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ENTS OF SURFACE-PRESSURE FLUCTUATIONS ON T 

PLANE AT LOCAL MACH NUMBERS U P  TO 2.45 

Thomas L. Lewis 
Flight Research Center 

and 

. Dods, Jr., and Richard D. Hanly 
Ames Research Center 

INTRODUCTION 

derstanding of environmental conditions is essential when opera- 
air transport vehicles enter high supersonic flight regions. One 
%meter that has caused concern in recent years is surface-pressure 
2e-pressure fluctuations encountered during high-speed flight a re  
ily because they (1) excite various modes of external vehicle panels 
igue failures; and (2) radiate into the interior of a vehicle, con- 
ger irritation and sometimes interfering with the operation of elec- 

r experimental studies of surface-pressure fluctuations have been 
years, only a few have included flight-test results, as discussed 
3 2. The most complete flight investigation of the subsonic region 
(ref. 1). A limited amount of supersonic data was presented in 

igation with the XIB-70 airplane was designed primarily to 
ements of surface-pressure fluctuations during supersonic 
a were recorded for Mach numbers from 0.35 to 2.45 with two 

em. Pressure and force data necessary to compute similarity param- 
required for nondimensionalization of the boundary layer, and pres- 

~ ~ ~ ~ a ~ ~ ~ ~ s  were measured simultaneously at each location with boundary-layer 
friction gages. Measurements were made at two different locations - A microphone ar ray  was used at one location and a single microphone 

a, from the a r ray  are presented in this report in terms of estimated 
isity, coherence function, and convection velocities. 
are presented in terms of estimated power spectral densities. 

Data from the 

the general similarity of the turbulent boundary-layer surface-pressure- 
s, data of this study are compared with wind-tunnel-wall data from refer- 
-tunnel and flight data from reference 2. 



SYMBOLS 

Physical quantities in this report are  given in the International System of' Units (S 
and parenthetically in U . S. Customary Units. Calculations and measurements were e 
in Customary Units. Factors relating the two systems are presented in reference 6. 

local skin-friction coefficient 

frequency, Hz 

pressure altitude, m (ft) 

local Mach number 

nondimensional power spectral density, log x 1 0  

root-mean-square value of surface-pressure fluctuations 

hN/m2 (lb/ft2) 

estimated power spectral density as a function of circiz 
2 2  (hN/m ) see ((lb/ft2)'sec) 

local dynamic pressure, hN/m (lb/ft ) 

Reynolds number per unit length, m-l (ft-l) 

total temperature, K ( R) 

local velocity, m/sec (ft/sec) 

narrow-bad-convection velocity, m/sec (&/see) 

2 2 

angle of attack, deg 

coherence function (ref. 7)  

boundary-layer-displacement thickness , m (ft) 

boundary-layer -momentum thickness, m (ft) 

phase angle, rad 

nondimensional frequency, logl0(% x 104) (ref. 2) 

separation distance between transducers, m (ft) or  ern (in. ) 



J 
W 

2 2 skin friction, hN/m (lb/ft ) 

ondimensional frequency, log 

circular frequency? Znf, rad/sec 

free stream 

UIPMENT AND ~STRUMENTATIQN 

XB-7 0 Airplane 

e ,  designed for Mach 3 cruise flight, was used as the test-bed 
graph of the airplane is shown in figure 1, and a three-view 
ns, is shown in figure 2. The design gross weight of the air- 

0 of 227,000 kilograms (500,000 pounds). It has a thin, low-aspect- 
t delta wing (65.6") with downward folding wing tips, twin movable 

von surfaces for pitch and roll control, a movable canard with 
IS, and twin inlets integrated into a propulsion nacelle beneath the 
1 is provided by six YJ93-GE-3 engines each with a thrust of approxi- 

(30,000 pounds) for standard sea-level conditions. A more 
e airplane is included in reference 8. 

Surface- Pressure- Fluctuation Transducers 

of transducers, Kulite and Photocon, were used to measure the surface- 
ations. Pertinent details about the transducers a re  presented in table 1. 

~ ~ e r i ~ ~ t ~ o n  of the calibration and the experimental results obtained with these 
eers are presented in reference 5. 

Instrumentation Locations 

airplane were chosen for surface -pres sure-flue tuation 
erline on the lower surface under the cockpit; and the 
short distance forward of the vertical stabilizer. The 
easurement locations a re  indicated in figure 2. These 

ed because of the relatively undisturbed, clean flow conditions in 
ilability for use. 

of the instrumentation at  location 1 are  shown in figure 3. The 
d boundary-layer rake were used to obtain local boundary-layer-flow 
'The skin-friction gage was used primarily in another program. The 
gage are  described in reference 9. A sketch of the transducer arrays 
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in figures 4(a) 4(b). The transducers were p 
e r  to minimize the number of displacement in 

adequately define the surface -pressure- ctuation field. 

ce boundary-layer separation was installed at lo 
d be made in a region of separated flow. Photo 

e 5. The fence, whi 
transducer location 

er (1 foot) wide, and 0.002 meter (0.08 

dary-layer ins t rumen~t ion  at locati 
t that only one surface-pressure-fl 

as similar to that at 
n transducer was us 

graphs of the installation a re  shown in figure 6 .  

DATA ACQUISIT 

The surface-pressure-fluctuation data were recorded onboard the ai 
analog tape recorder. A tape speed of 1.52 meters (60 inches) per sec Y- 
modulated record amplifiers provided a frequency response of 0 to 20, 
second and a dynamic range of 50 decibels. A single-stack, 14-channc 
recording head was used to minimize skew. (Cross-power s 
simplified if skew o r  phase between tracks is minimized. ) 

The data from location 1 were reduced at the NASA Ames Researc 
hybrid analog-digital com system (ref. 10). The statistical accuiracy of t 
varied with frequency, as ated by the normalized standard e r rors  
terms of percentage in table 2 (adapted from ref. 11). Normalized si; 

Variance Of le mean x 100. According to r e  defined as the 
normalized standard e r r o r  can be determined by using the following fo 

Power spectral densities, cohere 1 
(Filter bandwidth) (Averaging time) * 
narrow-band-convection velocities, and overall pressure-fluctuation lg 
tained by using this analysis system. 

True mean ,",,re value 

Estimated power spectral densities of the surface-pressure fl 
location 2 were determined by using a Federal Scientific UA-6 spe 
a range of 0 to 20,000 hertz. With this analyzer, 500 40-cycle wide 

ensemble averaging of 64 samples were used to obtain 128 degrees o e 
mated power spectral density data a re  presented as smooth cur 

fairings of the analyzed results. These power spectral density dat 
the NASA Flight Research Center. 

ayer-flow data were recorded on magnetic tape and we're 
la ye r- momentum thic h e  s s , 0, boundary- layer - dis pla ce 
r, M, velocity, U, dynamic pressure, q, and skin-fri 

Cf using methods outlined in reference 9. Additional boundary-layer d 

sented in reference 9. Stagnation temperature was assumed to be const 
pressure was assumed to be constant throughout the boundary layer. 
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FLIGHT-TEST CONDITI 

steady-state flight-test conditions by monitoring velocity and 
ed invariant to within 

conds. The flight-test conditions 
econd (386 to 2285 feet per second), altitudes from 888 to 
0 feet), and corresponding Mach numbers from 0.35 to 
were obtained during two flights. 

ESULTS AND 

w parameters used in this analysis are  given in tables 3 and 4 for 
ea 

ower Spectral 

ed power spectral density data obtained from the Kulite trans- 
r all the flight-test conditions are  presented in figure 7. The 

atic drawing of the transducer array. Except fo r  the data from 
0.60, there a re  no clear indications that a maximum value of 

has been determined. This was not unexpected; similar 
a Photocon transducer in the study of reference 5. 

lite transducers (ref. 5 )  indicated 
densities in the Kul sducer 
surface-pressure- 
by the presence of the transducers. 

ion field rather than to a surface 

pectral density data obtained from the Photocon trans- 
d in figure 8. a are  shown for only three of the 

, the transducer system mal- 
on was not established conclusively, it 
de environment and the Pho 

in laboratory tests were unsuc 
re- 

to be a clear explanation of the ifferences in the power 
ed from the three Photocon tr 

and -0.001 inch), a surface interaction effect night have 
eies. (See references 1 and 5. ) 

sducers for any one test 
gh the surface flushness of each transducer was held to 0.000 and 

hotocon transducer a t  location 2 are presented in figure 9. 
r e  9(a) are  believed to have been affected by engine noise. 

corresponds to the fundamental frequency produced by 
compressor. The absence of engine noise at the lower 
ed definitively, but it may have been caused by a change in the 
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propagation path of the sound. The supersonic data from location 1 4: 
to the supersonic data from location 2 in figures 9(a) to 9(c). The fr 
range for these data was limited at the lowest frequencies because of 
analysis of the Federal Scientific UA-6 spectrum analyzer. 

The nondimensionalized power spectral density data obtained at lo 
Kulite transducers are presented in figure 1 0  and from the Photocon t 
figure 11. These data are compared with results of other experiment 
Bies (ref. 2) and wind-tunnel data from reference 5.  

The data obtained with the Kulite transducers (fig. 10)  agree with the 
spectral density prediction of reference 2 and the wind-tunnel data of refe 
should be noted that the reference 5 wind-tunnel tests were for supersoni 
bers only. 

The data from the Photocon transducers (fig. 11) show good ag 
reference 2 power spectral density prediction for supersonic Mach 
the wind-tunnel data of reference 5. The subsonic data obtained from 
transducers a re  somewhat lower than the prediction. 

The location 2 data presented in figure 12 were obtained for sevc 
with one Photocon transducer. The results appear to be higher than the 
data summarized by Bies in reference 2. This is not unexpected; other 
summarized by Bies have also been higher. Bies indicated that this 
data could have been caused by surface roughness and protuberances 
flow length. Similar effects are believed to be responsible in this 

Coherence Functions 

A coherence function is used to obtain a measure of the decay of a 
fluctuation as it travels downstream. The coherence function between 
ducers is determined by obtaining the square of the absolute magnitude 
spectral density and dividing this value by the product of the power spe 
from each transducer. (See page 103 of reference 7 . )  When the coher 
equals zero at a particular frequency, the surface-pressure fluctuation 
each transducer is said to be unrelated. This implies that the surface 
fluctuation at that frequency has decayed beyond recognition while trav 
trans duc e r  s . 

Coherence functions were determined for three separation distavic 
transducers at location 1. These data a re  shown in figure 13. Over a 
range from 0 .35  to 1.62 (figs. 13(a) to 13(d)), the coherence functio 
becomes zero at some nondimensional frequency above 3.  Just prior 
the coherence function to zero, there is a peak at the mid-nondimens 
The nondimensional frequency at which this peak value occurs incr 
ing Mach number. The maximum value of the coherence function gener 
with an increase in the magnitude of transducer separation distanc 
boundary-layer thickness. The maximum value of the coherence 
largest transducer separation distance occurs at the lowest nondime 
shown. The coherence function for the largest transducer separ 
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secondary maximum at a higher nondimensional frequency, similar 
ice function for the smaller separation distances. Because the value 
nction should be greatest for a nondimensional frequency near zero, 
ion for the smallest transducer separation distances would be larger 
data were available. 

h I. 92 data (fig. 13(e)) the coherence function level is high for  the two 
ion distances over a large frequency range. This relatively high overall 

d to the fact that the angle of attack for these data was lower than for 
ented. A detailed discussion of the variation of boundary-layer 
ght conditions at this location on the XB-70 airplane is presented in 

The coherence functions for  the Mach 1.92 (fig. 13(e)), 2.11 (fig. 13(g)), and 2.21 
e similar to the coherence functions for Mach numbers below 1.92. 
tions for all separation distances for all Mach numbers except 2.24 

r nondimensional frequencies. The reason for this exception is 

Narrow-Band-Convection Velocity 

d-convection velocity represents a series of pressure fluctuations in 
o r  more positions at some frequency. Convection velocity is defined 

re 8) is determined by tan-' (cospectral density divided by quadspectral density, 

e nine flight-test conditions over three transducer separation dis- 
in figure 14. The data appear to be similar. In general, the low- 

ies were convected at the lowest speeds, and a small band of intermediate 
ected at speeds approaching the local free-stream velocity. Con- 
ased at the higher frequencies. Although there was some scatter 
r frequencies, the trends were evident, as shown by the curves. 
Bull' s theoretical discussions of surface-pressure fluctuation pre- 

ards in reference 12: principally, that small-scale turbulence is convec- 
as low-frequency surface-pressure fluctuations to the transducer. 

:in reference 13 that very low convection velocities existed at low 
at convection velocity increased with increasing frequencies, reached 

d then converged to an intermediate value. The data from reference 13 
data are compared in figure 15. The agreement is considered to be 

ake' s data (M M 0.16) showed that the narrow-band-convection veloc- 
ation distances decreased sharply with decreasing frequency and 

iiderably less frequency dependence with increasing separation dis- 
sducers, the data of the present study indicate the same low- 

all separation distances. This seeming discrepancy may be a 
d amount of data available to Blake. 



y (ref. 11) also presented narrow-band-c 
ion field on a body of revolution in a wind 

Fairings of these data a re  compared in figure 16 with 
study having similar v es of .$/6". Again, the data a re  similar; 

anly showed only the high-fr quency trends. They also conclud 
d-convec tion velocity woul converge to free-stream velocity 

cies. 

The effect of a separate region of the surface 

field is illustrated in figure 17. The relative maximums in the v ~ i ~ t i ~  

indicate the location of the s caused by the separated  re^^^^^ 

s indicate the unseparate 

largest levels of q a re  in the region of separ 

C O N C L U D ~ G  RE S 

ements of surface-pressure ~ ~ c t u ~ t i o n s  for nine f 
a local Mach number range from 0.35 to 2.45 we 

on the XB-70 ai ane. These measurements were presented 
sionalized powe pectral densities, coherence functions, and 

The nondimensional~ed power spectral densities eo 
tunnel data obtained by other experimenters. 

T erence function and convection velocity data suppo 
other menters that low-frequency surface-pressure flue 
turbulence components convected at less than free-stream vel 

transducer as long-wavelength pressure fluctuations. 

Flight Research Center, 
National Aeronautics and Space Administration, 

Edwards, Calif., November 13,1972. 
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ree-view drawing of the XB-70 airplane showing locations used for 
we-fluctuation measurements. Dimensions are  in meters (feet). 
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Figure 3. Photographs of the instrumentation at location 1. 
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0 Kul i te  
o Photocon 0.76 --+ 
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(0. 3) 

(a) Instrumentation for normal flow. 

0 Photocon 
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(b) Instrumentation for separated flow. 

rFence 
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K5 P3 

ing the transducer positions in the arrays at location 1. 
signations a r e  indicated below each transducer; dimensions a re  in 
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(a) Plan view. 

(b) Perspective view. 

Figure 5 .  Photographs of location 1 showing the boundary-layer-sepalratio 
inducing fence. 

18 



4 

3 

Q) 

w 
0 

.c, 

W 

19 
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Transducer 

Ob - K 1  
K 2  
K 3  
K 4  
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0 . 
0 K 5  

0 1 2 3 4  
A 

(a) M =  0.35.  

6 r  + +\ 

v 3  t 
21- 1 

u 
0 1 2 3 4 5  

h 

1 

Ililrl 
0 1 2 3 4 5  

A 

(b) M =  0.60. (c )  M = 1.10. 

Figure 7 .  Nondimensionalized power spectral density data obtained from 
Kulite transducers at location 1. 
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(g) M =  2.11, 
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d = 2.21. 
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0 1 2 3 4 5  

A 

(i) M = 2.24. 

Figure 7. Concluded. 
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(a) M =  0 .35 .  
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Flow 
Transducer I 

P 1  0. - 

0 1 2 3 4  
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(b) M = 0.60. 

-. 

0 1 2 3 4  
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(e) M = 1.10. 

e o--- P 3  

Figure 8. Nondimens ionaliz ed power spectral density data obtained f ro  
Photocon transducers at location 1. 
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(a) M = 0.40 to 1.10. 

6 -  

4 -  

2 -  

M 
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A 

(b) M = 1.65 t o  2.12. 

M 

6 

4 

F 
2 

2. 28 
2. 34 
2.45 

--_- 
_.-- “.e, 

0 1 2 3 4 5 6 
A 

(c) M = 2.28 to 2.45. 

re 9. Nondimensionalized power spectral density data obtained 
from the Photocon transducer at location 2. 
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Prediction (ref. 2) 
Data spread (ref. 2) 
Reference 5 Kul i te  data 
Present data (M = 0.35 to 2.24) 

- --_. 

0 1 2 3 4 5 6 
A 

Figure 10. Comparison of nondimensionalized power spectral density data obtai 
from the Kulite transducers at location 1 with results from references 2 5 .  
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e 11. Comparison of nondimensionalized power spectral density data 
ned from the Photocon transducers at location 1 with results from ref- 

erences 2 and 5 .  
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~ r 3  Data spread  
Prediction 

p7h P r e s e n t  data (M = 1.10 to 2. 

1 2 3 4 5 6 
A 

Figure 12. Comparison of nondimensionalized power spectral density data f ro  
location 2 for Mach numbers of 1.10, 1.65, 1.94, 2.12, 2.28, 2.34!, and 2-45 wit 
results from reference 2. 
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(a) M =  0 . 3 5 .  
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9. 98 

- _ _ -  
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0 1 2 3 4 5 * 
(b) M =  0.60. 

0 1 2 3 4 5 
1 

(c) M = 1.10. 

3 ,  Coherence function plots of surface-pressure fluctuations at location 1 for 
ces of 1.27, 3.05, and 5.86 cm (0.5, 1.2, and 2.3 in. ). 
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Figure 13. Continued. 
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Figure 13. Concluded. 
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om.parison of surface-pressure-fluctuation narrow-band-convection- 
with similar data from reference 13. 
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Figure 16. Comparison of surface-pressure-fluctuation narrow-band-eo 
velocity data with similar data from reference 11. 
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