow is desired, though in subsonic flow 
the holes should act like regular holes. The flow pattern for walls with holes 
of this type is also shown in Fig. 11.13. When the pressure in the plenum 
chamber is just slightly smaller than the static pressure in the supersonic 
flow, the supersonic expansion waves force the flow to turn an amount 
which is not sufficient to clear the downstream edge of the hole. This concept 
of the flow pattern is borne out bv the Schlieren picture presented in Fig. 
11.14. 

(a) CONVENTIONAL HOLE 

SHOCK WAVE 

EXPANSION WAVE 

AIRFLOW 

> STREAMLINES 

(b)l,EDUCATED" HOLE 

SHOCK WAVE 

EXPANSION WAVE 

AIRFLOW 

I~ ^ - ^ y y y y 

STREAMLINE 

F I G . 11.13. Flow pattern through wall wilh conventional holes and "educated" holes 
(ref. UAC Corp. Research Depl.). 

The cross-flow characteristics of the walls with '"educated holes" (wall C 
in Fig. 11.12) indicates that, as desired, no outflow occurs at positive pressure 
differences, that is, at pressures which are greater in the test section than in 
the plenum chamber. The pressure differential may thus bc as high as 6 
per cent of the dynamic pressure of the supersonic flow without producing 
outflow from the test section. If the pressure difference is increased, outflow 
gradually begins to increase until finally, at a large enough outflow, the 
cross-flow characteristic curve is approximately parallel to the majority of 
perforated test walls. 

c. Summarizing remarks 

In view of the reported results of experiments to determine the cross-flow 
characteristics of various perforated walls, it may be concluded that as a 
general rule the walls exhibit the characteristics predicted by theory. I t 
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must be remembered, however, that the linearized potential flow theory 
can predict the wall characteristics only when the boundary layer is thin 
and the wall thickness is small compared with the hole diameter. Also the 
mean cross-flow velocities through the holes must be sufficiently lower than 
velocities which lead to choking of the flow through the holes. In the follow­
ing sections, some parameters such as wall thickness, hole inclination, and 
boundary layer thickness will be discussed in more detail. 

FLOW DIRECTION 

"EDUCATED" HOLE CONVENTIONAL HOLE 

FIG. 11.14. Schlieren pictures oj flow through conventional hole and through '''educated" 
holes at M - 1.79 (ref. UAC Corp. Research Dept.) 

4. EXPERIMENTS TO DETERMINE THE INFLUENCE OF DETAILED 
WALL GEOMETRY AND FLOW PARAMETERS 

Several systematic test series have been conducted in the transonic model 
tunnel of the AF.DC to explore the influence of wall geometry on the cross-
flow characteristics of perforated walls. In the following sections some of 
the principal findings of these tests are discussed briefly. 

a. Influence of wall thickness al constant diameter hole diameter9 

A number of perforated test walls which had an open-area ratio of 22.5 
per cent and | in. diameter holes were installed in the test section of the 
transonic model tunnel. The thickness of the test wall was varied from yg- to 
I in. so that typical cases of a thin wall (wall thickness to hole diameter = J) 
and a thick wall (wall thickness to hole diameter = 4) were investigated. 
Some results are shown in Figs. 11.15a—11.15d for various Mach numbers 
between 0.75 and 1.175. 

At subsonic Mach numbers particularly, the relatively thin test walls 
had consistently larger cross-flow resistance coefficients than did the relatively 
thick walls, and the curves were considerably straighter at the relatively thin 
walls. This feature is in agreement with the theoretical prediction since only 
a thin wall can be expected to act as a series of individual wings to produce 
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the desired pressure difference between the upper and lower surfaces of the 
plate. At supersonic Mach numbers the influence of the wall thickness is 
not as pronounced as at subsonic Mach numbers. 

At supersonic Mach numbers, as at subsonic Mach numbers, the charac­
teristic curves show a strong curvature at low cross-flow ratios, (pv)hj[pv)ra < 
0.04. At cross-flow ratios above 0.04, the curves tend to become more and 
more linear. This characteristic can be explained by consideration of the 
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influence of the boundary layer thickness. At small cross-flow velocities, but 
little boundary layer was removed through the walls. At a larger outflow 
velocity the boundary layer was discharged through the upstream portion 
of the test wall, and the major portion of the wall was exposed to oblique 
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flow having a boundary layer which had been considerably thinned. This 
result was caused by the fact that the test wall extended approximately 
35 in. in the direction ofthe flow, that is, its length was three times the width 
of the test section. Therefore the cross-flow characteristics presented in 
Fig. 11.15 are the mean values obtained over the entire length of the test 
wall. 
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O n the basis of these experiments it may be concluded that the wall 
thickness should not be larger than the hole diameter, and that, if possible, 
it should be even smaller in order to establish consistent cross-flow charac­
teristics. 
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b. Influence of hole size at a constant ratio of hole diameter to wall thickness 

In order to demonstrate that wall cross-flow characteristics are similar 
when the ratio of hole diameter to plate thickness is constant, a series of test 
walls having different hole diameters and a constant ratio of hole diameter 
to wall thickness were tested in the test rig discussed in the preceding 
section.9 Experiments were conducted with a hole size of fg in. in a wall 
of the same thickness, and others were conducted with hole diameters up 
to 1 in., also in walls of the same thickness. Results at some typical Mach 
numbers, presented in Figs. 11.16a—11.16d, show that the curves at mass 
flow ratios larger than 0.02 are indeed very much alike. This is true for 
both the subsonic and the supersonic range. However, in the low mass 
flow range, that is, when {pv)nj{pv)a3 < 0.02, the curves deviate consider­
ably. As discussed in the preceding section, this discrepancy can bc traced 
back to the influence of the boundary layer, which, in proportion, is exceed­
ingly thick at the small hole diameter wall j and ,'„ in.) and must therefore 
be bled off at the higher mass flow ratios before the characteristics can 
approximate non-viscous characteristics closely enough. Consequently, in 
the low mass flow range the characteristics of the J and fg in. walls are 
extremely irregular (see Figs. 11.15 and 11.16). 

C. /iijliinice of Mach number 

The results obtained from tests with several perforated walls arc plotted 
together in Fig. 11.17 for Mach numbers between 0.75 and 1.75 to show 
more clearly the influence of Mach number. For the wall with fg in. hole 
diameter and ,\- in. thickness the wall characteristics at all Mach numbers 
are irregular for outflow coefficients smaller than 0.03, that is, for a relatively 
thick boundary layer compared with the hole size (Fig. 11.17a). At the 
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larger outflows, the wall characteristics approach linear curves having 
slopes, which, over a range of Mach numbers from 0.75 to 1.175, agree in 
trend with theory. 

In Fig. 11.17b the characteristics of a wall with relatively large holes 
compared with the wall thickness ( \ in. diameter hole, wall thickness 
iV in.) are shown. At large outflow ratios, that is, when (pv)hj(pv)x> was 
larger than 0.02, the slope of the characteristic curves was somewhat 
steeper for the large hole wall than for the small hole wall. The main 
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difference occurred at the small outflow ratios, that is, when (pv)hj(pv)^ 
was smaller than 0.03, and at negative values. While the fg in. wall exhibits 
irregular characteristics in this cross-flow range (see Fig. 11.17a), the wall 
with \ in. holes exhibits consistent characteristics in the same range, having 
a definite bu t reduced slope. Again the difference in the behavior of the 
two walls can be explained by the influence of the boundary layer thickness 
compared with the hole diameter. 

When the effectiveness of perforated walls in the reduction of wall inter­
ference effects in wind tunnel testing is considered, it is evident that walls 
with large holes compared with the boundary layer and the wall thickness 
most nearly produced the desired characteristics. However, even with such 
walls the slope of the characteristic curves is so much reduced in the range 
of small or negative mass flow ratios that special efforts are necessary to 
develop walls which will also minimize this undesirable feature. Some 
of the experimental work in this field is presented in the following 
section. 
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./. 11 'alls with inclined holes (differential-resistance ivalb) 

When the holes in a perforated plate are inclined in the direction of the 
flow, flow out of the test section becomes easier and flow into the test section 
more difficult (Fig. 11.18). T h e latter result is due to the fact that the 
inflowing air must overcome part of the dynamic head of the test-section 
flow. On the other hand, since the important downstream edge of the holes 
is made sharper by inclining the holes, such a wall acts more like a thin wall 
and consequently exhibits more linear characteristic curves over the entire 
cross-flow range. These walls also produce consistently greater resistance to 
inflow to the test section. 

I J 
FLOW OUT OF TEST SECTION 

FLOW INTO TEST SECTION 

FIG. 11.18. Streamline pattern for inflow and outflow through a wall with 
inclined holes. 

The feature of considerably reduced outflow resistance was documented, 
for instance, at outflow ratios (pv)yj(pv)ar, larger than 0.005.10 In another 
instance11 the overall characteristics of walls with inclined holes were 
systematically investigated. 

Influence of Hole Inclination Angle.—Some typical data obtained in the 
transonic model tunnel of the AKDC arc presented in Figs. 11.19a and b 
for a wall having 12 per cent open-area ratio, \ in. hole diameter, and \ in. 
plate thickness. The holes were arranged in the walls at angles of 0° (straight 
holes), 30°, 40°, 45° and 60°, respectively.11 The experimental data show 
that the outflow resistance is drastically reduced when the angle of the holes 
is inclined in the direction of the flow. More significantly, however, the 
characteristic curves exhibit a pronounced steeper slope at small and 
negative flow ratios, particularly at the inclination angle of 60°. This trend 
of the curves was established over the entire Mach number range of the 
test, as demonstrated at the two selected Mach numbers of 0.90 and 1.10. 
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CROSS-FLOW CHARACTERISTICS OF WALL ELEMENTS 

The sharp increase in the slope of the curves in the low and negative flow 
region in the case of the inclined-hole walls indicates that not only can the 
irregular character of the curves produced by straight holes be avoided, but 
that, on the other hand, the often extremely desirable characteristic of 
increased resistance to flow into the test section can be realized by means of 
hole inclination. 

The superiority of an inclined-hole wall over a straight-hole wall with 
respect to its nearly linear characteristics and the increased slope in the 
inflow region is demonstrated by the typical results presented in Figs. 
11.20a and b. The open-area ratio of the wall with inclined holes was 
reduced to 6 per cen* in order to match the outflow resistance of a wall with 
straight holes and a 22i per cent open-area ratio. 

It should be noted here that the open-area ratio is always calculated on 
the basis of the total hole area measured perpendicular to the axis of the 
inclined holes. 

Influence of Hole Diameter vs. Plate Thickness of Walls with Inclined Holes.—In 
the graphs showing the characteristics of perforated walls with inclined 
holes, only the test results obtained using walls with equal hole diameter 
and thickness are presented. Since the effectiveness of an inclined-hole 
wall depends upon the ability of the wall to guide the inflow against the 
test-section flow, the length ofthc guiding inclined holes required to produce 
this counter-flow effect of the inflow is of interest. Consequently, a special 
test series was initiated in the AF.DC transonic model tunnel to investigate 
this influence.12 

The test results for 6 per cent open-area ratio walls with 60u inclined 
holes indicate consistent nearly-linear characteristics when the hole diam­
eters are equal to or twice as large as the wall thickness (Fig. 11.21). When, 
however, the wall thickness is increased to produce a more perfect guiding 
of the flow, the characteristic wall curves change in a very unfavorable 
manner. 

If, for instance, the wall is twice as thick as the hole diameter, the pressure 
difference between plenum chamber and test section remains essentially 
constant between inflow values [pv)tlj(pv)ao of approximately 0.002 and 
outflow values up to 0.014. This result can bc understood when the aero­
dynamic action of thick walls is considered (discussed in detail in Section 1 
of this chapter with Fig. 11.1). Thick walls, particularly thick walls with 
inclined holes, tend to turn the flow in a manner similar to the turning of 
the channel flow in a compressor lattice. Consequently, a diffuser effect with 
a pressure rise is produced which, in the ideal case of a thick wall with per­
pendicular holes without inflow losses, amounts to 

Ap 1 
-£-_(sin«fl-l) 

qao a * 

In order to produce a diffuser effect, the individual channels in the 
thick wall must be long enough to turn the flow efficiently. It is of interest 
to note that the thin wall with fid inclined holes produced the most desirable 
crossflow characteristics (see Fig. 11.21), but no complete channel for guidance 
of the flow was formed (Fig. 11.22). With thick walls, corresponding to 
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ratios of hole diameter to wall thickness of 0.5, the guidance was considerably 
more complete, and, as expected, produced a sizable and extremely 
undesirable diffuser effect (see Fig. 11.21). When the cross-flow angle was 
larger than the inclination of thc holes, the diffuser effect naturally vanished. 
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e. Influence of boundary layer thickness 

In the previous discussion of test results, it was repeatedly mentioned that 
the boundary layer along the perforated walls tended to interfere greatly 
with the desired linear characteristics of the perforated walls, particularly 
in the region of small and negative cross-flow values. In order to study the 
boundary layer effect more specifically, a special test rig was developed 
for the AEDC transonic model tunnel which made it possible to vary the 
thickness o f the boundary layer approaching the perforated test wall. 
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The test wall had only a small extension in the flow direction so that, 
for purposes of analysis, a mean constant thickness of the boundary layer 
across the test plate could be assumed (sec Ref. 12). Typical data obtained 
for walls with holes of 60° inclination, a hole diameter and wall thickness 
of I in., and 6 per cent open-area ratio indicate that serious irregularities 
of the curves occur when the boundary layer displacement thickness is 
larger than the diameter of the holes (Figs. 11.23a and b) . This fact became 
particularly obvious in the experiment at Mach number 1.20. Apparently 
the displacement thickness of the boundary layer should not exceed approx­
imately 75 per cent of the hole diameter. 

The observed change of the wall characteristics with boundary layer 
thickness has a significant effect on the growth o f the boundary layer along 
the test-section walls. In well-adjusted transonic test sections the plenum 
chamber and test-section pressures are constant over the length of the test 
section. When a given pressure differential is established by such means as 
control of the plenum chamber suction, as is customary in transonic wind 
tunnel operation, the wall regions having thick boundary layer will produce 

BOUNDARY LAYER THICKNESS- 8 * . 0535 

M 1.20 

0 2 8 

F I G . 11.24. Influence of Mach number on cross-flow characteristics qf perforated wall 
wilh 60' inclined holes; hole diameter \ in., wall thickness £ in., open-area ratio 6 per 

cent, for relatively thin boundary layer thickness?2 

a large outflow and, consequently, a reduction of the boundary layer 
thickness. As a result, walls with inclined holes have a tendency to establish 
a more uniform boundary layer thickness along the length ofthe test section. 

With proper boundary layer control by such means as auxiliary plenum 
chamber suction pumps, it is possible to establish wall characteristics 
having nearly linear cross-flow curves over the entire Mach number range. 
In the experiments presented in Fig. 11.24, the boundary layer displacement 
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thickness was controlled so that it did not exceed values of 50 per 
cent of the hole diameter. Over the entire range of the test, from Mach 
number 0.9 to 1.4, the curves exhibit nearly linear characteristics. The walls 
with inclined holes and proper plenum chamber suction control therefore 
represent a significant means of establishing wall characteristics which 
match the values necessary to obtain interference-free test results in transonic 
test sections. 

5. EXPERIMENTS TO DETERMINE CROSS-FLOW 
CHARACTERISTICS OF WALLS W I T H LONGITUDINAL SLOTS 

a. Slotted walls in oblique flow without flow curvature 

In order to explore the characteristics of walls with longitudinal slots, 
some brief experiments were conducted at several laboratories. According 
to non-viscous flow theory, walls with longitudinal slots should produce a 
pressure drop proportional, not to the cross-flow velocity itself, but to its 
square. As shown in Chapter 8, the CltMS-flow pressure drop for slutted walls 
in non-viscous flow should be : 

Apjqaa = (fft/^oo)2 

In real viscous flow, however, an additional linear term appears which 
is caused either by friction on the side walls of the slot or by flow separation 
along the edges of the slot. The total pressure drop in parallel oblique 
flow can then be written in the general form: 

Apjqa, = Kl (pv)n l (po)a 0 + K2(pv)h
2 j(pv)ao2 

Wall wilh Single Slot.—In the AEDC transonic model tunnel (12 in.) 
some exploratory tests were conducted using a test wall which had a single 
longitudinal slot. Purposely, the slot width was selected to be 1.3 in., that 
is, 11 per cent of the test section width, in order to make the boundary-
layer effects small. This sharp-edged slot was placed in a relatively thin 
wall (J in. thickness—see Fig. 11.25a). The most remarkable result is that 
the test points lor all Mach numbers between Mach number 0.75 and 1.20 
form a single curve, which, though showing slight curvature, exhibits a 
definite linear character in the range of small cross-flow velocities. When the 
quadratic term is eliminated, the cross-flow pressure drop can be represented 
approximately by: 

Apjq = 0A{pv)hl(pv)ar. 

This value is considerably smaller than the values obtained for most 
perforated walls, but in view ofthe consistent constant characteristics through 
the Mach number range, the longitudinally slotted wall was subjected to more 
detailed exploratory investigations. Several tests (results unpublished) were 
conducted in the same model tunnel using a wall thickness increased 
considerably beyond the J in. of the wall presented in Fig. 11.25a. Also, 
slots with the edges beveled to increase their sharpness and with rounded 
edges were studied. In all cases, basically similar characteristics were 
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obtained, that is, a remarkable independence of Mach number existed as 
well as a predominantly linear characteristic of the cross-flow pressure drop. 

The velocity patterns just inside the test section, in the slot itself, and on 
the plenum chamber side of the wall obtained with the single slot config­
uration shown in Fig. 11.25a were determined and plotted in Fig. 11.25b. 
Obviously flow separation occurs along the sharp edges of the slot, as 
expected. 

Walls with Numerous Small Slots.—Several walls with short longitudinal 
slots equivalent to perforated walls with elongated holes were investigated 
in a test series conducted by United Aircraft Corporation.1 0 These walls 
might also be considered combination slotted-perforated walls. As expected, 
the walls showed characteristics similar to those of conventional perforated 
walls, that is, a predominant linear term occurs (see Fig. 11.26). They also 
show only a relatively small influence of Mach number. 

Such a combination of longitudinally slotted-perforated walls deserves 
further consideration for transonic wind tunnel testing because of its favor­
able linear and consistent cross-flow characteristics. The test data (Fig. 
11.25) indicate consistent characteristics at small cross-flow velocities, even 

FIG. 11,25a. Cross-flow characteristics at various Mach numbers. 

with flow into the test section, when the boundary layer is kept sufficiently 
thin, as in this case. Also, such combination perforated-slotted walls elim­
inate the disadvantage of secondary flow which was discussed in Chapter 9 
and was found to be a major source of the difficulties with pure slotted walls 
in supersonic test sections.1 
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b. Floiv curvature effect for longitudinally slotted walls 

According to theory, longitudinally slotted walls should produce a pressure 
change in cross flow which is proportional to the curvature of the flow 
approaching the wall. As shown in Chapter 8, this pressure is due to the 
magnification of the centrifugal forces in this flow. 

In order to check the predicted effect, experiments were conducted in 
which a two-dimensional thick airfoil was used to produce a flow curvature 

a. Wail with longitudinal slots (0.50 in. x 0.63 in.), 0.67 in. wall 
thickness, and 22.7 per cent open-area ratio. 

. 50 

OPEN-AREA RATIO _ 
R i . 2 4 

OBLONG HOLES . I 2 l n . X . 0 4 2 i n . 
WALL THICKNESS . 0 3 3 i n . 

. 0 2 . 0 4 .0 6 ,08 .10 

(i°v)y w n (fv)h 

( P V ) ~ ' '(/OVjoo 

b. Wall with longitudinal slots (0.20 in. x 0.042 in.), 0.033 in. wall 
thickness, 22.4 per cent open-area ratio. 

FlG. 11.26. Cross-flow characteristics of two walls with small-grain longitudinal slots?" 
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near the slotted test wall.6 For these tests the wind tunnel was equipped 
with slotted top and bottom walls having a 14 per cent open-area ratio. 
T h e mean disturbance velocities at a small distance from the test wall were 
measured, both in the flow direction and perpendicular to it (see Fig. 
11.27). According to theory, the disturbance pressures should be connected 

II ts 19 23 zr a 
DISTANCE FROM BEGINNING OF SLOTS, I n . 

35 99 

FIG. 11.27. Two-dimensional airfoil in wind tunnel with longitudinal slots in incom­
pressible flow7 (pressure disturbances along slotted walls according to measurements 

and theory). 

with the flow curvature according to the following equation: 

Apjq-rC(dBjdX) = 0 

The constant C in the present case equals 5.75 in. 
The data presented in Fig. 11.27 shows that the experimental curve and 

the curve calculated from the measured flow curvature coincide in their 
general trends. The agreement between the two can be improved somewhat 
when a linear pressure term is added according to 

Apjq = 0.160 

The two curves, one measured directly, the other derived from the flow 
inclination and curvature, agree satisfactorily upstream of the maximum 
thickness of the wing. In the region of flow into the test section, however, 
considerable discrepancy occurs. Downstream of station 21 the flow along 
the wall changes from outflow to inflow, and the observed discrepancy 
between the two disturbance curves begins in the same region. 

It may be concluded, therefore, that in principle the theoretical equation 
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for the pressure drop due to flow curvature has been verified by the experi­
ments. This is particularly true in the region of outflow from the test section. 
It might be possible to reduce the inflow discrepancies by converging the 
walls or by using deeper slots in order to preserve the axial momentum of 
the flow entering the slots and to minimize viscosity effects. 

6. FLOW DISTURBANCES OF WALL OPENINGS AND THEIR DECAY 
Sensitive Schlieren pictures of supersonic flow in perforated test sections 
frequently indicate that the wall openings produce a number of small waves 
which propagate in the main flow over considerable distances. Naturally in 
supersonic flow each opening produces a system of compression and expan­
sion waves which, at a large enough distance from the wall, eliminate each 
other. As pointed out in Chapter 8, the distance over which this decay occurs 
depends upon the size of the individual holes; consequently, a maximum 
hole size is defined for supersonic flow in a transonic test section since the 
wave disturbances of the wall will decay to very small values in the vicinity 
of the model and, ideally, will disappear completely. 

Two typical Schlieren pictures are presented in Fig. 11.28. For this test 
the holes were purposely made oversize in order to produce a more pro­
nounced disturbance effect. It is obvious that in both cases the model was 
exposed to flow which was disturbed by two sets of waves originating a t 
the wall. Even if such disturbances are not large enough to produce a 
noticeable effect on the non-viscous flow characteristics of the model, the 
boundary layer might be disturbed when it flows through the region of the 
oscillating static pressure produced by the wave system. A particular danger 
is that premature transition from laminar to turbulent flow might occur. 

In order to study the magnitude of the pressure disturbances produced 
by holes in perforated walls, several test walls with oversize holes were 
studied in the transonic model tunnel of the AEDC. 1 3 First, a conventional 
straight-hole pattern with an open-area ratio of 22 per cent was used. The 
walls were tested at parallel setting, that is, with relatively thick boundary 
layer, and at 30' converged setting, that is, with relatively thin boundary 
layer. Some typical results at Mach number 1.00 are shown in Fig. 11.29a, 
and for Mach number 1.20 in Fig. 11.29b. The pressure survey for Mach 
number 1.00 indicates that even at very small distances from the wall no 
pressure disturbances could be determined within the accuracy of the 
measurements because, in subsonic flow, localized disturbances propagate 
in all directions and consequently decay very rapidly. 

In the supersonic case of Mach 1.2, however, appreciable disturbances of 
static pressure and, consequently, of the local Mach number occur near 
the wall. They gradually lose intensity as the distance from the wall in­
creases. At a distance of approximately 7 in., that is, at a distance of fourteen 
hole diameters, the pressure distribution is reasonably uniform. 

A cross plot for the same wall showing the disturbances as a function of 
the wall distance is presented in Fig. 11.30. Initially the disturbances decay 
very rapidly, and, at a distance of approximately twenty-four hole diameters, 
they reach a low value of A M = 0.002. This value appears to indicate the 
level of flow non-uniformity in the basic test section. 
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Similar tests were conducted using walls with 60° inclined holes and an 
open-area ratio of 6 per cent. The data shown in Fig. 11.31 indicate that, 
at a distance of approximately thirty mean hole diameters, the disturbances 
decay to values of AAf = 0.002. Previous findings were also verified since, 
at Mach number one and at subsonic Mach numbers, the disturbances of 
the wall holes decayed so rapidly that they had practically no significance 
for transonic testing. 
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F I G . 11.30. Decoy of flow disturbances produced by various perforated walls with 
straight holes at M = 1.20?3 

These tests appear to indicate that the model should not be placed closer 
to the wall than thirty times the mean of the wall openings. To be safe, 
particularly in the case of full-scale wind tunnels in which the relative 
boundary is generally thinner than in model wind tunnels, the hole diam­
eters should not exceed -„•„• to T J S of the test-section height. In a 12 in. model 
tunnel, for example, the holes should not be larger than J in. In a 10 ft wind 
tunnel, the hole diameter may be as large as 1.2 in. 
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7. CONCLUDING REMARKS 

The preceding excerpts from numerous investigations of the characteristics 
of transonic test-section walls show that both theoretical and extensive 
experimental investigations can be utilized as guides to determine the 
proper wall geometry for a transonic test section. The linear cross-flow 
characteristics of the walls desired for transonic testing can be closely 
approximated using partially open walls with openings which may be 
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FIG. 11.31. Decay of flow disturbances produced by perforated wall with 60 inclined 
holes al M = 1.20?3 

either circular, elliptical, or of a greatly elongated shape. The hole size 
must be large enough to produce consistent characteristics in spite of the 
boundary layer along the walls. The viscosity effect can be kepi sufficiently 
small when the displacement thickness of the boundary layer is not thicker 
than approximately one-half the hole diameter. On the other hand, to 
eliminate wave disturbances in supersonic flow, the holes must also be 
small enough so that their disturbance wave system decays sufficiently 
before it reaches the model. This condition requires that the holes be no 
larger than approximately - l o n of thc test-section height. 
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FLOW ESTABLISHMENT IN TRANSONIC 
WIND TUNNELS 

1. CENERAL DISCUSSION OF THE PROBLEM AREAS 
T h e problems associated with the establishment of uniform flow in partially 
open transonic test sections can best be described by discussing some typical 
experiments. The first accounts of experiments concerning the establishment 
of transonic flow in two test sections having combined open-area ratios of 
12^ per cent, one with eight longitudinal slots and one with ten, were 
published by the NACA.1 The slots had a constant width through the 
test section, extended into the diffuser, and terminated in an effuser bell. 
Typical experimental Mach number distributions for these NACA test 
sections are presented in Fig. 12.1. In the subsonic speed range, the Mach 
number distributions were very uniform through the main portion of the 
test section. This same uniformity was maintained when the Mach number 
approached sonic speed, as indicated by the curve for Mach number 0.99. 
Even the abrupt change from the solid walls of the inlet nozzle to the slotted 
portion of the test section produced only a minor waviness of the Mach 
number distribution. However, at the downstream end of the test section a 
considerable dip in Mach number occurred which increased in intensity as 
the Mach number approached unity. 

The observed uniformity of the Mach number distribution through the 
test section up to and including Mach number one is in decided contrast 
to the distributions observed in closed wind tunnels and indicates that the 
venting of the test section through the slots into the surrounding plenum 
chamber is highly effective (Fig. 12.1). Even at the slot open-area ratio of 
only 12J per cent, the constant plenum chamber pressure was impressed 
upon the test-section flow. I t was left to later investigators to determine to 
what extent the open-area ratio of the test section might be reduced without 
interfering with the venting into the plenum chamber and, conse­
quently, with the constant Mach number distribution through the test 
section. 

In the supersonic Mach number range, significant non-uniformities of 
the Mach number distributions occurred which grew in intensity as the 
Mach number in the test section was increased (Fig. 12.1). For example, 
at an average Mach number of 1.2, the local Mach number at the centerline 
fluctuated between 1.27 and 1.15. Hence, such test sections are unsuitable 
for wind tunnel testing unless additional measures are taken to make the 
distribution more uniform. This erratic behavior of the Mach number 
distributions in the supersonic speed range is not surprising. Although a t 
subsonic speeds the contours of the inlet nozzle preceding the test section 
do not greatly affect uniform test-section flow, the contours of the supersonic 
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inlet nozzle must be shaped very carefully and in accordance with super­
sonic wave reflection and attenuation theory. 

I t is significant that supersonic Mach numbers were established in the 
test section simply by increasing the power input to the wind tunnel compres­
sor, that is, by increasing the pressure ratio between the stagnation section 
ahead of the test section and the downstream end of the diffuser. This type 
of operation differs from that of conventional closed-wall supersonic test 
sections. In the conventional closed test sections, Mach number increases 
in the supersonic range can be obtained only by changing the contour of 

• n n IA 
. T : SLOTTED TEST-SECTION WALL 

EFFUSER B E L L -
f I I I I I I I I n I I I I 11 I I I 11 I I I I I r t l > > ) ) ) ) I I I I I I 

- 2 . 0 -1 .0 0 
TEST SECTION STATION X/D . 

1.0 2 . 0 2 . 5 
(D 'Throat Diameter) 

F I G . 12.1. Mach number distribution for typical slotted test sections (slots with constant 
width extended into diffuser)? 

the supersonic inlet nozzle since, for each contour, only one specific Mach 
number can be obtained in the test section. The very desirable simplification 
of operations which is thus possible in a partially open test section over the 
supersonic speed range and the penalties a t tendant upon the simplification 
will be discussed later. 

With reference to experiments just cited, the problem areas associated with 
flow establishment in transonic test sections can be characterized as follows: 

(1) Min imum open-area ratio to establish uniform flow in the subsonic 
speed range up to M a c h number one. 
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(2) Disturbances at the downstream end of a partially open test section 
leading either to strong Alach number reductions or to strong Mach 
number increases at the point of transition from test section to 
diffuser. 

(3) Establishment of uniform supersonic flow without the erratic distri­
butions obtained using simple rectangular slots. 

These three problem areas will be discussed in more detail in the following 
paragraphs. 

2. ESTABLISHMENT OF SUBSONIC FLOW IN PERFORATED 
TEST SECTIONS 

a. Different types of test-section venting 

In the experiments just discussed, the test sections had longitudinal slots 
which extended into the diffuser area behind the test section. The fact that 
the slots did extend into the diffuser section is of significance since, in this 
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F IG. 12.2. Different schemes for mass flow removal from ihe plenum chamber. 
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way, a portion of the test-section flow can enter the plenum chamber and 
can be discharged from there into the diffuser (see Fig. 12.2b). By changing 
the pressure distribution in the diffuser—for instance, by increasing the power 
input into the wind tunnel or, more generally, by reducing the pressure 
downstream of the diffuser—the amount of air removed from the plenum 
chamber through the diffuser end o f the slots may be varied and controlled. 

Control of the air removed from the plenum chamber can also be easily 
accomplished with an auxiliary compressor by means of throttling valves 
or bypass valves which are independent of the power input to the main 
wind tunnel compressor. It is even possible to introduce air into the plenum 
chamber and from there through the slots into the test section itself. 
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F I G . 12.3. Subsonic Alach number distribution in perforated test section with parallel 
walls and open-area ratios between 5.2 and 33per cent? 

Diffuscr suction through the slots extending into the diffuser and suction 
by an auxiliary compressor in a test section having openings only in the 
test-section area itself are simply two different methods of obtaining mass 
flow removal from the plenum chamber. The method, that is, the type of 
mass flow removal used, should not affect the Mach number distribution 
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in the test section as long as the total mass removed from the test section 
remains the same. Only minor local differences could occur in the immediate 
vicinity of the suction device utilized, for instance, in the vicinity of the 
flap opening (Fig. 12.2c) or near the wall openings which extend into the 
diffuser (Fig. 12.2b). The following discussion will first consider the mass 
flow removal from the plenum chamber as a freely controllable parameter 
and, later, the advantages and disadvantages of the various means of 
establishing the desired amount of mass flow removal. 
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FIG. 12.4. Subsonic Alach number distribution in perforated test section with lop and 
bottom walls diverged 30' and open-area ratios between 5.2 and 33per cent? 

b. Experimental Alach number distribution in various perforated lest sections. 

In a systematic series of tests in the transonic model tunnel of the AEDC 
several test sections were constructed with perforated walls having an open-
area ratio ranging from 5.2 to 33 per cent.2 Some typical subsonic Mach 
number distributions obtained with these walls in the high subsonic Mach 
number range are shown in Fig. 12.3. 
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Parallel Wall Setting.—The walls of the test sections were set parallel for 
the selected series, and no allowance was made for boundary layer develop­
ment along the walls. I t is apparent from Fig. 12.3 that in all cases the sub­
sonic Mach number distribution was very regular, as previously, at the 
upstream end and, particularly, at the downstream end of the test section. 

Even at geometric open-area ratios of 5.2 per cent, the venting o f the test 
section to the plenum chamber was so effective that the constant pressure 
in the plenum chamber controls the pressure in the test section itself. How­
ever, at the largest open-area ratio of 33 per cent, long wave-length disturb­
ances in the Mach number distribution through the test section occurred 
which were similar to the disturbances frequently observed in completely 
open test sections. This observation seems to indicate that test sections with 
parallel walls having geometric open-area ratios of 33 per cent or more act 
much like completely open test sections. 

Diverged and Converged Wall Settings.—The same test sections with the same 
walls were modified so that the top and bottom walls were each diverged 30'. 
Again (see Fig. 12.4) the subsonic distributions were very smooth in the 
extreme downstream region of the test section. When the top and bottom 
walls were converged 30', the same observations were made (Fig. 12.5). 

I t can be stated in conclusion that the Mach number distribution in 
perforated test sections is extremely insensitive in the subsonic speed range. 
Smooth distributions with constant Mach number are obtained regardless 
of whether the wall open-area ratio is varied between 5 and 33 per cent or 
the test-section walls are diverged or converged by 30'. The flow disturbances 
which occur at the downstream end of the test sections sometimes indicate 
a reduction and sometimes an increase in the local Mach number (see 
Figs. 12.3 and 12.4). As explained in more detail in the next paragraph, 
these flow disturbances can usually be attributed to incorrect setting of 
the auxiliary plenum chamber suction. When too much suction is employed, 
the Mach number at the downstream region of the test section is reduced; 
when not enough suction is applied, the Mach number at the downstream 
end is increased and might even reach choking conditions. 

c. Theoretical studies of subsonic Mach number distribution in perforated test sections 
and comparison with experiments 

In order to obtain a better understanding of the experimental results 
discussed in the preceding paragraphs, a theoretical investigation was 
conducted to determine the Mach number distribution in an idealized 
perforated test section as a function of plenum chamber suction and wall 
divergence or convergence.3 T h e following simplifying assumptions were 
made : 

(1) T h e flow in the test section was considered to be isentropic; this 
means particularly that the wall boundary layer was neglected. 

(2) One-dimensional flow equations were utilized, that is, the flow 
parameters were assumed to be constant over any given station of 
the test section. 
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(3) The compressibility effects were linearized. 
(4) The perforated test-section walls were assumed to exhibit a linear 

relationship between pressure drop and cross flow through the wall. 
T h e following relationship, defined in the terms used in Chapter 11 of 

this AGARDograph, exists: 
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F I G . 12.5. Subsonic Mach number distribution in perforated test section wilh lop and 
bottom walls converged 30 ' and open-area ratios between 5.2 and 33 per cent? 

Here (pv)v = mx is the cross flow through the wall per unit area at station x, 
and K is a constant to be determined from experiments. Within the range 
of validity of linearized compressible flow, the product A"(l — Af^2) may be 
considered a constant (see Chapter 11). 

Theory for Parallel Walls.—If a square test section with parallel walls is 
assumed, the continuity law provides the basic equation for determining 
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the Mach number distribution over the axial length of the test section (see 
Fig. 12.6). 

Pa 
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x/H 
cVx C mx 
V)<a J (pv)ao 
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PERFORATED WALL 

SOLID WALL 
OUTFLOW «mx«4«H-dx 

X = 0 
mx« LOCAL OUTFLOW PER UNIT AREA 

FIG. 12.6. Perforated test section with outflow into plenum chamber at 
subsonic speed? 

After the wall characteristics and the boundary conditions are introduced 
into the above equation, the following result is obtained for the local outflow 
of the test section. 

mx 1 + K{ 1 - Afoo2) ntxol (p v)a> 

(H° K(l-Ma, 2) 

xjl-tanh2 - 4 [ I + K( 1 - A/oo2)mxol(pv)oo]» x 

Kil-Mao2) 

+ tanh-1 ( 
\1 + 

/ / .+ 

1 

K( 1 - Moo2) ntxoj (p v)«, 

In the above equation the level outflow rnxo at station x = 0 is connected 
with the pressure, pc, in the plenum chamber and the static pressure, pxo, 
at the upstream end of the perforated test section [x = 0) in the following 
manner: 

K 
ntxo Pxo—pc 

(pv)ar> kpooVao2 

When the plenum chamber pressure is controlled in such a manner that 
it is exactly equal to the pressure at the upstream end of the test section the 
above equation becomes: 

mxo = 0 
(Ho 

and mx = 0 
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Tha t is, through the entire test section no outflow is obtained and, conse­
quently, constant Mach number is maintained over the entire test section, 
a result which is plausible from simply physical reasoning. If, however, the 
plenum chamber pressure is controlled in such a manner lhat it differs 
even slightly from the static pressure in the test section at x = 0, finite 
values for the local outflow are established which follow a quite complicated 
mathematical relationship. 

The pressure distribution over the length of the test section is shown in 
Fig. 12.7 for several quantities of mass flow removal for a test section with 
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FIG. 12.7. Pressure distribution in perforated test section with parallel walls for various 
plenum chamber suction quantities in subsonic flow (pits — static pressure in test 

section at x = 0) ? 

an assumed outflow resistance characteristic of K(l — M J 2 ) = 2.5. This 
value corresponds approximately to the characteristic parameter of a perfor­
ated wall with 3 per cent open-area ratio at Mach number 0.90. The indi­
cated mass flow removal ratios Amjm are calculated assuming that the test 
section has a length three times its width. The figure shows that inflow or 
outflow of the test section influences the pressure distribution only at the 
downstream end. Even with 5 per cent inflow or outflow, only the last one-
third of the test-section length is noticeably disturbed, and the upstream 
two-thirds is practically unaffected. Furthermore, at 5.2 per cent outflow 
the difference between plenum chamber pressure and the pressure at the 
upstream end of the test section at M ^ = 0 is only Apjq = 7 x 10 - 6 , that 
is, for all engineering purposes the pressure difference between plenum 
chamber and test section is non-existent at x = 0. 

The axial extent of the disturbance region in the case of artificially-
maintained inflow or outflow of the test section naturally depends upon 
the open-area ratio of the wall. In the limiting case, for instance, when a 
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finite number of infinitely small holes are provided in the perforated walls, 
the pressure drop through the wall reaches infinitely large values, and the 
outflow of the test section must obviously be uniform over its entire length. 
Such a case is shown in Fig. 12.8 which represents the pressure distribution 
through a perforated test section for 1.3 per cent inflow and outflow and for 
various values of the wall characteristic constant K. The smaller the cross-
flow characteristic constant, for instance K = 1, the more concentrated the 

I 3 J 2 

- . 0 3 

FIG. 12.8. Pressure distribution in perforated test section with parallel walls for various 
wall parameters K in subsonic flow (pxo = static pressure in test section at x — 0)? 

outflow in the downstream region of the test section. The larger the cross-
flow characteristic constant, for instance, K approaching infinity, the 
farther does the disturbance region from the downstream end extend toward 
the upstream region of the test section. For normal wind tunnel application 
it may bc generally assumed that outflow or inflow of the plenum chamber 
will affect the pressure distribution in the downstream region of the test 
section only. In this case it is assumed that the wind tunnel main compressor 
is properly adjusted to keep the mean test section Mach number constant. 

Comparison with Experiments for Parallel Walls.—The Mach number distri­
butions over a test section with typical perforated walls are shown in Fig. 
12.9 for various values of plenum chamber suction.3 In order to maintain 
a constant Mach number in the main portion of the test section, the wind 
tunnel compressor was adjusted in such a manner that, in spite ofthe removal 
of different amounts of mass flow, constant Mach number was maintained. 
If such an adjustment had not been made, a higher Mach number would 
have been produced when the plenum chamber suction was increased. This 
behavior can be attributed to the fact that the losses in the wind tunnel 
circuit, particularly in the diffuser, are considerably reduced if the boundary 
layer approaching the diffuser is thinned by means of auxiliary suction. 
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As predicted by theory, the Mach number distributions for the experi­
ments shown in Fig. 12.9 remained practically unchanged over much of the 
upstream portion of the test section, even when more and more air was 
discharged from the plenum chamber. At small suction values the Mach 
number started to rise appreciably at the test-section end and approached 
choking even when mass flow removal was 0.8 per cent. This phenomenon 
is caused by the boundary layer which is formed along the perforated walls. 
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F I G . 12.9 Atach number distributions for perforated test section with parallel walls for 
various plenum chamber suction quantities? 

Boundary layer growth has the same effect locally as inflow to the test sec­
tion: it reduces the cross-sectional area available for the main test-section 
flow. Consequently, the boundary layer effect changes the effective amount 
of suction compared with the case of non-viscous flow. From the sample 
experiments presented in Fig. 12.9 it may be estimated that approximately 
2 per cent mass flow removal is required in order to establish parallel flow. 

T o make comparison possible, the plenum chamber pressures for the 
experiments with different amounts of suction have been converted into 
fictitious Mach numbers and are also shown in Fig. 12.9. It is apparent 
that in the case of the test section with parallel wall setting, the plenum 
chamber pressure was only slightly lower than the test-section pressure, 
even a t the extremely large mass flow removal of 9.8 per cent. 

The concentration of the mass flow removal in the downstream end of 
the test section significantly affects boundary layer removal along the walls 
o f t h e test section. If shock-wave cancellation with perforated walls is to be 
effective (Chapters 9 and 10), it is necessary to keep the wall boundary 
layer thin; in most cases, it must even be thinned artificially by means o 
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plenum chamber suction. The results of the above theoretical study, as 
verified by the experiments, indicate that simple mass flow removal from the 
plenum chamber does not produce the desired uniform thinning of the 
boundary layer along the test-section length. While much of the boundary-
layer is removed at the downstream end of the test section, practically no 
removal is effected in the main portion of the test section. Consequently, 
other means, which will be discussed subsequently, must be employed in 
conjunction with plenum chamber suction to accomplish the desired thinning 
of the boundary layer in the critical upstream and middle region of the test-
section length. 

Theory for Tesl Sections with Non-Parallel Walls.—For the following calcu­
lation it is assumed that all four walls of the experimental test section are 
set at the same diverging or converging angle. As is apparent from consid­
eration of Fig. 12.10, not all test-section flow which crosses the reference 

REFERENCE 
PLANE 

: ^ PERFORATED WAL 

Fio. 12.10. Sketch for definition qf reference plants for diverged test section? 

planes must also cross the perforated walls. A certain amount will flow-
between the reference planes and the perforated walls. The same calculations 
previously derived for parallel walls may be applied to the non-parallel 
walls, but only cross flow through the walls must be considered as producing 
the pressure drop through the walls. The unit mass flow, mxt, accounting for 
the flow between the reference plane and the perforated walls, can be 
obtained from the following equation for flow continuity: 

d(H x
2 ) 

mX((4//xdA.) = — - dx(pxi'x) 
d v 

or in a simplified linearized manner : 

I d H x 
nix, 

2 d.v 

IdHx 
(pxVx) ~ - — — (pl')oo 

2 d* 

With the above approximate version o f the mass flow between the refer­
ence plane and the perforated wall, the results of the parallel wall calcu­
lations can be adapted by simply correcting the local outflow of the test 
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section, mx, by the value, mx , shown above.3 In a similar manner the 
pressure level can be easily corrected by use of the linearized pressure equa­
tions. 

Some orienting calculations for converged and diverged wall settings 
were carried out according to the relations described above. The results 
are shown in Fig. 12.11 for the case of no plenum chamber mass flow 
removal, that is, for Amjm = 0 and a typical wall porosity constant 
A"(l — Af2) = 2.5. As in the case of parallel wall settings, practically constant 
pressure distribution is maintained in the forward and middle portions of 

2 
I 

I K ; . 12.11. Pressure distribution in perforated test section for various wall sellings 
without inflow into Ihe test section (subsonic flow, two walls converged or diverged. 

pc = plenum chamber pressure) ? 

the lest section, while large disturbances (either toward higher Mach 
numbers in the case of wall convergence or toward lower Mach numbers 
in the case of wall divergence) are established at the downstream end. It is 
significant that with the converged wall, nearly constant outflow is estab­
lished over the main forward test-section region, as indicated by the lower 
pressure in the test section compared with that of the plenum chamber. 
The overall picture of the outflow and inflow distribution is shown schem­
atically in Fig. 12.12b for the case of a convergent wall setting. While a 
uniform outflow occurs over the main portion of the test section, a concen­
trated inflow of the same total amount is established in the downstream 
portion of the test section (no mass flow removal). 

Local wall cross-flow distribution is shown in Fig. 12.12c for the case of 
divergence. In this case, uniform inflow occurs over the main portion of the 
test section while a strong outflow is established at the downstream end. It 
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is important to note that in the case of both the converged and the diverged 
test sections, no uniform pressure distribution through the test section is 
possible without auxiliary suction or bleeding. 

T h e fact that uniform flow in the entire test section, including its down­
stream portion, can be obtained in a converged or diverged wall test section 
only by the proper amount of plenum flow removal is demonstrated in 
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F I G . 12.12. Flow pattern for correct and incorrect wall setting of perforated test section? 

Fig. 12.13. For this sample calculation a constant inflow of Aw m = - 0 . 0 2 6 
was established. It may be seen that with a wall setting of 15' divergence a 
constant pressure is established over the entire test section. If the wall setting 
is changed to either larger divergence or to convergence, pressure disturb­
ances similar to those previously encountered are developed. Correct 
matching of test-section wall convergence and mass flow removal will result 
in the desired uniform distribution of local mass flow as shown in Fie 
12.12a. 

Comparison of Experiments with Convergent and Divergent Walls.—Uniform 
flow distribution through the test section is possible only when wall con­
vergence or divergence and plenum chamber mass flow removal are 
properly matched. This conclusion from the simplified theory is verified 
by the experimental results presented in Fig. 12.14 (Ref. 3). This figure 
shows the Mach number distribution in a typical perforated wall test 
section for no mass flow removal from the test section and various wall 
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3.2 

F I G . 12.13. Pressure distribution in perforated tesl section for various wall sellings and 
constant inflow into the test section (subsonic flow, two walls converged or diverged, 

c p = plenum chamber pressure) ? 
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F I G . 12.14. .Mach number distribution through perforated test section without plenum 
chamber suction for various wall settings? 

295 



TRANSONIC WIND TUNNEL TESTING 

divergent or convergent settings. As predicted by theory, locally larger or 
smaller Mach numbers are established by the downstream end of the test 
section when the walls are either diverged or converged. However, even in 
such cases of mismatch, the Mach number distribution through the test 
section is practically unaffected and uniform at the extreme downstream 
end. When no mass is removed from the plenum chamber, uniform flow 
can be maintained to the end of the test section only with a wall divergence 
of approximately 25 ' . It is to be noted that in the experiments presented 
in Fig. 12.14 only two walls o f the test section were converged or diverged; 
the two side walls remained at the parallel setting. 

d. Summary 
The preceding theoretical and experimental investigations of uniform 

thinning of the boundary layer in the test section may be summarized as 
follows: 

(1) Mass flow removal from the plenum chamber will result in uniform 
boundary layer thinning through the entire test-section length, only 
when the correct amount of wall convergence is simultaneously 
applied. 

(2) Merely discharging air from the plenum chamber without properly 
converging the walls will not produce uniform thinning of the 
boundary layer, as is required for shock-wave reflection consideration. 
At subsonic speeds, concentrated local disturbances in the down­
stream portion o f the test section are established. 

3. ESTABLISHMENT OF SUBSONIC FLOW IN SLOTTED 
TEST SECTIONS 

Basically the same relationships presented for perforated test sections are 
also valid for slotted test sections, as numerous experiments with slotted 
test sections show. As in the case of perforated test sections, the Mach 
number distribution in the subsonic speed range is not very sensitive to the 
slot shape and the open area of the slots. Only at the downstream end of the 
test section do local disturbances in Mach number distribution frequently 
occur, and these can be effectively controlled by plenum chamber suction. 

Typical Mach number distributions in the subsonic speed range for the 
NACA Langley Field 16 ft transonic wind tunnel are shown in Fig. 12.15 
(Ref. 4). In this wind tunnel numerous tapered longitudinal slot configura­
tions having different distributions of width were investigated. Though this 
width distribution of slots has a significant effect on the quality o f the test-
section flow in the supersonic speed range, the two drastically different slot 
shapes selected for the subsonic testing shown in Fig. 12.15 both show uniform 
Mach number distribution within the accuracy of normal testing. Only at 
the downstream end of the test section do disturbances occur. 

The open-area ratio of the eight slots used in the NACA experiments 
described above was 12 J per cent. In other test series uniform Mach number 
distribution was obtained, even when the open-area ratio of the slotted 
wind tunnels was drastically reduced. For example, in some systematic 
experiments using wind tunnels equipped with slotted test sections of 
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7.5 x 3 in. cross section, the open-area ratio of the slots was reduced from 
8.0 per cent to 0.5 per cent.5 Only the upper and lower walls of the test 
set tion were slotted; the two side walls were kept solid (see Figs. 12.16 and 
12.17a). This model test section was equipped with slots of constant width 
which extended from the beginning of the test section some distance into 
the diffuscr. In this way, a certain amount of plenum chamber suction was 
provided which depended upon the pressure distribution in the diffuser. A 
uniform Mach number distribution through the test section was obtained 
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FIG. 12.15. Alach number distribution at centerline of NACA Langley 16 ft transonic 
tunnel for two slot sluipes in subsonic speed range? 

with the open-area ratio between 8 and 2.7 per cent. Also with the open-area 
ratio reduced to 1 per cent, uniform Mach number distribution in the test 
section proper was established except for a local disturbance near x H = 0.7 
(Fig. 12.16). In the latter case, however, a strong disturbance did develop 
in the downstream region of the test section, as was to be expected. 

When, in the above test series, the area ratio of the longitudinal slots was 
reduced to one-half per cent (Fig. 12.17a), the Mach number distribution 
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in the forward portion of the test section was still quite uniform. However, 
the strong disturbance downstream of the test section extended forward 
through the entire rear half of the test section (Ref. 5). 

According to the theory described for perforated test sections, this down­
stream test-section disturbance could be greatly reduced in intensity if air 
were removed from the plenum chamber and the choking condition at the 
downstream end of the working section were thus alleviated. This result 
was actually experimentally observed (Fig. 12.17b) when additional openings 
were provided in the diffuser through which air was sucked from the test 

1.5 2 .0 
X/H 

FIG. 12.16. Mach number distribution along wall qf 7 .5x3 in. slotted wind tunnel 
for different slot open areas? 

section into the low pressure region of the diffuser. T h e Mach number 
distribution is much smoother with the additional plenum chamber suction 
(see Fig. 12.17a for comparison). Since the slotted test sections were identical 
for both series of experiments (Figs. 12.17a and b) the only difference was 
the open area added in the diffuser to increase plenum chamber suction. 

The fact that the flow disturbances in the downstream portion of slotted 
test sections depend decisively upon the amount of air which is either 
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removed from or added to the plenum chamber was demonstrated clearly 
in a test series conducted in the transonic model tunnel of the AEDC. In 
these tests, a slotted test section was equipped with slots extending only 
through the test section itself.6 Plenum chamber suction or bleed-in was 
provided by either an auxiliary suction source or by simple bleed-in from a 
high-pressure area. Some typical Mach number distributions for a test-
section configuration having sixteen slots with a total open-area ratio of 
11 per cent are shown in Fig. 12.18. While the Mach number was kept 
constant by proper control of the pressure at the downstream end of the 
diffuser, the mass removal from the test section (parallel walls) was varied 
from no removal to 2.8 and 5.0 per cent of the test-section flow. Without 
plenum chamber suction, the Mach number at the downstream end increased 
greatly as a result of the boundary layer development along the test-section 
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FIG. 12.17. Mach number distribution along wall of 7.5 x 3 in. slotted wind tunnel 
wilh and without additional slots in diffuser? 

walls. The results from 5 per cent mass flow removal indicate that too much 
air was removed through the slots and that, consequently, the Mach number 
in the downstream region was drastically reduced. The proper amount of 
suction, that is, approximately 2.8 per cent, resulted in uniform Mach 
number distribution through the entire test section. 
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The comparison of the test results for various slotted test sections with the 
theory, presented in Section 2c of this chapter, indicates clearly that in 
slotted test sections, also, plenum chamber suction or bleed-in affects only 
the flow in the downstream end of the test section; the main portion of the 
test-section flow is practically unaffected. Furthermore, when mass flow is 
removed from the plenum chamber without simultaneously converging the 
test-section walls, the boundary layer along the wall is not thinned in the 
main portion of the test section but only in the extreme downstream region. 

X/H 

F'IG. 12.18. Influence of plenum chamber suction on Alach number distribution at centerline 
of slotted tesl section (solid diffuser walls, sixteen slots with 11 per cent open-area, 

parallel walls)? 

In order to provide an effective thinning of the boundary layer through the 
entire test section a proper combination of wall convergence and mass flow 
removal from the plenum chamber must be applied. In view of the non­
linear relationship between local mass flow removal and local pressure 
difference between test section and plenum chamber, however, it is probable 
that the plenum chamber pressure of slotted test sections differs even less 
from the mean test-section pressure than does the plenum chamber pressure 
of perforated test sections. 

4. SUPERSONIC FLOW ESTABLISHMENT IN PERFORATED 
TEST SECTIONS 

a. Theoretical considerations 

In suitably designed partially open test sections, the Mach number in 
the test section can be increased beyond sonic speed by merely increasing 
the pressure rise of the wind tunnel compressor or the plenum chamber 
mass flow removal. This fact is very significant because in conventional 
supersonic wind tunnel operation, supersonic Mach numbers can be estab­
lished only by placing ahead of the test section a supersonic nozzle which 
has a definite contour for each individual Mach number. Moreover, the 
necessary change in contour is so small near Mach number one that it is 
practically impossible in a closed test section to establish the very small 
changes in this Mach number range. Also, it is extremely difficult in such 
tunnels to control the degree of test-section divergence needed for boundary 
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layer compensation in such a manner that no Mach number gradients of 
significance occur. In practical operation of partially open wind tunnels, 
therefore, the supersonic test Mach numbers near Mach number one are 
always established by mass flow removal from the plenum chamber. This is 
true regardless of whether or not a supersonic nozzle is provided. 

A distinct difference exists in the effects of mass flow removal from the 
plenum chamber for the supersonic and the subsonic speed ranges. In 
subsonic flow, a change in the mass flow removal affects only the Mach 
number distribution in the downstream portion of the test section, but this 
is not true in the test section proper. (Again it should bc remembered that 
increased mass flow removal generally leads to a reduction of the flow losses 
in the wind tunnel circuit and thus might indirectly cause a change in the 
test-section Mach number.) In supersonic flow, the relationships are funda­
mentally different, as can be readily demonstrated by consideration of the 
simplified theory. 

The supersonic flow pattern for plenum chamber suction is presented 
schematically in Fig. 12.19. This pattern is the equivalent o f t h e subsonic 

SOLID WALL 

PERFORATED WALL 

OUTFLOW • m,.4.H'dx 

m • LOCAL OUTFLOW COMPRESSION WAVE 
EXPANSION WAVE PER UNIT AREA PRESSURE CHANGE IN 
MULTIPLE OF UNITS 0,1,2 

FIG. 12.19. Perforated test section with outflow into plenum chamber at 
supersonic speed? 

flow pattern shown in Fig. 12.6. Local outflow through the perforated wall 
creates locally lower pressures by means of Mach waves. When the same 
simplified assumptions are made for these theoretical calculations as for 
subsonic flow (see Section 2c of this chapter), the following equation for 
local outflow through a wall element as a function of the axial station is 
obtained: 
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The local pressure difference between test section and plenum chamber 
can then be readily obtained by means of the assumed linearized wall 
characteristic and linearized compressible flow equations: 

(Afa. 2-!) 
Pz—pe 

= KiAIvp-^mx/iptfar, 
• i f ' ' " ' -

The pressure distribution obtained from the above equations for a typical 
case of a perforated wall is presented in Fig. 12.20 for various amounts of 

3.0 

FIG. 12.20. Supersonic pressure distributions in perforated test section with parallel 
walls for various plenum chamber suction quantities for K ( M 2 — l) = 2.5 (p x a = 

static pressure in test section at x = 0) ,3 

mass flow removal from and bleed-in to, the plenum chamber. Unlike the 
subsonic case (see Fig. 12.7), all non-uniformities in the supersonic flow are 
concentrated in the upstream portion of the test section. Hence, if the flow 
approaching the test section is assumed to be choked, a variation in the 
plenum chamber suction will result in a change of Mach number in the 
test section proper. The upstream portion of the test section acts as a super­
sonic nozzle which establishes flow in the test section. Hence control of the 
mass flow from the plenum chamber represents a convenient means of adjust­
ing the test Mach number to the desired value. 

One basic assumption made in the derivation of the equation for Mach 
number of pressure distribution through the test section (Fig. 12.20) is that 
the pressure in the test section is influenced only by the primary waves 
produced by local mass outflow or inflow. It is specifically assumed that all 
reflections of the pr imary expansion or compression waves are cancelled 
completely by the partially open wall. If cancellation of waves is not com­
pletely achieved, the resulting wave reflections will cause fluctuation in 

302 



F L O W E S T A B L I S H M E N T IN T R A N S O N I C W I N D T U N N E L S 

the pressure distribution which could make a tesl section unsuitable for 
wind tunnel testing. 

From these theoretical calculations it can be concluded that only in the 
most upstream portion of the test section is a thinning of the boundary 
layer produced by mass flow removal from the plenum chamber; in the 
test section proper the growth of the boundary layer along the perforated 
walls remains unchecked. In order to provide for boundar) lavei removal 
through the entire length of the test section, the walls must bc converged 
and a suitable matching between convergence angle and mass flow removal 
must be established, as in the subsonic case (see Section 2a of this chapter). 

b. Test section with sonic nozzle 

Theoretical Relationships.—In conventional supersonic wind tunnels super­
sonic flow is established by means of a contoured nozzle. The initial portion 
o f the nozzle beyond the throat may be of any shape, within certain limits. 
However, the downstream portion is predetermined by the condition that 
all waves initiated in the upstream portion must be cancelled by proper 
curvature of the wall element so that parallel flow in the test section is 
established. As a consequence of this well-known rule, supersonic nozzles 
have a minimum length which depends upon the Mach number (Fig. 
12.21). Detailed consideration of thc flow pattern of one such nozzle proves 

SUPERSONIC MACH NUMBERS 

M = 2 . 0 

M - 3 . 0 

FIG. 12.21. Wind tunnel inlet nozzles wilh typical wave systems for various subsonic 
and supersonic Mach numbers. 

that the expanding nozzle flow crosses an imaginary partially open wall, 
parallel to the centerline of the nozzle, at normal velocities which reach a 
maximum near the inflection point of the contoured nozzle (see Fig. 12.22). 
Downstream of the inflection point, they gradually decrease to zero. If a 
partially open wall were provided with a suction system which could control 
the local outflow through the wall in the manner indicated by the normal 
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velocity distributions, the flow within the test section would be the same as 
that which occurs in a closed test section with a supersonic nozzle. 

Consequently, to establish smooth supersonic flow in transonic test sections 
by means of a sonic nozzle, the distribution of the wall cross flow must be 
controlled precisely to simulate the normal cross-flow velocity distribution 
of a conventional supersonic nozzle. 

Since the distribution of the normal velocity components along a partially-
open wall can be readily calculated, by the method of characteristics, for 
example ; it is possible to determine theoretically the open-area ratio distri­
bution in the flow-establishing section of a perforated test section when 
suitable assumptions are made concerning the wall characteristics. Fortu­
nately the conditions in partially open wind tunnels are considerably less 
critical than in closed wall wind tunnels because a partially open wall is 
automatically, to a large extent, capable of eliminating waves. As a result of 
this fortunate characteristic of partially open walls, the greatly simplified 
pattern of wall opening distribution in the (low-establishing section provides 
the desired uniform supersonic flow. Some typical tests showing this effect 
will be discussed in the following sections. 

T h e method of establishing supersonic flow in partially open test sections 
with sonic wind tunnel nozzles is practical only over a relatively narrow 
Mach number range, slightly above Mach number one, in spite of the 
significant advantages of the method with respect to the simplicity of the 
required ecpiipment (no precision supersonic nozzle is required). The limits 
to practical application are set by the rapidly increasing requirement for 
mass flow removal when the supersonic Mach number is increased much 
beyond Mach number one. T h e amounts of air which must be bypassed 
are shown in the following table: 

Mass Flow Removal Requirements for Partially Open 
Test Sections Having Sonic Nozzles 

(Isentropic Flow) 

Alach 
Number 

1.0 
1.1 
1.2 
1.3 
1.4 
1.5 

Atass Flow Removal, 
Am/m, per cent* 

0.0 
0.8 
3.0 
6.6 

11.5 
17.6 

Related to total test section flow. 

T o establish a Mach number of 1.1, only approximately 0.8 per cent of 
the test-section flow need be bypassed; this value increases to 3.0 per cent 
at Mach number 1.2 and to 11.5 per cent at Mach number 1.4. Since the 
bypassed air cannot avoid losing most of its kinetic energy because of vortex 
formation in the plenum chamber, the diffuser efficiency of the wind tunnel 
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at a Mach number of 1.4 is automatically reduced by the factor of approx­
imately 1,1.11 = 0.9. In addition, the large volume flow of the bypass air 
which must be handled rapidly exceeds the limits of practical operation at 
higher Mach numbers. Consequently, only relatively small transonic wind 
tunnels which have a test-section height not exceeding approximately 1 ft 

SOLID NOZZLE v 

-PERFORATED 
WALL 

-NORMAL VELOCITY COMPONENT 

FIG. 12.22. Supersonic wind tunnel nozzle with conveiiliun.il solid walls and wilh 
partially open walls in conjunction with controlled local outflow. 

arc built for operation at supersonic Mach numbers up to (and even exceed­
ing) 1.25, if the supersonic flow is to be established by means of a sonic 
nozzle used in conjunction with plenum chamber suction. All larger wind 
tunnels either are restricted in maximum Mach number to approximately 
1.2 when sonic nozzles are employed or use supersonic nozzles to establish 
supersonic flow in the conventional manner. 

Experiments with Various Perforated Test Sections.—In the systematic studies 
of perforated wall configurations conducted in the AEDC transonic model 
tunnel, walls with approximately 22.5 per cent open-area ratio were exam­
ined at parallel wall settings.7 At subsonic Mach numbers, uniform flow 
could be readily established in the test sections, but the flow at supersonic 
Mach numbers was extremely wavy and consequently unsuited for wind 
tunnel resting (see Fig. 12.23a). The initial extensive over-expansion in the 
forward portion of the test section which produced a strong wave pattern 
throughout the test section was particularly disturbing. This wave system 
was only gradually eliminated by the effect o f thc perforated walls. 

In order to provide a simple control o f the outflow of the test section as 
a first step toward achievement of the required theoretical outflow distri­
butions, the upstream portion of all four perforated walls was partially 
closed by a set of solid taper strips (see Fig. 12.24). This extremely simple 
configuration change resulted in very smooth Mach number distributions 
in the test section (Fig. 12.23). 

Similar results were obtained in numerous other test series with different 
walls. At the most common open-area ratios, from 20 to 33 per cent, the 
simple straight taper strips always proved effective up to Mach numbers of 
approximately 1.2, the limit of most of these investigations. However, with 
wall open-area ratios of from 5 to 10 per cent, no taper strips were required 
to establish the desired uniform flow. 
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Experiments with Tapered Porosity Sections of Different Lengths.—In the 
British A R A 9 x 8 ft transonic wind tunnel, an extensive investigation was 
carried out to determine a suitable tapered porosity distribution for the 
perforated test section8 of this wind tunnel. This test section is characterized 
by a rather short length of only 1.44 x mean width o f t h e tunnel working 
section. For the Mach number range up to 1.1 the flexible supersonic nozzle 
preceding the working section is set at a sonic contour because of design 
limitations. Also, in order to utilize as much as possible of the perforated 
test section as a working section, the region of perforated porosity used for 
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a. Uncontrolled expansion 
(no taper strip). 

b . Controlled expansion 
{with taper strip). 

F I G . 12.23. Mach number distribution in perforated test section with uncontrolled and 
controlled supersonic flow expansion (walls: 22 per cent open, parallel setting)?'--7 

MASS FLOW REMOVAL • 

F I G . 12.24. Sketch qf perforated test section with solid taper strips for controlled 
supersonic expansion?2 
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the flow build-up had a length 0.65 x the mean test-section height instead 
of 0.83 x the mean height as was generally the case in the previously cited 
AEDC tests (see Fig. 12.25). T h e porosity of both vertical walls started 
further upstream than did that of the horizontal walls (Fig. 12.25a). 

Some typical Mach number distributions are shown in Fig. 12.26 for the 
wall open-area ratio of 22.5 per cent with both diffuscr and auxiliary 
suction applied. I.ven in the subsonic Mach number range between 0.9 and 
1.0, the Mach number did not reach a uniform value upstream of xjH — 
0.40, measured from the beginning of the porous lest section. At supersonic 

.30 

Initial 1'orosiiy Distribution 

- .2 0 .2 .4 
( b) Modified Porosity Distribution 

FIG. 12.25. Porosity distribution of British ARA 9 x 8 fl transonic wind tunnel? 

307 



TRANSONIC WIND TUNNEL TESTING 

Mach numbers, the establishment of the final test-section flow was shifted 
even further downstream, and the uniformity of the Mach number curves 
was not satisfactory. I t is suspected that not only the shorter axial extent of 
the tapered porosity section, but also the relatively thicker boundary layer 
at the beginning of the working section might bc responsible for the observed 
non-uniformities. 
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FIG. 12.26. Alach number distribution in ARA transonic 9 x 8 ft wind tunnel with 
initial porosity distribution, parallel walls, and sonic nozzle (Mp c — equivalent Alach 

number in plenum chamber)? 

On the basis of the initial investigations of the Mach number distribution, 
a redesign o f t h e tapered porosity section was gradually accomplished. The 
guiding idea was to increase the axial extent of the tapered section by 
extending the tapered porosity section approximately 0 . 1 8 x / / upstream 
and, more significantly, to change the approximately linear growth of porosity, 
as employed initially, to a more refined rate of growth (see Fig. 12.25b). T h e 
final distribution of porosity consisted of an initial rapid increase, then a 
region with nearly constant porosity, followed by a final region with rapid 
increase of approximately linear rate. T h e middle region with nearly con­
stant porosity was found to be most effective in eliminating over-expansion 
of the test section flow. As intended, the Mach number distribution in the 
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test section at both subsonic and supersonic Mach numbers was considerably 
improved (see Fig. 12.27). At a test-section Mach number of approximately 
1.10, the region with satisfactorily uniform flow begins at the station located 
approximately 0.6 x H downstream of the upstream end of the porosity 
section. This axial extent is in good agreement with the data cited for the 
A F D C transonic model tunnel and shown in Fig. 12.23b. 

c. Test sections equipped with supersonic nozzles 

When a conventional supersonic nozzle is used to establish supersonic 
flow, the problem of flow uniformity in perforated test sections is greatly 
simplified. In the absence of wall contour irregularities or boundary layer 
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disturbances along the supersonic nozzle and the perforated test-section 
walls, there should be no flow disturbances at all. However, the transition 
from the solid walls of the supersonic nozzle to the partially open walls of 
the test section establishes different conditions for the boundary layer 
development. In numerous tests it was found necessary to cushion this 
transition by providing tapered perforations such as were used to establish 
supersonic flow without a preceding supersonic nozzle. 

Some typical Mach number distributions determined in the ARA 9 x 8 ft 
transonic wind tunnel are presented in Fig. 12.28 for the porosity configur­
ation developed for subsonic and low supersonic Mach numbers (Fig. 
12.25b). The distribution was generally uniform, but some distinct disturb­
ances did exist which were traced back by the staff of the ARA wind tunnel 
to irregularities in the internal contours of the tunnel. These contour 
irregularities occurred at the junction between the flexible nozzle and the 
perforated side walls and at some stations in the flexible nozzle itself. It 
appears, therefore, that the problem of establishing smooth supersonic 
Mach number distributions in perforated test sections having supersonic 
nozzles consists mainly in controlling the irregularities in the internal 
contours of the wind tunnel itself. 

The same conclusion as to the significance of internal contour smoothness 
in the establishment of uniform supersonic flow in perforated test sections 
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was also drawn from the calibration tests of the AI_DC 16 ft transonic wind 
tunnel . 9 For this test series, the tunnel was equipped with perforated walls 
having inclined holes with a geometric open-area ratio of approximately 

BOUNDARY LAYER RAKES -

SOLID 

-SCAVENGING SCOOP 

FLOW STABILIZER 

TUNNEL 
STATION— 0 10 

ff 

CART 

16 f t 

4 0 5 0 

FIG. 12.29. Sketch of lesl section of AEDC 16 fI transonic wind tunnel? 
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6 per cent. Each wall had a tapered porosity section 0.62 x the tunnel 
height; each wall was equipped with eight tapered solid sections (Fig. 12.29). 
Typical Mach number distributions to Mach 1.6 are shown in Fig. 12.30. 
Some of the most pronounced Mach number disturbances can be traced 
back to irregularities of internal shape, for instance, to the juncture between 
the removable test section and the fixed flow stabilization section. The test 
results indicated were obtained for a parallel wall setting and a medium 
amount of suction. Extensive full-scale tests showed that, for each given 
wall setting, any suitable combination of pressure rise of the wind tunnel 
compressor and mass flow removal yielded an identical Mach number 
distribution in the test section. A change of wall setting to i ° converged 
had some noticeable but minor effects on the distribution.9 

These tests in the AEDG transonic wind tunnel also indicated that 
supersonic flow of acceptable uniformity can be readily established in per­
forated test sections when a supersonic nozzle is provided upstream of the 
working section. 

5. SUPKRSONIC FLOW ESTABLISHMENT IN SLOTTED 
TEST SECTIONS 

It is possible in slotted test sections, as in perforated test sections, to establish 
supersonic flow with either a sonic nozzle and subsequent flow removal 
through the slots or with a conventional supersonic nozzle which precedes 
the slotted test section. In the latter case, the problem of uniform flow 
depends upon the quality of the supersonic nozzle, upon the uniformity of 
the internal wall contours, and upon the smoothness of 'he transition from 
the solid to the slotted test-section wall regions. In this respect, the problem 
of establishing uniform flow in slotted test sections with supersonic nozzles 
does not differ very much from the problem in perforated test sections. 
Consequently, the following discussion of supersonic flow establishment in 
slotted test sections will be restricted to a discussion of slotted test sections 
having sonic nozzles. 

a. Slots with straight taper 

During a preliminary test series conducted in the transonic model tunnel 
of the AEDC, the test section shown in Fig. 12.24 was converted from a 
perforated to a slotted tunnel. The square cross section was equipped with 
a total of sixteen tapered slots, four slots on each wall, for a total open-area 
ratio of 11 per cent (see Ref. 6). Initial tests with this configuration indicated 
that simple straight tapering of the slot width in the upstream portion of thc 
test section did not eliminate over-expansion and irregular Mach number 
distribution in the test section. 

In the case of perforated test sections having straight tapering extending 
over an axial distance approximately 80 per cent of the test-section height, 
uniform distribution in the low supersonic Mach number range was estab­
lished (see Fig. 12.23b). T h e slotted test section in the present test series 
was equipped with slots having a straight taper extending over an axial 
distance corresponding to 1,0 x the test-section height. T h e results shown 
in Fig. 12.31a indicate large irregularities which made the test-section 
configuration completely unsuitable for testing. Even when the straight 
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slot tapering was extended over a length 2 X the test-section height, that is, 
to a length which comprised the main portion of the wind tunnel test section, 
the distribution was still irregular and barely usable for wind tunnel testing 
below M a r h number 1.2 (see Fig. 12.31b). 

The reason for the drastic difference between the behavior of perforated 
and slotted tesl sections in regard to the establishment of regular supersonic 
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flow by a simple tapering of the open wall area can be attributed to the 
fundamentally different cross-flow characteristics of perforated and slotted 
walls. As shown in Chapter 11, a perforated wall has a roughly linear 
relationship, that is, the cross flow through the wall is roughly proportional 
to the pressure difference between the test section and the surrounding 
plenum chamber. A slotted wall, however, exhibits what is basically a 
quadratic relationship, that is, the pressure drop through the wall is approx-
imatcly proportional to the square of the cross-flow velocity. As a result, 
very small differences between the pressures inside and outside the slotted 
test section produce sizable local outflows; hence the control of the local 
outflow is much more difficult in a slotted than in a perforated test section. 

Also in subsonic flow in a slotted test section the relationship between 
cross flow and pressure difference is basically quadratic since, as is shown 
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in Chapter 11 in more detail, a slotted test section with constant slot width 
behaves identically in supersonic and subsonic flow. When the slots are 
tapered, the basically subsonic quadrat ic relationship is still maintained as 
long as the change of slot width in the flow direction is sufficiently small 
and the local predominant Bow parameter is the local open-area ratio. 

In view of the considerably greater sensitivity of the flow in a slotted test 
section to the local slot width, extensive programs have become necessary 
to develop a slot width distribution which yields uniform supersonic flow. 

/). Non-linear slot width distribution 

Various attempts have been made to arrive theoretically at a slot width 
distribution which will establish the desired uniform supersonic flow. If the 
basic cross-flow characteristic of a slotted wall in non-viscous flow is assumed 
and three-dimensional effects caused by the finite number of slots are 
neglected, it is possible to shape the slot widths in such a manner that the 
desired outflow distribution is established within wide limits. With this 
method, an outflow velocity distribution such as is shown schematically in 
Fig. 12.22 results in a slot width distribution which is very narrow at the 
upstream end, reaches a maximum slightly downstream of the maximum 
outflow velocity, and thereafter becomes narrow again. Some test series 
have been conducted with slots shaped according to this method, and it is 
reported that encouraging results have been obtained. However, no experi­
mental results for such theoretically-determined slot shapes appear to have 
been published. 

In most cases the proper slot width distribution has been determined on 
the basis of systematic wind tunnel tests using progressively improved slot 
shapes. The slot width development program for the XACA 16 ft transonic 
wind tunnel at Eangley Field may be cited as a typical example of such a 
development series. The octagonal test section of this wind tunnel had eight 
slots with a maximum open-area ratio of 12.5 per cent and a wall divergence 
of 5' or 10' (Ref. 4) . Initially, a straight tapered slot shape (1) was utilized 
(Fig. 12.32a). The Mach number distribution at the low supersonic Mach 
number of approximately 1.05 was quite uniform in the working section 
area, but a pronounced over-expansion of the flow and subsequent wave 
disturbances in the downstream region occurred at a mean Mach number 
of approximately 1.10 (Fig. 12.32a). 

In order to eliminate these strong over-expansions of flow in the upstream 
portion of the test section, the slot width was progressively reduced in the 
upstream portion until an extremely narrow initial slot shape (16) finally 
emerged. With this modified slot width, the Mach number distribution at 
an average Mach number of approximately 1.10 was considerably more 
uniform than with slot shape 1 (Fig. 12.32b), but a noticeable over-expansion 
at the upstream portion of the test section remained. Also, since the flow 
with slot shape 16 expanded much more slowly, the improvement in Mach 
number distribution was achieved at the expense of a very undesirable 
shortening of the potential working section. 

In order to compensate for the observed reduction in test-section length 
another slot configuration (18) was developed which employed slots begin­
ning several feet further upstream than the slots of configurations 1 and 16. 
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The results (Fig. 12.32c) gave the expected effect. The test-section Mach 
number for a wall divergence of 5' was very uniform, an average value of 
Af = 1.08. Also the usable test-section length was greatly increased, as 
intended, over that available with slot shape 16. 

Then in order to obtain higher Mach numbers without auxiliary suction, 
which was not available at the time ofthe calibration of this tunnel, the walls 
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of the test section were diverged from 4 ' to 20' . Though the expected 
increase of the mean Mach number was accomplished, the flow distribution 
deteriorated very quickly with increasing divergence (see Fig. 12.33). 

Another example of the Mach number distribution in a slotted wind 
tunnel which does not have a supersonic nozzle preceding the slotted working 
section is shown in Fig. 12.34 for the NACA 8 ft transonic wind tunnel at 
Langley Field.10 The slot shape, selected in this case also after an extensive 
slot development program, finally resulted in llie Mach number distribution 
shown in Fig. 12.34. In the working section, which is relatively short (a 
length approximately 40 per cent of the test-section diameter), the Mach 
number distribution is satisfactorily uniform, even at the maximum Mach 
number of 1.13 
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FIG. 12.33. Influence of wall divergence on supersonic Alach number distributions in 
Langley 16 ft transonic wind tunnel (slot shape 18 of Fig. 12.32)? 

It may be concluded that a delicate and extensive experimental program 
is generally required to determine a slot configuration which will satisfy 
the various conflicting requirements for flow establishment in the supersonic 
speed range. This somewhat complex procedure is in contrast to the very-
easy development of suitable open-area distributions for perforated test 
sections described previously. 

c. Slotted lest sections with perforated cover plales 

As discussed previously in detail, the difficulties associated with the great 
sensitivity of the slot width distribution in slotted test sections arc apparently 
caused by the quadrat ic relationship between pressure drop and local 
outflow from slotted test sections. In a development program conducted in 
the Wright Field 10 ft wind tunnel these inherent difficulties were success­
fully overcome by incorporating the basic features of a perforated test 
section in the slotted test-section design. In this wind tunnel the slots were 
covered with perforated plates which could be readily changed to establish 
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any desired distribution of the effective open-area ratio.1 1 The sensitive 
quadratic characteristic of slotted walls was thus replaced by a more linear 
relationship which is characteristic of perforated plates. In these Wright 
Field tests, both in the model and in the full-scale 10 ft wind tunnel, it was 
very easy to establish a uniform flow which had no tendency to initial 
over-expansion or to waviness of the Mach number distribution in the test 
section. The 10 ft wind tunnel with perforated cover plates over its slots is 
also noted for ils extremely stable operating characteristics. The frequently 
observed tendency of slotted wind tunnels toward Mach number instability 
(timewisc fluctuations) was completely eliminated. 
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FIG. 12.34. Supersonic Alach number distribution in Langley 8 ft transonic wind tunnel ?° 

The Wright Field 10 ft wind tunnel had neither a supersonic nozzle 
preceding ihe test section nor sufficient auxiliary suction to establish higli 
enough supersonic Mach numbers. Therefore the test section was equipped 
with movable side walls with which the divergence of the test section could 
be effectively changed. Typical Mach number distributions obtained in 
this tunnel for proper combinations of wall setting and auxiliary suction 
are shown in Fig. 12.35. It is apparent that in spite of the extremely limited 
means available for establishment of supersonic flow, the Mach number 
distributions at the centerline are satisfactorily uniform for normal wind 
tunnel testing up to the peak Mach number of 1.23. 
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It was pointed out in Chapter 9 that neither pure slotted nor pure per­
forated test sections are able to eliminate shock reflections from three-
dimensional model configurations. It was shown that combined slotted-
perforated test sections can be designed which much more closely approach 
the required reflection-free characteristics. In view of this previous finding 
and the experimentally-determined superiority of the supersonic flow 
established in the combined slotted perforated test sections cited above, the 
combined perforated slotted test section offers a potential which should bc 
further explored. 
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(i. REQUIREMENTS FOR MASS FLOW REMOVAL FROM 
PARTIALLY OPEN TEST SECTIONS 

a. Boundary layer compensation in closed test sections 

In closed test sections with parallel walls, the effective cross-sectional area 
of the test section gradually decreases in the flow direction because of the 
continuous boundary layer growth along the test-section walls. Therefore, 
such a test section will choke, lhat is, sonic velocities will be established at 
the downstream end o f the test section, while the Mach number in the up­
stream and center portion of the test section is still considerably below M a c h 
number one. In order to obtain a Mach number close to one in an empty 
closed-wall test section, it is necessary to diverge the walls. A typical value 
for a circular test section is a divergence angle of approximately 5-7 ' , 
depending upon the smoothness of the walls and the Reynolds number and 
Mach number of the flow. 

b. Influence of specific wall parameters in subsonic speed range 

A similar phenomenon also occurs in partially open test sections. When 
no plenum chamber suction is applied by auxiliary compressors or diffuser 
flaps, the boundary layer inside the test section thickens along the perforated 
walls and is partially discharged into the plenum chamber, and from there 
into the downstream region of the test section. It follows from continuity 
conditions that the total discharge of boundary layer into the plenum cham­
ber for a parallel wall test section with uniform Mach number distribution 
is: 

Am = (PV)ODS*C'T 

where 8* = boundary layer displacement thickness at the station considered 
C T = circumference of test section. 

FK;. 12.36a. Parallel walls (hole diameter and wall thickness = fgin.). 
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As discussed in detail in Section 2b of this chapter, choking at the down­
stream test section restricts the Mach number in the main portion of the 
test section to subsonic values. This choking phenomenon can be consid­
erably more severe with a partially open than with a closed wall test section 
because of the multiple disturbances produced along the wall by the indi­
vidual openings. In the case of a test section having a parallel perforated 
wall with 22 per cent open-area ratio and no auxiliary suction (test-section 
length = 3 x height), choking was observed at Mach numbers as low as 
0.77 (Ref. 12 and Fig. 12.36a). In order to alleviate this condition it was 
necessary to use approximately Am;m = 3.6 per cent mass flow removal. 

Am/m, 

FIG. 12.37. Minimum plenum chamber suction requirements for perforated test section 
with parallel walls and sonic nozzle (walls 22.5 percent open, holes fa in. diameter, 

(test-section length = 3.1 x test-section height)?2 

When more auxiliary suction is employed than is required to alleviate 
choking, the Mach number is increased beyond Mach number one in the 
test section proper, as pointed out previously. For instance, in order to 
establish a Mach number of 1.2 in the test section, the auxiliary suction must 
be increased from Amjm = 3.6 per cent, required for Mach number one, 
to 5.1 per cent—an increase of 1.5 per cent. This value compares with an 
increase of approximately 3 per cent mass flow removal which would bc 
required in isentropic flow. The difference is undoubtedly due to the fact 
that auxiliary suction mainly removes air from the boundary layer which, 
for the same displacement thickness, has a considerably smaller mass flow 
density than isentropic flow. 

T h e curves for walls with 22.5 per cent open-area ratio were obtained 
for a tesl sec lion which was equipped with tapered porosity, as shown in 
Fig. 12.24. When no taper strips were applied and Mach number distribu­
tions as irregular as those shown in Fig. 12.23a were established, the mass 
removal requirements were much greater (Fig. 12.37). This difference can 
be readily attributed to the local alternating inflow and outflow o f the test 
section which depends on the varying pressure difference between plenum 
chamber and test section. The alternating flows naturally cause much 
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greater losses, which, in turn, must be compensated for by increased mass 
flow removal from the plenum chamber, to obtain the area expansion 
required to establish the desired Math number. 

Influence of Open-Area Ratio.—Various perforated walls with different 
open-area ratios were investigated in the ARDC transonic model tunnel1 2-2 

to explore the influence of open-area ratio on the choking phenomenon and 
the mass flow removal requirement for such walls. The results (Fig. 12.36a) 
indicate that with walls of 5.2 per cent open-area ratio the choking Mach 
number is approximately 0.89 in a test section without suction and with 
parallel walls. T o establish a Mach number of one, a mass flow removal of 
1.4 per cent was required. With increasing open-area ratio the losses in the 
flow along the wall were naturally increased. For example, a mass flow 
removal of 6.9 per cent was necessary to establish sonic flow with walls 
having 33 per cent open-area ratio. Such values approach the limits of 
practical wind tunnel design and make the application of such large open-
area ratios very difficult.* 

Influence of Convergence and Divergence of Test-Section Walls.—When the 
walls of a test section are converged, as is desirable in order to keep the 
boundary layer thin in the test section proper, the mass flow removal 
requirement is increased (see Fig. 12.36b). With 30' convergence, all 
walls with an open-area ratio between 5.2 and 22.5 per cent require approx­
imately the same mass flow removal to establish Mach number one, that is, 
approximately 5.8 per cent. Only the 33 per cent open walls require the 
much larger removal value of 8.3 per cent. On the other hand, if the test 
section is diverged 30', choking is alleviated because of the larger area 
available a t the downstream end of the test section, and thus the mass flow 
requirements are also considerably reduced (see Fig. 12.36c). 

In the experiments just cited for converged and diverged walls, only the 
upper and lower walls were converged or diverged; the two side walls were 
maintained at a parallel setting. In spite of this non-uniform setting of the 
walls, the boundary layer thickness was found to be equal along all four 
walls. This result was expected because the main parameters governing 
boundary layer growth (wall roughness and local pressure difference 
between the inside of the test section and the plenum chamber) are identical 
for all four walls, in spite of their different settings. 

Influence of Hole Size.—The results previously cited for the mass flow re­
quirements of perforated walls were obtained in the AKDC transonic model 
tunnel using -fa in. thick walls equipped with holes of fa- in. diam. As 
discussed in Chapter 11, the hole size and the wall thickness have a large 
influence on the effectiveness of a perforated wall and, consequently, a 
significant influence on boundary layer development and auxiliary mass 
flow requirements. This influence was documented during an investigation 
of a wall with a 22.5 per cent open-area ratio, holes enlarged to a diameter 
of I in., and the same wall thickness of fa in. (see Refs. 12 and 2). No taper 
strips were required to eliminate over-expansion because of the larger cross-

* The change in the mass flow requirements due to installation of models is 
discussed later in Chapter 14. 
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flow resistance of the walls with the larger holes. As expected, the mass 
flow requirements were considerably reduced (Fig. 12.36d). 

All values cited previously for auxiliary suction were obtained using model 
test sections equipped with a sonic nozzle; in other words, supersonic flow 
was established by removal of air through the wall perforations. These 
values represent the minimum values of suction with which it is possible to 
establish the desired Mach number in the main portion o f the test section. 
Since with minimum suction, the main wind tunnel compressor has large 
power requirements, it is usually more advisable to increase auxiliary 
suction beyond the values cited (see Chapter 14). 

c. Test sections with supersonic nozzles in supersonic speed range 

When the perforated test section is preceded by a supersonic nozzle which 
is used in establishing supersonic flow, mass flow removal requirements are 
considerably reduced because only the boundary layer growth along the 
perforated walls must be removed by suction; mass flow removal to establish 
flow is no longer necessary. The minimum flow removal values for a per­
forated wall with 11.8 per cent open-area ratio (no supersonic nozzle) are 
shown in Fig. 12.38 from tests in the AFDC transonic model tunnel.1 3 I t 
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is apparent that for this particular test-section configuration, the mass flow 
removal requirements differed only slightly over the test Mach number 
range, 1.7 per cent at Mach number 1.45 compared with 1.1 per cent at 
Mach number 1.0. 
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T h e values above were obtained in a relatively small transonic model 
tunnel of 1 ft test-section height. The trend of the mass flow removal require­
ments is parallel to the trend of the removal requirements determined for 
the full-scale British ARA 9 x 8 ft transonic wind tunnel and presented in 
Fig. 12.39 (see Ref. 8) . T h e British values were obtained by setting the 
test-section Mach number approximately equal to the supersonic nozzle 
exit Mach number . This type of operation yields roughly minimum flow 
removal requirements. At Mach number one, it was necessary to remove 

1.3 

QC 
U l 
CD 

1.2 

o 
< 

l . l 

1.0 

SUPER SONIC Nl 3ZZLE 

^ S O N I : NOZZL 

A m / m % 

E 

I 

FIG. 12.39. Plenum chamber suction requirements for perforated test section wilh 22.5 
per cent open-area ratio and parallel walls (nozzle set at test-section Alach number)? 

approximately 1.1 per cent of the total test-section mass flow; at Mach 
number 1.4 a mass flow removal of approximately 1.9 per cent was required. 
However, it should be remembered that the perforated walls in the British 
tunnel had a total surface area of approximately 5 x the cross-sectional area of 
the wind tunnel; the perforated wall area ofthe transonic model tunnel (Figs. 
12.36a and 12.38) was approximately 10 x cross-sectional area ofthe tunnel. 

d. Slotted lest sections compared with perforated lest sections 

The principal reasons for mass flow removal from the plenum chamber 
of a slotted wind tunnel are the same as those previously detailed for removal 
from perforated test sections. In the case of parallel walls, a sonic nozzle, 
and no suction, choking would occur at the downstream end of the test 
section due to the boundary layer growth along the solid walls, elements, 
and open slots. Also, in order to build up supersonic flow without using a 
conventional supersonic nozzle, a certain amount of air must be removed 
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from the test section by plenum chamber suction. For example, in the 
A F D C transonic model tunnel a test section configuration with sixteen 
slots and approximately 11 per cent open-area ratio6 was investigated, as 
noted in connection with Fig. 12.31. The minimum mass flow removal 
requirements for this slotted test section are shown in Fig. 12.40. Throughout 
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the entire Mach number range from subsonic choking, through Mach num­
ber one, to the maximum Mac h number of 1.2, the plenum chamber suction 
rccpiiremcnts are noticeably larger than those for a perforated test section 
with the same amount of open-area ratio. This result was something of a 
surprise since it had been expected that part of the kinetic energy of the 
flow entering the plenum chamber, particularly in the supersonic Mach 
number range, would retain a portion of its momentum until it re-entered 
the test section at the downstream end. As the suction requirements show, 
this was obviously not accomplished. Detailed momentum surveys of the 
flow in the slot area indicated that the flow very quickly lost its momentum 
so that no advantage over perforated test sections was established (see 
Fig. 11.25b). 

7. CALIBRATION" OF PARTIALLY OPEN TEST SECTIONS 
a. General relationships 

Operational procedures must be set up for partially open test sections of 
either the perforated or the slotted wall type to determine the proper com­
binations of pressure boost from the main drive system, auxiliary suction, 
and setting of thc wind tunnel nozzle. In the numerous test series conducted 
with partially open test sections, it was determined that in the region of 
usable test-section flow, the pressure in the plenum chamber is very nearly 
equal to the mean pressure in the test section. Consequently, it has become 
customary to base the calibration of a partially open wind tunnel on the 
static pressure in the plenum chamber and to apply suitable corrections to 
this pressure in order to determine the correct test-section pressure. The 
small magnitude of the difference between the two pressures is readily-
apparent from the typical Mach number distributions presented previously 
in Figs. 12.3-12.5. 
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b. Subsonic speed range 

In the subsonic speed range the difference between plenum chamber and 
test-section pressure is practically independent of mass flow removal and 
pressure boost of the main wind tunnel drive. When the Mach number is 
kept constant in a given wind tunnel, the difference is merely a function of 
the setting (parallel, converged or diverged) of the walls. The small devi­
ations between test-section and plenum chamber pressures can be determined 
from calibrations of the empty test section. This was done for a typical test 
section of the full-scale transonic wind tunnel of the A F D C . 9 The pressure 
differences determined for this tunnel are shown in Fig. 12.41 converted 
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FIG. 12.41. Empty tunnel calibration for AEDC 16 ft wind tunnel with inclined-hole-
perforated walls (M = test-section Mach number, Mp c = equivalent plenum chamber 

Mach number)? 

into equivalent Mach number differences. In this test section with perforated 
walls having inclined holes of 60° inclination angle and 6 per cent nominal 
open-area ratio, the maximum Mach number deviation was on the order 
of Am = 0.015 at Mach number one. 

When a model is installed in a test section, it becomes necessary to deter­
mine the proper Mach number correction for the blockage of the model. 
If the area ratio of a well-designed, partially open wind tunnel is selected 
properly, the Mach number or pressure gradient correction is very small or 
may even disappear completely. Hence, in actual wind tunnel operation, 
when an open-area ratio is selected which is nearly equal to the theoretical 
open-area ratio for zero correction, the empty wind tunnel calibration may 
also be utilized for tests with a model installed. 

If the boundary layer effects can be neglected, the theoretical open-area 
ratio for zero correction will produce correct values. This, however, may not 
be entirely true, particularly if the wall boundary layer is very thick; for 
instance, in test sections with divergent walls. A partial reduction of the 
errors involved can be accomplished by selecting the open-area ratio of the 
walls on the basis of the correct cross-flow resistance coefficient, instead of 
on the basis of the correct geometrical open-area ratio. However, no theor­
etical or experimental investigations are known to have been made to 
determine the magnitude of the boundary layer effect. From the results of 
comparative tests with different models in different wind tunnels, it may be 
assumed that the boundary layer has only minor influence on the accuracy 
of transonic wind tunnel test results (see Chapter 10). 
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c. Supersonic speed range 

In the supersonic, as in the subsonic speed ranges, numerous combinations 
of plenum chamber suction and pressure boost of the main wind tunnel 
compressor produce the same Mach number distribution in the test section 
and the same difference between plenum chamber and mean test-section 
pressure, as long as the setting of the wind tunnel nozzle and the test-section 
walls is not changed. In the low supersonic Mach number range, it is fre­
quently customary to use a sonic nozzle and to determine the Mach number 
in the test section from the difference between the static pressure in the 
plenum chamber and the mean static pressure in the test section. Such a 
calibration depends only upon the wall setting, that is, upon a parallel, 
convergent, or divergent setting. 

When a supersonic nozzle precedes the test section, it is customary to 
select the proper selling of the nozzle for the desired Mach number and to 
adjust plenum chamber suction and main wind tunnel pressure boost in 
such a manner that uniform flow is obtained in the test section. Empty 
tunnel calibrations were conducted in the A F D C transonic wind tunnel 
with the supersonic nozzle adjusted so as to maintain the nozzle exit Mach 
number equal to the mean Mach number in the test section.9 At constant 
Mach numbers the resultant differences between plenum chamber and test-
section pressure converted into Mach numbers were found to depend solely 
upon the convergence angle of the walls (Fig. 12.41). 

When a model is installed in a partially open test section, the supersonic 
flow approaching the model will not be changed as long as the empty tunnel 
calibration defined by the wind tunnel nozzle setting and the plenum 
chamber pressure is employed. Compensation for the displacement effect 
of the model is then automatically made by the larger mass removal from 
the plenum chamber required to establish the correct plenum chamber 
pressure. In the region downstream of model-produced waves which might 
be reflected from the tunnel walls, the above method of setting the Mach 
number remains correct as long as a wall is used which absorbs the imping­
ing waves perfectly. If, however, the wave reflections are not completely 
cancelled by the wall, deviations from correct flow will occur. These devi­
ations cannot be reduced by a change in the overall parameters of the 
test-section flow. 11 is necessary in this case to correct the boundary condi­
tions o f thc walls locally to prevent the wave reflections. 

d. Perforated walls with conventional and inclined holes 

The results discussed and presented previously for the AKDC transonic 
wind tunnel were obtained with special walls, that is, with walls having 
inclined holes. Such holes have the tendency to establish a pressure difference 
between the plenum chamber and the test-section sides of the walls, even 
when the flow is essentially parallel to the walls. Consequently, the relatively 
large difference between plenum chamber and test-section pressure for 
parallel wall setting may be attributed to this special type of walls. 

In the case of conventional perforated walls, that is, in the case of walls 
with straight holes, the differences in pressure between the plenum chamber 
and the test section are usually small when the walls arc set divergent or 
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parallel to the mean flow direction (Fig. 12.42). The results shown in this 
figure were obtained using a test section with 22.5 per cent open conven­
tional straight hole walls in the AEDC transonic wind tunnel.1 4 When the 
wall setting was changed to 30' convergent, corrections as great as 
Am = 0.027 were required at Mach number 1.4. 

1.0 1.2 
MACH NUMBER 

Fifi. 12.42. Empty tunnel calibration for AEDC 16 f l wind runnel with straight hole 
perforated walls (M = test-section Mach number, AIpc = equivalent Alach number 

in plenum chamber) ?A 

e. Control of mass flow removal and wind tunnel compressor for tests with models 
installed 

It was stated previously that the Mach number distribution in a perforated 
or slotted test section is practically equal for many combinations of plenum 
chamber suction and main wind tunnel pressure boost. However, this 
statement is true only for the main region of the test section. 

Supersonic Speed Range. Flow non-uniformities occur in the upstream 
portion of test sections, particularly when supersonic speeds are established 
with sonic nozzles. They are caused by the transition from the solid wall to 
the perforated wall portion and by the supersonic flow establishment itself. 
I t is therefore necessary to determine the range of these non-uniformities 
and to select model installations which do not extend into this range. 

Deviations from the uniform mean Mach number frequently occur at 
the downstream end of the test section also, and can be attr ibuted directly 
to incorrect setting of the plenum chamber mass flow removal (see Figs. 
12.20, 12.23 and 12.27). T h e operating principle is established that enough 
auxiliary suction must be applied so that no Mach number reduction occurs 
in the downstream portion of the test section, that is, so that no oblique or 
normal shocks are generated in this portion of the test section. This condi­
tion can be checked by pressure orifices located at the upstream end of the 
diffuser. As long as these orifices indicate that the local pressure is smaller 
than the mean test-section pressure, the condition of uniform flow is satisfied 
almost as far as the end of the test section. When it is not possible to produce 
the necessary pressure rise in the main wind tunnel compressor to draw the 
terminating shock system far enough into the diffuser, it may be necessary 
to have the drop-off in Mach number occur in the test section itself, with 
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subsequent increases in the amount of auxiliary suction. If such a condition 
is unavoidable, the downstream portion of the test section is not usable for 
testing, and the extent of this region must be determined by detailed 
measurements. 
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Subsonic Speed Range.—In the subsonic speed range, the rule for control 
of auxiliary suction is simply that neither too much nor too little mass flow 
removal be applied; otherwise Mach number reductions or Mach number 
increases occur in the downstream portion o f the test section (see Figs. 12.7 
and 12.9). In empty test sections it is easy to adjust plenum chamber suction 
to the proper amount by observing pressure orifices located at the down­
stream portion of the test-section walls. However, when a model is installed, 
this method of determining correct auxiliary suction may not always be 
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reliable since the static pressure along the wall in the downstream portion 
of the test section is not only influenced by inflow and outflow conditions 
of the test section but also by the disturbances of the model. 

Non-uniform Mach number distribution in the downstream portion of a 
perforated test section is particularly noticeable in experiments to determine 
the base pressure of models. In a series of systematic experiments conducted 
at the AEDC transonic model tunnel1 5 cylindrical models were placed in a 
perforated wind tunnel with their blunt bases at different locations. The base 
pressure was then determined for the various locations as a function of 
combinations of plenum chamber suction and pressure boost of the main 
wind tunnel compressor. It was apparent that the base pressure was largely 
dependent upon the proper combination of main compressor boost and 
auxiliary suction (Fig. 12.43). In order to obtain an indication ofthe correct 
setting for these bases, several orifices were placed in the downstream 
portion ofthe test-section wall, and the base pressures were again determined, 
this time as a function of the downstream test-section static pressure. At all 
subsonic Mach numbers, the pressure ratio pd pc = 0.975 gave a correct 
indication of the proper combination of mass flow removal and wind tunnel 
compressor boost (see Fig. 12.44). Consequently, in the subsonic range, 
models can be extended into the rear portion of the test section when this 
operating principle is employed. In the supersonic range, however, this 
principle breaks down (Fig. 12.44b). It is suspected that the base pressure 
pB is also affected by strong diffuser shock waves which can influence the 
base pressure through the subsonic wake. Further experiments proved that 
the base of blunt bodies should not approach the downstream portion of 
the test section by more than 2 i x the diameter of the blunt base.15 If this 
rule is observed and the end pressure pd in the test section is smaller than 
the plenum chamber pressure p c , interference-free data can be expected. 

In summary it may be stated that the local disturbance which develops 
in the downstream portion of a partially open test section can be avoided 
quite effectively in the subsonic range by simply using the static pressure in 
the downstream test-section region as a reference. In the supersonic Mach 
number range, not only must the static pressure in the upstream diffuser 
section be observed, but special care must also be taken to avoid placing the 
model base too close to the end of the test section. As a practical rule, it 
appears that the base of blunt models should not approach the test-section 
end by more than 2 \ x the diameter of the model base in order to avoid 
disturbances which might be produced by strong shock or expansion waves 
impinging upon the wake. 
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C H A P T E R 13 

BOUNDARY LAYER GROWTH ALONG 
PARTIALLY OPEN WALLS 

1. S IMPLIFIED THEORETICAL CONSIDERATIONS 

a. Physical parameters 

According to the numerous experiments discussed in the preceding section, 
the boundary layer growth along partially open test section walls is very 
much larger than the growth along solid walls. At the open-area ratios of 
major interest in wind tunnel testing with perforated test sections, this rapid 
boundary layer growth produces conditions very detrimental to wind tunnel 
operation. The power recpiired to operate such wind tunnels is greatly 
increased by the thick wall boundary layers. Besides the direct influence of 
the momentum loss in the boundary layer itself, the effect on the efficiency 
of the wind tunnel diffuser is of even greater importance. Also, because 
thick boundary layers must be avoided if effective shock-wave cancellation 
at the perforated walls is to be accomplished, it is usually necessary to reduce 
the boundary layer thickness along the walls by auxiliary suction. In view of 
these significant ramifications, the parameters governing the growth of the 
boundary layer along partially open walls have been studied in detail by 
several groups of investigators. 

Detailed consideration of boundary layer development along a perforated 
wall reveals that thin elementary boundary layers are produced by the 
normal friction along the solid portions of the wall. In addition, a free-jet 
mixing is established along the open portions of the walls that is similar to 
the mixing which occurs in the boundary region of a free jet exhausting into 
still air. T h e friction coefficient along the solid portions of the perforated 
wall is generally quite high due to the turbulent boundary layer produced 
by the many small disturbances along the edges of each individual wall 
opening. Furthermore, because a thin elementary boundary layer for each 
solid wall clement starts anew at each opening, the local Reynolds number 
of these sub-boundary layers are small, and, thus, according to normal 
boundary layer theory, high local friction coefficients result. 

h. Theoretical calculations of wall boundary layer growih along perforated walls1 

Since the boundary layer growth along open areas of a wall is much faster 
than the boundary layer growth along solid portions, it can be expected 
that the boundary layer growth along perforated walls is predominantly 
controlled by the mixing phenomenon along the open wall portions. Conse­
quently, an at tempt was made to calculate theoretically the boundary 
profile and the resulting discharge of air through the perforated wall into 
the plenum chamber by means of the methods used to calculate turbulent 
mixing along free-jet boundaries.'2 
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The theory for turbulent free-jet mixing introduces a mixing length, /, 
which is proportional to the distance x in the flow direction, that is: 

/ = cx 
with c an experimental constant. 

I t was intuitively assumed that in the ease of perforated walls the mixing 
length does not grow in direct proportion to x but is proportional to Rx, 
that is, proportional only to the accumulative length o f the openings in the 
wall: 

I = cRx 

with R the open-area ratio of the perforated wall. 
According to this equation, the mixing length assumes a value / = 0 

when R approaches zero. In other words, for a wall with an infinitely small 
open-area ratio the free-jet mixing effect has no significance. On the other 
hand, when R approaches /, that is, with conditions similar to the case of 
a completely open wall, the mixing length / tends towards the value which 
occurs in the case of free jets. 

The friction along the solid wall elements was not introduced into this 
simplified theoretical investigation since its influence was assumed to be 
small for open-area ratios having practical importance. 

The theoretical problem, therefore, was reduced to the solution of the 
mixing layer equations for an assumed free jet with a mixing length reduced 
according to / = cRx. It was also assumed that the wall itself did not disturb 
the mixing layer growth and that the mixing profile extended internally 
into the test-section flow and externally into the plenum chamber air. The 
boundary conditions for the mixing layer are assumed to be the same as 
those for a free-jet mixing layer without a perforated wall, as follows: 

Mixing Layer Boundary at the Test-Section Side (y = y i ) .—The local velocity 
is assumed to be equal to the velocity of the free stream and has no compo­
nent perpendicular to the free stream, that is 

vx, = fl°o and vVl = 0 

The change of the velocity at this station in the v-direction is assumed to be 
zero, that is: 

(0*»/a»)l = 0 

.Mixing Layer Boundary at the Plenum Chamber Side {y =y*f).—The local 
velocity and the change in the j -direct ion must be zero, that is: 

vx, = 0 and (dvxjdy)2 = 0 

According to mixing layer theory, the velocity profiles along lines 
yjx — constant are the same. Consequently, a new variable is introduced; 

v = yl* 
The stream function is then: 

i/f = VaoxF(v) 
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T h e equation of motion is based on Euler's equation: 

8vx 8vx 1 Sr 
vx 1- vy = 

'dx dy p c'y 

with T the apparent shear stress. 

After introduction of the stream function and several transformations: 

F F " + ( c R ) 2 F " F ' " = 0 

with c the proportionality constant in the mixing length equation. This 
differential equation has been solved and the following solution obtained:2-1 

F = Ci c - » i + C2e"i/2 cos(a7jV
/3/2) + C3ct°"ii2 sin(a7?v

/3/2) 
with 

a = (<.fl)-2/3 = oofl-2/3 

T h e coefficient ao is a constant which refers to the conditions along a 
completely open wall (R = 1). Its value has been determined experi­
mentally2 to be : 

a0 = 11.8 

The constants Ci, C2 and C3 can be determined from consideration of 
the boundary conditions for the above solution as: 

aCi - - 0 . 0 1 6 5 

aC 2 = 0.137 

a C 3 = 0.6918 

Also the boundaries of the mixing layer, that is, the coordinates TJI = yijx, 
and 172 = y2jx, have been determined to be : 

aiji = 0 .981 ( v x = eoo) 

0072 = - 2 . 0 4 ( v z = 0) 

These equations describe in detail the velocity profile in a mixing zone 
for completely open walls (_*?=!) and for perforated walls with R < 1. 
With the velocity profile thus known and the usual assumption in boundary 
layer theory that the static pressure is constant at any given station, 
x = constant, it is possible to calculate the displacement thickness or any 
other parameters of the boundary layer, as desired. 

It is particularly important to know how much air will pass through the 
perforated wall as a result of the turbulent mixing along the open areas 
when the static pressure in the test section is kept constant. Then , by applying 
the continuity equation, the mass flow passing through a perforated wall 
having a parallel wall setting is: 

Y 
Am = XW I (pVaa — pVx)dr) 

0 
with w the width of the perforated plate. 
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When this equation was evaluated1 the following numerical results were 
determined: 

0.1209 0.1209 
-R23 

m Au.p x KQ 

where: m = mass flow through test section 
A T = cross-sectional area of test section 
A l v p = area of perforated wall. 

Finally, with a = 11.8, the unit mass flow m is: 

m' = (Amjm)iATjAu.p) = 0.01023ft2 3 

The mass flow entering the plenum chamber can be determined in a 
similar manner if the perforated wall is placed at a diverged or converged 
setting corresponding to j]u. = yjx = constant. 

The basic equation is then: 

• q i 171 

Am = «ID I pVoodrj— \ pVxdrjl 

•nw 
This equation can be solved in much the same way as the equation for walls 
having a parallel setting. 

c. Experimental determination of suction requirements and comparison with theory 

Experiments were conducted in the low-speed 4 x 8 in. wind tunnel of 
the Brown University1 using six perforated walls with open-area ratios 
ranging between 0.196 and 0.370. The characteristics of the individual 
walls tested are shown in the following table: 

Wall Characteristics 

Wall 

A 
B 
C 
D 
E 
F 

Hole diameter, 
in. 

0.057 
0.057 
0.045 
0.045 
0.023 
0.023 

Holesjin? 

108 
144 
165 
225 
420 
576 

R 

0.276 
0.367 
0.260 
0.370 
0.196 
0.250 

Hole shape 

hexagonal 
square 
hexagonal 
square 
hexagonal 
square 

Boundary layer velocity profiles along these walls were measured, and the 
mass flow deficiencies, that is, the flow entering the plenum chamber, were 
determined from the experimental data . 

In order to check the experimental configurations and the measuring 
equipment, the boundary layer mixing zone along a free je t was determined 
after removing the perforated wall from the test section. The velocity 
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profiles measured at the various stations along the free jet are presented in 
Fig. 13.1. For this figure, a value of ao = 11.0 instead of 11.8 was used to 
obtain a matching between the experimental data and the theory. When 
this correction was made, the comparison between theory and experiment 
was reasonably good, indicating that reliable data can be obtained with 
such a test setup. 

The unit mass flow m o f t h e six perforated walls is plotted in Fig. 13.2. 
At the upstream end of all walls, the experimental mass flow removal values 
are considerably larger than the theoretical values. Since, in this region, all 
six walls exhibit values of almost the same magnitude, it may be assumed 
that the deviation between theory and experiment is caused by the initial 
boundary layer formed along the solid portions of the tunnel which precede 

- 2 . 0 -1 .6 

FIG. 13.1. Velocity distribution in free-jet mixing layer according lo theory and 
experiments (Brown University 4 x 8 in. wind tunnel1). 

the perforated section. At the downstream end of the perforated walls where 
the influence of the initial boundary layer thickness is considerably reduced, 
the walls with open-area ratios ranging between 0.196 and 0.276 show unit 
mass flows of the same order of magnitude as predicted by theory. However, 
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in this region the walls with large open-area ratios of approximately 0.37 
also had much greater mass flow into the plenum chamber, indicating that 
a considerably more intense mixing occurs than theory assumes. 

In summary it may be stated that the extremely simplified theory of 
Ref. 1 succeeds in predicting the order of magnitude of mass flow removal 
through perforated walls having open-area ratios ranging between 0.20 
and 0.28. This result seems to prove that as in the case of free jets the bound­
ary layer growth along perforated walls is controlled predominantly by the 
mixing phenomenon. 

6 9 
DISTANCE X. i n . 

FIG. 13.2. Mass flow through several perforated walls according to theory and experiments 
(parallel walls) (Brown Univerisly 4 x 8 in. wind tunnel1). 

2. REFINED THEORY FOR BOUNDARY LAYER GROWTH 
ALONG PERFORATED WALLS 

a. Basis of refined theory 

In an at tempt to improve the theoretical calculations presented above, a 
more refined theory was developed which again is based on the turbulent 
mixing which occurs along the boundaries of free jets.3 Turbulent mixing 
with a modified mixing length was assumed as before. However, instead of 
the intuitive assumption that the mixing length is reduced in proportion to 
the open-area ratio R, the reduction was more accurately calculated on the 
basis of the mean shear stress along the perforated wall. This stress, which 
consists of the combined mean shear stress along both the solid and open 
portions of the wall, was calculated according to well-known theories. The 
mixing flow adjacent to the wall was then fitted to the shear stress by a 
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suitable modification of the mixing length. In other words, it was assumed 
that the entire mixing profile can be divided into two separate regions. 

One region is composed of the main large-scale mixing layer which is not 
influenced by either the individual wall openings or the solid wall elements. 
It corresponds to a homogeneous fictitious wall with a mean shear force of 
known quantity. The second region includes the small boundary layers along 
the solid wall elements and the small mixing layers along each individual 
opening. These small-grain layers are assumed to be submerged in a uniform 
flow which has less velocity than the free-stream velocity. The magnitude 
of the effective velocity for each small-grain layer is determined from 
calculations for the large-scale mixing layer of the perforated wall. 

A discussion o f the more refined theory will be presented in the following 
paragraphs. 

/;. Relationships derived from refined theory 

The width of the mixing layer along an open boundary or a perforated 
wall is represented by TJI = yi:x, that is, at station vi the local velocity vx 

is equal to the velocity v x of the undisturbed flow. The assumption was made 
that the mixing length / is proportional to the thickness yi of the mixing 
layer, or : 

I = CrjiX 

In the experiments with free jets and wakes behind bodies it was found that 
the constant C in the above equation is approximately: 

C = 0.290 

This value corresponds to the constant oo = 11.8 used in the simplified 
theory, Section 1 of this chapter. 

When the stream function is again introduced, 

Ip = VaoXF(r>) 

and a new variable is established: 

t = T,j(Cr,i)2* 

the following equation for function F is obtained, which describes the stream 
function as well as the velocity distribution in the mixing layer:3 

3 
F{$) = ( t i - l ) e t * - t + e-Vx-iy2x 

C2li 2 

x{( l + 2 6 ) cos[(£i-£)3»/2] - V 3 s i n t d x - ^ 3 1 / 2 ] } 

Open Je t .—When the above equation is evaluated for mass flow through 
a reference line (r]w = (yjx)w = constant) and for the effective shear 
stress T, by using a series development, the following solutions are obtained: 

Mass Flow 
Am A T 

m' = = C2[0.1265 +0.661$ ,<• + 0.282£„,2] 
fn A wp 

Shear Stress 
C(rjq)i = C2(0.318-0.1426£H ,-0.346f„,2)« 
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with: 

1 

and 
q = i p Var,2 

These two equations yield a relationship between the relative thickness of 
the mixing layer, 171, the mean shear stress, and the mass flow through the 
line along which the shear stress occurs. 

Perforated Walls.—Other approximate relationships have been derived in 
Ref. 3 for application to perforated walls. With the general equation used 
previously for the stream function F, the following simplified relations 
between velocity profile, cross flow, and shear stress along a fictitious 
perforated wall with a mixing layer thickness TJI were determined: 

Velocity Distribution 

m i v T;i 

Vxw 

Vac 6(72 

Unit Mass Flow through Wall 

i n ' 

Shear Stress 

Am A r 

m Aurp 
= •t]w + 

( ' -

9 

m £ 

24 C2 C8\ m I \ V l f 

c<w"'-f[-£)l 
With these equations it is possible to determine the thickness of the 

mixing layer iji, the velocity profile, and the mass flow through the line 
7jM, = constant, when the effective shear stress at the wall r w is known. 

Determination of Effective Shear Stress for Perforated Walls.—The effective 
mean shear stress along a perforated wall consists of the stress along the 
solid portions and the apparent shear stress along (he wall openings. The 
combined effective mean shear stress can be approximated in the following 
form: 

Tw = » 'T l_»open4 ' ( l — A ) T M . „„,,„ 

The effective shear stress along the wall openings as a function of the 
mass flow removal can be determined using the previously derived equations 
for an open jet, that is: 

with: 

/ " ' open 

1 

" ' w open 

— f [ m to open) 

V , 1 

= m' 
"««. R 
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The turbulent friction stress for the solid portions of the wall can be 
determined from the theory for friction along flat plates: 

_ p 
Twsoii(i = L/)—_'xi« 

T h e friction coefficient C o for both turbulent and laminar boundary layers 
is known from experiments with flat plates to be a function of the Reynolds 
number. 

These equations were evaluated for various open-area ratios and for 
various friction coefficients at the solid portions of the wall.3 Some results 
are represented in Fig. 13.3 for parallel walls, in Fig. 13.4 for 30' diverged 
walls and in Fig. 13.5 for 30' converged walls. T h e graphs indicate that a 
considerable increase in suction requirements occurs when the open-area 
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Flo. 13.3. Theoretical massflow removal requirements for perforated walls qf various 
open-area ratios as function of solid wall friction coefficient; parallel wall sellinii? 
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FlO. 13.4. Theoretical mass flow removal requirements for perforated walls of various 
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ratio of the wall is increased from the lowest value of the calculation 
R = 0.1 to R = 0.6. It is also apparent that , even with the parallel wall 
setting, the friction along the solid portions of the wall is noticeable and 
cannot be neglected. Only at large open-area ratios (R = 0.4 to 0.6) does 
the influence of wall friction along the solid portions become minor when 
the walls are set parallel or converged. 

1.4 

1.0 
WALL OPENING RATIO, R « . | -

AT 

" w p 
- g D = FRICTI0N COEFFICIENT OF 

SOLID WALL ELEMENTS 

.0 2 .0 4 .0 6 . 0 8 1.0 1.2 1.4 .6 

F I G . 13.5. Theoretical mass flow removal requirements for perforated walls of various 
open-area ratios as function of solid wall friction coefficient; walls converged 30 ' ? 

c. Comparison between theory and experiments 

On the basis of the preceding calculations the suction requirements for a 
typical perforated test section with a geometry corresponding to that of the 
AEDC transonic model tunnel were calculated for various open-area ratios 
of the walls.4 The results are shown in Fig. 13.6. It was assumed that constant 
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F I G . 13.6. Comparison between theory and experiments for massflow removal requirements 
qf perforated walls with different open-area ratios (parallel walls) . 4 i 
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pressure throughout the test section was maintained by a proper combination 
of mass flow removal through the walls and convergence or divergence of 
the walls. When the wall opening ratio was changed from R = 0.1 to R = 
0.6, the suction requirements, according to theory, arc more than doubled. 
This is mainly due to the increased mixing losses along the open areas of 
the wall and, to a smaller extent, to the higher friction coefficients along the 
solid wall elements caused by the smaller Reynolds number. 
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F I G . 13.7. Massflow removal for perforated wall according to theory and experiments, 
parallel walls, 40 per cent open walls, 0.31 in. holes? 

When the results of the calculations are compared with earlier experi­
mental results obtained in the AEDC transonic model tunnel,5 the agree­
ment is satisfactory at an open-area ratio of 22.5 per cent, where experiment 
indicates a requirement for 3.6 per cent mass flow removal and theory 
indicates a requirement for 3.3 per cent. At the lower open-area ratios, the 
suction requirements were slightly overestimated by theory; at the larger 
open-area ratio of 33 per cent a large discrepancy occurred. While the 
increase of suction requirements with an increase of open-area ratio is 
properly presented by the theory, the magnitude of the increase is under­
estimated. Instead o f the measured 6.8 per cent mass flow removal required 
for the 33 per cent open-area wall, theory predicts only 4.1 per cent. This 
difference is probably caused by the lack of uniform pressure distribution 
in the test section during the experiments. Small fluctuations in pressure 
result in much larger mixing losses because of the alternating inflow and 
outflow through the wall. T h e theoretical values which are valid for smooth 
flow in the test section do not account for these increased losses. 
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In another series of experiments, a perforated wall with holes of 0.31 in. 
diam and an open-area ratio of R = 0.40 was investigated at low Mach 
numbers.4 The suction requirements for uniform pressure in the test section 
at a parallel wall setting and the velocity profiles in the vicinity of the 
perforated wall were determined. From the velocity profile the local suction 
requirements and the local shear stress were calculated using the refined 
theory (Section 2 of this chapter). For this perforated wall the simplified 
theory (Section 1 of this chapter) indicates a unit mass flow removal value 

m' = (Amjm){ATjAwv) = 5.5 x 1 0 3 

The refined theory, which considers the solid wall friction, resulted in 

in = 5.62 x 10 :l 

indicating only a small difference at this open-area ratio and Reynolds 
number. Some experimental results of this test series are compared with 
calculated values of local suction requirements and local shear force in 
Figs. 13.7 and 13.8. The local suction requirements are in reasonably good 
agreement with theory; however, the local shear stress is approximately 40 
to 50 per cent greater than theory predicts. 
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F I G . 13.8. Mean shear stress along perforated wall according lo theory and experiments, 
parallel walls with 40 per cent open-area ratio, 0.31 in. holes? 

In spite of the observed differences between theory and experiment it is 
believed that the theoretical treatment, particularly in the refined version, 
can serve as a useful tool in predicting the suction requirements and the 
thickness of the mixing layer near perforated walls. It is particularly signifi­
cant that the suction requirements for full-scale tunnels can be expected to 
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be smaller than the experimentally-determined requirements for model 
tunnels. This favorable effect can be deduced from theory and is due to the 
increase of the Reynolds number in the larger wind tunnels and the conse­
quent reduction of the friction coefficient along the solid wall elements. 

3. EXPERIMENTAL DETERMINATION OK VELOCITY PROFILES 
AND DISPLACEMENT THICKNESS OF BOUNDARY LAYERS 

ADJACENT TO PERFORATED WALLS 

a. Velocity profiles 

The velocity distribution in the boundary layer adjacent to perforated 
walls has been measured in numerous experimental series. Some typical 
distributions for perforated walls with open-area ratios varying between 
5.2 and 33 per cent obtained in the AEDC transonic model tunnel (Rcf. 5) 
are presented in Figs. 13.9a, b , and c. At the parallel wall setting (Fig. 13.9a), 
the velocity profiles for all perforated walls tested were identical at the 
upstream end of the perforated walls (station x = 2.3 in. from the upstream 
end of the test section). Downstream, toward the end of the test section, the 
velocity profiles indicate the anticipated boundary layer growth at stations 
x = 16.8 in. and 30.6 in. Though the velocity profiles and boundary 
layer displacement thickness of the walls with open-area ratios between 5 
and 22.5 per cent do not differ greatly, the 33 per cent open wall has not 
only a larger width of boundary layer but also a different velocity profile 
shape in the region near the wall. This difference is particularly pronounced 
at the most rearward position, x = 30.6 in. However, the tendency toward 
a different velocity profile is already apparent at the intermediate position 
x = 16.8 in. Thus it is not likely that the difference is caused by an end-
effect in the transition region between test section and diffuser. 

The same general tendencies in shape are exhibited by the boundary 
layer profiles at the 30' diverged and 30' converged wall settings (Figs. 
13.9b and c, respectively). Again, the walls with open-area ratios of 22 per 
cent or less have quite similar shapes, and the wall with 33 per cent open-
area ratio shows the characteristic reversal of curvature in the velocity 
profile. 

When the velocity profiles for perforated walls are compared with the 
profiles measured along solid walls, it is apparent that in the immediate 
vicinity o f the wall a noticeable difference occurs. Because o f the "partially 
open-jet" character of the boundary layer near perforated walls, the vel­
ocities do not approach zero at the wall itself, as is the case with solid walls. 
T h e velocity along the open areas of a perforated wall are finite because of 
the mixing effect (see Section 2b of this chapter) . Individual "solid wal l" 
boundary layers start to build up at each wall element, but they are so 
thin that in practice a finite velocity is always measured ncr - the wall. This 
phenomenon is particularly evident in the case of the most open wall (33 
per cent open-area ratio) where the mixing layer character of the boundary-
layer is very pronounced, and the velocities at the wall have values in excess 
°f Vxjvao — 0-7, whether the wall is set parallel, diverged, or converged (see 
Fig. 13.9). 
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b. Displacement thickness 

The displacement thickness of the boundary layer along perforated walls 
grows in the flow direction unless the walls are converged and plenum 
chamber mass flow removal is applied. When a constant static pressure 
exists in test sections with parallel walls, the boundary layer displacement 
thickness becomes greater as the mass flow removal from the plenum chamber 
is increased to maintain constant pressure throughout the test section. 
Naturally, a diverged wall setting also helps to increase the boundary layer 
displacement thickness. 

The preceding statements are based on simple continuity considerations 
from which the following relationships can be established: 

and 

Am = {pv)aoA8*(CT-r]w)ECDiv 

Am A T A O * C T LL'DIV 
m ' = — = — 7 ] w -

. . . . 1 , , , , . i n I. i n I I 

where m = mass flow through test section 
Am = mass flow removal from test section 

A8* = change of the boundary layer displacement thickness throughout 
the test section 

A T = area of test section 
A w p = area of perforated walls 

C'T = circumference of the test section at upstream end of the test 
section 

Coiv = sum of widths of divergent walls 
L = length of divergent walls 

Tjw = yjx = wall divergence. 
In the special case of all four walls of a square test section perforated 

and only two walls set divergent or convergent, the above equation sim­
plifies to: 

Am H AS* 1 
m = = n w 

... AL I. 2 
and : 

H Am L 
AS* = - + - , „ 

4 ... 2 

where H = test-section height. 
This equation proves that the greater the rate of the boundary layer 

growth throughout the test section, the more mass flow removal is required 
to maintain constant static pressure throughout the test section. Only when 
wall convergence (a negative value of -ql0) is employed is the boundary layer 
growth reduced so that the boundary layer remains constant or lessens in 
thickness, depending upon the amount of suction applied. These general 
conclusions are borne out by the experimental results cited in the following 
paragraph. 
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In a test series at the AEDC transonic model tunnel,5 the boundary layer 
displacement thickness at various stations in the test section was measured 
as shown in Fig. 13.10. The larger the open-area ratio of the wall, the larger 
the boundary layer displacement thickness. This graph supports the con­
clusion drawn from the preceding equation that in a test section with parallel 
walls the boundary layer thickness cannot remain constant throughout the 
test section even though large amounts of plenum chamber suction are 

FK;. 13.10. Influence qf open-area ratio of perforated walls on boundary layer growih 
at At = 1.0 (AEDC I ft transonic model tunnel*). 

applied. For example, a mass flow removal of 1.45 per cent of the test-
section flow was required to maintain constant static pressure through a 
test section with a wall having a 5.2 per cent open-area ratio. According 
to the above equations, this value of mass flow removal should result in a 
growth of boundary layer displacement thickness of AS* = 0.035 in. The 
value compares with the experimental boundary layer growth of 0.028 in. 
measured between stations .v = 2.3 and 30.8 in. A comparison between 
calculated and measured boundary layer displacement thickness is shown 
for the other perforated walls in the following table. 

Experimental and Theoretical Boundary Layer Displacement Thickness, AS*, 
for Various Perforated Walls 

Wall open-area ratio, 
per cent 

.'..2 11.8 

Theory, AS*, in. 0.035 0.042 
Experiment, Ai*, in. 0.028 0.048 

0.053 
0.050 

0.165 
0.108 

(4&* theory calculated from measurements of suction requirements for parallel 
walls5.) 

349 



TRANSONIC WIND TUNNEL TESTING 

The comparison between the theoretical and experimental values for 
boundary layer growth indicate that the equation predicts the growth of 
the displacement thickness through a test section within the accuracy of 
boundary layer displacement thickness measurements. The discrepancies 
between theory and experiments are undoubtedly caused by non-uniformities 
of both the boundary layer and the main flow outside the boundary layer. 
Very careful and detailed measurements of the velocity profile in the 

i n 

UJ 

10 15 2 0 
STATIONS X, in. 

F I G . 13.11. Comparison between calculated and measured mass flow removal from test 
sections with perforated walls (17 per cent open. At = 0.98) 

(NACA 3 x 3 in. transonic model tunnel6). 
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boundary layer should eliminate these discrepancies so that a much better 
correlation could be obtained. This supposition is supported by an analysis 
of the boundary layer profiles and the mass flow removal values for some 
experiments conducted by the NACA. 6 The comparison between measured 
and calculated outflow* (see Fig. 13.11) establishes good correlation be­
tween theory and experiment. 

During the experiments in the AEDC transonic model tunnel, the wall 
setting was varied from parallel to 30' diverged and 30' converged, and 
the boundary layer growth through the test section along the perforated 
walls was determined. T h e results, presented in Fig. 13.12. show that for 
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Fio. 13.12. Influence of wall selling on boundary layer growih for different perforated 
walls at M = 1.0 (AEDC 1 ft transonic model tunnel*). 

walls with open-area ratios of 22.5 per cent a wall convergence of 30' 
merely maintains the boundary layer displacement thickness constant 
throughout the test section; at 5.2 per cent open-area ratio the same wall 
setting even shows a slight reduction of the displacement thickness. Through 
extrapolation of the results for the wall with 33 per cent open-area ratio it 
can be estimated that more than 1 ° of wall convergence would be rccptircd to 
maintain the boundary layer of this wall at a constant displacement thickness. 

I t should be remembered that the relationship between boundary layer 
thickness and wall setting depends upon the Reynolds number of the test, 

* Comparison between measured and calculated outflow is equivalent to 
comparison between measured and calculated boundary layer thickness since 
it is: (Am/m) - 4 ( M J * / H ) 2 ( L J H ) V W . 
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as explained in detail in Section 2 of this chapter. Also, the shear stress 
along perforated walls will be smaller in full-scale wind tunnels than in 
model tunnels. Consequently, in full-scale wind tunnels smaller convergence 
angles and lower mass flow removals can be expected than in the corres­
ponding model tunnels. 

4. EXPERIMENTAL DETERMINATION OF BOUNDARY LAYER 
DEVELOPMENT IN SLOTTED TEST SECTIONS 

a. Velocity profiles 

Experiments in perforated test sections indicate that the flow which 
passes the perforated walls loses its momentum very rapidly after it enters 
the plenum chamber (see Figs. 14.5 and 14.6). In slotted test sections, on 
the plenum chamber side of the slots, there is a confined region of flow which 
only gradually loses its momentum. This external flow in the slot region 
not only may affect the suction requirements of slotted test sections but 
also causes a change in the boundary conditions since the pressure on both 
sides of the tunnel wall is no longer equal to the plenum chamber pressure. 

Some typical full-scale measurements of the mixing in the slot region are 
shown in Fig. 13.13 for a slotted test section in the NACA Langley 16 ft 
transonic tunnel.7 I t is apparent that even at a station approximately 30 ft 
downstream of the leading edge of the slots, flow with considerable dynamic 
pressure exists in the region near the wall outside the test section. 

A systematic investigation of the velocity profile in the slot region of a 
slotted test section a t different wall settings was conducted in the A E D C 
transonic model tunnel (see Ref. 8, and Figs. 13.14a, b and c). The gradual 
penetrat ion of flow through the slots into the plenum chamber was again 
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apparent when the measuring station was shifted from the front to the rear 
portion of the test section. Divergence or convergence of the walls did not 
change the basic character of the velocity distribution curves. However, 
convergence did induce more of the flow to penetrate further into the plenum 
chamber, which is logical from physical considerations. 

Local inflow or outflow affects the flow in the immediate slot region most 
severely, but even at the center of the solid portions of the wall its influence 
is still apparent (Fig. 13.15). Velocity profiles measured at the center of 
the solid wall region of a 1 ft slotted test section9 at 2.9 in. behind the 
beginning of the slats are practically uninfluenced by the setting of the 
wall. However, at the downstream end of the test section x = 31.9 in., 
the profiles vary considerably, as shown by Fig. 13.15c. 
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FIG. 13.16. Boundary layer growth at slot and slat centerlines of slotted test section with 
sixteen slots, 11 per cent open-area ratio, M = 1.0 (AECD 1 ft transonic 

model tunnel*). 
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b. Displacement thickness 

The boundary layer displacement thickness at the centers of the slots 
and slats of the same slotted test section was measured at various wall 
settings (Fig. 13.16). At the centers of the solid portions of the wall the 
boundary layer displacement thickness grew steadily when the measuring 
station was shifted downstream. The displacement thickness in the region 
of the slots also shows steady growth, but in this case the magnitude depends 
largely upon the wall setting. In the more rearward portion of the slotted 
test section, a very rapid growth of displacement thickness was observed at 
all wall settings. This rapid growth may be caused in part by the difference 
in slot width (tapered as far as station x = 2.OH and constant at its maxi­
mum value further downstream). However, the major reason for the rapid 
growth is probably local flow into the test section which may be caused by 
non-uniformities of the test-section flow or by insufficient mass flow removal 
from the test section. 
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C H A P T E R 14 

POWER R E Q U I R E M E N T S OF TRANSONIC 
WIND TUNNELS 

1. INFLUENCE OF AUXILIARY PLENUM CHAMBER SUCTION 
ON POWER REQUIREMENTS 

As discussed in some detail in Chapter 12, the same Mach number can be 
established in either the perforated or slotted type of partially open test 
sections by using various amounts of auxiliary plenum chamber suction. 
Results from typical tests made to determine the Mach number distribution 
in a perforated test section are shown again in Fig. 14.1. As previously 
explained, a change in the amount of suction affects the Mach number 
distribution only in the extreme downstream region o f the test section, and 
a constant Mach number can be maintained through the entire test section 
by proper adjustment of the pressure rise ratio of the wind tunnel com­
pressor. When a minimum amount of suction is applied, that is, when the 
boundary layer at the rear portion o f thc test section and at the beginning 
of the diffuser reaches its maximum thickness, the pressure ratio of the 
wind tunnel compressor is a maximum. When large amounts of auxiliary 
plenum chamber suction are applied, and consequently the boundary layer 
at the test-section end is thinned considerably, the pressure rise required of 
the wind tunnel compressor is considerably reduced (see Fig. 14.2). 

These results are explained by the well-known fact that most wind 
tunnel losses are closely related to the pressure recovery in the diffuser. 
Thus, since diffuser efficiency depends decisively upon the boundary layer 
thickness at the upstream end of the diffuser, the pressure ratio required of 
the wind tunnel drive system is gradually reduced as the amount of auxiliary 
suction is increased. Figure 14.2 also indicates that it is useless to apply 
more than the minimum compressor pressure rise at minimum mass flow 
removal (in this case 2.2 per cent), since it is not possible to influence the 
Mach number distribution and boundary layer growth caused by choking 
at the downstream end of the test section. Instead, a supersonic field of 
increasing extent is established in the diffuser when more pressure boost is 
provided than is required at the minimum suction point. 

Because of this noticeable interrelationship between main compressor 
pressure rise and auxiliary suction, it is possible to increase the operating 
range of a wind tunnel either by increasing the power input to the main 
drive system or by increasing the auxiliary plenum chamber suction. Unless 
disturbances are produced by imperfect matching of wind tunnel pressure 
ratio and auxiliary suction, a partially open wind tunnel can be operated 
using many combinations of main drive pressure ratio and auxiliary suction. 
This is particularly convenient whenever it is difficult to increase the power 
input to the main drive system but easy to increase the mass flow removal 
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capacity of the auxiliary suction equipment. Naturally, for only one com­
bination of pressure ratio and mass flow removal is a uniform Mach number 
distribution established which extends to the extreme downstream end of 
the test section. This condition, which might be characterized as the point of 
opt imum suction operation, requires only slightly more auxiliary suction than 
the minimum amount needed to establish the required Mach number flow. 

The "air -po\ \er" requirements for both main drive and auxiliary suction 
are presented in Fig. 14.1c, based on the pressure ratio requirements o f the 
auxiliary suction and main drive compressors for the same conditions shown 
in Figs. 14.1a and b . When the same efficiency is assured for both main 
drive and auxiliary suction compressors, the values of "air-power" are 
directly indicative of the shaft-power requirements. T h e results indicate 
that a trade-off between auxiliary suction power and main wind tunnel 
drive power is possible over a wide range of mass flow removal. It is even 
possible for the auxiliary suction to equal the power input into the main 
drive system without increasing the total power required of the auxiliary 
suction and main drive compressors. 

Obviously, near the opt imum operating point, large savings in total 
power can be accomplished by increasing the amount of auxiliary suction. 

T h e relationships presented in Fig. 14.1 are typical of both perforated 
and slotted wind tunnels. They also hold true, not only for Mach number 
one, as discussed above, but also for the entire subsonic and supersonic 
Mach number range, regardless of whether a sonic or a contoured super­
sonic nozzle is employed to establish the supersonic flow. This fact is dem­
onstrated by data obtained from a test series conducted in the AEDC 
transonic model tunnel (Fig. 14.2). In this case the perforated test section 
was equipped with inclined holes having a nominal open-area ratio of 6 per 
cent.1 T h e variation of tunnel pressure with auxiliary weight flow removal 
is similar to the variation obtained at Mach number one (Fig. 14.1). The 
large increase in suction required to establish the supersonic flow was caused 
by the use of a sonic instead of a contoured nozzle. Again, operation with 
opt imum suction, also indicated in Fig. 14.2, required somewhat more than 
the minimum suction needed to establish the particular Mach number. 

2. POWER REQUIREMENTS OF PERI-ORATED TEST SECTIONS FOR 
VARIOUS COMBINATIONS OF AUXILIARY PLENUM CHAMBER 

AND DIFFUSER SUCTION 

a. Power requirements without auxiliary plenum chamber suction 

A perforated test section can be operated through the subsonic and low 
supersonic Mach number range without the application of auxiliary plenum 
chamber suction (see Chapter 12). In such a case, however, it is necessary 
to remove some air from the plenum chamber by means of diffuser suction 
to prevent choking of the test section at subsonic Mach numbers or to 
establish flow at supersonic Mach numbers without the use of a Laval 
nozzle. Naturally, in the latter case, the suction depends largely upon the 
type of openings provided in the diffuser. These openings must be of a type 
which will retain as much as possible of the kinetic energy of the suction 
flow and disturb the diffuser pressure recovery as little as possible. 
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One variable diffuser suction device consists of remotely controllable 
diffuser flaps, suggested initially by the staff of the Boeing Airplane Co., 
Seattle.2 This device is shown schematically in Fig. 14.3. When the flaps 
are closed, a normal diffuser contour is established. When the flaps are 
gradually opened, various amounts of air are sucked into the diffuser by the 
ejector effect of the main wind tunnel flow assisted by the low pressure area 
in this section of the diffuser. 

With diffuser flaps of this type, test-section Mach numbers can be estab­
lished through the range given in Fig. 14.4. When the flaps are closed, the 
empty test section is choked at a Mach number of 0.89. As the flaps are 
gradually opened to a maximum of 8.3 per cent of the tunnel height, a 
test-section Mach number of 1.25 is established. Further opening of the 
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Flo. 14.3. Sketch qf perforated test section wilh solid taper strips and diffuser flaps 
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flaps does not increase the test-section Mach number noticeably but does 
raise the tunnel pressure ratio greatly. At the 8.3 per cent flap opening and 
a Mach number of 1.25, the required tunnel pressure ratio is increased to 1.45. 

The Mach numbers established for an empty test section shift to somewhat 
lower values when a model (i.e. a body of rotational symmetry with a 
fineness ratio of 10 and a blockage ratio of 5 per cent) is installed (see Fig. 
14.4). The difference in power requirements with and without the model is 
particularly noticeable in the low Mach number range. 

The large tunnel pressure ratio required to establish flow in a partially 
open test section using diffuser suction without auxiliary suction can be 
understood when it is realized that an appreciable amount of air must be 
removed in order to prevent choking at subsonic Mach numbers or to 
establish supersonic flow without contoured nozzles (see Chapter 12). 
Therefore, for operation without auxiliary suction some air must flow into 
the diffuser, which, because of its low total pressure, increases the effective 
boundary layer thickness at the diffuser entrance and, consequently, the 
large tunnel pressure ratio. Experiments in the AEDC transonic model 
tunnel3 show that on the plenum chamber side of perforated walls most of 
the kinetic energy of the inflow is lost due to eddy formation; the total 
pressure at the plenum chamber side of the perforated walls is practically 
equal to the static pressure in the plenum chamber. Some typical results of 
experiments on this effect for a wall with 22 per cent open-area ratio are 
presented in Fig. 14.5 at station x = 1.4// downstream ofthe test-section 
inlet. The usual boundary layer profile was established on the test-section 
side of the walls, but the total pressure at the plenum chamber side was 
practically identical to the static pressure in the plenum chamber at the 
test Mach numbers of 0.9 and 1.2. 
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The total pressure distribution on both sides of a perforated wall with 
inclined holes shows the same basic characteristics, that is, at station 1.4//, 
the total pressure at the plenum chamber side was practically equal to the 
static pressure in the chamber (Fig. 14.6b). This is also true at the most 
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forward station, x = 0.46//, Mach number 0.9 (see Fig. 14.6a). At this 
latter station and a Mach number of 1.2, however, the total pressure im­
mediately adjacent to the wall at the plenum chamber side was slightly larger 
than the plenum chamber static pressure. At a lateral distance ofy = 2 per 
cent of the test-section height, the kinetic energy was almost completely 
dissipated so that once again the local pressure approached the static 
pressure. This phenomenon is easily understood. T o establish a Mach num­
ber of 1.2, approximately 3 per cent of the test-section flow must be removed 
by suction in the forward portion o f the test section; thus in this region, the 
removed air still maintains part of its kinetic energy until it is dissipated 
further downstream. 

On the basis of the cited test results and other unpublished data , it may be 
concluded that plenum chamber suction requirements are not reduced by 
any kinetic energy remaining in the suction flow. Thus, when diffuser flaps 
are used, the thickness of the boundary layer entering the diffuser is greatly 
increased. 

b. Power requirements for various combinations of auxiliary plenum chamber and 
diffuser suction 

In order to compare the relative merits of diffuser and auxiliary plenum 
chamber suction, various perforated walls were studied in the AEDC 
transonic model tunnel, and tunnel pressure ratio requirements were 
determined as a function of flap opening and auxiliary plenum suction. 
Since all these experiments showed the same trend, only the results at the 
test-section Mach number of one will be discussed. 

Results obtained with a perforated wall having a 22.5 per cent open-area 
ratio and j in. holes4 indicate that when the flaps are open 8.3 per cent of 
the test-section height, the test section can be operated without auxiliary 
plenum chamber suction at a tunnel pressure ratio of 1.24. O n the other 
hand, when 2.5 per cent auxiliary suction is applied, the tunnel pressure 
ratio is reduced to 1.18, as indicated in Fig. 14.7. It is evident that operation 
without auxiliary plenum chamber suction is possible only when the main 
wind tunnel drive is capable of producing extraordinarily large pressure 
ratios. 

Operation without auxiliary plenum chamber suction is very unecon­
omical in comparison with operation with a modest amount of suction 
(Fig. 14.7b). For a test-section Mach number of one, 580 h.p. ft2 of test-
section area are required to maintain the flow at 1-atm stagnation pressure 
and 520 R stagnation temperature; this value is reduced to 320 h.p. IV-
whcn 3 per cent auxiliary suction is employed. As mentioned before, the 
most economical operation from the standpoint of power consumption is 
obviously obtained when very large amounts of auxiliary suction are 
employed, that is, when the auxiliary suction horsepower is equal to or 
even greater than the main drive horsepower. In actual practice, however, 
the amount of auxiliary suction applied is generally only slightly larger than 
the minimum required to prevent choking without opening the flaps. 

Basically similar results were obtained when a perforated test section with 
33 per cent open-area ratio was considered (Fig. 14.8). Even with a flap 
opening of 0 .083/ / and a tunnel pressure ratio of 1.43, it was not possible 
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to establish Mach number one flow in the test section without using auxiliary 
plenum chamber suction. With the flaps closed and 8 per cent suction ap­
plied, the Mach number one flow was established with a pressure ratio of 
only 1.16. The power requirements for this wall with its unusually large 
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parallel walls (AEDC 1 ft transonic model tunnel4). 

open-area ratio are nearly twice as large as those for walls of 22 per cent 
open-area ratio (see Fig. 14.8b). Without auxiliary suction it should have 
been possible, on the basis of extrapolation of the experimental curves, to 
establish Mach number one flow with a power consumption of approxim­
ately 1200 h.p./ft2 area. If 8 per cent auxiliary suction were employed, the 
requirements would be reduced to 470 h.p./ft2 of test-section area. While 
these values are excessive for most wind tunnel operation, they do indicate 
the great superiority of auxiliary plenum chamber suction over diffuscr 
flap suction. 

In summary, for economical operation of partially open wind tunnels, it 
is considerably more advantageous to provide the necessary amount of 
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plenum chamber mass flow removal by means of an auxiliary compressor 
rather than by using the diffuser as an ejection pump. This advantage is 
due mainly to the fact that the test-section flow passing through the walls 
into the plenum chamber loses its kinetic energy so quickly that any mass 
flow from the plenum chamber into the diffuser causes an increase in the 
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I n : . 14.8. Tunnel pressure ratio and power requirements for perforated test section with 
different combinations of auxiliary and diffuser suctions (33 per cent open, fa in. holes, 

parallel walls) (AEDC 1 ft transonic model tunnel4). 

diffuscr inlet boundary layer. It is generally advisable to apply somewhat 
more auxiliary suction than the minimum required to avoid choking in the 
subsonic speed range or to establish the test-section flow in the supersonic 
range. 

3. INFLUENCE OF WALL SETTING ON POWER REQUIREMENTS 
(PERFORATED TEST SECTIONS) 

T h e results presented previously regarding the tunnel pressure ratio and 
power requirements of transonic wind tunnels were obtained using test 
sections with parallel wall settings. In order to explore the effect of converged 
or diverged settings, extensive experimental investigations were carried out 
in numerous laboratories. Some results of the experiments conducted in the 
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AEDC transonic model tunnel4 are presented here to demonstrate the 
magnitude of the wall setting effect. 

The tunnel pressure ratio, as a function of auxiliary suction required to 
establish Mach number 1.0 flow in a transonic test section with perforated 
walls having a 22J per cent open-area ratio (^ in. holes), is presented in 
Fig. 14.9. As in all AEDC experiments, only the upper and lower test-section 
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2 4 6 
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F I G . 14.9. Influence qf wall setting on tunnel pressure ratio and power requirements 
(diffuser flaps closed) at M = 1.0, 22.5 per cent open perforated walls, | in. holes, 

top and bottom walls adjusted (AEDC 1 f l transonic model tunnel4). 

walls were moved; the sidewalls remained parallel. In this case, Mach 
number one flow was established without auxiliary plenum chamber suction 
(diffuser flaps closed) when the walls were diverged 30'. For parallel and 
30' converged wall settings, auxiliary suction amounting to 2.3 and 5.7 per 
cent, respectively, was required. As expected, the tunnel pressure ratio was 
decreased when the auxiliary suction was increased, that is, when the wall 
boundary layer approaching the diffuser was thinned. 

When the results obtained for tunnel pressure ratio and auxiliary suction 
are converted into power requirements, it can be seen that the total power 
required, including both main and auxiliary compressor power, is slightly-
decreased when wall suction is applied (see Fig. 14.9). With larger amounts 
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of suction, the curves for all three wall settings converged into a common 
line. 

From these results, which are typical of the conditions occurring in 
perforated test sections, it may be concluded that total power requirements 
are only slightly influenced by the wall setting. Only a small reduction in 
total power is experienced when the setting is changed from the diverged 
to the converged configuration. T h e main difference is the amount of 
auxiliary suction required to establish the desired test-section Mach number. 
Thus , if sufficient capacity were not available in the auxiliary compressors, 
it might be necessary to select a less converged or even somewhat diverged 
wall setting in order to establish the desired flow. However, when boundary 
layer thickness along the walls is considered as a function of the wall setting. 
it must be remembered that an effective uniform thinning of the wall 
boundary layer is accomplished only by proper convergence of the walls. 
Consequently, the more converged wall settings are generally superior for 
transonic testing from the viewpoint of consistent wall cross-flow charac­
teristics and proper shock-wave cancellation characteristics (see Chapters 
8 and 11). 
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4. INFLUENCE OF WALL GEOMETRY (PERFORATED WALLS) 
a. Variation of open-area ratio 

According to the results reported in Chapter 12, the open-area ratio of a 
perforated wall is one of the most significant parameters since it influences 
both the boundary layer thickness and, as a consequence, the suction and 
power required to operate the wind tunnel. In experiments conducted in 
the AEDC transonic model tunnel perforated walls with open-area ratios 
ranging between 5.2 and 33 per cent (Ref. 4) were used. Some significant 
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FIG. 14.11. Influence qf open-area ratio of perforated walls on tunnel pressure ratio and 
poiver requirements at M — 1.20 (diffuser flaps closed, fain, holes, parallel walls) 

(AEDC 1 ft transonic wind tunnel4). 

results on establishment of Mach number one flow in the test section are 
presented in Fig. 14.10. In these experiments the walls were set parallel, and 
the diffuser flaps were closed. An increase in the open-area ratio greatly 
increased the auxiliary suction requirements and the necessary tunnel 
pressure ratio. The points of optimum suction, corresponding to the oper­
ating conditions at which uniform Mach one flow was established over the 
entire test section, are indicated in the graph. When the tunnel pressure 
ratio results were converted into power requirements (Fig. 14.10), it was 
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evident that the open-area ratios of test sections in transonic wind tunnels 
must be kept as small as possible while remaining compatible with the 
requirements for interference-free flow. 

The same results can also be shown for flow establishment at Mach 
number 1.20 (Fig. 14.11). At this Mach number, both tunnel pressure 
ratio and suction requirements increased rapidly with increasing open-area 
ratio. It should be noted that in this case a sonic nozzle was used to establish 
the desired Mach number flow; as a result auxiliary suction was needed to 
to satisfy both the requirement for boundary layer removal and the addi­
tional requirement for establishment of supersonic flow. 

b. Variation of hole size in perforated walls 

In previous sections it has been demonstrated that wall characteristics 
depend not only upon the geometric open-area ratio of the wall but also 
upon the hole size itself, that is, on the ratio of hole diameter to the displace­
ment thickness of the boundary layer. Because of this influence of hole size, 
the requirements for auxiliary suction and tunnel pressure ratio are also 
influenced by the relative hole size, as shown in Fig. 14.12 (Ref. 4). At both 

F I G . 14.12. Influence qf hole size of perforated walls on tunnel firessure ratio and power 
requirements at M = 1.0 and 1.2 (Diffuser flaps closed, 22.5 per cent open walls, 

parallel walls) (AEDC 1 f t transonic model tunnel4). 
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the Mach number 1.0 and 1.2 conditions, suction and tunnel pressure ratio 
requirements were considerably reduced in the case of the walls with the 
larger holes. Consequently, when power requirements are considered, as 
large a hole diameter should be selected as is compatible with the intensity 
ofthe small supersonic waves produced bv the individual holes (see Chapters 
S a n d 13). 

5. INFLUENCE OF MODEL SIZE (PERFORATED TEST SECTION 
Models of rotational symmetry with 1, 3 and 5 per cent blockage were in­
stalled in the same perforated test sections discussed previously (AEDC 
transonic model tunnel experiments). Since these models produce disturb­
ances which cause part of the test-section flow to cross the perforated walls 
and enter the plenum chamber, it is apparent that both auxiliary suction 
and tunnel power requirements must increase because of the thicker bound­
ary layer approaching the diffuser. Some representative data showing the 
influence of a model in a perforated test section equipped with a 22 i per 
cent open-area ratio J in. holes) are presented In Fig. 14.13 for Mach 
number one. 

F I G . 14.13. Influence of model size on firessure ratio and suction requirements of perfor­
ated wind tunnel at M - 1.0 (22.5 per cent open walls, J in. holes, parallel walls) 

(AEDC I f l transonic model tunnel4). 

The expected effects are clearly evident. However, note that a 5 per cent 
blockage model increased the minimum auxiliary suction requirement by-
only approximately 1.5 per cent o f thc test-section mass flow, mr- Since at 
Mach number one, the amount of air which must enter the plenum chamber 
corresponds to the blockage of the model, this increase of only 1.5 per cent 
in auxiliary suction (instead of the 5 per cent which corresponds to the 
percentage of model blockage) is an indication of the fact that the wall 
boundary layer has been accelerated to velocities having greater flow 
density. This fact accounts for part of the observed difference. Moreover, 
part of the air which enters the plenum chamber in the area ofthe maximum 
cross section of the model re-enters the test section in the downstream 
portion and relieves the requirement for mass flow removal. However, this 
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re-entry causes the wall boundary layer in the downstream region of the 
test section to thicken and, consequently, the tunnel pressure ratio to increase 
in spite of the increased plenum chamber mass flow removal (see Fig. 14.13). 

(i. COMPARISON OF PERFORATED TEST SECTIONS EQUIPPED 
WITH SONIC AND SUPERSONIC NOZZLES 

As discussed previously, supersonic Mach numbers can be established in 
partially open test sections either by using a sonic nozzle in conjunction with 
auxiliary suction or by using a conventional supersonic nozzle preceding 
the partially open test section. At low supersonic Mach numbers no great 
difference is expected in the power requirements of the two methods of 
operation since only small amounts of mass flow removal are required to 
establish the desired Mach number. At higher Mach numbers, for instance, 
at Mach numbers in excess of 1.20, the mass flow removals required for flow 
establishment with a sonic nozzle grow rapidly and cause a proportional 
increase in the auxiliary power required o f the auxiliary suction compressor. 
In the latter case, the power increase is due mainly to the fact that the sonic 
throat of the wind tunnel must accommodate a noticeably larger airflow 
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than the test section and that the mass flow loses its entire kinetic energy 
after entry into the plenum chamber (see Chapter 13). 

Some typical test results obtained in the AEDG transonic model tunnel 
at Mach number 1.20 with perforated walls (inclined holes with a 6 per cent 
open-area ratio) are presented in Fig. 14.14 for configurations having either 
a sonic nozzle or a flexible supersonic nozzle. At this Mach number, tunnel 
pressure ratio and total power input per unit test-section area were not too 
different for the two modes of operation. The main difference was the 
greatly increased requirement for mass flow removal in the case of the test 
section having a sonic nozzle. The choice between the two configurations 
will thus depend largely upon the specific layout of each individual wind 
tunnel. If Mach number must be increased without changing the power or 
the compressor configuration of the .main drive system, it is usually advan­
tageous to install an auxiliary suction system or to increase its capacity. On 
the other hand, if a tunnel is equipped with a supersonic nozzle and the 
main drive power of the tunnel can be increased, opt imum conditions will 
usually be established by an increase in the power o f the main compressor 
and a moderate change in the auxiliary suction. 

As noted previously, results cited for sonic and supersonic nozzle operation 
are valid only for comparatively low supersonic Mach numbers, as can be 
seen from the results obtained for test-section Mach numbers between 0.8 
and 1.46 (see Fig. 14.15). In this figure the conditions for opt imum operation 
are again indicated and a drastic difference is evident between the trends of 
the mass flow removal curves for sonic and supersonic nozzles. The difference 
in the auxiliary suction is reflected in the trend of the total power required 
for operation with sonic or supersonic nozzles (see Fig. 14.15). 

In summary, it may be stated that for Mach numbers up to 1.2, operation 
with a sonic nozzle is not particularly detrimental from the standpoint of 
total power requirements if provisions are made for moderate amounts of 
mass flow removal. At Mach numbers in excess of 1.2, the power require­
ments of wind tunnels having sonic nozzles increase rapidly, as do the ex­
tremely large requirements for auxiliary suction. Consequently, in this high 
supersonic Mach number range, significant savings in total power require­
ments can be achieved when supersonic nozzles are used preceding the test 
section. 

7. POWER REQUIREMENTS OF WIND TUNNELS WITH SLOTTED 

TEST SECTIONS 

a. Tunnel pressure ratio as a funclion of plenum chamber massflow removal 

Relationships similar to those noted for perforated test sections also hold 
true for slotted test sections. It is possible to establish the desired Mach num­
ber in a slotted test section using different combinations of main drive 
pressure boost and mass flow removal from the plenum chamber. I t is also 
possible, as in perforated test sections, to accomplish the mass flow removal 
from the plenum chamber by means of re-entry flaps, that is, by diffuser 
suction using the main flow as an ejector pump or by means of a separate 
auxiliary compressor. Both of these methods of operation were explored 
briefly in tests conducted in the AEDC transonic model tunnel.5 
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F I G . 14.16. Power requirements and auxiliary mass flow qf slotted lest section for various 
Alach numbers (sixteen slots, 11 per cent open, diffuser flaps closed) 

(AEDC 1 f l transonic model tunnel5). 
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Some results showing the relationship between power requirements and 
auxiliary mass flow removal are presented in Fig. 14.16 for a typical slotted 
test section having sixteen slots, 11 per cent open-area ratio, and a length of 
the slotted test section three times the tunnel height. As in the case of the 
perforated test sections, a minimum amount of auxiliary mass flow removal 
is required for each Mach number above 0.8 when the diffuser flaps are 
closed. Increase of the mass flow removal beyond this minimum value 
results in a rapid decrease in the total power requirements until the minimum 
power conditions are finally reached at large auxiliary mass flow removal. 
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FIG. 14.17. Influence qj diffuser flap opening on power requirements qf slotted test section 
at M = 1.0 (sixteen slots, 11 per cent open, parallel it-alls') 

(AEDC 1 f t transonic model tunnel*). 

This latter condition corresponds approximately to an equal power input 
from both the main drive and the auxiliary compressor. However, it should 
be noted that this test section was not equipped with a supersonic nozzle 
preceding the test section and that supersonic flow was established by mass 
flow removal from the test section. I t is remarkable that with a reasonable 
amount of mass flow removal, the Mach number range between 0.9 and 1.2 
can be covered using the same pressure boost from the main drive compressor, 
thai is. with ,i pressure ratio of 1.15. This fact represents a large advantage 
in the design of main drive compressors. However, in such cases, considerably 
larger mass flows must be handled by the auxiliary compressors. 

If no auxiliary compressor is available for mass flow removal from the 
plenum chamber, openings in the diffuscr (i.e. diffuser inlets with re-entry 
flaps) must be provided to avoid choking or to establish a supersonic Mach 
number. Results obtained in the AEDC model tunnel using re-entry flaps 
similar to those described previously for the tests in perforated test sections 
(see Fig. 14,3) are presented in Fig. 14.17 for Mach number one. Mach 
number one flow was established in the test section without auxiliary mass 
flow removal using flap openings equal to 3.2 and 4.2 per cent of the tunnel 
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height. However, with these flap openings, it was necessary to provide a 
tunnel pressure ratio of 1.24 compared with the ratio of 1.15 required 
when minimum auxiliary mass flow removal was provided and the diffuser 
flaps were kept closed. Also, the total power requirements were increased 
approximately 25 per cent when diffuser suction, instead of minimum 
auxiliary suction, was provided in conjunction with the closed flaps. 

In summary, in slotted test sections, as in perforated test sections, consid­
erable savings in total power can be realized when adequate mass flow 
removal from the plenum chamber is provided by auxiliary compressors. 
Diffuser re-entry flaps are advantageous only when equipment limitations 
make it impossible to establish the desired Mach number flow by any other 
means. 

b. Influence of re-entry flap conflguation 

On numerous previous occasions it has been mentioned that diffuser 
losses can become extremely large when air from the plenum chamber is 
sucked into the upstream portion of the diffuser where it thickens the 
boundary layer and thus greatly reduces the available pressure recovery 
(see Section 2a of this chapter) . Consequently, all wind tunnels which 
operate without the use of auxiliary suction compressors have been exten­
sively investigated in order to arrange the re-entry of air into the diffuser 
as efficiently as possible. Experiments conducted in the NACA Langley 
8 ft high-speed wind tunnel6 are cited as a typical example of such a study. 

The 8 ft Langley wind tunnel is equipped with twelve longitudinal slots 
having a maximum total open-area ratio of approximately 11 per cent. 
Initially the tunnel had re-entry inlets (shown schematically in Fig. 14.18a). 

D« TUNNEL DIAMETER 

ONLY IN SLOT WELL 

FIG. 14.18. Various re-entry slot shapes of NACA 8 fl wind tunnel? 
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T h e nose of the re-entry fairings was located a t 0.18 per cent of the tunnel 
diameter behind the test-section end. Behind the slots, the diffuser flow was 
practically unguided over a considerable length of the diffuser. After exten­
sive and detailed flow studies, another re-entry shape was developed which 
provided better guidance for the re-entry flow and improved the diffuser 
efficiency (see Fig. 14.18b). Though the flow in the test section proper was 
not greatly influenced by the change in shape of the re-entry nose, an 
essential reduction in the power requirements was obtained (see Fig. 14.19). 
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FIG. 14.19. Power requirements for NACA 8ft slotted wind tunnel with different 
re-entry slot shapes? 

When the power data from these tests are compared with the data obtained 
from other test sections, it should be remembered that the length of the 
slotted test section in the NAGA experiments was approximately 1.25 the 
test-section diameter. The length of the perforated test section of the A E D C 
model tunnel (Figs. 14.16 and 14.17) was three times the height o f the test 
section. 

When transonic or supersonic flow is to be established in a test section by 
diffuser suction, the re-entry air must not only flow smoothly into the 
diffuser but sufficient open area must also be provided at the minimum 
cross section of the diffuser to avoid choking of the flow. When diffuser 
flaps are used this minimum cross section is usually located near the down­
stream end ofthe re-entry flaps. Consequently, the higher the Mach number 
desired in the test section, the further downstream in the diffuser are the 
re-entry flaps located. A large number of systematic experiments have been 
carried out by the Boeing Co. to develop suitable transonic wind tunnel 
re-entry flaps. The slot shape and re-entry flaps used for the Langley test 
series just cited were designed to establish a maximum Mach number of 1.14 
in the test section. Since Mach numbers of at least 1.25 were desired in the 
Boeing wind tunnel, arrangements other than the rigid two-position config­
urations of the NACA re-entry shapes were explored. Diffuser re-entry 
flaps which could be rotated around their downstream end were therefore 
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provided.2-7 With these remotely controllable flaps, the test-section Mach 
number could be changed either by controlling the power input to the main 
tunnel compressor or by adjusting the setting of the re-entry flaps. 

Some typical results obtained with the new re-entry flaps are shown in 
Fig. 14.20. In these tests, the opening o f t h e flaps was kept constant (equal 
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FIG. 14.20. Compressor power requirements of slotted wind tunnel with different diffuser 
flap configurations (flaps open at four walls, sixteen slots, 11.1 per cent open, no 

auxiliary suction) (Boeing (4.8 x 7.2 in.) x 9 in. wind tunneP). 

to 0.092 times the wind tunnel height), and only the location o f the down­
stream hinge point of the flaps was varied. By shifting the hinge point 
further downstream into the diffuser better guidance of the flow into the 
diffuser was accomplished and a larger minimum diffuser area was provided 
a t the flap inlet. As expected, the downstream location of the hinge points 
provided the larger Mach numbers desired, that is, choking in the diffuser 
was effectively delayed. At the extreme downstream position (station 
x = approximately one times the mean height of the wind tunnel), a 
maximum Mach number somewhat in excess of 1.26 was established. 
Mach number range was limited only by the available power supply of the 
drive system. On the other hand, in the speed region where choking of the 

376 



POWER REQUIREMENTS OF TRANSONIC WIND TUNNELS 

diffuser is not a problem (at Mach numbers below 1.10 for the flaps investi­
gated), the power requirements for operation with all three Boeing flaps 
differed only slightly. 

It must again be emphasized that the power requirement data presented 
in Fig. 14.20 for the Boeing investigation were obtained in a wind tunnel 
which had a slotted test section approximately 1.5 times the mean height 
o f the tunnel. Therefore, before comparisons can bc made, the effect of this 
length-to-height parameter should be evaluated. To this end a study of a 
typical loss distribution in the Boeing model wind tunnel8 is cited here. As 
the loss survey of the model tunnel indicates, the return duct losses, that is, 
the losses between the diffuser downstream end and the inlet to the test 
section, amount to only 18 per cent of the total losses (Fig. 14.21). The 

RETURN DUCT 18.0 % 

DIFFUSER 

EXIT FLAPS 

TEST SECTION 

41.0 % 

7.3 % 

3 3 . 7 % 

TOTAL LOSSES = 100.0 % 

In . . 14.21. hiss distribution in slotted test section with re-entry flaps nl M 1.25 
(flaps ofien at four it-alls, sixteen slots, 11.6 per cent open, no auxiliary suction) 

(Boeing (4.8 x 7.2 in.) x 9 in. model tunnel*). 

remainder were produced in the test section, the exit flap area, and the 
diffuscr, and amounted to 82 per cent of the total tunnel losses. Thus an 
increase in test-section length affects the direct test-section losses (34 per 
cent in the cited example), causes growth ofthe boundary layer and increases 
the requirement for re-entry mass flow into the plenum chamber, and in­
creases the exil (lap losses and llie diffuser losses. Obviotish comparisons ol 
various wind tunnels can be made only when due consideration is given the 
length height ratio of the test sections. 
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8. FULL-SCALE WIND TUNNELS 

a. Comparison between full-scale and model tunnels 

The power requirement data presented earlier for the Langley 8 ft 
slotted wind tunnel o f the X A C A (see Figs. 14.18 and 14.19) are re-plotted 
in Fig. 14.22 with other data obtained from the NACA 16 ft slotted tran­
sonic wind tunnel9 and a slotted model tunnel 1 ft in diameter.1 0 These 
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FIG. 14.22. Power requirements for various NACA slotted wind tunnels without 
auxiliary suction?-10** 

wind tunnels have similar test sections with maximum open-area ratios 
ranging between 11 and 12 per cent. They differ somewhat in the shape 
of the diffuser re-entry openings but extensive investigations have been made 
to determine the opt imum re-entry shapes for both the 8 and 16 ft tunnels. 
A comparison of these two full-scale tunnels indicates a slight advantage 
for the larger wind tunnel, which is probably caused by the difference in 
scale. Also the power curves for the model wind tunnel deviate considerably 
from the curves for the full-scale tunnels. Even though the simple diffuser 
openings of the model tunnel were not optimized and the test-section slots 
had a plain rectangular shape, it is believed that a considerable scale effect 
is indicated by the noted deviation of the model power curves. However, 
the general trend of the power requirements and the significance of devices 
designed to alleviate choking are correctly reflected by the small-scale 
model data. 

Another comparison between the power requirements for model and 
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full-scale tunnels was possible for the AEDC transonic wind tunnel1 1-! and 
the AEDC transonic model tunnel. Both wind tunnels were equipped with 
inclined-hole perforated walls. The full-scale wind tunnel power curves are 
presented in Fig. 14.23 for both minimum and maximum auxiliary suction. 
At the time these tests were made the auxiliary suction equipment in the 
full-scale wind tunnel had a maximum capacity of 5 per cent removal at 
Mach number 1.0. During the full-scale tests the supersonic nozzle preceding 
the test section was set at the proper value, and the re-entry flaps were 
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F I G . 14.23. Power requirements for full-scale 16fl and model I ft transonic wind 
tunnels qf AEDC (inclined holes, 6 per cent open, parallel walls)?1-1 

closed. Data from similar tests in the AEDC! 1 ft transonic model tunnel 
were selected near the optimum operating point, that is, at auxiliary suction 
values somewhat larger than the minimum values required. Then, in order 
to facilitate comparison, the model tunnel data were converted into shaft 
horsepower data by assuming a compressor efficiency of TJ = 0.90. Also 
the losses in the return duct of the model tunnel were introduced additively 
as an estimated 20 per cent of the total losses at Mach one and were assumed 
to remain constant through the Mach number range. The comparison of 
the model tunnel and full-scale tunnel data indicates that the trend of the 
power curves is correctly predicted by the model tunnel results. However, 
the numerical values of the losses in the model tunnel are larger than those 
of the lull-scale tunnel. 
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b. Full-scale wind tunnels 

T h e main shaft horsepower requirements of several full-scale wind tunnels 
with partially open test sections are presented in Fig. 14.24.* The 8 ft and 
16 ft NACA Langley wind tunnels were selected as typical "slotted test-
section" wind tunnels; the A E D C 16 ft propulsion wind tunnel and the 
British ARA 9 x 8 ft wind tunnel are shown as examples of perforated test-
section tunnels. Data from the slotted wind tunnels and the British perforated 
wind tunnel indicate that the power requirements of these tunnels have 
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FIG. 14.24. Main drive power requirements for various full-scale wind tunnels. 
AEDC 16ft transonic wind tunnel: L - 2J8XH?1 

NACA 8ft wind tunnel: L 1.1 x D ? 
NACA 16ft wind tunnel: L = 1.4 x D ? 

ARA 9 x 8 ft wind tunnel: L 1.4 x //, I" 
NACA 8ft closed wind tunnel: L = 1.25xD? 

(L = test-section length; H, D = test-section height or diameter). 

approximately the same magnitude. Therefore, since the open-area ratio of 
the walls of these tunnels was selected to provide interference-free charac­
teristics and the test sections had approximately the same relative length 
(1.1 to 1.4 times the height ofthe tunnel) , it may be concluded that perforated 
and slotted wind tunnels do not exhibit significant differences in their power 
requirements. However, the data presented on the same graph for a closed 
wind tunnel having the same overall geometry as the 8 ft NACA wind 

• The test-section length, L, indicated in Fig. 14.24 is the axial extent of the test 
section exhibiting satisfactory uniform velocity distribution. 

380 



18£ 

£S6I ' J aqo iao ' 0 l - £ S - ^ X - O Q a V ..-aizzoN 3 ! u o S E TO* U°U 
-Dunfuog in u o i p s ^ jsa j I |EA\ p j l^ jo j ja j Bajy-uadQ J"-'3 w d S'££ E J ° s:>S3X 
: | ,)si!t),| suon,>->S l sM, )!"<>sin_j | jo suoiiBSiisaAHJ p m m j , pn;A\„ 'T M 'MHHQ e [ 

•wet '3unf 'f-t-te-ui-oaav_.sFuunx 
I m i \ \ i m o s m . j | HI ,i H I . H I | M I II | | | e \ \ | H ii- i i i . i i i i i | s i | i i i i | s - . | \ \ n | . | , , | | j | • i >i 1111 !<>•>. , 

• .'-t>l 
'AjEniiBf Y(, 8S-N.l . -Oa:4V . .SIIBM P-JIEJOJJJJ _) |oH -p 3uipui SUIABH J J E Q 

l*»X II".! E MHM 1 ! n j J ! D 31UOSUBJX JJ 91 X M d 3M1 J ° "onEjqqEQ,, •$ H ' m i Q n 
'8F6I 'SZ -laqojao '90l8T I \ H VOVM 

„ s u o n « s l 3 U u n X P"!M oiuosuBaj, VOVN., O "A 'a*VM pu« H "H ' J - H O I S M o t 

3561 ' x l " f ' 1 0 3 2 5 1 m i VOVN <. s u o . i 
- i . l v , |S.I I | I I | 1 " | S M l ' " | . l l l l l l l | i l l l i i s l l I M I l ) ( ) | A , l | o l l l l - | .11)1 | ( l S . M M . I . l l M . l l M ) ; ) 

J,)MOt[ ptlE MO| j J l y „ -Q - J \ 'NOSMV3J pUB \ J -Q 'aKODJ.IHyVV " O ' . \ \ 'OHVA\ 6 

IS6I '61 3 u n f ' t £ 6 I l - a " ° 0 JUBldJiy Supoj j . . g ^ q j o j a q u i n ^ i p u p j 
B IE p u u n j ^ pu;A\ 3IUOSUEJJ_ ppojAj ui sassoq j o uopnquis iQ, , -j • [ "aNaoasQ « 

(gc,,I -U.MI.I(|...I •(:(;,;[! n - o ; ) .lUBidjiy StTOOfl . . IS6 I Jsquwjdas 
oi [(j(ii aunf : n | o A '(881 XMO) F u u n X P U .M S o p o g aqi JOJ uoijaas l » X 
aitiosuBjj B j o iu.mi(lo|.>A.)fi uo uodo^j SSOJSOJJ,, -{j 'AMoa^ puB -j -f 'aNHoasQ : 

IS6I '81 » q o u o '0IHIS1 WH 
VI1V\ , ,T"" l n , l . P ' - H I S - ' I " 1 ! I ' I I ! v,)|S*uB'l ,'qi HI S.XIBI|^ i" |s SI.OI.IT; \ i|ii.\ 
uon-»S isox auiostiBJj^ B J O S3|isu.)UEjEq^)„ •£ -y\ 'aiHDXiy puE -J4 --y 'XRODIJVV* 

see i '̂ JBnjqoj '£s^.->ix-oaav 
..-oizzofvj oiuof; E qiiM uoiuunfuo;) HI uon.).)^ is.i | ||EA\-p.>JK'|S E J ° S1S0X X I I 
sssqj—suoii-ws JS3j_ JIUOSUBJJ JO SUOIIBSIISJAUI p u u n J PUIA\,. 0 "A ' K a i i y s 

'C56I ' q3 -E j \ ' J S - r S - H X - O a a V . . ' • ,I z z oN J ! u o S E TO* uoijounfuog 
ui SUOU3JS 1S0X IIBA\"P-,1EJOJJ-M •>AU u o sis^X J ° s l insoy j o uosuEdiuog : J J 
,)SBq(| s n o u t s 1S->.I. JjtiosuEJj j o SUOUBSIISOAIII |.)tmn J pui . \ \„ "I 'AV "win;} ,. 

'_'_(, I J >qiu>-),)a ' 6 e - S S - N X - O Q 3 V „"»n«M P3JBJOJJ3J j o 
sJDEj-ins uo iUJs - lHI . P U E mn»»U aq) JE3JM sapjoj.j pBOH IEJ°X,. 1 M 'MaiiQ c 

leei 'eseii-a 
'•o^) ,)UE|dji\- _1ui.K);| (gj \ u \ -|.nmnj_ pui\/\ Sui_>og sqi JOJ uoij3J>,- lsoj_ 
3iuostiE_tj j o uuujdo|,)AOQ uo uod.)}{ wa__8oJj„ - H *A5ioa^ puB •[ saKvf'aNMoaso z 

•9S(iI 
'A|ii(' •j.nu.vg) in.)uido|.)A.)Q 8tnj.)oui_iii'j p i o i u y ( gs |ouun | p u i \ \ poiBjoj j j j 
puE p.)noix ui sni.)ui,uinb.)^j JOMOJ puE iu_>iuqsi|qEis^ M O | . | „ pg J J 'MaiNiaaavf) , 

saoNawaaaa 

• jno a u j o q 
aq o i SIUOJS s p i i i n u put.w p3j io | s p u e pajBjqj jad j o s m a i u s j i n b a j .i_»,v\od 
3i|i in istxa S33uaj3| j ip juBayiuiiis on iBijj s u o i s n p u o a snoiASjd s q i ' | 3 u u n j 
puiM JJ g i 3CE1V 3MJ J ° S3jnjB3j p . n s n u n 3S3tp JOJ spEiu S J B s33ue,v\o|p_: 
J3clo.Itl II31JA^\ ' J 3 J 0 0 3 3X-.II-1 B pUB J 3 S n j J t p 3 i p III doOSS SlII_=iU3AB3S sS jBJ 

B SB q s n s ifuijssj uois |ndo. id 3p.3s-]|nj p u i j a d oi SUOIJI.] |BISUI (Bpads sEq 
[31111111 puiM OCE'lV 3M l 'UOipppB UJ -3SB3.131II ,I3Mod 3qi JO UOIJJOd J3JB3jS 
3t|i JOJ juno33B o j p3A3i|3<( si 33ti3J3jjip s i q x " s p u u n j j s q j o s q i JOJ PfStiTU aq\ 
Siun, y \ o) | - j X p j E u n x o j d d B sqjx.ii3| qjiM p s j e d i u o s p u u n j s q j j o iqSijq 
gy] snmj g-^ iCpivmixtucfdv qi__iu3| uotj3SS-jS3j B SBIJ j s u u n j puiM Q Q 3 V 3 l l ' 
jBqj j3Bj s q j o j s n p si 33U3j3jjtp siqi j o jJBd S S J E ] y "(x<;"iq ' S i j ) s j suun j 
tjsiii.iq puB p p i j j XsjSuBq s q j j o ssoqj SB jB3j__l SB 3 3 I M J ApjBiu ixojddB 
S J B |3 i tunj puiM uo t sp ido jd JJ g( O C i y y 3 l P .1° s j u s t u s j t n b s j JSMod s q j ^ 

• s p u t i n j p t l l M p3SO]3 UBljJ JSMOd 3J0UI JU33 j s d OS A p j B l U l 

-xo jddB s j m b s j s p u u n j puiM SIUOSUEJJ u s d o A||Bij.iEd perm Moqs o p j s u u n j 

STHNNn.L CINIM OINOSNVMX JO SXN3 W a « I il 0'.J H H 3 M O J 



TRANSONIC WIND TUNNEL TESTING 
14 HAINES, A. B. and JONES, J . C. M. "The Centre-Line Mach Number Distributions 

and Auxiliary Suction Requirement for the A.R.A. 9 ft x 8 ft Transonic 
Wind Tunnel." Aircraft Research Association Ltd. (G.B.), ARA-R-2, April, 
1958. 
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C H A P T E R 15 

LIST OF TRANSONIC WIND TUNNELS AND 
T H E I R MAIN CHARACTERISTIC DATA 

T H E list of transonic wind tunnels presented in this section has been accu­
mulated on the basis of information contained in the published literature. 
Due to this fact, all those wind tunnels for which such information was not 
available are omitted from this summary list. 

Abbreviations used 

A E D C Arnold Engineering Development Center 
ARA Aircraft Research Association 
D T M B David Taylor Model Basin 
M I T Massachusetts Institute of Technology 
NACA National Advisory Committee for Aeronautics (now National 

Aeronautics and Space Administration—NASA) 
N A M T C Naval Air Missile Test Center 
NLL National Luftvaart Laboratorium 
NPL National Physical Laboratory 
O N E R A Office National d'Etudes ct de Recherches Aeronautiques 
RAE Royal Aircraft Establishment 
W A D C Wright Air Development Center 

zl* 383 



Transonic Wind Tunnels 

Tunnel 
designation 

Belgium 
TCEA 51 

France 
S.MA 
ONERA 8.5 
Sud-Aviation 

40 cm 

Netherlands 
N.L.L. 
High-speed 

Tunnel 9 
N.L.L. 
Tunnel 8 

U.K. 
ARA Co-op 

Short Bros. 
& Harland 
2.5 ft 

Location 

Rhode-
St. Genesc 

Modanc 
Chadllon 
Suresnes 

Amsterdam 

.Amsterdam 

Bedford 

Belfast 

Owner-
operator 

TCEA 

ONERA 
ONERA 
Sud-
Aviadon 

NLL 

NLL 

Aircraft 
Research 
Assoctn. 

Short Bros. 
& Harland 

Test-
section 

dimension 

40 x 40 cm 

8 m 
20 x 30 cm 
40 x 40 cm 

2.0 x 
1.6 m 

0.42 x 
0.55 m 

9 x 8 ft 

2.5 x 
2.5 ft 

Test-
section 
type 

Slotted 
(2 walls) 

Slotted 
Perforated 

Slotted 
(2 walls) 

Slotted 
(2 walls) 

Perforated 

Mach 
number 
range 

0-1.2 

0.7-1.28 
0.7-1.65 

Subsonic 
to 1.3 

0-1.0 

0-1.4 

0-1.2 

Pressur­
ized 

No 

No 
No 
Yes 

Yes 

No 

No 

Intermittent 
or 

continuous 

Continuous 

Continuous 
Continuous 
Intermittent 

Continuous 

Continuous 

Continuous 

Horsepower 
a. Main 
b. Auxiliary 

a. 615 kW 
(diffuser 
suction) 

a. 110,000 
a. 870 kW 
a. 120 

compressor 
air inject 
drive 

a. 20,000 

a. 1200 

a. 25,000 
b. 12,000 

Special 
capabilities 

Model of 
Tunnel No. 9 

Four walls per­
forated with 
flexible nozzle 

-. 

> 
X 
• J . 

z 
7 

g 

ss 
v. 
-
H 
G 

7 
— -
H 

H 

y 
0 



Transonic Wind Tunnels (contd.) 

00 

Tunnel 
designation 

U.K. 
(contd.) 

A. V. Roe 
20 in. 

English Elec­
tric 18 in. 

English Elec­
tric 12 in. 

De Havilland 
2 ft 

R A E 8 ft 

R A E 2 ft 

R A E 3 ft 

N P L 25 in. 

N P L 36 in. 

N P L 18 in. 

N P L 20 in. 

.Location 

Manchester 

Warton 

Warton 

Hatfield 

Farnborough 

Farnborough 

Bedford 

Teddington 

Teddington 

Teddington 

Teddington 

Owner-
operator 

A. V. Roe 

English 
Electric 

English 
Electric 

De 
Havilland 

R A E 

R A E 

R A E 

N P L 

N P L 

N P L 

N P L 

Test-
section 

dimension 

2 0 x 2 0 in. 

1 8 x 1 8 in. 

1 2 x 1 2 in. 

2 x 2 ft 

8 x 6 ft 

2 x 1 . 5 ft 

3 x 3 ft 

2 5 x 2 0 in. 

36 x 14 in. 

1 8 x 1 4 in. 

2 0 x 8 in. 

Test-
section 

type 

Slotted 

Slotted 

Slotted 
(4 walls) 

Slotted 
(4 walls) 

Slotted 
(4 walls) 

Slotted 

Slotted 

Slotted 

Slotted 

Mach 
number 
range 

0.4-1.6 

0-1.6 

0-1.1 

1.0-1.6 

0.8-1.25 

0-1.4 

0.9-2.0 

0-1.2 

0-1.2 

0-1.2 

0-1.2 

Pressur­
ized 

Yes 

No 

Yes 

No 

No 

Yes 
3 atm 
No 

Intermittent 
or 

continuous 

Continuous 

Continuous 

Continuous 

Intermittent 

Intermittent 

Intermittent 

Continuous 

Horsepower 
a. Alain 
b. Auxiliary 

a. 12,000 
b. 8,000 
a. 8,000 
b. diffuscr 

suction 
a. 16,000 
b. diffuser 

suction 
Injector 

Injector 

Injector 

Injector 

Special 
capabilities 

Provision for 
perforated 
walls 

Solid liners for 
Mach 1.0-1.8 

Solid liners for 
Mach 1.0-1.8 

Solid liners for 
Mach 1.0-1.8 

Solid liners for 
Mach 1.0-1.6 

-

-
z 
-
-

> 
y. 

z 
y 

--

y. 

a 
-
-
y 
y 
w 
-
Gfl 



Transonic Wind Tunnels (contd.) 

:c -

Tunnel 
designation 

US.A. 
United 

Aircraft 
17x l7 in . 
transonic 

NACA 
8 x 6 S S 

NACA 8 ft 
transonic 
pressure 

NACA 16 ft 
transonic 

NACA 19 ft 

NACA Ames 
Unitary 

NACA 14 ft 
transonic 

NACA 
6 x 6 ft 

NACA 
Flutter 

sLocation 

E. Hartford, 
Connecticut 

Cleveland, 
Ohio 

Langley Field, 
Virginia 

Langley Field, 
Virginia 

Langley Field, 
Virginia 

Moffett Field, 
California 

Moffett Field, 
California 

Moffett Field, 
California 

Langley Field, 
Virginia 

Owner-
operator 

UAC 
Research 
Dept. 

NACA 

NACA 

NACA 

NACA 

NACA 

NACA 

NACA 

NACA 

Test-
section 

dimension 

17x17 in. 

8 x 6 ft 

7.1x7.1ft 

15.5 x 
15.5 ft 

16x16 ft 

11 x 11 ft 

13.5 x 
13.5 ft 
6 x 6 ft 

2 x 4 ft 

Test-
section 

type 

Perforated 
(slotted) 

Perforated 

Slotted 

Slotted 

Slotted 

Slotted 

Slotted, 
perforated 

Mach 
number 
range 

0.6-1.5 

0.6-2.1 

0.6-1.3 

0.2-1.1* 

0-1.15 

0.75-1.5 

0.6-1.2 

0.6-2.4 

0-1.2 

Pressur­
ized 

• 

Yes 

No 

Yes 

No 

Yes 

Yes 

No 

Yes 

Yes 

Intermittent 
or 

continuous 

Intermittent 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Horsepower 
a. Alain 
b. Auxiliary 

a. 1,250 

a. 87,000 
b. 8,850 
a. 22,500 
b. 8,000 

a. 60,000 
b. 35,000 
a. 20,000 
b. 8,000f 

a. 180,000 
b. 19,350 
a. 110,000 
b. 2,000 
a. 60,000 
b. 5,950 
a. 1,500 

Special 
capabilities 

Propulsion 
testing 

Flutter and 
aeroelasticity 
(available 1958) 

Flutter 

•7 

a 
-. 
-
7. 
•7. 

rr 
-

-

7. 

MUMI = 1.1 obtained without auxiliary suction. t The auxiliary suction is presently not available. 



Transonic Wind Tunnels (conld.) 

Tunnel 
designation 

US.A. 
(contd.) 

NACA 
9 x 12 in. 
SS 

NACA 26 in. 
transonic 

NACA 
w 2 x 2 ft 
-» NACA 

1 x 3.5 ft 
W A D C 10 ft 

transonic 

N A M T C 1 6 f t 
aerodyna­
mic test 
division 

Brown 
University, 
transonic 

Boeing, 
transonic 

sLocation 

Langley Field, 
Virginia 

Langley Field, 
Virginia 

Moffett Field, 
California 

Moffett Field, 
California 

WPAFB, 
Dayton, 
Ohio 

Pt. Mugu, 
California 

Providence, 
Rhode Island 

Seattle, 
Washington 

Owner-
operator 

NACA 

NACA 

NACA 

NACA 

USAF 

U.S . Navy, 
University 
of South 
California 

Brown 
University 

Boeing 
Airplane 
Co. 

Test-
section 

dimension 

9 x 1 2 in. 

26 in. 
Octagon 

2 4 x 2 4 in. 

1 2 x 3 5 in. 

10 ft 

16 x 16 in. 

9 x 9 in. 

8 x 12 ft 

Test-
section 

type 

Slotted, 
perforated 

Slotted 

Slotted, 
perforated 

Slotted 

Mach 
number 
range 

0.7-1.9 

0.7-1.4 

0.0-1.4 

0.3-1.05 

0-1.24 

0-1.6 

0.25-2.0 

0-1.2 

Pressur­
ized 

Yes 

Yes 

Yes 

No 

Yes 

Yes 

No 

No 

Intermittent 
or 

continuous 

Intermittent 

Intermittent 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Continuous 

Horsepower 
a. Main 
b. Auxiliary 

Slowdown 

Slowdown 

a. 4,000 

a. 2,000 

a. 40,000 
b . 13,000 

a. 15,500 
b. 760 

a. 550 
b. 40 

a. 54,000 
b . 700 

Special 
capabilities 

Flutter 



c_o 
re 
So 

Tunnel 
designation 

U.S.A. 
(contd.) 

Cornell Aero 
Lab. 8 ft 
transonic 

N. American 
trisonic 

MIT, 
transonic 
blowdown 

N. American 
16 in. SS 

Ohio State 
University, 
Tunnel 1 

Rosemount, 
12x16 in. 
transonic 

AEDC 12 in. 
transonic 

AEDC-PWT 
(transonic 
leg) 

sLocation 

Buffalo, 
New York 

Los Angeles, 
California 

Cambridge, 
Mass. 

Los Angeles, 
California 

Columbus, 
Ohio 

Rosemount 
Res. Lab., 
Minneapolis, 
Minnesota 

Tullahoma, 
Tennessee 

Tullahoma, 
Tennessee 

Owner-
operator 

USAF-
CAL 

North 
American 

MIT 

North 
American 

Ohio State 
University 

University 
of 
Minnesota 

USAF-
ARO, Inc. 

USAF-
ARO, Inc. 

Transonic Wind Tunnels (contd.) 

Test- Test-
section section 

dimension 

8 x 8 ft 

7 x 7 ft 

22 in. 
Octagon 

15.75 x 
15.75 in. 

12x12 in. 

12x16 in. 

12x12 in. 

16x16 ft 

type 

Perforated 

Perforated 

Perforated 

Porous 
wall 

Perforated, 
slotted 
Perforated 

Mach 
number 
range 

0-1.3 

0.2-3.5 

0.5-1.3 

0.4-3.75 

0.6-3.0 

0-1.3 

0.5-1.5 

0.5-1.6 

Pressur­
ized 

Yes 

Yes 

Yes 

No 

Yes 

No 

Yes 

Yes 

Intermittent 
or 

continuous 

Continuous 

Intermittent 

Intermittent 

Intermittent 

Intermittent 

Continuous 

Continuous 

Continuous 

Horsepower 
a. Main 
b. Auxiliary 

a. 22,500 
b. 5,800 

a. 10,000 

a. 150 
b. 6 

a. 400 
b. 14 
a. 800 
b. 47 

a. 3,800 
b. 1,000 

a. 2,000 

a. 216,000 
b. 180,000 

Special 
capabilities 

High-speed 
dynamometer 
for supersonic 
propeller testing 

High Reynolds 
number 

Propulsion 
testing 

•7. 
d 
-; 
-. 
y. 
y 

y 

o 



Transonic Wind Tunnels (concluded) 

Tunnel 
designation 

U£ .A . 
(contd.) 

D T M B 18 in. 

D T M B 
9.5 in. 

D T M B 
7 x l O ft 

c_o co transonic 
Southern 

California 
Cooperative 
Wind 
Tunnel , 
transonic 

Southern 
California 
Cooperative 
Wind 
Tunnel , 
subsonic 

Location 

Carderock, 
Maryland 

Carderock, 
Maryland 

Carderock, 
Maryland 

Pasadena, 
California 

Pasadena, 
California 

Owner-
operator 

U . S . Navy 

U . S . Navy 

U.S . Navy 

Calif. Inst. 
of 
Technology 
(operator), 
Douglas, 
Convair, 
Nor th 
American, 
McDonnell 
(owners) 

Test-
section 

dimension 

1 8 x 1 8 in. 

9.5 x 
9.5 in. 
7 x 10 ft 

7.5 x 
9.75 ft 

8.5 x 
11.25 ft 

Test-
section 
type 

Slotted 

Slotted 

Solid 

Mach 
number 
range 

0-1.2 

0-1.2 

0.2-1.2 

0-1.30 

0-1.75 
except 

near 
Mach 1.0 

Pressur­
ized 

No 

N o 

Yes 

Yes 
4 atm 

Yes 
4 a tm 

Intermittent 
or 

continuous 

Intermittent 

Intermittent 

Continuous 

Continuous 

Continuous 

Horsepower 
a. Alain 
b. Auxiliary 

a. 450 

b . 450 

a. 24,000 
b. 5,400 

a. 40,000 

a. 40,000 

Special 
capabilities 

z 
-

-

> 
y 
• J . 

z 
st 

y 
a 
-
~ 
2 
y 
-
-
IK 



C H A P T E R 16 

CONCLUDING REMARKS 

T H E preceding review of transonic wind tunnel testing techniques indicates 
that during the last fifteen years remarkable progress has been made in 
providing reliable and economical transonic test facilities. Numerous 
complex and detailed problems have been subjected to extensive and 
thorough investigation, both in the theoretical as well as experimental 
fields. As a result of these efforts, the reliability and the test limits of modern 
transonic wind tunnels have been enough improved to provide the aero­
dynamic data required for the design of airplanes and other vehicles. 

The preceding review also indicates that in many areas compromise 
solutions in wind tunnel design have been accepted in order to arrive at 
timely, economical, and feasible systems. For example, the slotted or 
perforated walls of modern wind tunnels satisfy the requirements of a com­
plex model only as far as the mean boundary conditions are concerned. 
Undoubtedly, further research is required in order to provide greater 
knowledge of the detailed aerodynamic laws involved. Furthermore, even 
in the present state of the art when the relative size of a model in a transonic 
wind tunnel is comparable with that of models in regular subsonic wind 
tunnels, more information is desired to determine whether, in tests of 
complex models, the relative wind tunnel size can be reduced further than 
is the practice today. 

I t is also apparent that most transonic testing techniques have been 
evolved by experimental means. Nonetheless, despite the fact that wind 
tunnels are experimental tools, it is still desirable to develop the supporting 
theory. However, a formidable obstacle to such development exists due to 
the well-known difficulties produced by the mixed-type transonic flow, and 
due to the interaction between the potential flow and the boundary layer. 

T h e transonic wind tunnel has been in the forefront of test facilities 
during the last several years while the first research or military aircraft were 
being developed to fly safely through the transonic range. This period of 
airplane development is past. The forefront of the effort lies now in the 
high supersonic and hypersonic fields as far as military airplane develop­
ment is concerned. However, even for advanced supersonic aircraft and 
space vehicles transonic aerodynamic problems remain to be solved during 
the launch and re-entry phases. Thus , even in the military field, the con­
tinuous availability of transonic wind tunnels is required. This is particularly 
true because no relief is expected from a satisfactory transonic theory in the 
foreseeable future. 

As in previous periods of airplane development, commercial aircraft will 
gradually move into the speed range which has been successfully explored 
and left behind by military aircraft. Since economical operation is consid­
erably more important for commercial than for military aircraft, transonic 

390 



C O N C L U D I N G R E M A R K S 

wind tunnels will experience another period of extraordinary significance. 
This second period will end only after the commercial airplane has left the 
transonic speed range behind and moved towards supersonic, or possibly 
even hypersonic, velocities. However, because these aircraft, too, must fly 
through the transonic speed range during their acceleration or deceleration 
phase the transonic wind tunnel will always remain as a necessary support­
ing test facility. 

391 



INDEX 
AEDC (see Arnold Engineering Develop­

ment Center) 
Aerodynamic Research Institute, Goettingcn 

(Germany), 7 
AGARD calibration Model B, 211, 222 
AGARD calibration Model G, 218, 

222-226 
Aircraft Research Association (Gt. Britain), 

9 X 8 ft. tunnel, 128, 130, 306-310, 
324, 380 

Airfoils, two-dimensional, 
flow calculations in, 

closed tunnel, 51—53 
free flight, 51-53 

flow disturbances in slotted tunnels, 274 
lift coefficient effect of, 119 
pressure distribution of, 

in closed tunnel, 53, 111, 112 
in slotted tunnel, 114-117 

test results from, 
closed tunnel, 109-113 
slotted tunnel, 113, 116-119 
slotted tunnel compared with theory for 

M = 1, 113-116 
vortex formation, 59 

Airplane models (see also AGARD calibra­
tion models B and C, and Wing-
body configurations), 

in flow non-uniforraity, 200-202 
in perforated tunnels, 223, 226-230 
in wind tunnel and free flight, comparison, 

229-233 
Airplanes, 

Bell X- l , 24, 25 
comparison of free flight and tunnel data, 

229-234 
DC-2, 4 
drag ,2 
He-70, 6 
Heinkel 178,9 
in free flight, 

sonic flow, 37-39 
subsonic flow, 32-37 
supersonic flow, 39 

Messerschmitt 262, 9 
North American F-l I0A, 27, 29 

P-51D, 15 
Wright Brothers', 3 

Arnold Enginceering Development Center, 
1 ft transonic model tunnel, 70, 123, 157, 

178, 184, 185, 190, 191, 193-195, 
197, 203, 217, 256, 265, 269, 270, 
272, 275, 305, 311, 312, 322, 323, 

Arnold Engineering Development Center 
—continued 

325, 327, 331, 346, 347, 349, 
351-354, 357-361, 363-373, 375, 
379 

16 ft. transonic wind tunnel, 27, 28, 123, 
190, 195, 217, 311-312, 326-330, 
379, 380 

Bodies of revolution (see Cone-cylinder, 
Cone-ogive, and Cone-ogive-cylin-
dcr models), 

Boeing Airplane Company, (4-8 X 7-2 in.) 
X 9 in. wind tunnel, 376, 377 

Boundary layer growth, 
in perforated tunnels, 334-352 
in slotted tunnels, 352, 355 

Brown University, 
4 x 8 in. wind tunnel, 337, 339 
7-1/2 x 9 in. wind tunnel, 109 

Chalais-Meudon (France), 
open-circuit wind tunnel, 5 

Choking, wind tunnel, 10, 11, 23 
boundary layer effects on, 18, 19 
definition of, 75 
in closed tunnel, 48-52, 90, 91, 318 
in partially open test sections, 319, 320-322 
in slotted tunnels, 115, 211 
prevention of by re-entry flaps in diffuser, 

373 
Compressibility effect, 7, 54, 55 
Compression waves, 25, 26, 43, 136-138, 

144, 155-157, 167, 169, 178-181, 
301, 302 

Cone-cylinder models, 
flow disturbances, 

calculations, 167-170 
in perforated tunnel, 170-174 
in perforated-slotted tunnel, 176-178 
in slotted tunnels, 174-176 

test results, 
in perforated tunnels, comparison, 

123-125 
in perforated tunnels, 178-182, 184 
in perforated tunnel with inclined holes, 

184, 190, 191, 197 
in slotted tunnels, 184, 185 

with inclined-hole perforated cover 
plates, 187, 189 

with perforated cover plates, 187, 188 
in supersonic flow, 167, 168 
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Cone-ogive models, 
NACA RM-10, 170, 71, 177 

Cone-ogivc-cylindcr models, pressure distri­
bution in inclined-hole perforated 
tunnels, 195, 196 

Cornell Aeronautical Laboratory, Inc., 147 
1 X 1 ft. tunnel, 227-230 
3 x 4 ft. tunnel, 227-233 
7 It. tunnel, 46, 47 
12 ft. tunnel, 228, 229 

Cross-flow characteristics, 
in perforated tunneli, 171-174, 183, 240, 

248-262, 266-270, 275-279 
in perforated tunnels (inclined hole), 183, 

238, 240, 263 270, 273, 279 
in porous tunnels, 237 
in slotted tunnels (longitudinal) 174—178, 

270-275 
in slotted tunnels (transverse), 240-248 

Diffusers, wind tunnel, 
suction, 362-364 
with re-entry flaps, 371, 374-377 

Drag, aerodynamic, 2, 4 
Drop tests, 11, 12 
DV1.. Berlin ('Germany), 

2-7 m diam. high-speed wind tunnel, 8, 9 
drop tests. I 1 

"educated hole", 254-256 
Expansion waves, 

cancellation, 25, 26, 140, 155-158, 178 
reflection, 43, 51, 136-140, 144, 149, 150, 

167-169, 173, 179 181, 186 
I low establishment, 

general, 282. 283 
in perforated tunnels, 283, 285-296, 

300-312 
in slotted tunnels, 282, 296-300, 312-318, 

323, 324 

Institut Aeronautique, Saint-Cyr (France), 
closed wind tunnel with movable 
inserts, 17 

Kutta condition. 241, 247 

Missiles, Sergeant, 28 

NACA RM-10 model (sec Cone-ogive 
models) 

National Advisory Committee for Aero­
nautics, 7, 9, 14, 23, 61, 281, 351 

Ames 16 ft tunnel, 17, 24 
Langley Field, 

annular transonic tunnel, 13, 14 
3 x 3 in. tunnel, 350 
6-25 X 4-50 in. tunnel, 209, 210 
12 in. tunnel, 378 

National Advisory Committee for Aero­
nautics continued 

Langley field continued 
7 X It) ft tunnel, 16,209,211 
8 ft tunnel, 211, 213-215, 231, 232, 

316,317, 374,375, 378, 380 
Lewis 8 x 6 ft tunnel. 27 

Kilt tunnel, 120, 121, 123,213-215,296, 
314 316, 352, 378, 380 

30 X 60 ft tunnel, 4, 5 
National Physical Laboratory (Gt. Britain), 

7-1/2 x 3 in. tunnel, 116 
20 x 8 in. tunnel, 116 

Nozzles, wind tunnel, 
contouring, 4 
sonic, 

power requirements with, 309, 312, 323 
wave patterns in, 303 

supersonic. 305 
Mow establishment with, 309, 312, 323 
power requirements widi 370-372 

Ottobnin (Germany), 
7 ft high-speed wind tunnel, 46 

Perforated test section walls (straight hole), 
AI.AKI) model II lesl results, comparison 

with interference-free data, 217, 
219-222 

AGARD model ('. test results, comparison 
with interference-free data, 218, 
219,223-227 

airplane model aerodynamic character­
istics, comparison with flight test 
results, 230 232 

comparison with interference-free data, 
222.227-229 

boundary layer growth, 
displacement thickness, 348-352 
influence of open-air ratio, 349 
influence of wall setting, 351 
mass-flow removal requirements, com­

parison between theory and experi­
ment. 350, 351 

experimental, 343-346 
theoretical, 337-339, 342-345 

refined theory, 339-343 
theoretical calculations, 334—337 
velocity profiles, 346, 347 

calibration, 329-331 
characteristics, 

basic, 86 
in isentropic and viscous flows, 88 
of thick walls, 238-239 
of thin walls, 238-240 
pressure drop through cross flow, 86-88 

cone-cylinder, test results, 178-182 
cross-flow characteristics, 

at M = 0-90, 183 
comparison with inclined-hole wall, 266 
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Perforated test section walls, (straight hole) 
—continued 

cross flow characteristics—continued 
flow disturbances produced by holes, 

275-279 
influence of boundary layer thickness, 

267-270 
influence of hole size, 260, 261 
influence of Mach number, 251-255, 

261,262 
of various types of perforations, 249-251, 

254 
pressure drop calculations, 86, 240, 250 
test results, 248-256 
with "educated holes", 254—256 

disadvantage in subsonic flow, 25, 89, 91 
early development, 25-29 
expansion wave cancellation, 157 
flow behind lifting wing, 107, 108 
flow distortion, 88-91 
flow disturbances, one wall, due to model 

displacement, 98-100 
flow disturbances, two walls, calculation, 

100, 101 
due to model displacement, 101-103 

flow establishment, subsonic, Mach num­
ber distribution, 285-296 

mass flow removal requirements, 320,325 
test section venting, 283 

flow establishment, supersonic, 
effects of mass flow removal, 301, 303 
theory, 300-303 
with sonic nozzle, 303-308 
with supersonic nozzle, 309-312 

fuselage test results, comparison with 
closed tunnel data, 123, 124 

model disturbances compared with 
cross-flow characteristics, 171-174 
cone-cylinder model, 167—174 
cone-ogive-cyllnder model, 171, 173 
NACA RM-10 model, 170, 171,172 
three-dimensional models, general, 

174 
wedgc-flate-plate model, 171, 172 

performance, 25-30 
power requirements, 

full scale tunnels, 379,380 
influence of auxiliary plenum chamber 

suction, 356, 357 
influence of hole size, 368, 369 
influence of model size, 369 
influence of open-area ratio, 366-368 
influence of wall setting, 364—366 
model tunnels, 379 
with auxiliary plenum chamber and/or 

diffuser suction, 362-364 
with sonic nozzles, 370, 371 
with supersonic nozzles, 370, 371 
without auxiliary plenum chamber 

suction, 358-362 

Perforated test section walls (straight hole) 
—continued 

shock wave cancellation theory, 142-144 
shock wave reflections, 207, 209 

boundary layer influence, 153-155 
partial, 155, 156 
test results, qualitative, 147-149 
test results, quantitative, 149-153 

velocity corrections, circular tunnel, 
calculation, 103, 104 
model displacement and lift, 104—106 

velocity corrections, one wall, 92-97 
Maeh number influence, 97, 98 
wing without lift, 98-100 

wing-body test results, 128-130 
comparison with closed tunnel data, 

125-128 
comparison with interference-free data, 

204, 207 
Perforated test section walls (inclined hole), 

calibration, 326-331 
characteristics, 181-183 
cone-cylinder test results, 123-125, 181-

184 
at various Mach numbers, 190, 191 
with various blockage ratios, 192-197 
with various open-area ratios, 191, 192 

conc-ogive-cylinder test results, 195, 196 
cross-flow characteristics, 

at M = 0-90, 183 
comparison with straight hole wall, 262 
flow disturbances produced by holes, 

278, 279 
influence of boundary laver thickness, 

267-270 
influence of hole diam vs. plate thick­

ness, 265, 267 
influence of hole inclination angle, 

263-265 
influence of Mach number, 269 
pressure drop of thick walls, 238-240 
pressure drop of thin walls, 238, 239 

definition of, 269 
expansion wave cancellation, 157, 158 
model disturbances, 

compared with cross-flow character-
isdes, 171-174 

cone-cylinder model, 172, 173 
NACA RM-10 model, 173, 174 
three-dimensional models, general, 174 
wedge-flat-plate model, 171, 172 

power requirements, 
full-scale tunnels, 378-381 
model tunnels, 378, 379 

wall interference, wave reflection, 157, 158 
wing-body test results, 125-130 

Porous test section walb, 
cross-flow characteristics, 237 
performance, 25 
pressure drop in cross flow, 88 
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Power requirements, wind tunnel, 11 
AEDC 16 ft transonic tunnel, 27, 379 
air bleed in scheme for, 21 
for perforated wall tunnels, 356-372, 378, 

379 
for slotted wall tunnels, 371-381 
for Wieselbcrger-typc tunnels, 57, 58 
in full-scale tunnels, 378-381 
in model tunnels, 378, 379 

Propeller dynamometer installation, 47 

Rotating rigs, 12, 14 

Saint-Cyr (France) (sec Institut Aero-
nautiquc, Saint-Cyr) 

Screens, turbulence, 4, 19 
Secondary flow fields, 185-187 
Shock wave cancellation, 25 

in inclined hole perforated tunnels, 157, 
158 

in oblique supersonic flow, 161 
theory for perforated tunnels, 142-144 
theory for slotted tunnels, 140, 141 

Shock wave reflection, 17, 26, 43 
cancellation in perforated tunnels, com­

pared with theory, 147-153 
cancellation in slotted tunnels, compared 

with theory-, 144-147 
effect of l>oundary layer in perforated 

tunnels, 153-156 
effect of open-area ratio, 151, 152 
effect of outflow and inflow, partially open 

tunnels, 139, 140 
in closed tunnel, 49-51, 136 
in open-jet tunnels, 136 
in partially open tunnels, 136-139 

Shock waves, 
delayed movement at sonic speed, 134 
fluctuations, 59 
stabilization with sonic throat, 60 

Slotted test section walls (longitudinal) 
airfoil test results, 113-115 

comparison with closed tunnel data, 
116-120 

comparison wilh open-jet tunnel data, 
118-120 

comparison with theory, M = 1, 113, 
115, 116 

basic characteristics, 237 
blockage correction for 2-dimensional air­

foil, 117, 118 
bodies of revolution test results, compared 

widi free-fall data, 120-123 
boundary layer growth, displacement 

thickness, 354, 355 
velocity profiles, 352-354 

cone-cylinder test results, 184-186 

Slotted test section walls (longitudinal) 
—continued 

cross-flow characteristics, 
flow curvature effect, 273-275 
in oblique flow, many slots, 271, 273 
in oblique flow, one slot, 270-272 
pressure drop, one slot, 70, 71 

early development, 21-24 
effectiveness, 

with perforated plates, 68, 70, 71 
with protruding slats, 68 
without lift, Mach number influence, 74 

flow behind lifting wing, 106, 107 
flow establishment, subsonic, 

Mach number distribution, 282, 296-
300 

test section venting, 296-300 
flow establishment, supersonic 

influence of slot shape, 314, 315 
influence of wall divergence, 316 
mass flow removal requirements, 324,325 
with perforated cover plates, 316-318 
with sonic nozzle, 312-318 
with straight taper slots, 312-314 
with supersonic nozzle, 312, 323, 324 

model disturbances, 3-dimcnsional, 174, 
175 

oblique supersonic flow, 159, 160 
momentum considerations, 161 
shock wave cancellation, 161 

power requirements, 58 
full-scale tunnels, 378, 380 
model tunnels, 378 
with mass flow removal, 371—373 
with re-entry flaps, 371, 374-377 

shock wave cancellation theory, 140-142 
shock wave reflection, test results, 144-147 
velocity corrections, 

as function of open-area ratio, 61, 67 
open-area ratio as function of slot 

number, 66 
open-area ratio as function of slot spac­

ing, 67 
slots with constant width, 71, 72 
slots with varying width, 72-74 

wall interference, 
influence of slot width, 65-67 
pressure build-up, 62-65, 72, 73 
with few slots, 57, 59, 61 
with many slots, 61-63 

wing test results, 
comparison with interference-free data, 

209-213 
wing-body test results, 

comparison with interference-free data, 
203-206,213-216 

comparison with perforated tunnel data, 
207, 209 

with inclined hole perforated plates, 187, 
189 
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Slotted test section walls, (longitudinal)-.™/, 
with lifting wing, circular tunnel, 

flow inclination corrections, 76-83 
lift influence, 75, 76 
Mach number influence, 84 

with movable inserts, 17 
with perforated plates. 

characteristics, 68-71 
cone-cylinder test results, 187, 188 
flow establishment with, 316, 318 
model disturbances, 175-178 

with protruding slats, 68, 69, 175 
Slotted test section walls (transverse), 

cross-flow pressure drop, 247 249 
oblique supersonic flow, 162, 163 

momentum considerations, 163, 164 
shock wave cancellation, 163 
shock wave reflection, partial, 164, 165 

one transverse slot, 
pressure drop, thick wall, 247 
pressure drop, thin wall. 240-243, 246, 

247 
several transverse slots, 243-245 

Test techniques, transonic, 
drop tests, 11 
free-flight tests, 11, 12 
rotating rigs. 12-14 
transonic bump, 15-17 
wing-flow method, 14, 15 

Trefftz theorem, 76, 107 
Test section walls, transonic (see also Perfor­

ated, Porous, and Slotted test 
section walls). 

basic requirements, 236 
flow establishment problems, 282, 283 
flow non-uniformities in, 200-202 

Test sections, transonic (see Perforated, 
Porous, and Slotted test section 
walls and Wind tunnels, closed, 
open-jet. and partially open). 

Transonic bump. 15-17 

United Aircraft Corporation, 
flow through "educated holes", 255-256 
shock wave cancellation studies, 144, 147, 

149 
two-stream wind tunnel, 19-21 

WADC (see Wright Air Development 
Center) 

Wall interference, 
corrections, 

at sonic speed, 130-134 
in closed tunnels, 44-46, 48, 49, 51, 54, 

55 
in open-jet tunnels, 41-44, 49-51, 53, 

54 
in partially open tunnels, 41, 54, 56 
in test sections, subsonic flow, 53-56 

Wall interference— continued 
expansion wave cancellation. 157, 158 
flow disturbances, 

three-dimensional models, 167-198 
two-dimensional models, 167-169, 171, 

172 
shock wave cancellation, 

in perforated tunnels, 142-144, 147-153, 
155, 156 

in slotted tunnels, 140-142. 144-147, 
163 

shock wave reflection, 
in closed test sections, 136 
in open-jet test sections, 136 
in partially open test sections. 136 139 
in slotted tunnels, 155-161 

Wedge-flat-platc models, flow disturbances, 
calculations, 167, 168 
in perforated tunnel. 171. 172 
in shock wave cancellation studies, 144-150 

Whirling-arm method (sec Rotating rigs) 
Wiesclberger-type wind tunnel, 57, 58, 61 
Wind tunnels (see also Perforated, Porous, 

and Slotted test section walls) 
closed. 

air bleed-in effects. 21.22 
airfoil test results, 109-113 

comparison with open-jet tunnel data, 
118-120 

comparison with slotted tunnel data, 
116-120 

boundary layer effects, 18-21 
choking, 18, 19, 48-52, 75. 90 
flow establishment, mass flow removal 

requirements, Ixmndary layer 
growth, 318 

fuselage test results, comparison with 
perforated tunnel data, 123, 124 

model size effects, 10 
power requirements, 58 
pressure wave control, 61 
shock wave reflections, 136 
two-stream tunnel, 19-21 
wall interference, subsonic flow, con­

toured walls, 46 
Mach number influence, 46, 48, 49 
straight walls, 44, 45 
velocity corrections, 45, 54, 55 

wall interference, supersonic flow, Mach 
number influence. 49, 51 

wave reflections, 49-51 
wing-body test results, comparison with 

perforated tunnel data, 125-128 
with contoured walls, 46 
with movable sidcwalls, 17, 178 

full-scale, power requirements, 380, 381 
high-speed, 

closed, 7-11 
compressibility effect in, 7 
open jet, 11 
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W i n d tunnels— continued 
low-speed, 

after 1930, 2 - 4 
before 1930, 2 

model tunnels , power requi rements , 378, 
379 

open-jet , 
airfoil test results, 

comparison with closed tunne l d a t a , 
118-120 

comparison with slotted tunne l d a t a , 
118-120 

power requirements , 58 
shock wave reflections, 136 
wall interference, 

M a c h n u m b e r influence, 42, 44 
subsonic flow, 4 1 , 42 
velocity corrections, 4 1 , 53 , 54 
wave reflections, 43 , 49-51 

part ia l ly open (see also Perforated, Porous, 
and Slotted test section walls) , 

b o u n d a r y conditions, 
with cone-cylinder model , 167-170 
with N A C A R M - 1 0 mode l , 170, 

171 
wi th wedge-flat-plate mode l , 167, 168 

ca l ibra t ion , 325-331 
subsonic flow, 326 
supersonic flow, 327 

cross-flow characterist ics, flow requi re ­
ments , 236 

flow establishment, mass flow removal 
requi rements , 304 

b o u n d a r y layer growth, 319 
comparison of slotted and perforated 

test sections, 324, 325 

W i n d tunnels ,—flow establishment—cont. 
influence of convergence and diverge-

ence, 322 
influence of hole size, 320, 322, 323 
influence of open-area ra t io , 322 
with sonic nozzle, 303-305 

shock wave reflections, 136-139 
influence of outflow and inflow, 139, 

140 
wall interference, velocity corrections, 

4 1 , 5 4 , 5 6 
with supersonic nozzles, 323, 324 

sonic, 130-134 
transonic, list of, 383-389 

Wing-body configurations, 
ae rodynamic characterist ics in slotted 

tunnels , 213-217 
force measurements in, 

perforated tunnels , 128-130, 204, 2 0 7 -
209 

slotted tunnels , 203, 204 
test results, perforated tunnel , 129-134 

Wing-flow technique , 14, 15 
Wings, lifting, 

downwash corrections, 
perforated wall , 107, 108 
slotted wal l , 76,106, 107 

flow inclination, corrections for, 76-83,105 
Wings, semi-span, ae rodynamic charac ter ­

istics in slotted tunnel , 209 213 
Wright Air Development Center , 150, 156 

6 in. supersonic wind tunnel , 145, 149 
10 ft t ransonic wind tunne l , 17, 18, 2 1 , 

22, 6 9 , 2 0 3 , 204, 317, 318 
Wright Brothers, a i rp lane , 3 

wind tunnel , 2 , 3 

397 





AGARDugraph 28 

High Temperature 
Effects 

in Aircraft Structures 
Edi to r : 

Nicholas J o h n Hoff 

Member, Structures and Materials Panel of A G A R D 
Head of the Division of Aeronautical Engineering. 
Stanford University, California 

Formerly Head of Ihc Department of Aeronautical 
Engineering and Applied Mechanics of the Polytechnic 
Institute of Brooklyn, N.Y. 

The development of supersonic airplanes and 
missiles has rendered obsolete most of the 
knowledge of the old-timer in aerodynamics 
and is now beginning to play havoc with the 
traditional information acquired by Ihc structu­
ral designer und analyst. The idea of publishing 
a volume on the structural effects of high 
temperatures caused by the aerodynamic 
healing accompanying supersonic flight origi­
nated with Dr. Frank L. Wattcndorf, Director 
of AGARD, and the contract for the editorial 
work was awarded to the Polytechnic Institute 
of Brooklyn. 

It was decided that the dissemination of this 
information could best bc accomplished by 
persuading outstanding scientists and engineers 
to survey a number of distinct portions of the 
subject and to write review articles to be 
incorporated in the book as individual chapters. 
This volume includes new and unpublished 
results as well as summaries of available 
information. 

"The book is well printed and edited and the different 
chapters follow a planned logical sequence dealing with Ihe 
various facets of the structural problem al elevated tem­
peratures. Each chapter is self-contained, having its own 
notation and list of references . . . should prove of use to 
all concerned in aircraft design and considering the paucity 
of books on this subject it is especially welcome."— 
D. J. Johns in J inirn . i l , , / lite Rural Aeruitc.t.tit al Satiety. 

70s.net (S12.00) 

Pint 8611967i Printed In England 



AGARD (NATO) 
FLIGHT TEST MANUAL 

Second Revised Edition 
(First Edition restricted to limited official 

distribution) 

Edited by C. D. Perkins and E. J . Durbin 

An authoritative, comprehensive up-to-date handbook on 
the analysis and testing of aircraft performance, stability, 
control and instrumentation. Previously published for 
official restricted distribution only, it has now been revised 
and enlarged under the supervision of the general editor. 
Professor Courtland D. Perkins, and contains nearly 700 
pages of new material including recent advances in the 
testing techniques of very high performance aircraft. It has 
been published in four loose-leaf volumes in special binders, 
and to keep the Manual completely up-to-date, annual 
supplements will be made available from 1960 onwards. 

CONTENTS 
Volume I Performance : Airspeed. Altitude and Temperature Measure­
ments; Thrust and Power Determination; A Survey of Performance 
Reduction Methods; Terminology; Performance Reduction Methods 
for Turbo-propellor Aircraft: Data Reduction and Performance Test 
Methods for Reciprocating Engine Aircraft; Total Energy Methods; 
Take-off and Landing Performance; Special Tests; Performance Test­
ing of Helicopters: The Effect of the Ground on the Performance of a 
Helicopter; The Transition Performance of a Helicopter following a 
Sudden Loss of Power. 
Volume II Stability and Control : Introduction; Airplane Motions; 
Static Longitudinal Stability and Control; Flight Testing Aircraft for 
Longitudinal Maneuvering Characteristics; Lateral and Directional 
Control and the Measurement of Aerodynamic Co-efficients in Steady 
Asymmetric Flight and in Flight on Asymmetric Power; Flight Tech­
niques used to Determine Adequacy of Lateral Control; Stalling and 
Measurement of Maximum Lift; Spinning; Spin Flight Tests Dynamic 
Response Techniques; Measurement and Interpretation of Flight Test 
Data for Dynamic Stability and Control Routine Handling Tests for 
Helicopters; Study of the Handling Characteristics of Helicopters by 
Harmonic Methods; A Survey of Flight Flutter Testing Techniques. 
Volume III Instrumentation Catalogue : Sensing Devices; Electro­
mechanical Indicators; Recorders Radio-Link Systems; Timing De­
vices; Electrical Signal Modifiers; Power Supplies; Ground Tracking 
Systems; Calibration of Equipment: Data Reduction Aids; Miscella­
neous. 

Volume IV Instrumentation Systems: Introduction; The Systems 
Concept in Planning Flight Test Instrumentation; The Functional 
Organisation of the Component Parts of an Instrumentation System; 
Data Collection; Sensing and Transducing Techniques; Signal Modi­
fiers; Radio-Link Systems; Recorders; Ground Tracking Systems for 
Determining Position and Velocity; Data Reduction Systems; Intro­
duction to Data Reduction Systems; The Role of the Digital Computer 
in Aeronautical Research and Development; Data Analysis; Systematic 
Errors; Power Spectral Methods of Analysis and their Application to 
Problems in Airplane Dynamics. 

2865 pages (set of 4 volumes) 

Price for sel of 4 volumes (not sold separately): £30 net. (S 100.00) 
Price for 1958/59 Supplements to First Edition: £10 10s. net. (S30.00) 
Subscription price to Annual Supplements commencing I960: 

£5 5s. ($15.00) per annum 

PERGAMON PRESS 
OXFORD - LONDON - NEW YORK - PARIS 

Headingion Hill Halt, Oxford. 4 & 5 Fitzroy Square, sLondon W. I 
122 East 55ih Street, New York 22, N. Y. 


