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ABSTRACT 

Tests were conducted in the AEDC Propulsion Wind Tunnel (16T) 
to determine the centerline Mach number distributions and the cor- 
responding tunnel calibration parameters.    The tests were conducted 
over the Mach number range from 0. 20 to 1. 00.    A quantitative 
evaluation of the effects of Mach number,  tunnel pressure ratio, test 
section wall angle,  and diffuser flap position upon the centerline 
Mach number distributions was determined by analysis of the local 
Mach number deviations and the longitudinal Mach number gradients. 
The results indicate that the centerline Mach number distributions 
are better than the wall distributions obtained during a previous 
calibration.    For most operating conditions,  the difference between 
the present centerline calibration and the previous calibration is 
considered negligible. 

in 
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SECTION I 
INTRODUCTION 

During the development of the Lockheed C-5A aircraft,  wind tunnel 
tests were conducted in several test facilities.    Among these were the 
Ames Research Center 11-ft,  the Cornell Aeronautical Laboratory 
8-ft,  and the Arnold Engineering Development Center (AEDC) 16-ft 
transonic tunnels.    Comparison of data from these facilities revealed 
significant differences,  especially in the measured drag coefficient. 

These results prompted a correlation investigation in the afore- 
mentioned wind tunnels involving a 0. 0226-scale model of the C-5A 
aircraft.    The initial series of tests indicated that among several 
factors which affect the correlation of data are the Mach number 
gradient and Mach number measurement in the test facilities. 

The most recent calibration of the AEDC Propulsion Wind Tunnel 
(16T) is reported in Ref.   1.    The Ref.   1 calibration was based on test 
section wall static pressure measurements.    To support the second 
phase of the C-5A correlation test,  an investigation was conducted in 
Tunnel 16T to determine the centerline Mach number distributions and 
the corresponding tunnel calibration parameters.    The results of this 
investigation are presented in this report. 

SECTION II 
APPARATUS 

2.1  TEST FACILITY 

Tunnel 16T is a continuous flow,  closed-circuit tunnel which can be 
operated at Mach numbers from 0. 20 to 1. 60.    It is a variable density 
tunnel which has a test section 40 ft long and 16 ft square with 6-percent 
porosity walls.    The test section sidewalls can be either converged or 
diverged.    The general arrangement of the test section and the perforated 
wall geometry is shown in Fig.   1 (Appendix I).    A detailed description of 
the tunnel and its capabilities is given in Ref.  2. 

2.2 INSTRUMENTATION 

A 2. 875-in. -diam static pressure pipe was used to obtain the center- 
line static pressure distribution from tunnel station 2. 0 to 23. 5.    The 
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rear end of the pipe was attached to the Tunnel 16T sting support system. 
The pipe was subject to a tensile load through the use of four cables at 
the forward end.   A schematic of the installation,  including the orifice 
spacing,   is given in Fig.   1.    A photograph of the installation is shown in 
Fig.  2. 

Selected pipe orifices and several wall orifices in the tunnel nozzle 
and test section were connected to differential pressure transducers. 
The transducers were referenced to a fixed pressure which was approxi- 
mately equal to the plenum chamber pressure at each test condition. 
The tunnel stagnation pressure was determined by averaging measurements 
from two self-balancing precision manometers.    The tunnel plenum chamber 
pressure was determined by averaging measurements from four differential 
pressure transducers which were also referenced to the trapped reference 
pressure. 

SECTION III 
PROCEDURE 

3.1  GENERAL 

The calibration was conducted over the Mach number range from 
0. 2 to 1.0.    Particular emphasis was placed upon investigation at the 
specific Mach numbers at which the C-5A correlation test was to be 
conducted.    Sufficient data were obtained at M«,, > 1. 0 to conclude that 
the pipe installation used for this test was unsatisfactory for calibration 
at supersonic Mach numbers. 

For 1/Lj > 0. 6, the stagnation temperature was maintained at 100°F 
and the stagnation pressure was set to obtain a unit Reynolds number 
of 3. 0 x 10°/ft.    For M^ < 0. 6, the stagnation temperature and pressure 
were held at about 75°F and 1000 psfa,  respectively. 

3.2 TEST DISCUSSION 

In addition to Mach number, the variables of interest were tunnel 
pressure ratio.(X), test section wall angle (0W),  and diffuser flap 
position (frj). 
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The tunnel pressure ratio was varied from 1. 080 to 1. 174 at 0W = 0 
and fj} = 0.    Based on the centerline Mach number distributions and the 
tunnel power requirements,  an optimum pressure ratio schedule, X *, 
was defined.    This schedule is illustrated in Fig.   3a. 

The test section wall angle was varied from -0. 25 to 0. 50 at 
X = X* and fj-j = 0. Wall divergence from the tunnel centerline is 
considered positive. 

The diffuser flap position was varied from 0 to 18 in.  at 0    = 0. 
Plenum suction with the auxiliary compressor system was not utilized 
with diffuser flap variation; therefore, the pressure ratio was varied 
to establish Mach number. 

The minimum Mach number available in Tunnel 16T with normal 
operating procedure is M« = 0. 55.    Lower Mach numbers are obtained 
by operating the compressor drive system subsynchronously.    The 
compressor operating characteristics for this mode of operation at a 
stagnation temperature of 75°F are illustrated in Fig.  3b. 

3.3  DATA REDUCTION AND PRECISION 

The distribution of local static pressure in the test section was 
obtained from measurements with a centerline pipe.    The instrumenta- 
tion setup is discussed in Section 2. 2.    The pressure data were reduced 
to Mach number assuming isentropic flow through the nozzle. 

The average Mach number, the 2CT Mach number deviation,  and 
the longitudinal Mach number gradient,  G,  were computed for two test 
section regions.    These include Tunnel Station 7. 83 to 13. 17, the region 
in which the C-5A model will be installed,  and Tunnel Station 3. 0 to 19. 0, 
the region for which the tunnel calibration parameters are defined. 

The statistical parameter, j,  the standard deviation,  is approximately 
a root-mean-square quantity which is a measure of the deviation of the 
local Mach numbers from the average.    Assuming a normal distribution, 
95. 4 percent of the local Mach number will fall within a distribution band 
of ±2CT. 

The centerline Mach number gradient,  G,  was obtained by utilizing 
the method of least squares to determine the straight line of best fit 
for each of the distributions. 
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The uncertainties in the data which can be attributed to instrumenta- 
tion errors and data acquisition techniques are presented below.    The 
uncertainties were determined for a confidence level of 95. 4 percent. 

AfD ±0.25 

AMC ±0.0011 

AM« ±0.0003 

A9w ±0.05 

A X ±0. 001 

SECTION IV 
DISCUSSION OF RESULTS 

4.1  CENTERLINE MACH NUMBER DISTRIBUTIONS 

4.1.1 General 

Tunnel 16T centerline Mach number distributions were obtained at 
a variety of test conditions.    Typical distributions which were obtained 
at Mach numbers from 0. 202 to 1. 000 are presented in Fig.  4.    The 
acceleration of the flow at the forward portion of the test section was 
atttributed to interference from the cables which were attached to the 
pipe.    The deceleration of the flow at the rear of the distributions was 
attributed to the effects of the pipe support system interference. 

4.1.2 Effects of Mach Number 

The centerline Mach number distributions for various Mach numbers 
at 0W =0,  fp = 0, and X = X* are presented in Fig.  4.    The effect of 
Mach number upon the Mach number deviations and gradients is illustrated 
in Figs.  5 and 6,  respectively.    The data for Tunnel Station 3. 0 to 19. 0 
at M,,, > 0. 9 are not presented because the adverse effect of the pipe cable 
supports was considered significant. 

The data in Fig.   5b indicate that the deviations for Tunnel Station 
3. 0 to 19. 0 varied from 0. 0009 at M. = 0. 20 to 0. 0024 at Mw = 0. 90. 
A comparison of these data with those in Ref.   1 indicates that the center- 
line Mach number deviations were lower than those obtained in Ref.   1 
from wall distributions. 
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Although the Mach number deviations and gradients were sensitive to 
the choice of test region, they are indicative of the quality of a Mach 
number distribution.    Since the deviations reported here and those in 
Ref.   1 were defined in a similar manner,  the data in Fig.  5b indicate 
that the centerline Mach number distributions were better than the 
distributions obtained in Ref.   1. 

The data in Fig.   6a illustrate that for Tunnel Station 7. 83 to 13. 17, 
the gradients were less than ±0. 0001 for M,,, < 0. 60 but varied from 
-0. 0001 at M0 = 0. 60 to -0. 0007 at M,,, = 1. 0.    A buoyancy correction 
to wind tunnel axial-force data can be made to cancel the effects of longi- 
tudinal gradients.    The procedures for obtaining buoyancy corrections 
and the corrections for a typical test in Tunnel 16T are presented in 
Appendix II. 

4.1.3 Effects of Tunnel Pressure Ratio 

The effects of tunnel pressure ratio variation upon the centerline 
Mach number distributions were investigated at M = 0. 700,  0. 767,  0. 825, 
0.900,  and 1. 000.    The centerline Mach number distributions which were 
obtained are illustrated in Fig.  7.    These data indicate that the Mach 
number distributions and the auxiliary flow requirements,   w,  did not 
change significantly as the pressure ratios were increased beyond certain 
values.    This result was utilized to define the optimum pressure ratio 
schedule which is shown in Fig.  3a.    Operation at pressure ratios above 
the optimum will only increase the tunnel power requirements. 

The Mach number deviations and gradients are illustrated in Figs.  8 
and 9,   respectively.    In general,  the deviations and gradients increased 
as the pressure ratio was decreased below the optimum pressure ratio, 
X*.    For pressure ratio variation from 8 percent below the optimum to 
the maximum,  the deviations and gradients varied by less than ±0. 0003 
and ±0. 0001,  respectively.    These data indicate that the Mach number 
distributions were not significantly affected by pressure ratio variation 
within the normal operating range. 

4.1.4 Effects of Wall Angle 

The test section wall angle was varied from 0. 50 to -0. 25 deg at 
M = 0. 600,   0. 700,   0. 767,   0. 825,   0. 900,  and 1. 000.    The centerline 
Mach number distributions which were obtained are illustrated in Fig.   10. 
For M = 0. 60 and 0. 70,  where no auxiliary suction was used, u = 0,  wall 
divergence reduced the pressure ratio requirements and hence the tunnel 
power requirements.    For M > 0. 70 and optimum pressure ratios, the 
auxiliary flow requirements were a minimum at 0W = 0. 25. 



AEDC TR-70-163 

The effects of wall angle variation upon the Mach number deviations 
and gradients are presented in Figs.   11 and 12.    These data illustrate 
that,  in general, the deviations and gradients decreased with wall diver- 
gence.    These data indicate that wall divergence to either 0W = 0. 25 or 
0. 50 improved the Mach number distributions. 

4.1.5 Effects of Diffuser Flaps 

The effects of diffuser flap variation upon the centerline Mach 
number distributions were investigated at M = 0. 600,  0. 702,  0. 800, 
and 0. 899 for zero auxiliary suction, u = 0.    The centerline Mach number 
distributions are shown in Fig.   13.    The maximum Mach number which 
was obtained without auxiliary suction was M,,, = 0. 932 at f~ = 18. 0. 

The Mach number deviations and gradients are illustrated in 
Figs.   14 and 15.    The effect of diffuser flap variation upon the devia- 
tions and the gradients and therefore the centerline Mach distributions 
was not significant. 

4.2 CALIBRATION PARAMETERS 

The Tunnel 16T centerline Mach number calibration for various wall 
angles at f^ = 0 and A. = X* is shown in Fig.   16.    The scatter in these 
data was attributed to the different response of the various instrumentation 
systems to fluctuations of tunnel pressures. 

The Ref.  1 calibration is presently utilized to establish test conditions 
in Tunnel 16T.    A comparison of the results of this test with data from 
Ref.   1 indicates that for 0W = 0. 25,  0. 50, and most conditions at 
0W = 0, the Mach numbers from this calibration and the Ref.  1 calibration 
agreed within ±0. 001.    This disagreement is considered negligible. 

SECTION V 
CONCLUSIONS 

Based on the results from this centerline calibration of Tunnel 16T, 
the following conclusions are made: 

1.     The subsonic Mach number distributions,  obtained 
during this centerline calibration,   were better than 
the Ref.  1 wall distributions. 



AEDC-TR-70-163 

2. Test section wall divergence to either 0W = 0. 25 or 
0. 50 improved the Mach number distributions. 

3. The Mach number distributions were not significantly 
affected by pressure ratio variation within the normal 
operating range. 

4. The effect of diffuser flap variation upon the center- 
line Mach number distributions was not significant. 

5. At 0W = 0. 25,  0. 50,  and most conditions at 0W = 0f 

the difference between this calibration and the Ref.   1 
calibration was considered negligible. 

6. The centerline pipe installation used for this test 
was unsatisfactory for calibration at supersonic 
Mach numbers. 
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APPENDIX II 
BUOYANCY CORRECTION 

A longitudinal static pressure gradient in a wind tunnel test section 
produces extraneous forces which are referred to as buoyancy forces. 
The buoyancy force is dependent upon a model area distribution as well 
as the.tunnel static pressure distribution. 

The distributions of Tunnel 16T static pressure (in coefficient form), 
as determined from the measurements with the centerline pipe,  are 
illustrated in Fig.   II-1 for 0W = 0. 25,   X = A *,   and for Mach numbers 
from 0. 60 to 1. 00.    These data indicate that the static pressure and there- 
fore the pressure gradient varies nonlinearly with tunnel station.    For 
this case,  according to Ref.  3, the buoyancy drag coefficient is equal to 
the enclosed area of a plot of local static pressure coefficient against 
model cross-section area divided by the coefficient reference area (A/S). 

If a linear longitudinal static pressure gradient exists,  Ref.   3 
indicates that the buoyancy drag force is equal to the negative product 
of the pressure gradient (dP/di) and the model volume.    Utilizing the 
Mach number gradient,  G,   which is defined in Section 3. 3,  the buoyancy 
drag coefficient may be determined from the following equation: 

ACD = G v X (II-1) 

where G is the Mach number gradient (dM/dl), AM per ft; V is the model 
volume, ft ; S is the coefficient reference area, ft^; and 

__   _dP_        [_ dP_       J_ (II-2) 

where q,,, is the free-stream dynamic pressure. 

Assuming one-dimensional isentropic flow, the right-hand side of Eq. (II-2) 
can be expressed as a function of free-stream Mach number,   M,,,,  and the 
ratio of specific heats,  y.    This relationship and the variation of the 
buoyancy-Mach number parameter,  n,  for y = 1. 4 are shown in Fig.  II- 2. 

The C-5A correlation test was selected to illustrate typical buoyancy 
corrections for tests in Tunnel 16T.    The distribution of the C-5A model 
cross-section area divided by reference wing area is shown in Fig.  II-3. 
The buoyancy drag coefficients were determined for 0W = 0. 25 and a Mach 
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number range from 0. 6 to 0. 9 using two techniques.    First,  as indicated 
by Ref.  3 for a nonlinear pressure gradient, the buoyancy was determined 
by integrating cross plots of Figs.   II-1 and II-3.    Secondly,  utilizing data 
presented in Figs.   12a,  II- 2, and the area under the curve presented in 
Fig.  II-3 (which is the parameter V/S), the buoyancy was calculated 
using Eq.  (II-1).   A comparison of the results is presented in Fig.  II-4. 
These results indicate that it is acceptable to assume a linear Mach 
number gradient and utilize Eq.  (II-1) to compute the buoyancy corrections. 
To apply the buoyancy corrections to wind tunnel data the following equation 
is used: 

CD        . J = CD A - ACn (II-3) "corrected "measured V ' 

To obtain accurate results using Eq.  (II-1), the Mach number gradients 
must be defined for the test region in which a particular model is installed. 
The variations of the Tunnel 16T Mach number gradients with test region 
length for various test region locations, x,  are presented in Fig.  II-5 for 
0W = 0. 25,   X = X*,   and Mach numbers of 0. 60,  0. 70,   0. 80,  0. 90,   and 
1.00. 

The data presented in Section IV indicate that the Mach number gradients 
can vary significantly with Mach number, tunnel pressure ratio, and test 
section wall angle.    It is beyond the scope of this report to present the 
Mach number gradients for all possible combinations of tunnel parameters. 
For various operating conditions, the data presented in Fig. II-5 and Section 
IV can be utilized to determine an approximate value for the buoyancy drag. 
Such results can be utilized to evaluate the need for buoyancy corrections 
for tests at subsonic Mach numbers in Tunnel 16T. 
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