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Central Air Documents Office 

WIND-TUNNEL CORRECTIONS AT HIGH SUBSONIC VELOCITIES, WITH 

SPECIAL REFERENCE TO CLOSED CIRCULAR TUNNELS 

by B. Goethe rt 

Abstract: 

After a survey of technical reports on wind-tunnel corrections published 
to date  the author presents a method of approximation for the determination 
of corrections due to model blockage, wake block age^behinddrag^s  *nd 
lift. In accordance with the Prandtl rule, models and wind tunnels in com- 
pressible flow are correlated with other models and wind tunnels in incom- 
nress ble flow.  There are definite relations between the corrections for the 
tSTS™£Sd tomato.  By applying the Prandtl rule only to flow at a res- 
tively large distance from the models, the wind-tunnel corrections can still 
be calculated even if the prerequisites of the Prandtl rule are no longer com- 
S^^tSTdäilty of th'models. Particularly extensive tests were 
made S determine conditions for fuselages and wings of various spans in closed 
Srcular tunnels,  As a conclusion of the report th« ^th°r Presente a compari- 
son between calculations and measurements conducted in the DVL high-speed 
wind tunnel. 
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I.    PROBLEM AND TECHNICAL REPORTS PUBLISHED TO DATE 

If a model of finite thickness is placed into a closed tunnel, the cross 
section of the tunnel in which the model is suspended will be constricted to 
a certain extent as a consequence of model blockage.   The air stream thus is 
forced to flow past the model at a higher velocity than that of flow of an un- 
restricted air streamo  On applying the measured results to the free air stream, 
it should be considered, therefore, that the measured values must be corre- 
lated to a higher velocity than that prevailing in a tunnel without a model. 

In low-speed wind tunnels, which chiefly have been used up to the present 
time, the increase of velocity due to blockage of the customary small models 
is so insignificant that it can be disregarded in most cases.   At higher flow 
velocities, however, the velocity correction increases very rapidly and in 
proportion to the rate at which the velocity of the air stream approaches the 
speed of sound.  This basic characteristic is demonstrated by Ferri (bibl. 1) 
in his calculation of velocity increase due to a definite constriction of the 
tunnel, assuming uniform distribution of velocity at the constricted cross 
section (fig. 1). 

From this it appears that if a model causes a 1% constriction of the 
tunnel, the velocity increase at low Mach numbers is also 1%.  MM = 0.8 
the velocity increase amounts to 2.7% and at M = 0.9 the increase is as 
great as 11.0%, 

This simple, rough calculation shows the necessity of calculations for 
corrections of flow velocity due to model blockage at high speeds.  It shows 
also that model dimensions relative to tunnel dimensions have to be held the 
smaller, the nearer the velocity of flow approaches the speed of sound« 

Exact calculations of flow in compressible fluids do not appear to be 
very promising at the present time on account of the involved foraaplation 
when considering that the elementary case of two-dimensional flow past a 
wing in an unlimited compressible air stream already constitutes the limit 
of present-day possibilities of calculus.  ft is thus a matter of finding an 
approximation representing the actual circumstances as nearly as possible. 

A.    Approximate Calculation by Lamia (bibl.2) 

A simple estimate of correction for two-dimensional flow was given by 
Lamia, whose calculations considered the compressibility of flowing air up 
to factors of higher order.  His estimate was based on the following concept: 

If a wing of unlimited span '(without lift) is exposed to a flow, the dis- 
tance between two streamlines, running symmetrically to the wing, amounts 
to h ^ far ahead and far behind the wing, wheareas in the plane of the wing 
the space between them is forced to the greater distance of h^+^h.   />t 
the cross section in which the model is suspended, the flow between two 
streamlines at a distance of h ^ from each other no longer conveys the same 
volume of air G <*>  as that conveyed by the streamlines at the same distance 
from each other far ahead and far behind the wing.  It conveys only the smaller 
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volume of air G«.    - A G. 
Lamia reasons that the velocity of the air stream v could be increased in 

the free air stream by the factor /Iv^  to the extent that the volume of air, 
conveyed between two streamlines at a distance h »   from each other, also 
amounts to G <=o at the cross section in which the model is suspended.  He con- 
siders the increase of velocity required for this purpose as an approximate 
value for the velocity correction required for closed tunnels, taking the dis- 
tance between the two streamlines hÄ to be equal to the distance between 
tunnel walls. 

An important result of Lamia1 s estimate was the fact that velocity cor- 
rections given by Ferri proved to be the upper limiting values, which could be 
achieved only with very slender models of considerable length relative to tunnel 
diameter.   In most cases, however, the length of the utilized models relative to 
tunnel diameter is so small and their relative thickness still so large that the 
disturbance velocity will already have faded considerably passing from the im- 
mediate vicinity of the model to the tunnel wall; therefore, the wall effect on 
flow will be decreased considerably.   Velocity correction at M = 0.75 for a 4% 
constriction of the cross section by the model is given by Lamia (FB 1007/fig. 8) 
as follows: 

Model 

Flat plate in flow direction 
and of finite thickness 

Elliptical cylinder 

Thickness ratio 
t/c 

 » 0 

0.1 

Velocity correction 

11.4%1 as per Ferri 
fas per Lamia 

11.4% as per Ferri 
4.2% as per Lamia 

The figures found by Lamia can be used as directions for the approximate 
magnitude of corrections since he used a very simplified method of calculation. 
Conditions at the tunnel walls are not included completely in his calculation as 
he figures only with flow being the same at the cross section in which the model 
is suspended and at the cross sections far ahead and far behind the model.  This 
inexact calculation, for instance, leads to the result that corrections of flow 
velocity were at all Mach numbers, also at M = 0, the same for closed and for 
open tunnels but with an opposite sign.   For compressible flow, however, it is 
known that an open tunnel requires only J/& to 1/4 of the amount of correction 
required for a closed tunnel (bibL 3). 

B.    .Approximation by Franke and Weinig (bibl.4) 
* 

/ further approximation for the problem of two-dimensional flow was given 
by Franke and Weinig.   Their investigation figured strictly with conditions pre- 
vailing at the tunnel wall and considered the compressibility in a way similar to 
that expressed in the Prandtl ruleo   Correction of flow velocity due to model 
blockage is expressed by them in the following form: 



Av, 7T       
h2    (1 - M2)3/2 

( vabove  +  vbelow ) = v co 

where     £ = the frontal area 

vabove 

below 

' <y3 

M 

h = distance between tunnel walls 

= velocity at the upper tunnel wall ) in the plane in 
) which the model 

= velocity at the lower tunnel wall) is suspended 

= flow velocity far ahead of the model 

= v/a = ratio of flow velocity to sonic speed = Mach number 

The above-mentioned second form of velocity correction, based on distur- 
bance velocity resulting from model blockage and measured at the tunnel wall, 
proved in many cases to be very, appropriate.   This form, for instance, also is 
referred to in the following tests (see section IV), i.e., in such cases in which 
prerequisites of the Prandtl rule no longer apply in the vicinity of the model, 
permitting, nevertheless, a conclusion with regard to wind-tunnel corrections. 

C.    Purpose of Present Research 

It is the purpose of this new approach to establish a serviceable estimate 
of corrections of velocity and angle of attack with special regard to conditions 
in a closed circular wind tunnel.   Since the wake caused by model drag in- 
creases strongly at high Mach numbers, and estimate taking this wake into con- 
sideration will be made.   The results thus achieved are then to be checked by 
means of wind-tunnel tests as far as the already available measurements permit 
such a comparison. 

Contrary to reports on research published to date, we follow with our 
method the principle of first making the calculation for incompressible-flow. 
The figures thus gained are applied to flow in compressible media by corre- 
lating to each flow pattern in compressible flow a definite flow pattern in in- 
compressible flow.   The dimensions of the model and of the tunnel are changed 
in accordance with the rule so that corrections are either equal or at a definitely 
known ratio to each other in both flow patterns.    This mode of calculation offers 
the advantage of greater clarity of the formulation and of the calculation itself as 
the test is conducted in two separate steps.   On the same principle, moreover, 
most of the presently available calculations for corrections in incompressible 
flow can be applied easily to compressible flow, thus affording immediate utili- 
zation of a multitude of already available knowledge which would otherwise be 
lost. 
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Tests were conducted in a general way for bodies of revolution as well as 
for wings of various dimensions.   Figures published in this report, however, 
refer primarily to the case of rotationally symmetrical flow.   Supplementary 
figures will be given in a report to be published in the near future. 

II.    CORRECTION OF UNDISTURBED FLOW DUE TO MODEL BLOCKAGE IN 
INCOMPRESSIBLE FLOW 

A,    Equivalent Doublet Strength of Source Strength of a Model 

1.    Equivalent Doublet Strength of a Model without Wake 

It is known that flow around profiles and around bodies of any shape can be 
reproduced by a definite arrangement of sources and sinks or of doublets, 
selecting their strength and distribution in such a way that the resulting line of 
separation between the two streamline patterns coincides with the outline of the 
test body.   For great distances from the doublet system or from the system of 
sources and sinks respectively, it can be demonstrated that disturbance veloci- 
ties caused by them are equal to those of a single equivalent doublet at the 
center of gravity of the prevailing system of singularities, the strength of which 
is defined as follows: 

Strength of the equivalent doublet M+  = 2    £  <aQ)   =   Z M 
where Q   =  yield of source or sink respectively 

2 a    =; distance between source and corresponding sink 

M   =  momentum of elementary doublet 

(The above-mentioned equation is not only valid for bisymmetrical bodies 
but for bodies of any other shape as well.) 

Assuming model dimensions to be small relative to the tunnel diameter, 
the disturbance velocity of a model at the tunnel wall can be represented by the 
effect of the above-mentioned equivalent doublet M+.   For large models, on the 
other hand, the lengths of which are comparable to the tunnel diameter, the 
above-mentioned simple estimate of equivalent doublet strength is no longer 
sufficient.   For this case we shall show later on a calculation which permits an 
estimate of deviation from the single equivalent doublet. 

4 

dauert calculated the strength of the equivalent doublet for bodies of 
various shapes as a function of  naximum thickness and the ratio of thickness to 
length of the body.   (ARC-report in memo. 1566.) 

In this report, however, we want to demonstrate a conversion of dauert' s 
data by representing the strength of the equivalent doublet principally in 
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relationship to the volume of the blocking body.   For slendei bodies, the effect 
of thickness ratio and the difference between two-dimensional and three- 
dimensional flow are very small in this case. 

Strength of the equivalent doublet is in this case expressed as follows: 

M+ = 2    Z    (aQ) =   Av Vvo^ *) 

where V = volume of the blocking body and 

v«, = velocity of the undisturbed oncoming flow 

In rotationally symmetrical bodies, the equivalent doublet must be placed at 
the center of gravity of the body.   In cylinders (e.'b-^O), the equivalent doublet 
strength, as calculated in the preceding formula, must be distributed along the 
center line of gravity of the cylinder, attaining a uniform distribution of the 
doublet along the center line of gravity,   dM+ =   db   M4/b. 

The factor A y depends on the shape of the body and on the thickness ratio. 
For very slender bodies (t/c —>0), the factor    A V is e<lual to one in the case of 
rotationally symmetrical flow as well as in the case of two-dimensional flow. 

For bodies of elliptical outline, the factor     A  V is demonstrated in fig. 2 
as a function of the thickness ratio, i.e., for the two boundary cases " rotationally 
symmetrical body"  and elliptical cylinder   (c/b —>• 0).   The illustration proves 
that     A y-values are very close to one in the case of slender shapes such as those 
used in airplane construction.   For example: 

V ing with t/c   -0.15 A y = 1 • 15 
Fuselage with      t/c   =0.25 ^y = 1.065 
In the case of an infinitely thin plate placed crosswise to the air stream, 

the volume of the blocking body is equal to zero,   Considering, however, that a 
plate j)l::icod into the air stream in this manner nevertheless causes a deflection 
of the streamlines, the coefficient    A y niUst ten:* to o»     •   Turning to the 
available literature on calculations of flow around a plate (hibl. 5), one v.ill lind, 
for a plate of constant height h and of very large width b (,</>• ->0), the equation 

A y V =       IT        h2   b, and, for a circular plate with the diameter d, the 

equation     A yV = --—    d3. 

* For cylinders, Glauert represents the equivalent doublet strength as M-1 =   \ b 
X'2   dmax2   v^  (R I M 1563 p 53),   The previously mentioned    A V value, related 

to the volume, is tluis in the fallowing relations'"dp to dauert' s     A -value: 
A V =    77"      dmax2   b A •   *r°r the cr'cuikir cylinder,   A   - "1, and thus V = 2: 

~T V 
and for rotationally symmetrical bodies correspondingly:   M+ =   A —2L_   amax'1   v^ 

d        "? 
(R «■ M 1566 p 59) and thus  AV -  JL—    —H^L       A .   For the sphere, Glauert 

4 V 

gives the value    A ~ 1>   so tnat       A V = 1.5. 
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*   2,    Equivalent Source Strength for Consideration of Wake Blockage behind   : , 

a Drag Body 

rated flow.   It suggests itself * ™P™°" * th« ^ nks havin. their origin at the wmmsmmk 
by the body. 

* s-uminc that the static pressure in the wake differs otly little from the       - 
presse of tLundls^rbed flow and omitting small square terms, the yield of 
the equivalent source can be expressed as follows: 

1 T" 
Yield of equivalent source:      Q = —2~     v<>*  * 

where f- cw    A, represents the surface c£ parasUjc ^the bo*, ^ 

^T^?X^^£^^<^ °\vz *«and 
iriaiwlöriwo dimension:,! tie» as well as for three-dinaens.cnal flow, 

by a body can be expressed as follows: 

'Ds/dm     A v = ZZ£* of flow per second multiplied by loss of velocity 

-ff (v«  "  *i> vi  df -//[(v..   - vx)   v.   '-'(v. -V1)27 df - V»^/(v- -vl) df 

■      The integral in the last equation indicated ™^^*™^\^^Z 

„ipu  0  of the ecmivalent source, which, assuming potential flow, deflect, trie 
Sreamlint "-tWcral distance from the wake in the same measure as the 

wake,'i.e.,   Q^v.-vO     df      or      D = ~/    v.        Q 
,„e.  n-   D     v^     =f  v        /2c    The By transformation, this can be expressed as.   « - __-—^ ~    / 

same relation between source yield and drag has already"been stated by Muttray 
(FB 324/p 32), 



gravity of the mass.   If this assumption proves to be erroneous, the error will 
still be rather small as long as the equivalent source is used only for the pur- 
pose of representing flow conditions at a great distance from the source. In the 
case of the intended tunnel correction, this prerequisite is complied with as 
model dimensions are always small in comparison with the tunnel diamtetex. 

In the formulation of the previously mentioned expression for source yield, 
it was assumed that the static pressure in the wake differs only little from the 
pressure of the undisturbed flow.  At a great distance behind the drag body, this 
prerequisite is fairly well complied with so that the previously mentioned 
equivalent source strength remains very n^pfly the same although the wake area is 
constantly wideningo Immediately behind the wing, however, the static pressure 
may differ to a great extent from the pressure of the undisturbed flow so that 
there are deviations from the afore-mentioned simple relationship between drag 
and source yield.  Muttray demonstrated that source yield decreases rapidly 
from a maximum at the wing's trailing edge to a constant final value behind the 
wing (FB 824, Tig,, 22). This means that there is an additional system of sources 
and sinks behind the wing apart from the equivalent source strength previously 
calculated.  At a great distance from the wing, for instance, at the tunnel wall, 
this additional system of sources and sinks has approximately the effect of a 
single doublet.  The effect of this additional wake doublet is taken into* con- 
sideration in the following calculations for corrections if the extent of tunnel 
corrections is determined from the disturbance velocities measured at the 
wall, in accordance with equation (4).  The negligence of the fact that the location 
of this wake doublet does not coincide with the center of gravity of the profile is 
rather unimportant, considering the small effect of wake corrections.  The same 
concept can be applied to additional blockage due to shock fronts so that also 
their approximate affect can be considered in the corrections as long as the length 
of the shock fronts is small relative to the tunnel diameter. 

B.    Disturbance Velocity at Center Line and at the Wall Due to Model and Wake 
Blockage 

Since it was established that model dimensions are small in comparison to 
the tunnel diameter, the disturbance velocities at the tunnel walls can be repre- 
sented by the already defined equivalent doublet and the equivalent source. The 
border condition with which to be complied, considering the presence of the tunnel 
wall, is in the case of a closed tunnel:  d All velocity components normal to the 
tunnel wall must disappear." 

This requirement is met by superposing over t&§J flow around the model in 
the free air stream an auxiliary flow strong enough tomÜe the combined flow 
sufficient to comply with the above-mentioned condition.  For a circular wind 
tunnel, the calculation itself is rather complicated.  In the present case the 
problem was solved with a procedure indicated by Lotz (bibl. 6), based on the 
determination of the field of radial velocities along the tunnel walls and of the 
velocity field of the auxiliary flow with the help of a Fourier series.  The constants 
of the velocity -field of the auxiliary flow were determined by comparing the coef- 
ficients of the two Fourier series so that the velocity could be measured at any 
point of the field of flow.   The Velocity induced by the auxiliary flow at the model 
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location is considered as the necessary correction of VölÖCity. 

In this report, the results of this calculation are given exactly for incre- 
mental velocities at the tunnel center; for the symmetrical case (arrangement 
of the equivalent doublet and the equivalent source at the tunnel center); and 
for incremental velocities at the tunnel wall since calculation with this ar- 
rangement is still relatively simple, considering that only the first component 
of the Fourier series has to be taken into consideration.   Figures also are 
given for several asymmetrical arrangements in which the first four components 
of the Fourier series enter into the calculation with'regard to excessive velocity 
at the tunnel wall.  It remains, however, to be seen if further Fourier components 
will have a further effect on the  results.*) 

1.    Disturbance Velocity Due to Model Blockage 

In accordance with dauert» s formulation, we express the velocity correction 
for the tunnel center as follows: 

^v, = r. D3 

where  V = volume of the body and 

D = tunnel diameter. 

As explained previously,      Aylsa factor considering the model shape 
(fig. 2).   The factor     T' y depends on the shape of the tunnel and on the ratio 
between model dimension and tunnel diameter.  Table I shows the value of T y for 

several typical cases in a closed circular tunnel. 

TABLE  I 

Factor   *£"" y for a closed circular tunnel  **) 
(Equation 3) - 

Model shape Body of 
revolution 

Reel Langular wing 
B/D=0 B/D=0„25 ' B/D=0.50 B/D=0.75 B/D=1.00 

Factor fy 1.020 1.020 1.029 1.058 1.109 1.204 . 

B = Span of the rectangular wing D = Tunnel 
*   An additional report will be given if the'consideration of higher components of 
the Fourier series should call for a correction of the indicated figures.   This 
report would also give a detailed description of the method of calculation. 
** In R & M 1566/p 58, dauert presents the factor Tytor rotationally symmetrical 
bodies (after corresponding conversion) as:   Ty =0.797.    A/7T    =1.016 in the case 
of a closed circular tunnel; and as   T y = -0.206.      A/7T    =-0.263 in the case of 
an open circular tunnel.  Deviations of these values from those given in Table I 
are within the limits of exact calculation. 
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In the form indicated by Weinig, the incremental velocity at the tunnel center 
also can be demonstrated as a function of the incremental velocity at the tunnel 
wall.   In the same way, as in the case of two-dimensional flow calculated by 
Weining, it also can be shown for a closed circular tunnel that the disturbance 
velocities   v^, occurring at the tunnel wall in the model plane because of model 
suspension, are in a definite relation to the disturbance velocities at the tunnel 
center vx(fig. 4).   If the arithmetic mean of the velocities above and below the 
model is taken as the comparative velocity vxw> this mean value is at first in- 
dependent of lift since a potential vortex at the model location induces circulatory 
velocities of equal but opposed strength at these two points.   Velocity at the wall 
is composed of two parts  (fig.4): i.e.,, one part which represents directly the dis- 
turbance velocity of the equivalent doublet, and another part caused by the wall 
effect.   Velocity increment at the tunnel center   ^Vx can thus be expressed as 
follows: 

Av, A v. 
=  m xw (4) 

Factor m in this equation depends on the tunnel shape and on the ratio between 
model dimension and tunnel diameter. For a closed circular tunnel, this factor 
is given in table II for several characteristic cases: 

TABLE  n 

Factor m for a closed circular tunnel        (Equation  No.4) 

m 

Shape of model 

Factor  m 

Body of 
revolution 

0.450 

Rectangular Wing 

B/D = 0 

0.450 

B/D = .25 

0.457 

B/D = .50 

0.479 

B/D = .75 

0.520 

B/D=L00 

0.604 

B = Span of rectangular wing D = Tunnel diameter 

For the sake of comparison, we want to point out that Weinig arrived at the value 
of m = 1/3 for a wing of infinite span between two walls.   This proves that  m depends 
to a relatively great extent on the shape of the tunnel. 

2.     Correction Due to Blockage of Models of very Considerable Length 

Figures given in the preceding paragraph 1) were calculated with the under- 
standing that all model dimensions (with the exception of wing span) are small in 
relation to the tunnel diameter.  In many cases, however, it is necessary to ascer- 
tain to what extent the results would be changed if the afore-mentioned supposition 
with regard to the model length no longer exists. 

To investigate this effect on bodies of revolution at the tunnel center, the in- 
cremental velocities at the tunnel center and at the tunnel wall were calculated, as 
described in paragraph 1), for source-sink bodies of various lengths. 



Distribution of sources and sinks in these bodies is shown in fig. 5.  In this 
arrangement, the completeness of the separating streamline amounts to about 

A profile /d len^h = °'75 

which corresponds to the conventional shapes of fuselages and wings customary 
in airplane construction.   Since the magnitude of the equivalent doublet is de- 
termined easily with the help of equation (1) M+ = E(2aQ), the disturbance 
velocities at the tunnel center and at the tunnel wall can be determined with equal 
ease with the help of equations (3) and (4) if the effect of great model length is 
neglected.  A comparison of results shows that numerical values for Tv as well 
as the relationship m (equations 3 and 4) require correction   This correction is 
shown in fig. 60  It is seen that incremental velocities at the tunnel center, due to 
models of very considerable length, differ very little from the value for infinitely 
small models.  Velocity at the tunnel wall and the relationship m of velocity at 
the wall and velocity at the center, on the other hand, are affected to a greater ex- 
tent by model length»  In the case of a wing having a chord equal to the tunnel 
diameter, for example, the velocity at th6 center decreases to 89% and the velocity 
at the wall to 66% of the velocities which would result in the case of models of very 
small chord length. 

The previously- mentioned investigations of models of great length refer only 
to rotationally symmetrical bodies and to wings of very small span relative to 
tunnel diameter.  Strictly speaking, it also would be necessary to make corresponding 
calculations for other ratios of wing span to tunnel diameter.  As long as such cal- 
culations are not yet available, it may be assumed, however, that the correction data 
given in fig. 6 represent an acceptable approximation which also would be valid for 
wings having a finite ratio of wing span to tunnel diameter. 

3,     Disturbance Velocity Due to Wake. 

The effect of wake behind a drag body on the tunnel wall and thus also on tunnel 
correction can be represented approximately by an equivalent source at the model 
location (see section II, A.2).  If the border conditions at the tunnel wall are complied 
with for this flow pattern by superposing an additional velocity field on the source 
flow in free air, as per section II, B. l}f it easily is seen that fto velocity component 
will pass through the additional field 6f flow in the direction of the oncoming flow at 
the model location in a closed tunnel.  It will be only in the case of asymmetrical 
arrangement of the source in the tunnel that a velocity component perpendicular to 
the direction of the oncoming flow will be found, thus causing a change of the angle 
of attack«   But even this change of the angle of attack is generally of no importance 
for test purposes as it Is rather improbable that models are suspended  asymmetri- 
cally in the wind tunnel. 

Although the additional velocity field does not induce a velocity component 
in the direction of the oncoming flow at the model location, it will be necessary 
to correct the velocity of the oncoming flow in a closed tunnel^ The actual 
circumstances are illustrated most clearly in fig. 7, showing a tunnel of unlimited 
widtho   The velocity field created by the source in the tunnels and by the exterior 
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sources reflected at the wall is characterized by the fact that the velocity 
components in the direction of the oncoming flow disappear in the model area. 
In the infinitely far distance, upstream and downstream, however, a parallel 
flow having the velocity  v = x 1/2  Q/A develops.   For flow within the tunnel 
very far ahead of the source, this means that the velocity of the oncoming flow 
is no longer v1«,     but v«, =v'«, -1/2     Q/A. 

Velocity of the oncoming flow increases up to the model area in the amount 
of       A vx = 1/2  Q/A and up to a cross section far behind the body by    A v = Q/A 
The desired correction of oncoming flow velocity in a closed tunnel is thus in 
accordance with equation (2): 

-*Vx        = 1/2 _3  = 1/4       I         (5) 
A . v 

where    f = CQ S = surface of parasitic drag 

A = cross-sectional area of the tunnel 

Distribution of this correction velocity along the model cross section is 
uniform, i.e., velocity increase A vx  is the same at the center and at the walls 
of the tunnel.   In the equation       A v^/v^    = m        A v^/v^     , the factor  m  is 
thus equal to 1   (m = 1). 

The equation for velocity correction due to model wake (in the same way as 
the factor  m) is independent of the shape of the closed tunnel and is thus valid 
for circular tunnels as well as for square-shaped tunnels, etc. 

In the same way it easily can be demonstrated that wind tunnels with open 
working sections do not require a correction of oncoming flow velocity for con- 
sideration of wake blockage. 

Similar to fig. 7, the border conditions for the free stream could be com- 
plied with by reflecting an alternating system of sources and sinks at the tunnel 
wall.   At the tunnel center there is still no direct velocity component in the 
direction of oncoming flow.   In the infinite distance upstream and downstream 
from the source area, however, .the disturbance velocity due to sources and sinks 
decreases to zero as the velocities induced by them neutralize each other. 

in.    CORRECTION OF ONCOMING FLOW VELOCITY DUE TO MODEL 
BLOCKAGE AND TO WAKE AT HIGH SUBSONIC VELOCITIES 

WITHIN THE RANGE OF VALIDITY OF THE PR/DTL RULE. 

So far, the previously given equations for tunnel correction are valid for 
incompressible flow only.  With the help of the Prandtl rule, however, it is 
possible to correlate, to a given tunnel and model in compressible flow, a definite 
other tunnel with models of other dimensions in incompressible flow. 
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Between the velocities in these two correlated tunnels, there are certain 
definite relationships which permit conclusions as to the flow in a compressible 
medium from the flow in an incompressible medium.   For this purpose we base our 
calculation on the following formulation of the Prandtl rule  (bibL 7): 

At every point in a compressible flow, there is, in comparison to the corre- 
sponding point in the pertinent incompressible flow; tM identical potential and the 
identical velocity in the direction of oncoming flow  ( x - direction), whereas 
velocities in the directions perpendicular to the direction of the oncoming flow are 
decreased by the factor^ 1 —   M'<2 .   The corresponding points in the two fields of 
flow are linked to each other by the following equations: 

*inc=xcomp;   yinc =     \ 1 - M2 * Ycomp; 

zinc =    \/l- M2 *  z comp; 

M = velocity of undisturbed flow  = Mach number 
speed of sound 

A.    Model Blockage 

Figo 8 demonstrates the potential field in incompressible flow in a closed 
tunnel for a wing of great aspect ratio b/c.   The model is assumed to be so slender 
and to possess a sufficiently sharp-edged nose that the Prandtl rule is complied with 
along the entire outline of the profile»   The outline of the profile is defined by the 
separating streamline of a given system of sources and sinks so that the potential 
lines reach into the space surrounded by the separating streamline.  It is note- 
worthy that the potential lines   £ = constant must intersect the tunnel wall and pro- 
file surface perpendicularly, since there are no normal velocity components at 
these boundary surfaces. 

If this field of potential lines is converted in accordance with the Prandtl rule, 
i.e«, if the lines  $ = constajiLax&JJrawn apart in the direction of the y-axis and the 
z-axis to the extent of 1/ ^1 - Mz, retaining the x-components, a new potential 
field for compressible flow is arrived at (fig. 8)0   This distorted potential field shows 
that the condition for the tunnel wall, " All potential lines must run perpendicular to 
the direction of the oncoming flow" is complied with along a new contour, the y- 
and z- coordinates of which have increased by the factor 1/ A/l-M • 

In circular tunnels, for instance, this means that the tunnel diameter in 
compressible flow is   1/ "\|l -  M^ times larger than that of the comparative tunnel 
in incompressible flow. 

By conversion in accordance with the Prandtl rule, the wing suspended in 
the tunnel also undergoes certain changes.   If the assumption is made, for a body 
of slender shape, that the potential lines within the space surrounded by the  sepa- 
rating streamline (substituting for the body) can be replaced by their tangents at 
their points of intersection with the x-axis, we see that thedisiojrtion causes the 
slope of these tangents to be steeper in the ratio of    1/ 1|1 - M .   This, however, 
means that close to the x-axis the streamlines and especially the separating 
streamlines have a  l/1 - M2 times flatter inclination dy/dx than before the distortion. 

.(.-. 



The profile outline, defined to be the separating streamline, is thus     V1 - M 
times thinner after conversion.  Wing span of a wing with a great span/chord ratio 
B/t is determined by the length of the section covered by sources and sinks or by 
doublets.   This section increases by distortion in the ratio of 1/   VI - M2, anjk_ 
as a result, the span of the comparative wing in compressible flow is 1/ 1/1 - M 
times larger. 

Sinc_e_cpnversion makes the profile section more slender in the ratio of 
1/    1(l - M2 and, on the other hand, increases the wing span in the same ratio, 
the reference wing and the pertinent wing in compressible flow have an Identical 
volume.   For slender bodies of revolution, it likewise is known that conversion in 
accordance with the Prandtl rule does not change their outline in the first approxi- 
mation, andx therefore, the volume in this case also remains unchanged (see F.B. 
1165)» 

Velocity components in the direction of oncoming flow are not changed by 
conversion, which fact is also valid for velocity components caused by the model 
or by the tunnel walk   Velocity corrections in the direction of the oncoming flow 
for a body in compressible flow are therefore the same as those for a body, con- 
verted as explained above, in incompressible flow in a tunnel decreased by the 
factor  "\jl - M2. 

If a model, which at low velocities requires a correction of oncoming flow 
velocity amounting to ( A Vx/  V» ) inclusive, is exposed to a flow of a higher 
Mach number in a closed wind tunnel, the required velocity correction increases 
in accordance with equation 3, in the ratio of 1/(1 -M2) 3/2, i.e. 

Avx 1 Avx (6) 

comp (1 - M2) 3/2 v«, inc 

In the afore-mentioned relation, it was assumed that the factors        v and   v, 
contained in equation (3), are not changed by conversion in accordance with the 
Prandtl rule.  In the case of     Av there is actually a small variation due to the 
change of the effective thickness ratio»   According to fig. 2, however,     hv is 
affected by the thickness ratio only to a small degree, and, therefore, changes of 

7\. v generally can be neglected without the risk of a major error. 

The factor    Tv does not change as long as model length can be considered as 
small relative to tunnel diameter.  With progressively rising Mach numbers, how- 
ever, the_eifective ratio between model length and tunnel diameter increases by 
1/   l/l - M2 as the model length remains unchanged, whereas the tunnel diameter 
shrinks in the ratio of 1/    Vl -M2.   At increasing Mach numbers, the correction 
of exceedingly long models in a closed tunnel is therefore of major importance. 
As per fig. 6, it is possible to estimate .the correction of the factor    T^L in- 
creasing the effective ratio of model length to tunnel diameter by l/~\|l - M2. 

Factor m contained in equation (3) remains unchanged as long as the ratio 
model length/tunnel diameter can be considered as being small, since this ratio 
is identical for both the comparative and the reference tunnel after conversion in 
accordance with the Prandtl rule, so that the figures given for factor  m  in Table 
II must be applied to both systems.   However,   if conversion leads to higher ratios 



for model length/tunnel diameter, the value for  m  must be corrected as shown 
in fig. 6. 'o* 

B.    Incremental Velocities Due to Wake 

The method of calculation used for correction of oncoming flow velocity due 
to model blockage can be applied to additional blockage due to wake in the same 
mannert  Assuming that the drag surface does not change at increased velocity 
of the oncoming flow, we can formulate as follows:  (with reference to equation (5) ) 

 ][x_   comp  =        * v vx     inclusive   (7) 
o" 1 - M2 

Contrary to the cases discussed so far, it will be noted that the tunnel cor- 
rection does not increase in the ratio of 1/ (1 - M2) 3/2 y but in the ratio of 
l/( 1 - M2)t   In this calculation the wake effect has been substituted by flow around 
a source, which, in a parallel flow, creates a separating streamline in the form of 
a semibody.   The above-mentioned result would thus mean: 

For a body of small length, e.g., a fuselage in a tunnel, the corrections of 
oncoming flow velocity increase in the ratio of ]$1 - M2) ß/2* 

For a semibody in a closed tunnel, the corrections of oncoming flow velocity 
increase only in the ratio of 1/(1 ^ M2)„ 

9 

13» reasons for this different behavior of the two body shapes are as follows: 
In rotationally symmetrical flow, the radial velocities acting on the tunnel wall de- 
crease, at points located a small distance upstream or downstream from the model 
in the case of short bodies (equivalent doublet), approximately in the inverse ratio 
of the fourth power of the distance from the body.   In the case of a semibody 
(equivalent source), however, the velocities decrease only in the inverse ratio of 
the second power of the distance from the body.   If, in accordance with the Prandtl 
rule, the tunnel diameter is decreased (in incompressible flow) to the same extent 
for both body shapes, it is easily understood that the wall effect will increase in 
the case of a semibody to a lesser degree than in the case of a short body.*) 

*)    As per this demonstration, the radial velocities of source and doublet decrease 
at small x-values as the second and fourth power of R respectively, whereas the in- 
cremental velocities increase as the second and third power of 1/ ]/l - M2 

respectively.   The difference in the ratio of power exponents must be attributed to 
the fact that at a great distance behind and ahead of the source and the doublet  the 
radial velocities in both cases change to the same extent, which causes an- assimi- 
lation of the power exponents. 

For the semibody, a simple controlling calculation of the degree of velocity 
increase is possible.   If a semibody is placed in a closed tunnel, there is a parallel 
flow far behind and far ahead of its tip»   The velocity increase can be calculated 
easily from the amount of constriction of the cross section dA. ( Foot note 
continued on next page) 
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If the correction of the oncoming flow velocity is brought in relation to the 
velocity at the wall, we find, in the range of validity of the Prandtl rule, that 
the factor  m in equation (4) is still  m = 1 since this factor is independent of 
the tunnel diameter for the calculation of wake blockage. 

From the equations 

dp     =    y      M2 X _dA_and        dp      = .    ^ M2 _dv  

F 1 - M2 A P v 

we find, in accordance of the afore-mentioned relation derived from the Prandtl 
rule: 

dv      _   _ 1 v       dA 
1 - M2 
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IV    CORRECTION OF ONCOMING FLOW VELOCITY DUE TO MODEL BLOCKAGE 
 AND TO WAKE AFTER THE PRANDTL RULE NO LUNGER 
 'APFLIE3 IN THE VICINITY OF THE MODEL. 

It is a prerequisite for validity of the Prandtl rule that incremental veloci- 
ties resulting from the body exposed to flow are small relative to the velocity of 
the oncoming flow.   In many cases, especially at high Mach numbers, this pre- 
requisite is no longer complied with along the body surface«   At a certain distance 
from the body or from the flow singularity, the incremental velocities already 
have decreased sufficiently to again apply the Prandtl rule to flow outside a de- . 
finite area (bibl. 8).   In fig. 9, for instance, it is only within an area defined by 
the boundary line that the Prandtl rule is not applicable, and, as a result, it is 
only for streamlines in this area and for the outline of the body that the law of 
conversion is not known. 

Beginning with the most elementary case of flow in an infinitely wide tunnel 
with parallel walls, this perception will now be applied to flow in a tunneL  In 
compressible flow, the boundary conditions at the tunnel walls are complied with 
for a doublet substituting for a body by infinitely repeated reflection of the equiva- 
lent doublet at the tunnel walL  In the vicinity of the doublet, the disturbance 
velocities are so great that the Prandtl rule is not applicable in a certain limited 
area (fig. 10).   Conversion of this incompressible field of flow in accordance with 
the Prandtl rule, however, is only possible for the areas outside the limiting line. 
The area within the limiting line must be converted in accordance with a rule not 
known at this stage of research, and, consequently, the body outline for compressi- 
ble flow is equally unknown.   As per Prandtl1 s rule, it is thus no longer possible 
to calculate the strength of an equivalent doublet for a given body.   In a wind-tunnel 
test, however, this can be remedied by means of a simple measurement.    Con- 
sidering that the incremental velocity at the tunnel wall, prevailing above and below 
the model respectively, represents a measure of the effective doublet strength, and 
further considering that the tunnel walls are already within the validity range of the 
Prandtl rule, a measurement of the wall velocity permits conclusion as to the 
effective strength of the equivalent doublet.   The desired velocity correction at the 
center line is the sum total of the induced velocities of all reflected doublets, the 
strength of which are known from the measurement of wall velocity.   For these 
velocities, the tunnel center is once more within the validity range of the Prandtl 
rule»   Between wall velocity and correction of oncoming flow at the tunnel center, 
there is the same relation as that prevailing within the unrestricted validity range 
of the Prandtl rule, U. e», 

A vx           "'                           ^ vxw  5   a m   x       
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This   relation is not restricted to flow between two walls.   It can be applied 
easily to a closed tunnel of any cross-sectional shape, e.g., also to a circular 
tunnel.   The only difference is that for flow between two walls, the additional 
potential for compliance with the wall conditions is created by the reflected 
singularities; whereas, in the most general case, the additional potential also 
originates from singularities outside the tunnel.  However, location and strength 
of these singularities cannot be found by mere reflection» 

As long as model dimensions are small relative to tunnel diameter, the 
factor  m  is equal to the values given in table II..   For models of great length 
and for high Mach numbers, it will be necessary to estimate correction of the 
factor  m in accordance with fig. 6, considering the very large ratio between 
model length and tunnel diameter. 

The indicated relation between velocity at the wall and velocity of the oncoming 
flow for flow around models in the vicinity of which the Prandtl rule is no longer 
valid also can be applied to velocities induced.by wake. 

The above-described extension of calculations for tunnel corrections to Mach 
numbers at which the Prandtl rule is no longer valid in the vicinity of the model 
is, of course, not applicable without any restrictions up to M = 1.  An upper limit 
of applicability is given if the velocity at the wall reaches or exceeds the speed of 
sound, In this border line case, the prerequisites of the Prandtl rule are already 
nonexistent in the vicinity of the tunnel wall, thus nullifying the entire method of 
conversion.   How close this upper limit may be approached in wind-tunnel tests 
without creating a fundamental change of the pressure field around the profile can 
be determined only empirically.   This boundary Mach number, among other factors, 
will depend on the angle of incidence of the model.  Tests to determine permissible 
model dimensions at certain boundary Mach numbers and angles of incidence are 
conducted and evaluated at the DVL at the present time. 

V.   TUNNEL CORRECTIONS DUE TO LIFT AT HIGH 
 SUBSONIC VELOCITIES 

fi.    wjng in Free Air Stream 

For a brief survey of flow conditions around a wing with lift in a compressible 
medium, we shall first consider the case of vortex filaments substituting for a wing 
in free air.   The field of flow around a potential vortex in incompressible flow is 
demonstrated in fig. 11.   If the velocities within the area limited by the line ABCD 
are summed up, the following integral expresses the calculation of the vortex: 

jp v  x   ds   =     /      =  circulation 

It is known that magnitude of the circulation does not depend on the path of 
integration as long as the vortex stays within the limiting line. In a medium "of 
constant density, the lift per unit of length can thus be expressed as: 

L'       =        J° C v«>      where 

f =    air density 

iO 17 



If the flow pattern of this vortex is converted in accordance with the Frandtl 
rule ( excluding the area in the immediate vicinity of the vortex core), the control 
area /BCD is drawn out in the direction of the y-axis (fig. 11).   At the same time, 
the velocity components vy are reduced at the corresponding points in the ratio 
of 1/1 - M2, SO that the product of " Path element multiplied by Velocity" at the 
vertical limiting lines is not changed by the conversion«   Since, on the other hand, 
neither lengths nor velocities have undergone any change in the x - direction, the' 
circulation integral along the control lines A BCD and A' B« C D'  remains unchanged 
If the control lines A' B' C1 D' are imagined as being located at a great distance " 
from the vortex, where disturbance velocities and thus also the pressure and density 
variations in the flow have decreased to infinitely small values, the compressible 
flow in the vicinity of the control lines is entirely equal to an incompressible flow« 
This means that there is once more the already known relation for lift per unit of 
length, viz: 

.   L- =   y v. r 

where  j° is the density of the flowing medium 
at a great distance from the vortex. 

From the afore-mentioned consideration, we draw the conclusion that circu- 
lation as well as lilt relative to wing span are not changed by conversion as per 
Frandtl. v 

In compressible flow, the same amount of lift per wing span element is achieved 
with a    VI - Mz times smaller angle of attack.   This fact is recognized when con- 
sidering that in the case of conversion the velocity components perpendicular to the 
direction of oncoming flow are decreased, whereas the components in the direction 
of the oncoming flow remain unchanged.   The inclination of the streamlines and thus 
also the angle of attack decrease in'fhe same ratio. 

The same consideration can be applied to a wing of finite span and elliptical 
distribution of lift.   In this case a wing in compressible flow is comparable to a 
wing in incompressible flow having a span       "tfl - M2 times smaller,  At each 
section in corresponding distances from the wing' s center section, circulation and 
lift per unit of span element are the same for the two wings with elliptical  distri- 
bution of lift, whereas the geometrical as well as th^Jnduced angles of attack in com- 
pressible flow are increased in the ratio of 1/    "Vl - Ma=   The comparative wing in 
incompressible flow has, in this case, a Vl - M2 times less favorable aspect ratio. 
The equation for induced drag in compressible flow 

CDi   =    CL  x     A<h'L      = CL2    x S =        CL2 

7T b2 flr/R. 

S = wing area in compressible flow      b = wing span in compressible flow 
AL = aspect ratio 

nevertheless remains the same since the induced angle of attack of the comparative 
winghi compressible flow is      Vl - M2 times larger but, on the other hand, is reduced 
fl - M   times by conversion to compressible flow.   Both effects thus neutralize each 



other,   The equations for the induced angle of attack ÄäJ    CL S     and the 
= W~ x W 

induced drag Cni       CL
2              S are thus also valid for compressible flow. 

ui = __   x _gj  

B.    Wing with Lift in Wind Tunnel 

In previous sections we have stated repeatedly that a wing in a tunnel with 
compressible flow can be correlated to a wing with equal lift in a similarly reduced 
tunnel with incompressible flow.   Between the velocity corrections of the compara- 
tive and the reference tunnel, there is in this case the relation that the vy corrections 
in compressible flow must be reduced in the ratio of l/Yl - M2.  In this manner all 
available calculations of corrections also can be applied to compressible flow» 

The results of available calculations of tunnel corrections are generally 
expressed in the following form: 

correction of angle of attack 

£/=   </x       -CL—    x    -|—    where 

/ =  correction coefficient     =  function of wing span/tunnel diameter, shape of 
tunnel, and lift distribution 

ffs   = wing area A   =  cross section of tunnel 

By conversion in accordance with the Prandtl rule, the value of the factor S 
is not changed since the ratio of wing span tunnel diameter as well as the shape of 
the tunnel and the lift distribution which determine the magnitude of this factor, 
remain the same.   The wing surface, however, is decreased in the ratio of 
1/ Yl - M2  and the cross-sectional tunnel surface even by  ( 1 - M2); in the com- 
parative tunnel with incompressible flow, the correction of the angle of attack con- 
sequently is increased in the ratio of 1/ Vl - M2„  On reduction to compressible flow, 
however, this increase is neutralized since all velocities and angles of attack are 
decreased   VI-M*- fold by conversion in accordance with the Prandtl rote. 

It is therefore a noteworthy fact that in the case of elliptical distribution of 
lift, corrections of the angle of attack and thus also corrections of induced drag 
can be considered in the same way as in incompressible flow. 

It is, however, a prerequisite for this general statement that wing dimensions 
(with the exception of wing span) are small relative to tunnel diameter and that cor- 
rections are considered only at the location of the wing.  If this prerequisite is no 
longer complied with, as in the case of correction of a wing of considerable chord 
length due to jet curvature in the wind tunnel or for calculation of downwash behind 
a wing, it will be expedient to return to the conception of the comparative tunnel, 
determining corrections corresponding to the latter one.  In this case, for instance, 
the correctigjLoJwings of great chord length due to jet curvature increases in the 

. ratio of 1/ fl - M*.   The ratio between chord and tunnel diameter therefore also 
increases at progressing Mach numbers in the comparative tunnel.   At high Mach 



numbers, corrections due to jet curvatures thus can be rather important, whereas 
they would still be entirely negligible in compressible flow. 

VI.   APPLICATION OF THE ABOVE-MENTIONED 
 WIND-TUNNEL CORRECTIONS 

A. Possibility of Superposition of the Individual Corrections 

The various factors considered in wind-tunnel corrections, such as model 
blockage> wake blockage, and lift, so far have been dealt with as if only one of these 
factors would be effective at the time e.g., the blocking body without lift and drag 
or a supporting vortex with and without blockage, etc.   In wind-tunnel tests,-however, 
the  individual effects generally occur together, so that there arises the question of 
superposing the individual corrections. 

For incompressible flow, this question can be answered immediately by super- 
posing the individual effects linearly.   Each individual correction can be calculated 
from the pertinent potential field.  Since the potentials in compressible flow can be 
superposed linearly, the corrections derived from them also can be superposed 
linearly in the same way* 
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With the help of the Prandtl rule, we correlated to each flow pattern in com- 
pressible flow a corresponding flow pattern in incompcessible flow.   Between veloci- 
ties and angles of attack of the two fields of flow, there are the already-known re- 
lations expressed by the Prandtl rule.   In the comparative field of incompressible 
flow, the individual effects and corrections once more can be superposed linearly. 
Considering that the desired corrections for compressible flow differ from these 
comparative corrections only with regard to one factor, the law expressing the 
possibility of linear superposition of individual corrections is equally valid for com- 
pressible flow« 

B. Application of Corrections to Wind-tunnel Tests 
———————^—————.—- J 

1, Corrections due to lift are figured in accordance with the pertinent equations 
corresponding to the amount of lift established by measurement.    With equal lift 
coefficient, the corrections do not increase with rising Mach numbers as long as 
the ratio of model length/tunnel diameter also remains small in the comparative 
tunnel«   In the case of long models, the corrections due to jet curvature, however, 
increase at rising Mach numbers in the ratio of l/1/l - M% and, as a result, these 
corrections may be of importance while they were still entirely negligible in incom- 
pressible flow. 

2. Corrections due to drag established by measurement are calculated in 
accordance with equations (5) and (7).   Assuming the same surface of parasitic drag, 
f=   CD x  S,  they increase in the ratio of 1/ ( 1 - M2). 
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3.    Corrections due to model blockage are estimated at low Mach numbers 
in accordance with equations (3) and (6) as long as it may be assumed that the 
prerequisites of the Frandtl rule are fulfilled with sufficient accuracy, including 
also the circumference of the body.   The corrections increase in the ratio of 
1/  (1 - M2)3/2.  if at high Mach numbers the Prandtl rule is no longer valid in 
the vicinity of the model, we derive the correction velocity at the tunnel center 
from the incremental velocity measured at the wall below or above the model 
respectively, with the help of equations (3) and (4), and the factor m as per 
table II.  In this calculation, that part which is due to drag must be deducted 
from the incremental velocity measured at the wall since this correction already 
has been taken into consideration.  The effect of suspension, of course, also must 
be considered.  This is usually accomplished by making a calibration measurement. 

For high Mach numbers, all of the afore-mentioned corrections are based on 
measured values taken at a great distance from the model or on measurements 
retaining, at such distance, the same value as in the vicinity of the model.. Con= 
sidering that the prerequisites of the Prandtl rule used for these calculations are 
fulfilled with reasonable accuracy at relatively large distances from the model, 
the indicated corrections are still considered valid even though the Prandtl rule is 
no longer valid in the vicinity of the model. 

C.    Exemplifying Calculations and Comparison with the Approximations of Ferri 
and Lamia \ ~~ 

The afore-menUoned equations for corrections of the oncoming flow due to model 
blockage represent a_higher degree of approximation than those pi Ferri and Lamia. 
In an endeavor toestimate the validity of the assumptions made by Ferri and Lamia, 
we present a comparison of the respective approximations for several examples. 

Table HI:    Velocity correction in various wind tunnels for a wing with 
an elliptical cross section and a thickness/chord ratio of 
0.10 at M= 0.75 

Type of tunnel 

Closed tunnel with 
parallel walls 
h = constant 
b   (width)  » co 

Open free jet with 
parallel wall 
h = constant 
b   (width)  *~ 

Closed circular 
tunnel 

Thickness of wing 
Height of tunnel 

4% 

4% 

4% 

Wing     span 
Width of tunnel 

0.25 

Velocity 
correction 

11.4% as per Ferri 
4.2% "   "    Lamia 
2.5%  "   "    Franke/ 

Weinig 
and dauert/ 
Goethert respectively 

-4.2% as per Lamia 
-1.3%'  "     " Glauert/ 
 Goethert 

1.2% as per 
Goethert 
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As it was to be expected, we see from the figures in table III that Ferri 
overestimated the wind-tunnel corrections to a great extent.  Also Lamia* s 
values, especially those calculated for a tunnel with an open test section, are 
still considerably higher than the more accurate values of Pranke and Wetnig 
and of Glauert and Goethert. 

A comparison of the closed circular tunnel andthe closed tunnel with plane 
walls shows that corrections differwidely even if the ratio between model 
length and tunnel height is the same. 

* 

D.    Application of the Adiabatic Equation to Wind-tunnel Corrections 

For correction of dynamic pressure and Mach number, we present various 
important relations gained from the adiabatic equation as follows: 

correction of dynamic pressure: dq _  fe-M2^ X ^
V 

dp 

uq 
q =  (2-M2) X 

= - \  (2-M2) X 

dM 
M - = (i + r -i 

2 
x M2) 

_ -id + r-l xM2) 

p 

correction of Mach number dM    - (-\   ±     T ~V      *  M2
^ dv 

v 

dp 

where  p  =  static pressure 

^  =. —£-    v2   =  dynamic pressure 

v  = velocity 

Y =  1/^05 for air 

Value of the expression  ( 1 +   *~-1     x  M2 )    is demonstrated in fig. 12. 

Figo 13 also presents the figures   l/l - M2 ,   1 - M2, and  (1 - M2)3/2, which 
were used repeatedly in calculations for conversion, 

VH       COMPARISON OF CALCULATED CORRECTIONS 
WITH WIND-TUNNEL TESTS" '  

The high-speed wind tunnel of the  DVL was at our disposal to check the 
determined tunnel corrections at high subsonic velocities.   This wind tunnel has 
a closed test section of 2.7 m diameter and reaches sonic speed in the test 
section at approximately 50% of the available power. 
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A.    Variations of Wall Pressure Due to Suspension of Rectangular Wings of 
Varying Chord Length 

To determine the effect of the tunnel walls on the measured values at high 
. subsonic speeds, four rectangular wings of the same profile (NACA 0015-64) 
but with different chord lengths were tested in this wind tunnel.   The chord 
lengths were  c = 350, 500, 700, and 1000 mm respectively.   The wing span 
b = L35 m and the modes of suspension were the same for all 61 the four wings. 
Incremental velocities created by the tunnel walls, however, cannot be measured 
directly if models are suspended in the tunnel.   At best, it would be possible to 
compare the increase of surface pressures at various Mach numbers as far as 
changes of surface pressures in the free airstream at high subsonic velocities 
might be considered as known through any kind of calculations.   But even in 
this case, the observed increase of surface pressures would have to be attri- 
buted partly to the effect of compressibility on flow around the profile and 
partly to the effect of the tunnel wall.   This renders a conclusion with regard 
to the share of the tunnel wall as, for instance, by splitting the calculated test 
values, rather inaccurate,, 

Measurement of wall pressure in the model plane, however, affords a 
serviceable possibility of checking on calculations of velocity corrections. 
Calculation of wall pressure is based on the same assumptions as calculation 
of correction velocities at the tunnel center, as explained in the preceding sec- 
tions.   This close relationship, for instance, also is demonstrated by the fact 
that pressure variations measured at the wall, and due to the model, are in a 
very definite relation to correction velocities at the tunnel center (see equation 
(4) ).   Pressure variations at the tunnel wall, moreover, are always greater 
than pressure variations at the tunnel center entering into the calculation of 
correction velocity,   /ccurate measurement of wall pressure therefore is 
effected more easily.   Measurements were made at varying dynamic pressures, 
measuring wall pressures pi,  jw, and pw (fig. 14).   Measuring points for pres- 
sures  pj and pjjj were distributed uniformly along the entire cross section.   For 
the measuring of pw in the test section, the wall was punctured in the model plane 
above and below the model at three points located closely to each other and inter- 
connected to furnish a value representing the arithmetic mean.   It is demonstrated 
easily that dynamic pressure and Mach number in. the model plane as well as wall 
pressure p^ without model installation  are merely functions of the ratio (px%   / 
Pj)„   These relationships were determined in tests and have been established   ra 

in the form of calibration curves0   The values for dynamic pressure and Mach 
number determined in this manner are hereafter referred to as uncorrected test- 
section values.  If a model is suspended in the test section and if the pressure 
ratio {px- p p) /pj is unchanged, the indicated wall pressure pw changes« 
From this change of wall pressure, the necessary corrections can be derived with 
the help of the previously explained correction calculations. 

Wall-pressure changes measured for the four wings of various chord lengths 
are shown in fig. 15 as a function of the corrected Mach number prevailing at the 
center of the test section*   To eliminate the effect of model suspension, the 
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wall-pressure change was not plotted relative to wall pressure in the free test 
section, but relative to wall pressure prevailing with installation of a wing of 
350 mm chord length.   To facilitate a comparison by calculation, it was assumed 
that the Prandtl rule was equally valid without linitation in the vicinity of the 
model»   although this assumption no longer can be correct if compression shocks 
occur near the model, i.e., in the case of the test wing at Mach numbers of about 
M = 0.76 and up, nevertheless it should be possible to conclude from the trend of 
measured and calculated curves as to the validity of the formulations used in our 
calculations.   This is true for the majority of the curves below the critical Mach 
number of M = 0.76.   Calculations of wall-pressure changes were made with the 
help of equations (3), (5), (6), and (7) and tables I and H with and without considera- 
tion of the;measured wing drag.   Tests with these wings showed that wing drag be- 
comes a factor of significance only if it increases considerably as a consequence 
of compression shocks.  Even then its effect is of minor importance so that errors 
with regard to wing drag should not have any major effect on corrections. 

The effective Mach number for calculation of the wall-pressure increase, 
especially at high Mach numbers, is not established unequivocally.   The Prandtl 
rule calls for insertion of the mean Mach number of the flow pattern under con- 
sideration.   To show the effect of this inaccuracy, the curves were calculated 
first for the corrected Mach numbers at the tunnel center, which must be con- 
sidered at any rate as too small in the vicinity of the model.   A second calculation 
was based on the Mach numbers prevailing at the tunnel wall, which should come 
closer to the mean Mach number in the vicinity of the body.   The overall picture 
shown in fig. 15 demonstrates that the calculated curves represent the course of 
the measuring points fairly well.   The existing deviations are definitely within the 
range of possible errors.   This could be attributed to inaccurate estimation of the 
effective Mach number» 

It therefore may be said that calculations and measurements definitely agree 
to the extent which could be expected in view of the assumptions made. 

With reference to the afore-mentioned uncertain determination of the effective 
Mach number, it may be pointed out that this uncertainty does not exist for cor- 
rections of dynamic pressure and Mach number.   The main effect, i.e., the ratio 
between measured wall-pressure variation and tunnel correction, does not depend 
on the Mach number prevailing at any certain time.   The Mach number figures 
only m the determination of the correction factors  mcorr/m and Ty corr/Tv for 

models of great length and for the consideration of wake blockage.   Errors in cal- 
culation resulting from uncertainties in these corrections should be rather unim- 
portant in view of the small extent of wind tunnel corrections» 

B.    Effect of Lift on Wail Pressures 

The previously described measurements on rectangular wings were made at 
symmetrical flow against the wing, i.e., at zero lift.   In accordance with section n, 
B„, 1), a change of the angle of attack will not affect the mean wall pressure in the 
first approximation.   At the ceiling and at the bottom of the tunnel, the circulation 
due to lift creates velocity and pressure changes of equal magnitude but of opposite 
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sign, and , as a result, the disturbance velocity caused by circulation can be 
eliminated in the formation of a mean value for wall pressures at the ceiling and 
at the bottom.  A change of the angle of attack will affect merely the wing drag, 
which will be rather unimportant considering the small effect of wing drag on 
wind-tunnel corrections. 

These facts were proved by tests.   Fig, 16 shows the wall pressure pw for 
a rectangular wing of 500 mm chord length at wing settings of 0° and 5°, relative 
to the previously described pressure difference pj - pjjj.   It can be seen that 
there are no systematical deviations between the test points pertaining to the res- 
pective wing settings.   This cannot be attributed to erroneous measurements.   A 
wing setting of 5° is the limit of practical wind-tunnel tests at high Mach numbers. 

This independence of the angle of attack represents a considerable simplifi- 
cation in evaluation of these tests since the calibration curves for dynamic pres- 
sure and Mach number do not have to be corrected individually for each separate 
angle of attack. 

C.    Pressure Drop in the Test Section Due to Wake Blockage 

As a check on equations (5) and (7) for consideration of wake behind a drag 
body, we have utilized the fact referred to in section II, B., 3) that the disturbance 
velocity due to wake at a great distance behind a drag body is exactly twice as great 
as the corrections calculated for the location of the wing according to equation (5). 
It furthermore was assumed that this final value was practically achieved at a 
distance of about two wing-chord lengths behind the test wing of a 500 mm chord 
length.   Based on these assumptions, the additional pressure drop due to wake in 
comparison with the test section without models could be estimated by calculation. 
For the effective Mach number, we calculated once more with two values, namely, 
first with the Mach number corresponding to the center of the test section, and 
secondly with the Mach number corresponding to the end of the test section. 

In this comparison, shown in fig. 17, the measured values are satisfactorily 
within the range of the calculated curves.   The deviations can be attributed to 
erroneous calculation or to deviations of the effective Mach number. 

t 

VIII  SUMMARY 

A.    Wind-tunnel corrections due to model blockage are calculated for wings 
having a finite ratio between span and tunnel diameter and for bodies of revolution 
in incompressible flow in a closed circular tunneh 

Contrary to dauert, the corrections are given as a function of the volume of 
the drag body.   For slender bodies, the effect of the outline of the body is in this 
case infinitely smalL   Especially in the border-line case of a very slender Body, 
the same shape factor results for two-dimensional and three-dimensional flow. 
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B. The additional corrections due to wake behind a drag body in incompressible 
flow are represented by a simple equation. 

C. With the help of the Frandtl rule, it is demonstrated that tunnel corrections 
due to model bolckage in compressible flow increase in the ratio 1/ (1 - M2)3/2? 

and that tunnel correctipns due to wake increase with an equal drag surface in the 
ratio of 1/ (1 - M2).   At equal lift coefficient, corrections due to lift remain un- 
changed as long as the wing chord is small relative to the tunnel diameter, 

D. With increasing Mach number, the corrections due to jet curvature for models 
of great length increase in the ratio of   1/ l/l - M2, so that these corrections may be 
rather important at high Mach numbers, whereas they were still negligible at low 
Mach numbers. 

E. The corrections derived for high Mach numbers retain their validity even if 
the prerequisites of the Prandtl rule are no longer complied with along the model 
surface.   The limiting Mach number up to which this procedure can be applied is to 
be determined in wind-tunnel tests. 

F. A comparison between calculation and measurement shows good agreement 
as far as can be expected in view of the necessary assumptions of a comparative 
calculation. 
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a) Incompressible medium. b) Compressible medium Potential 
lines of a) distorted as per 
Prandtl. 

Fig. 8 - Wing in Closed Tunnel in Incompressible and 
Compressible Flow in Accordance with 

the Prandtl Rule 
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Fig.   11 - Potential Vortex in 
Parallel Stream 
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Fig. 14. - Wall Pressures for 
- Determination of 
Dynamic Pressure 
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Fig. 15 - Comparison of Measured and Calculated Changes of Wall Pressure Due 
to Rectangular Wings (NACA 0015-64) of Various Chords - 
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