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EXPERIMENTAL PRESTON TUBE AND LAW-OF-THE-WALL STUDY 


OF TURBULENT SKIN FRICTION ON AXISYMMETRIC BODIES 


AT SUPERSONIC SPEEDS 


By Je r ry  M. Allen 

Langley Research Center 


SUMMARY 


An experimental Preston tube study has been conducted in the turbulent boundary 
layer of a Haack-Adams body of revolution with a fineness ratio of 10 at free-stream 
Mach numbers of 2.50 to  4.50 and a free-stream Reynolds number, based on body length, 
of 9.15 x lo6.  The agreement between the Preston tube measurements and theoretical 
calculations of skin friction is good at the lower Mach numbers but becomes progressively 
worse at the higher Mach numbers. 

Integration of the Preston tube skin-friction distributions over the body surface 
resulted in average skin-friction coefficients which were, at all Mach numbers, consid­
erably below the values obtained from the difference between measured total drag and 
wave drag. 

Law-of-the-wall skin-friction values were obtained from velocity profiles taken on 
the same Haack-Adams body and from profiles given in literature on a parabolic-arc body 
of revolution (NACA RM-10)and two slender cones. The skin-friction results were simi­
lar to  those obtained from the Preston tube surveys at comparable Mach numbers; that is, 
the results show good agreement with theory over the rearward part  of the bodies but 
become higher than theory as the nose of the body is approached. 

INTRODUCTION 

The most direct method of testing the validity of Preston tube calibrations or law­
of-the-wall theories is to compare the skin-friction results calculated from these methods 
with direct  skin-friction measurements. In flow over a flat plate, the direct skin-friction 
measurements can be obtained with floating-element skin-friction balances so that the 
comparisons can be made relatively easily. (See refs. 1to  3, fo r  example.) In flow over 
a nonflat plate, however, floating-element-balance measurements are not convenient 
because the balance sensing element must match the body curvature, which generally 



requires a different balance for each measuring station; hence, the motivation exists for 
comparison with other indirect techniques. 

Both the Preston tube and law-of-the-wall methods use pressure measurements 
taken in the logarithmic part  of the boundary layer, which is reported to be insensitive to 
changes in pressure gradient in incompressible flow. (See ref. 4.) That is, although 
pressure gradient affects the local skin friction, other parameters in the logarithmic law 
a r e  affected in a manner to  keep the law unchanged in the lower part  of the boundary 
layer. Therefore, the law should yield correct skin-friction results in incompressible 
pressure-gradient flow, and by analogy the compressible law might be expected to  do the 
same under pressure- gradient conditions. 

This study was conducted to test  the compressible Preston tube and law-of-the-wall 
methods in axisymmetric flow. Because of the difficulty in obtaining direct local skin-
friction measurements in axisymmetric flow, theoretical calculations and total drag 
measurements were used as a basis of comparison. 

The test  model used in this study was a Haack-Adams body of revolution with a 
fineness ratio of 10 on which Preston tube and velocity-profile data were obtained at 
seven longitudinal locations. Local skin-friction values were calculated directly from 
the Preston tube measurements and somewhat more indirectly from the velocity profiles 
by using the law-of-the-wall theories. In addition, law-of-the-wall skin-friction results 
were obtained from the velocity profiles published in reference 5 which were taken on a 
slender body of revolution (NACA RM-10) and on two slender cones. 

SYMBOLS 

a speed of sound 

C F  average skin-friction coefficient, DF/qmS 

cf local skin-friction coefficient, Tw/qe 

D F  friction drag force 

d outside diameter of probe tip 

1 model length 

M Mach number, u/a 
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. . .  



P static pressure 


pt,2 total pressure behind normal shock wave 


(4 dynamic pressure,  2 'pM2 


R unit Reynolds number, p u
e +  pe 

RZ Reynolds number based on body length, PeUe2/pe 

RX Reynolds number based on streamwise coordinate, PeueX/p 


RY Reynolds number based on normal coordinate, peuey/p e 


r body radius 


S wetted a rea  


T absolute temperature 


U velocity in x-direction 


X streamwise coordinate 


Y normal coordinate 


Y ratio of specific heats 


E.l absolute viscosity 


P density 


U scaling parameter in Baronti- Libby transformation theory 


7 shearing s t r e s s  


Subscripts: 


aw adiabatic wall 


3 



BL 

e 

FS 


HK 

max 

t 

W 

determined by Baronti- Libby method 

local conditions just outside boundary layer 

determined by Fenter-Stalmach method 

determined by Hopkins-Keener method 

maximum 

f ree  s t ream stagnation 

wall 

f ree  s t ream 

A bar over a symbol represents a transformed quantity. 

APPARATUS AND TESTS 

Wind Tunnel 

This study was conducted in air in the high-speed test  section of the Langley Unitary 
Plan wind tunnel described in reference 6. This variable-pressure, continuous-flow tun­
nel has an asymmetric sliding-block nozzle that permits a continuous variation in the 
test-section Mach number from 2.30 to 4.63. The nominal operating stagnation tempera­
ture  is between 339' and 353' K. The test  section is approximately 1.22 meters wide by 
1.22 meters high by 2.13 meters  long. 

Model 

A Haack-Adams body of revolution with a fineness ratio of 10 constructed of alumi­
num was  used as the test  model. This model was one of the six bodies used in refer­
ence 7. A sketch of the model, the model profile equation, and a list of model coordinates 
can be found in table I. The model is 91.440 cm long and has a ratio of base cross-
sectional a r ea  to maximum cross-sectional a rea  of 0.532. A single row of static-pressure 
orifices is located along the length of the body; at the 17.780- and 66.040-cm stations, ori­
fices were located 90' apart around the body. The model was sting mounted from the 
rear. 
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Tests and Instrumentation 

The free-stream test conditions a r e  summarized in the following table: 

M, Tt, OK R,, cm-1 

2.50 339 0.1 x 106 9.15 X lo6 
2.96 339 .1 
3.95 353 .1 
4.50 353 .1 

Approximately 30 minutes was allowed between the establishment of supersonic 
flow and the recording of experimental data to insure that pressure and temperature con­
ditions in the test  section had reached equilibrium. For these test conditions, the con­
ductive and radiative heat transfer from the model should be small  compared with the 
aerodynamic heating; hence, equilibrium model temperatures were assumed to be 
adiabatic. 

Preston tube surveys were made at seven longitudinal stations (table I) for  each of 
the test  Mach numbers. Velocity-profile surveys were obtained for M, = 2.96. Model 
static-pressure distributions were obtained for each of the test  Mach numbers. 

The Preston tube consisted of a stainless-steel tube with an outside diameter of 

0.71 mm Inside diameter = 0.58) connected to a shaft which ran through the tunnel side-
diameter 

wall. (See fig. 1.) The tube position normal to the model center line w a s  controlled man­
ually from outside the tunnel by a traversing mechanism connected to the probe shaft. 
The model-surface position w a s  determined by electrical contact between the model and 
the probe, and the distance above the model surface (needed for the velocity-profile sur­
veys) w a s  determined from the surface contact point and a dial indicator connected to  the 
probe shaft. The different survey stations were reached by moving the model in the 
streamwise direction. 

Preston tube data were taken with the probe in contact with the model surface. The 
probe was then traversed to the edge of the boundary layer (determined by negligible 
change in impact pressure), and a second data point was recorded in order to determine 
local free-stream conditions. 

The impact-pressure surveys were obtained by replacing the Preston tube with a 
small, flattened boundary-layer probe (fig. 1) and recording 10 to 15 data points through 
the boundary layer instead of just the wall and local free-stream points. 
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The pressures  from these impact probes were sensed by three pressure trans­
ducers, the ranges of which were 0 to  0.34, 0 to 0.68, and 0 to  1.02 atmospheres 
(1atm = 1.013 X 105 N/m2). In this manner the gage having the smallest  possible range 
could be used for maximum accuracy. 

The impact probes were bent approximately parallel to  the model surface at the 
first station. Because of the longitudinal curvature of the model, however, the impact 
surveys at the other stations were made with the probe at small  angles to the local sur­
face slope. The largest angle, occurring at station 6, was approximately loo. A check 
run was made at station 6 with the probe bent parallel to the model at that station. A 
comparison of the two surveys revealed that the small  angles at which the probe was 
inclined to the model had a negligible effect on the results of this test. 

The model static pressures  were measured by connecting the orifices to valves 
which were sampled in sequence by a single transducer. The static-pressure data were 
recorded with the model moved upstream of the impact probe to insure that no probe 
interference was present. Static-pressure distributions taken on the same model at the 
three lower Mach numbers a r e  given in reference 7,  in which the model was not moved 
upstream to obtain the data. Comparing the pressures  recorded in the present study with 
those of reference 7 revealed that moving the model had a negligible effect on the static-
pressure distributions. 

All pressures  were recorded at zero angle of attack, which was obtained by adjusting 
the model until the static pressures  at the four circumferential orifices at the 17.780-cm 
station were balanced. The impact-pressure surveys were made along a ray 180° from 
the single row of static-pressure orifices. The static-pressure data were recorded with­
out a transition s t r ip  on the model s o  that the static pressures  measured near the nose of 
the model would not be influenced by the roughness elements. Boundary-layer transition 
was fixed near the nose for the impact-pressure surveys by placing a 0.32-cm-wide band 
of No. 60 carborundum grit 1.27 cm from the nose of the model. Static-pressure data 
were also recorded with the transition s t r ip  on the model to verify that the turbulent 
boundary layer did not affect the static-pressure distribution. The grit-on and grit-off 
static-pressure data were in excellent agreement over the entire length of the model 
except in the region immediately downstream of the transition strip.  In this region, the 
transition s t r ip  caused a sharp decrease in pressure.  

Examination of the velocity profiles obtained from the impact-pressure surveys 
revealed that the velocity-profile index at station 1 (x/Z = 0.1389) w a s  approximately 7; 
therefore the establishment of fully turbulent flow at the most forward station was sub­
stantiated. Both the static and the impact pressures were digitized and recorded on 
punched cards to  expedite data reduction. 



-- 

DATA REDUCTION 

The static-pressure distributions obtained on the model are shown in figure 2. 
Impact pressures were combined with the appropriate static pressures to obtain values 
of local Mach number from the Rayleigh pitot formula: 

-Y -1 

This procedure requires the usual assumption of constant static pressure across  the 
boundary layer. 

Velocity ratios are related to Mach number and temperature by 

where 

and 

Tt,e - 1 + -
Te y - l  Me J2 

For the data obtained in this investigation, velocity ratios were calculated by assuming 
that the total-temperature distribution through the boundary layer was constant and equal 
to  Tt,e. This assumption used with equations (2) and (3) results in 

(4) 

This constant-total-temperature assumption is, of course, only an approximation 
to  the t rue temperature distribution and has its largest inaccuracy near the wall since the 
total temperature must approach recovery temperature in this region. For the highest 
Mach number in this study (M, = 4.50), the recovery temperature is approximately 10 per­
cent lower than the free-stream total temperature. If equation (2) had been used instead 
of equation (4), the velocity ratios in the immediate vicinity of the wall would have been 
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approximately 5 percent lower. These lower velocity ratios would have resulted in a 
decrease in skin-friction coefficients of about 10 percent in the immediate wall region 
from calculations using the equations presented and discussed in the next paragraph. It 
was believed, however, that no increase in accuracy would have resulted from use of a 
more accurate temperature distribution through the boundary layer since the constants 
in these equations were themselves derived from data in which this constant-total­
temperature assumption had been made; hence equation (4)was used in this paper to 
calculate velocity ratios. 

Local skin-friction coefficients were calculated from the experimental data by using 
the Preston tube calibration of Hopkins and Keener (ref. l),the law-of-the-wall theory of 
Baronti and Libby (ref. 2), and the method of Fenter and Stalmach (ref. 8) which is used 
both as a Preston tube calibration and as a law-of-the-wall theory. The inputs required 
for these methods are the local flow conditions in the form of Me, R, Tt, and Tw/Te 
and the experimental data in the form of U/Ue and y. In the Preston tube calibrations, 
y is simply half the probe diameter. The equations (in the notation of the present paper) 
obtained from reference 3 a r e  as follows: 

Hopkins- Keener equation: 

+ 0.035Me2 + 0.45 -Tw)0'466(I't+ 199 + 
Te 

Cf = 
0.884 0.233 

(5) 
+ 0.035TtMe2 + 0.45Tt -Tw + 199 + 39.8Me 

Te 

-

Fenter-Stalmach equation: 

and Baronti- Libby equations : 

~e + (1+ 0.2Me2 -9­ue = 1 . 7 1 8 F  1oge[.3fi(3Ft ly[$ Te Ue - 0.2Me2($-7'd$ (7) 
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and 

Tt + 199 + 39.8Me2 ­-
‘f =ETw Cf -Tt + 199 + 39.8Me2 j l  

Te 

where 

+ 0.2Me2 - e)‘Pt& -
T 

7.50 - 11.24Me2cfTt + 199 + -
T$$fi 

“Pe ­

7.50(, + 0.2Me2 -
P b+ 

The Hopkins-Keener equation is directly solvable fo r  Cf, whereas the Fenter-Stalmach 
equation requires iteration. In the Baronti-Libby method, equations (7)and (9) are used 
to  solve, by iteration, for  Ff which is used in equation (8) to solve fo r  Cf. The tech­
nique for using these equations with Preston tube measurements is simply to  calculate, 
f rom the Hopkins-Keener and Fenter-Stalmach equations, skin-friction values for each 
data point. 

The law-of-the-wall technique, however, usually requires an interpolation process, 
which can best be described with the aid of figure 3. This figure, an illustration of the 
interpolation process, contains the experimental velocity profile taken at station 5 on the 
test  model. The plane in which this profile is plotted is required by the Baronti-Libby 
law. A different plane would have been used if the example had illustrated the Fenter-
Stalmach law, but the interpolation process would have been the same. 

Also shown in figure 3 a r e  the curves calculated from the Baronti-Libby equations. 
Each curve represents a constant value of skin friction; the Cf increment between the 
curves is approximately 0.0001 (which, for a Mach number of 2.96, is an increment of 
exactly 0.0002 in . The value of wall  skin friction is found from the experimental 

f)
data and the Baronti-Libby curves by interpolating between the curves in the range where 
the data become approximately parallel to the curves. This interpolated value of cf is 
shown by the dashed line in figure 3.  

This technique requires a separate plot for each local free-stream Mach number 
and becomes very tedious when a large number of profiles are involved. The same result 
can be obtained without plotting by using the computer calculation technique described in 
reference 3. This technique was used to  obtain the law-of-the-wall skin-friction results 
presented in this paper and is described briefly as follows. 

The computer program is used to calculate skin-friction values for each point in 
the profiles by using the Baronti-Libby and Fenter-Stalmach equations. The correct wall 
skin-friction values were found by observing the trend of Cf through the profile and 
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noting where Cf became relatively constant. The Cf values becoming constant is 
equivalent to the data being parallel to  the law-of-the-wall curves in the plotting tech­
nique. The correct wall  skin-friction value is then chosen from this constant-skin­
friction region. 

Total skin-friction values were obtained by integrating the local skin-friction dis­
tributions over the wetted area of the body as follows: 

By definition 

maxDF TW dS 

Substituting the definitions 

TWCf I 	­
qe 

and 

into equation (10) yields 

RESULTS AND DISCUSSION 

Skin Friction on Haack-Adams Body From Preston Tube Survey 

The local skin-friction distributions obtained from the Preston tube surveys on the 
Haack-Adams body are shown in figure 4 and a r e  listed in table II. The theory used for 
comparison with the data is that of reference 9. For  all four Mach numbers, the Hopkins-
Keener results a r e  higher near the nose of the model than the Fenter-Stalmach results 
but a r e  lower over the rearward part of the body. It should be emphasized that at each 
model station both the Hopkins-Keener and Fenter-Stalmach skin-friction values were 
obtained from the same experimental measurements; thus, the disagreement between the 
two values is the result of differences in the calibrations. 

The general trend of the data, except near the nose and base of the model, seems to 
follow the theory, but the absolute agreement becomes progressively worse with increasing 
Mach number. The rapidly increasing experimental skin-friction values near the nose of 
the body could be caused by several  factors: 
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(1)The thin boundary layer in this region results in a ratio of probe diameter to 
boundary-layer thickness which could be too large to  give accurate Preston tube 
measurements. 

(2) If boundary-layer transition did not occur for a short distance downstream of 
the tr ips,  the skin-friction values near the nose would tend to be higher than where turbu­
lent flow was established at the nose. 

~ (3) It can be seen from figure 2 that the region of largest pressure gradient on this 
model occurs near the nose. If Preston tube calibrations do not properly account for 
pressure gradients, the most inaccurate results would be in this nose region. 

Figure 2 also shows that a region of slight adverse pressure gradient occurs near 
the base of the model. The theory predicts a pronounced decrease in skin friction in 
this region, which seems reasonable since an adverse pressure gradient promotes 
boundary-layer separation and the skin friction must decrease to  zero at separation. 
The data, however, do not follow this trend. In fact, at the higher Mach numbers skin 
friction tends to increase near the base. 

Shown in figure 4 are flat-plate skin-friction curves calculated from the axisymmet­
r ic  theory of reference 9 by using the free-stream values of Mach number and Reynolds 
number. The level of the Preston tube measurements appears to be more accurately 
predicted by the flat-plate theory than by the axisymmetric theory. If these theory curves 
a r e  accurate, it appears that the Preston tube calibrations do not properly account for the 
effects of pressure gradient and axisymmetric flow on skin friction. 

Also shown in figure 4 a r e  average skin-friction values for each of the Mach num­
bers .  The theoretical average skin-friction values were obtained from equation (12) sim­
ply by integrating the theoretical local skin-friction distributions over the surface wetted 
area.  The average flat-plate skin-friction values were similarly obtained by integration 
of the local flat-plate skin-friction distributions over a flat surface, the length of which 
was equal to the length of the model. 

The average skin-friction values calculated from the Preston tube measurements 
were obtained by integrating the experimental local skin-friction distributions shown in 
figure 4 over the surface wetted area.  The distributions were extrapolated from the first 
station to the nose of the body by assuming conical flow in this region and calculating the 
skin-friction distributions from slender-cone theory. Also, the distributions between the 
r ea r  station and the end of the body were obtained by extrapolating the experimental dis­
tributions to the end of the body. 

Figure 4 also shows the average skin-friction values obtained from reference 7 by 
determining the difference between the total drag of the body, measured with an internally 
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mounted strain-gage balance, and the experimental wave drag, obtained by integration of 
the pressure distribution over the model surface. Trip drag was assumed to be negligi­
ble. Reference 7 did not contain any data at M, = 4.50; therefore, the value of CF for  
this Mach number was obtained by extrapolating the data from the other three Mach 
numbers. 

Figure 4 shows that the average skin friction obtained by this indirect measurement 
was higher than that obtained from theory or from integration of the Preston tube results.  
One possible explanation for  this discrepancy is the fact that the model used in this test 
is a low-wave-drag body. In making force balance measurements with an internally 
mounted gage, a correction is usually applied to  the measured drag to account for the 
drag forces felt by the base and internal parts of the model. On a general model, this 
correction te rm is a small  part of the measured drag. Because the measured drag on 
this model was  small, however, the correction te rm was a significant part of the total 
drag. It was, in fact, of the same order as the skin-friction drag. Any appreciable 
e r r o r s  in the calculation of this correction term,  therefore, would result in a similar 
e r r o r  being introduced into the average skin-friction coefficient. As a result of the 
Preston tube and flat-plate-theory local skin-friction distributions being in reasonable 
agreement, the average skin-friction values a r e  in reasonable agreement. It is inter­
esting to note that comparable results were obtained in reference 5 on a similar body. 

Skin Friction Determined From Law-of-the- Wall Surveys 

Haack-Adams body.- Velocity profiles were obtained on the Haack-Adams body at 
all seven stations at M, = 2.96. Local skin-friction coefficients were calculated from 
these profiles by using the law-of-the-wall techniques of Baronti and Libby (ref. 2) and 
Fenter and Stalmach (ref.  8), and the results are shown in figure 5 and listed in table III. 
Over the rearward part  of the body, the two methods a r e  in good agreement with each 
other and with the theory presented in reference 9. This good agreement between the 
Baronti- Libby and Fenter-Stalmach methods was also reported in reference 3 m)which 
the results from a large number of flat-plate profiles were analyzed. Figure 5 shows 
also that the skin-friction values obtained by law-of-the-wall methods were generally 
higher than those obtained by the Preston tube methods. 

NACA RM-10.- Local skin-friction values were also determined by these law-of­
the wall  techniques from velocity profiles presented in reference 5. The models used 
were two slender cones and a slender parabolic-arc body of revolution (NACA RM-10). 
The law-of-the wall  results on the RM-10 a r e  shown in figure 6. The theory curves were 
calculated by the same method used for the theory calculation for the Haack-Adams body -
that of reference 9. 
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Also shown in figure 6 are experimental results, obtained from reference 5, derived 
from momentum-thickness measurements by using a modified Reshotko and Tucker equa­
tion. The overall results are similar to  those obtained on the Haack-Adams body at the 
lower Mach numbers; good agreement is shown among the different methods of obtaining 
local skin friction. 

Slender cones.- Figure 7 shows the results obtained from the velocity profiles pre­
sented in reference 5 for two slender cones. The flat-plate theory of Spalding and Chi 
(ref. 10) and slender-cone theory (approximately 18 percent above flat-plate theory) a r e  
shown for comparison, as a r e  the experimental results obtained from reference 5, which 
were derived from momentum-thickness measurements (fig. 7(c)). 

Good agreement is seen between the law-of-the-wall results and theory at the higher 
Reynolds numbers, but the law-of-the-wall results a r e  higher than theory at the lower 
Reynolds numbers. The same trend was noted in the law-of-the-wall results of the 
Haack-Adams body and the NACA RM-10 but is not present in the momentum-thickness 
results of figure 7(c). Since the static pressure is constant over the surface of these 
cones, the increasing skin-friction values near the nose a r e  not caused by pressure-
gradient effects on the Preston tube calibration. 

CONCLUDING REMARKS 

An experimental Preston tube and law-of-the-wall study has been conducted in the 
turbulent boundary layer of a Haack-Adams body of revolution with a fineness ratio of 10 
a t  free-stream Mach numbers of 2.50 to 4.50 and a free-stream Reynolds number, based 
on body length, of 9.15 X lo6. The conclusions to be drawn from this study necessarily 
suffer from the lack of a solid, reliable base - preferably direct measurements - with 
which to  compare the indirect methods of determining local skin friction on a pressure-
gradient body of revolution. Since the results of these several  indirect methods did not 
agree over the entire length of the body, i t  is impossible from the present data to assess  
the overall accuracy of the Preston tube and law-of-the-wall methods under these flow 
conditions. Several specific observations, however, can be made about the results of 
the present study: 

The agreement between the Preston tube measurements and theoretical calculations 
of skin friction is good at the lower Mach numbers but becomes progressively worse at 
the higher Mach numbers. 

Integration of the Preston tube skin-friction distributions over the body surface 
results in average skin-friction coefficients which are, at all Mach numbers, considera­
bly below the values obtained from the difference between measured total drag and wave 
drag. 
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Law-of-the-wall skin-friction results obtained from velocity profiles taken on the 
same Haack-Adams body of revolution a r e  generally higher than those obtained from the 
Preston tube surveys at the same Mach number. Results obtained from velocity profiles 
given in literature for a parabolic-arc body of revolution (NACA RM-10) and two slender 
cones are similar t o  those obtained from the Preston tube surveys at comparable Mach 
numbers. These results show good agreement with theory over the rearward part  of the 
body but become higher than theory as the nose of the body is approached. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., December 3, 1969. 
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TABLE I.- MODEL INFORMATION 


Station 1 2 3 4 5 6 7 

I I I I I I I 

Model profile equation 

+ 0.16934 cos-'(l 

where 

and 

0.1389 
.2778 
.4167 
.5556 
.6944 
.8333 

7 .9722 

-9) 

rmax= 4.572 cm 

1 = 91.44 cm 

Model coordinates 

x, cm r, cm x, cm r, cm 

0 0 
_ _ _ _  

38.100 4.308 
.254 .137 40.640 4.392 
.508 .234 43.180 4.458 
. I62 .320 45.720 4.511 

1.016 .396 48.260 4.547 
1.270 .470 50.800 4.567 
1.524 .538 53.340 4.572 
1.778 .602 55.880 4.562 
2.032 .663 58.420 4.539 
2.286 .I24 60.960 4.501 
2.540 .I82 63.500 4.450 
3.810 1.049 66.040 4.384 
5.080 1.290 68.580 4.305 
7.620 1.715 71.120 4.216 

10.160 2.085 73.660 4.115 
12.700 2.413 76.200 4.003 
15.240 2.710 78.740 3.884 
17.780 2.974 81.280 3.757 
20.320 3.216 83.820 3.630 
22.860 3.432 85.090 3.566 
25.400 3.630 86.360 3.508 
27.940 3.800 87.630 3.452 
30.480 3.955 88.900 3.401 
33.020 4.089 90.170 3.358 
35.560 4.206 91.440 3.335­
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TABLE II.-PRESTON TUBE DATA FOR HAACK-ADAMS BODY 


Td = 0.71mm; t = 91.44cm; R, = 0.1X lo6 cm-l-
L 

Xation M, Me 	 rt,
3K 

1 !.50 2.3632 139 
2 2.4655 
3 2.5290 
4 2.5625 
5 2.5956 
6 2.5761 
7 2.4588 

1 !.96 2.8241 139 
2 2.9649 
3 3.0264 
4 3.0456 
5 3.0716 
6 3.0771 
7 2.9442 

1 3.95 3.6568 j53 

2 3.9174 

3 4.0597 

4 4.1211 

5 4.1846 

6 4.2322 

7 3.9365 


1 1.5c 4.1085 359 

2 4.3658 

3 4.5879 

4 4.7778 

5 4.8637 

6 4.8626 

7 4.604C 


~ 

Re3 

cm-1 


1.1047X lo6 
.lo13 
.0994 
.0972 
.0961 
.0941 
.0930 

1.1081X 106 
.lo52 
.lo16 
.0977 
.0955 
.0937 
.0928 

1.1128X lo6 
.1106 
.lo64 
.lo08 
.0974 
.0952 
.0863 

3.1163X lo6 
.lo96 
.lo64 
.lo42 
-1011 
.0961 
.0868 

M U/Ue 'f ,HK 'f ,FS 
~ 

1.4788 1.7594 1.002894 1.002801 1.1389 

1.3476 .6969 

1.3295 .6822 

1.2504 .6478 

1.2117 .6288 

1.1194 .5928 

1.0400 .5700 


~ 

1.6620 1.7609 

1.5265 .7062 

1.4194 .6663 

1.3282 .6336 

1.2887 .6176 

1.2191 .5917 

1.1147 .5602 


1.8219 1.7404 

1.6384 .6805 

i.544a .6487 

1.4421 .6166 

1.389C .5983 

1.2319 .5456 

1.149� .5258 


~~ 

1.832';3.7217 

1.604E .6550 

1.4704 .6112 

1.3973 .5851 

1.2843 .5481 

1.1884 .5165 

1.149: .5082 


~ 

.002323 .002356 .2778 


.002194 .002250 .4167 


.001941 .002044 .5556 


.001805 .001928 .6944 


.001595 .OO1747 .8333 


.001505 .001666 .9722 


1.002718 1.002583 1.1389 
.002196 .002198 .2778 
.001891 .OO1967 .4167 
.001682 .001804 .5556 
.001584 -00172E .6944 
.001439 .OO1604 .8333 
.001310 .00148� .9722 

3.002213 1.002123 3.1389 
.OO1685 .OO1744 .2778 
.OO1462 .00157� .4167 
.001287 .00144: .5556 
.001191 .00137t .6944 
.000954 .00116: .8333 
.00094� .001173 .9722 

0	-00190: 3.00187: 0.138E 
.00141� .OO152' .277� 
.OO1153 .00131' .416'i 
.00100: .00119t .5556 
.000854 .00106( .6944 
.000754 .000971 .833f 
.00077E .oo 101! .9724 
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TABLE ID.-VELOCITY-PROFILE DATA FOR HAACK-ADAMS BODY 

@IIm = 2.96; R, = 0.1X lo6 cm-1; Tt = 339' K; Tw/Taw = J 

Station 1 


Me = 2.832 
x/l= 0.1389 

3, = 0.1089X lo6 cm-

Y,cm +e 

~~ 

0.0127 0.5865 

.0254 .6181 

.0381 .7416 

.0635 .8503 

.1143 .9319 

.1651 .9807 

.2159 .9981 

.2667 1.0000 

.3175 1.oooo 

.3683 .9983 

.4191 .9992 


~ ~~ 

Cf,BL = 0.002739 
Cf,FS = 0.002892 

~~ 

Station 2 Station 3 

Me = 2.973 Me = 3.038 
x/Z = 0.2778 x/Z = 0.4167 

3e = 0.1060X lo6 cm- Re = 0.1027X lo6 cm-

Y,c m  +e Y,cm +e 


0.0127 0.5434 0.0127 0.5055 
.0381 .6846 .0508 .7025 
.0635 .7889 .0889 .7830 
.0889 .8307 .1270 .8223 
.1651 .goo0 .2159 .8859 
.2413 .9564 .3429 .9533 
.3175 .9881 ,4699 .9897 
.3937 .9964 .5969 .9968 
.4699 .9981 .7239 .9991 
.5461 .9990 .8509 1.oooo 
.6223 1.oooo .9779 .9984 

Cf BL = 0.002267 Cf,BL = 0.002082 
qFS= 0.002354 Cf,FS = 0.002094 

Station 4 Station 5 Station 6 

Me = 3.050 Me = 3.072 Me = 3.071 Me = 2.935 
x/2 = 0.5556 x/L = 0.6944 x/Z = 0.8333 x/2 = 0.9722 

Re = 0.0983X 106 cm- Re = 0.0957X 106cm- Ze = 0.0933X lo6 cm- 3, = 0.0921X lo6 cm-

E m +e Y,c m  +e U/UeY,c m  U/UeY,cm 
0.44140.0127 0.0127 0.4154 0.39800.0127 0.38950.0127 
.6462.0508 .0635 .6691 .6678.0762 .6489.0889 
.7452.0889 .1143 .7414 .7321.1397 .6973.1651 
.7827.1270 .1651 .7803 .7702.2032 .7544.2413 
.8258.1905 .2159 .8105 .8033.2667 .7879.3175 
.8966.3175 .2667 .8367 .8334.3302 .8204.3937 
.9483.4445 .4699 .9199 .8572.3937 .8626.5207 
.9829.5715 .6731 .9745 .9329.6477 .9290.7747 
.9962.6985 .8763 .9966 .9823.go17 .97481.0287 
.9983.8255 1.0795 .9990 .99781.1557 .99631.2827 
.9990.9525 1.2827 .9997 .99911.4097 1.oooo1.5367 
.99961.0795 1.4859 1.oooo 1.oooo1.6637 .99691.7907 

1.oooo1.2065 .99802.0447 
.99792.2987 
.99762.5527 

Cf,BL = 0.001767 Cf,BL = 0.001656 Cf,BL = 0.001568 

Cf FS = 0.001775 Cf FS = 0.001652 Cf FS = 0.001563 
9 9 
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B o u  n d a  r y - l a y e r  p r o b e  t i p  

Figure 1.- Probe sketches. Al l  dimensions are in mil l imeters. 
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Figure 2.- Stat ic-pressure distr ibut ions on Haack-Adam body. 
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Figure 3.- Law-of-the-wall interpolation technique w i th  experimental velocity profi le obtained at station 5. M, = 2.96. (Ef increment between curves i s  0.0002) 

I 



E x p e r i m e n t  

T h e o r y  
-R e f e r e n c e  9 
- _  F l a t  p l a t e  ... .. 

n. 
0 ­

\ a. 
c f  

-.0020 \,La=3.95 


.0015- .  0025 

.0010 . 0 0 2 c1

, O 0 O S L .  0015 

0010 

.000: 

0 


0 
-0­

0 0­
\= 4.50 

( e s t i m a t e d ) - - - - - - - ­

u 

0 
0 

U 0 

1 

I .  0 

Figure 4.- Preston tube surveys o n  Haack-Adam body. 
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Figure 5.- Law-of-the-wall results on Haack-Adam body. M,= 2.96. 
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F i g u r e  6.- Law-of-the-wall r e s u l t s  o n  NACA RM-10. 
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(a) Baronti-Libby law of the wall. 

Figure 7.- Slender-cone results. 
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(b) Fenter-Stalmach law of t h e  wall. 

F igure  7.- Continued. 
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(c) Momentum-thickness measurements of reference 5. 

Figure 7.- Concluded. 
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