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SOME ANOMALIES OBSERVED IN WIND-TUNNEL TESTS OF A 

BLUNT BODY AT TRANSONIC AND SUPERSONIC SPEEDS 

Joseph D. Brooks 

Langley Research Center 

SUMMARY 

An investigation of anomalies observed in wind-tunnel force tes t s  of a blunt-body 

configuration (0.259- and 0.367-scale liiodels of the proposed Pioneer Venus snlall probe 

configuration) was conducted at Mach numbers from 0.20 to 1.35 in the Langley 8-foot 

transonic pressure  tunnel and at Mach numbers of 1.50, 1.80, and 2.16 in the Langley 

Unitary Plan wind tunnel. The Reynolds number, based on the maximum diameter of the 
6 6 model, varied from 2.25 X 10 to 2.75 X 10 in the 8-foot transonic pressure  tunnel and 

from 1.3 X lo6 to 3.3 X lo6  in the Unitary Plan wind tunnel. 

At a Mach number of 1.35, large variations occurred in axial-force coefficient a t  

a given angle of attack. At transonic and low supersonic speeds, the total drag mea-  

sured in the wind tunnel was much lower than that nieasured during ear l ier  ballistic 

range tests.  Accurate measurements of total d rag  for  blunt bodies will require the use 

of models smaller than those tested thus f a r ;  however, it appears that accurate forebody 

drag resul ts  can be obtained by using relatively large models. Shock standoff distance 

is presented from experimental data over the Mach number range from 1.05 to 4.34. 

Theory accurately predicts the shock standoff distance a t  Mach numbers up to 1.75. 

INTRODUCTION 

With the advent of the space research programs, many blunt -body configurations 

have been tested in the Langley 8-foot transonic pressure  tunnel. These include the 

reentry configurations for the Mercury and Apollo projects, the Viking entry and lander 

configurations, and the Pioneer Venus probe. 

In designing these blunt-body configurations, it i s  essential that the aerodynamic 

characteristics nleasured in the wind tunnel be accurate in order  t o  a s se s s  the perfor- 

mance of the body shapes. The purpose of this paper i s  to investigate sonle of the anom- 

alies which can occur in wind-tunnel investigations of blunt bodies. 

During an investigation to obtain the aerodynalnic characteristics of the Pioneer 

Venus probes in the Langley 8-foot transonic pressure tunnel, the bow shock wave did not 



appear to be reflected from the walls of the tunnel in the schlieren pictures a t  a Mach 

number of 1.20. Apparently, the shock reflection was hidden either in itself or  in the 

region where the shock intersects the window of the tunnel. This indicates that the model 
was too large for  the 8-foot transonic pressure  tunnel and resulted in tunnel -wall inter - 

ference effects. Furthermore, the drag data from this investigation did not correlate  

with the drag data obtained from ballistic range tes t s  at  corresponding supersonic Mach 

numbers. (See ref. 1.) 

The blockage of the Pioneer Venus probes used in the present investigation was 

about the same, 27.94 crn (11.00 in.) in diameter, as that used in previous blunt-body 

investigations in the 8-foot transonic pressure  tunnel. Because of the difficulty in 
observing the shock reflection in the schlieren pictures at a Mach nuinber of 1.20 and the 

discrepancies in the drag data, the investigation was expanded to include a smal le r  model 

with one-half the blockage, 19.76 cin (7.78 in.) in diameter, of the original configuration. 

The investigation was conducted at Mach nulnbers from 0.20 to 1.35 in the Langley 

8-foot transonic pressure tunnel and a t  Mach numbers of 1.50, 1.80, and 2.16 in the 

Langley Unitary Plan wind tunnel. The Reynolds number, based on the maximum diam- 
6 eter  of the model, varied from 2.25 X 10 to 2.75 x lo6 in the 8-foot transonic pressure  

tunnel and from 1.3 x lo6 to 3.3 x 106 in the Unitary Plan wind tunnel. 

SYMBOLS 

The aerodynamic data presented herein a r e  referred to the body-axis system with 

the origin located at the center of gravity of the configuration a s  shown in figure 1. values 

a r e  given both in SI Units and U.S. Customary Units. The measurements and calculations 

were made in U.S. Custoinary Units. 

CA.corr axial-force coefficient corrected for base pressure,  

Total axial force Pb - P 
q s  

+- 
9 

C ~ ,  uncorr total axial-for ce coefficient, Total axial force 
q s 

CD,fore forebody drag coefficient a t  a = 0' the same a s  ( C ~ , c o r r ) 7  
Total drag force pb - p 

CIS 
+- 

q 

CD,total total drag coefficient at  a = 0' (the same a s  CA,uncorr), Total d rag  force 
q s  



'body 

normal-force coefficient, Normal force - 
clS 

PL - 13 
pressure  coefficient, - 

9 

pb - p 
base pressure  coefficieilt, - 

q 

lnaximu~ll body diameter, 19.76 cm (7.78 in.) for sillall body and 27.94 cm 

(11.00 in.) for larger  body 

f ree-s t ream Mach nunlber 

f ree-s t ream static pressure  

average static pressure  at model base 

local static pressure  

free-stream dynamic pressure 

Reynolds number based on d 

radius of curvature 

nlaxinluln body radius, 9.88 cnx (3.89 in.) for  small  body and 13.97 cm 

(5.5 in.) for large body 

base area, od2/4, 306.5 cm2 (47.5 in2) for small  body and 613 cm2 

(95.0 in2) for  large body 

angle of attack, deg 

shock standoff distance, measured from schlieren photographs, cm (in.) 

cone half -angle, deg 



APPARATUS AND TESTS 

Tunnel 

The investigation was conclueted in the Langtey S-foot i rar~sonic pressure  tunilel and 

in the low Mach number test  section of the Langley Unitary Plan wind tunnel. The 8-foot 

transonic pressure  tunnel has a slotted test  section approxililately 2.17 n~ (85.5 in.) 

square that i s  capable of a Mach n u l i ~ b e ~  range from 0.20 to 1.35. The Unitary Plan wind 

tunnel has a tes t  section approxiiiiately 1.22 in (48.0 in.) square. The nozzle leading to 

the test  section of the Unitary Plan wind tunnel has an asyiilmetric s l idi i~g block which 

perniits a continuous variation in test-section Mach number froin 1.5 to 2.9. Both wind 

tunnels a r e  continuous-flow, variable-pressure tunnels, and the a i r  is dried sufficiently 

during testing to avoid condensation effects. 

Models 

The models used in this investigation (fig. 1) a r e  scale nlodels of the proposed 

Pioneer Venus small  probe configuration. The inodels have a conically shaped forebody 

with a 90' included angle and a blunt spherical nose. The small  model (d = 19.76 cm 

(7.78 in.)) is 0.259 scale and the la rger  model (d = 27.94 cni (11.00 in.)) i s  0.367 scale of 

the Pioneer Venus sillall probe. The sillall model, which was used for the expanded por - 
tion of the investigation, was selected to have one-half the frontal a r e a  of the larger  model. 

For some tests,  instrunzent housing and sensors  were mounted on the base of the model. 

These a r e  shown in the photographs of the larger  model in figure 2. The models were 

constructed of aluminum and were sting inounted in the tunnels. In order  to have the 

same sting interference effects for both models in the 8-foot transonic pressure  tunnel, 

the ratio of the nlaximum body diaineter to the length of the untapered cylindrical sting 

section following the model base was 0.68. This ratio was 0.30 for the Unitary Plan wind 

tunnel. The ratio of the cross-sectional a r ea  of the sting to the model base a r e a  i s  small ,  

0.016 for the large model and 0.031 for the small  model; therefore, the sting a r e a  effect 

should be almost negligible according to reference 2. 

Instrunientation 

The aerodynamic forces  and moments were measured with a six-con~ponent, elec- 

trical,  internal strain-gage balance, with the pitching moment referred to the center-of - 
gravity location shown in figure 1. 

The model chamber pressure  was measured inside the model cavity, and the base 

pressure  was measured approximately 1.0 cm (0.4 in.) above and below the sting with 
differential-pressure transducers.  



Tests  

The large model was tested in the 8-foot transonic pressure  tunnel at Ma-ch num- 

be r s  of 0.50, 0.80, 0,95, and 1.20 without the instrument housings and at Mach numbers 

of 0.20, 1.10, and 1.35 with the instrunlent housings mounted on the base of the model, as 
shown in the photograph of figure 2. 

The small  nlodel was tested without the instrument housings in the 8-foot transonic 

,p ressure  tunnel at Mach numbers of 0.95, 1.20, and 1.35 and in the Unitary Plan wind 

tunnel a t  Mach numbers of 1.50, 1.80, and 2.16. All t es t s  were conducted over an angle- 

of-attack range from about -3.5' to 20'. The total tenlperature was held constant at  

approximately 322 K (120° F) in the 8-foot transonic pressure tunnel and 339 K (150' F) 

in the Unitary Plan wind tunnel. The stagnation pressure  was varied in the tunnels to 

obtain the desired Reynolds numbers. The variation of Reynolds number with Mach num- 

be r  i s  shown in figure 3. Reynolds number i s  based on the maximum illode1 diameter. 

Corrections 

Angles of attack have been corrected for  the deflection of the balance and sting sup- 

port under aerodynamic load and for  tunnel flow angularity. 

The axial-force nleasurements a r e  presented both uncorrected and corrected to a 

condition of f ree-stream static pressure  on the base of the model. An average base pres-  

sure  was obtained by averaging the chamber pressure and the two base-pressure measure- 

ments. The average base pressure  was applied to the total base area.  The chamber 

pressure  and the base pressure  were approximately the same. 

Accuracy 

The estimated accuracies of the lneasurenlents excluding sting interference effects, 

blockage, o r  shock reflection effects a r e  estinlated to be within the following limits: 

. . . . . . . . . . . . . . . . . . . . . . . . .  Axial-force coefficient *0.02 

. . . . . . . . . . . . . . . . . . . . . . . .  Normal -force coefficient 10.004 

. . . . . . . . . . . . . . . . . . . . . .  Pitching-moment coefficient 10.001 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Pres su re  coefficient 10.02 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mach number k0.01 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Angle of attack ,to. 10' 



PRESENTATION O F  RESULJTS 

The resul ts  of this investigation a r e  presented in the following figures: 

Figure 

. . . . . . .  Variation of average base-pressure coefficient with angle of attack. 4 
. . . . . . . . . . . . .  Variation of normal-force coefficient with angle of attack 5 

. . . . . . . . . . .  Variation of pitching-moment coefficient with angle of attack 6 

Variation of axial-force coefficient, uncorrected for base pressure,  

with angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Variation of axial -force coefficient, corrected for base pressure,  

with angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
Variation of aerodynamic characteristics of blunt-body configurations 

at M =  1.35.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Variation of total drag coefficient and forebody drag coefficient with 

Mach number a t  a = O0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

Schlieren photographs of small  body at a = o0 . . . . . . . . . . . . . . . . . .  11 

Bow-shock formation for small  model in conjunction with pressure  

distribution along wall of 8-foot tunnel at  M = 1.20 . . . . . . . . . . . . . . .  12 

Variation of total drag coefficient with Mach number for various 

blunt-body configurations at a, = 0' . . . . . . . . . . . . . . . . . . . . . . .  13 

. . . . . . . . . . . . . .  Variation of shock standoff distance with Mach number 14 

DISCUSSION 

Force Data 

The basic aerodynanlic data for this investigation, presented in figures 5 to 8, indi- 

cate that the models a r e  statically stable; however, at  a Mach number of 1.10 (fig. 5) there 

i s  a nonlinear variation of CN with a in the low angle-of-attack range. Thus, a small  

region of instability i s  noted between a = -lo and a = lo. No effect of Reynolds num- 

ber  was noted in comparing the data at  the high and low Reynolds numbers at a Mach num- 

ber  of 1.50. A large difference in axial-force coefficient between the large and small  

models can be seen in figure 7 at the higher angles of attack at M = 1.35. However, the 
large model had the instrunlent housings on the base of the model, a s  shown in figure 2, 

which may have an effect on the axial-force anomaly. When the axial-force coefficient i s  
corrected for base pressure  (to a condition of f ree-stream static pressure on the base of 

the model), shown in figure 8, the large difference in drag  i s  practically eliminated. 



A repeat run for the sinall inodel was made at a Mach nuiviber of 1.35 to determine 

whether the ano~naly in axial force would persist .  The aerodynamic data, seen in fig- 

u re  9, indicate that an unstable flow phenoinenon must occur in the wake of the body, 

since the uncorrected axial-force coefficient is different for each run and then converges 

when the axial force i s  corrected for  base pressure.  The instrunlent housings on the 

large model had no apparent effect on this anomaly. The reason for  this anomaly in axial 

force i s  unknown, but it may be attributed to either an unstable separation around the 

shoulder of the inodel or ,  possibly, sting interference effects combined with boundary- 

reflected disturbances that cause large variations in base pressure  with small  changes 

in  tunnel conditions. 

Interference Effects 

During investigations in transonic and supersonic wind tunnels, it i s  iinperative that 

the bow shock reflected from the wall of the tunnel not impinge on the model or  that it not 

be reflected in proximity to the base of the model. (See ref. 3.) 

During the investigation of the la rger  model, the reflected bow shock did not appear 

in the schlieren photographs at a Mach number of 1.20. This indicated that the shock 

reflection was hidden either in itself o r  in the region where the shock intersects the win- 

dow of the tunnel. Because of the s ize of the model (d = 27.94 cm (11.00 in.)) and the 

blunt shape of the body, the shock standoff distance is quite large (approximately 0.7d a t  

M = 1.20, fig. I l (a)) ,  so  that the reflected bow shock may be impinging on the model and 

causing large wind-tunnel interference effects. Furthermore, this anomaly i s  i l lustrated 

in figure 10(a) from a colnparison of the drag data from this  tes t  with that obtained from 

the ballistic range test  (ref. 1). Note the unsatisfactory correlation which exists a t  Mach 

numbers of 1.20 and 1.35 for the large model. 

Because of the possible interference effect due to shock reflection, a smaller  model 
with one-half the blockage of the la rger  model (that is, a rat io  of cross-sectional a r e a  of 

the model to cross-sectional a r e a  of the tunnel of 0.656 percent instead of 1.31 percent) 

was tested at transonic and supersonic Mach numbers. A comparison of the data for  the 

sillall model with that f rom the ballistic range tes t s  (fig. 10(a)) also indicates a reduction 

in total drag for  the wind-tunnel data a t  Mach numbers of 1.20, 1.35, and 1.50. At Mach 

numbers above 1.50 and below 1.10, the wind-tunnel data compare favorably with data 

from the ballistic range investigations. These data definitely support the supposition 

that this is an interference effect due to boundary-reflected disturbances. Even using a 
smaller  model that moved the reflected shock farther downstream did not eliminate the 

anomaly . 

In order  to gain further insight into the total drag anomalies, schlieren photographs 

of the small  model were taken at Mach numbers of 1.20, 1.35, 1.50, and 1.80 and a r e  



presented in figure 11. At M = 4.20 the bow shock wave is far  forward of the nose of 

the model; however, the line where the shocli i i~ te rsec ts  the window (sidewall) of the tunnel 

i s  behind the base of the model indicating that the wall reflected shock would he at least 

2 model diaineters behind the base of the small  model. At Mach numbers of 1.50 and 1.80 

the reflected bow shock can be seen and is well behind the base of the inodel (fig. II(b)).  

Forebody drag data a r e  shown in figure 10(b) for both the sinall and the large 

niodels at a, = oO. Removing the base drag resul ts  in a sniooth variation in forebody 

drag with Mach number. The forebody drag data from this investigation compare very 

closely with the forebody drag data interpolated from the experi~iieiital data in  reference 4. 
The total drag i s  not presented in reference 4, since the total drag data were not con- 

sidered accurate because of sting interference effects on base pressures .  It should be 

noted that the blockage of the niodels used in reference 4 was 3.61 percent, which i s  

almost 3 tinies the blockage of the large niodel tested in the Langley 8-foot transonic 

pressure tunnel (1.31 percent). 

In figure 12> the bow-shock formation i s  shown in the 8-foot transonic pressure  

tunnel at  M = 1.20 in conjunction with the pressure  distribution along the tunnel wall. 

The pressure  distribution appears a s  an N-wave, or  sonic boom signature, distorted by 

the wall boundary layer and shock reflections. It appears that the positive pressure  of 

the wall-reflected bow shock i s  focused in the low-energy wake of the body and i s  able 

to propagate i t s  effect forward, so that it increases  the base pressure of the niodel and 

reduces the total drag. In the schlieren photographs of figure l l (b) ,  at  M = 1.5 the wake 

continually expands and is notably larger  than the niodel diameter in the region where the 

shock reflection intersects the wake. At M = 1.80, however, the wake contracts down- 

stream, so that the shock reflection intersects  the wake downstreani of the wake recovery 

shock. 

The limited nature of the present tes t s  does not provide an explanation of the total 

drag variations noted. However, the resul ts  do strongly suggest that wind-tunnel measure-  

nients of the total drag of blunt bodies at transonic and low supersonic speeds i s  greatly 

influenced by the character of the wake in relation to the reflected bow wave. 

As a matter of interest, the uncorrected drag for the small  niodel at  higher angles 

of attack i s  approaching the drag level that was measured on the ballistic range, a s  shown 

by the tick mark on the right of CA,uncorr in figure 9. Therefore, the sniall model 

lnust be approaching the size needed to obtain interference-free total drag data at this  

Mach number. 

The variation of the total drag coefficient with Mach number for several  blunt- 

body configurations i s  shown in figure 13. These include the Apollo spacecraft (ref. 5), 

the Viking entry vehicle (ref. 6), and the Pioneer Venus probes of this investigation. 



Comparison of these resrrlts with those of the present investigation indicates the likely 

presence of similar wall interference effects. 

Shock Sandoff Distance 

The variation of the shock standoff distance ratio A/rbody with Mach number in 

figure 14 shows a very good correlation for  data from this  investigation with data from 

the ballistic range (ref. 1). At Mach numbers from 1.02 to 1.62, the shock standoff dis-  

tance can be predicted by using the theoretical resul ts  of reference 7. At Mach numbers 

from 1.20 to  4.5, the shocli standoff distance call be predicted by using the theoretical 

resul ts  of reference 8; however, at Mach numbers above 1.75, there i s  a large decrease 

in the accuracy of the theoretically predicted values. For the theoretical resul ts  pre-  

sented, a spherical body with the same radius a s  the maxinluni body radius is assumed. 

This, apparently, i s  not a good assumption at the higher Mach numbers. 

CONCLUDING REMARKS 

An investigation of anomalies observed in wind-tunnel tes t s  of a blunt body at t ran-  

sonic and supersonic speeds was conducted at Mach numbers from 0.20 to 2.16. At a 

Mach number of 1.35, an unstable flow phenomenon in the wake of the bodies resulted in 

large variations in the total axial-force coefficient a t  a given angle of attack. At t ran-  

sonic and low supersonic speeds the total drag measured in the wind tunnel was niuch 

lower than that measured during ear l ier  ballistic range tests.  Apparently, these anonia- 

l ies  a r e  due to boundary-reflected disturbances that interact with the model wake and 

cause large variations in base pressure.  

On the basis of ballistic range results,  accurate measurements of total drag for  

these blunt bodies require the use of models smaller than those tested thus far.  Further 

tes t s  will be required, however, to define the appropriate size accurately. From compari- 

sons with other results,  it appears that accurate forebody drag resul ts  can be obtained at 

transonic speeds by using relatively large models. 

The rat io  of shock standoff distance to the body radius is presented from experi-  

mental data over the Mach number range from 1.05 to 4.34. Theory accurately predicts 

the shock standoff distance at Mach numbers up to 1.75. 

Langley Research Center 

National Aeronautics and Space Adlilinistration 

Hampton, Va. 23665 

April 15, 1976 
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Front view L-75-2608 

Rear  view L-'75-2606 

Figure  2.-  Large  model with instrument housings on base  of 

model in Langley $-foot t ransonic  p r e s s u r e  tunnel. 



0 Small model 

0 Large model 

Figure 3. - Variation of Reynolds number with Mach nunlber 

(Reynolds number i s  based on illode1 diameter.)  



Figure 4. - Variation of average base-pressure coefficient with angle of attack. 

Flagged symbols indicate high Reynolds number data. 
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a , deg 

Figure 5. - Variation of normal-force coefficient with angle of attack. 

Flagged symbols indicate high Reynolds number data. 
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Figure 6. - Variation of pitching-moment coefficient with angle of attack. 

Flagged sylnbols indicate high Reynolds number data. 



Figure 7. - Variation of axial-force coefficient, uncorrected for base pressure,  

with angle of attack. Flagged synlbols indicate high Reynolds number data. 



Figure 8. - Variation of axial-for ce coefficient, corrected for base pressure,  
with angle of attack. Flagged sylnbols indicate high Reynolds number 

data. 



Figure 9. - Variation of aerodynamic characteristics of blunt-body 

configuration with angle of attack at NI = 1.35. Flagged 

symbols indicate repeat run. 



Figure 10. - Variation of total drag coefficient and forebody drag coefficient 

with Mach number at  cr = 0'. 



2 ~ h o c ,  in te r sec t s  
window 

L-76-188 
(a)  In Langley 8 -foot t ransonic  p r e s s u r e  tunnel. 

F igure  11. - Sclilieren photographs of s m a l l  body a t  u = 0'. 



L -76 - 189 
(b) I11 Langley Unitary Plan wind tunnel. 

Figure 11. - Concluded. 



Tunnel station in .  

175 200 225 250 275 300 325 350 375 400 
Tunnel station, cm 

Figure 12. - Sketch of bow-shock formation for small  model in conjunction 

with pressure distribution along wall of the Langley 8-foot transonic 

pressure tunnel at M = 1.20. 
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Figure 14. - Variation of shock standoff distance with Mach number. 
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