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Boundary-Layer Pilot and Hot-Wire Surveys at Ma> - 20
M. C. FlSCHER,* D. V. MADDALON,f L. M. WEINSTB1N,* AND R. D. WAGNER JR.*

NASA Langley Research Center, Hampton, Va.

To examine the structure of hypersonic turbulent boundary layers, extensive boundary-
layer Pitot surveys, including preliminary hot-wire, wall pressure fluctuation, and boundary-
layer static pressure measurements, were obtained on the Langley Mach number 20, 22-in.
helium tunnel nozzle wall. Examination of these data indicate that the boundary layer var-
ied from nearly laminar to fully turbulent for the test range of unit Reynolds number from
0.051 to 1.41 X 106/m. (Ree from 0.084 to 0.946 X 104) with the nozzle wall temperature approxi-
mately equal to the freestream total temperature. Measured turbulent velocity profiles
along the nozzle wall were fuller in the near-wall region than profiles predicted by a non-
similar finite difference computation method. Preliminary measurements obtained with a
constant current hot-wire anemometer and interpreted according to the usual linearized
theory indicate mass flow fluctuations as large as 50% and total temperature fluctuations of
5% in the inner portion of the turbulent boundary layer. Static pressure increased rapidly
near the wall to a level approximately 40% above the value at the boundary-layer edge. A
preliminary root-mean-square wall pressure fluctuation measurement was consistent with
existing lower Mach number data.
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Nomenclature
damping function [Eq. (6) of Ref. 11]
voltage fluctuation across hot wire, mv
mass flow sensitivity
stagnation temperature sensitivity
mixing length
.Mach number
pu, Ibm/ft2-sec
pressure, psia
turbulent Prandtl number
Reynolds number
unit Reynolds number
Reynolds number based on momentum thickness
correlation of mass flow and total temperature

fluctuations
sensitivity ratio, Aem/Ae*
local nozzle wall radius, in.
temperature, °R
streamwise velocity, fps
mean hot-wire voltage, mv
normal velocity, fps
distance from tunnel throat along nozzle wall, in.
perpendicular distance from wall, in.
ratio of specific heats
boundary-layer thickness, in.
f °

Jo

C°° pu (' u\
OFF = I —— ( 1 - - 1 dy

JO peUe\ UeJ

BTC = J0
Pe Ue

p = density, lbm/ft3

<f> = local slope of tunnel wall, deg
Subscripts
2 = behind normal shock
e = boundary-layer edge
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I = local value
t = total
w = wall
oo == freestream, ahead of shock

Superscripts
^ = root-mean-square
-,{ } = time average value
prime = instantaneous value

I. Introduction

IN order to predict aerodynamic friction drag and heat
transfer on hypersonic flight vehicles, some understanding

of the structure of the hypersonic turbulent boundary layer is
necessary. A need exists for experimental hypersonic turbu-
lent boundary-layer data to 1) provide test cases for the non-
similar computation methods, 2) aid in developing models for
the turbulent shear and heat-transfer terms in the mean flow
equations, and 3) increase our understanding of turbulent
flows with large density fluctuations. At the present time,
only a limited number of turbulent boundary-layer surveys
are available for local Mach numbers above 15 (e.g., Refs.
1 and 2) and no quantitative measurements of fluctuating
properties in hypersonic turbulent boundary layers currently
exist for Mach numbers above 9.3

In the present study, a comprehensive set of boundary-
layer surveys was obtained at five locations on the wall of a
contoured nozzle in helium at a nominal Mach number of 20
and Tw/Ttta> » 1.0 for a range of freestream unit Reynolds
number from 0.051 X 106 to 1.412 X 106/in. Preliminary
measurements of static pressure through the turbulent bound-
ary layer and root-mean-square (rms) wall pressure fluctua-
tions were also obtained. In addition, preliminary measure-
ments of fluctuating mass flow and total temperature were
obtained with a constant current hot-wire anemometer.

II. Test Facility, Procedures, Instrumentation,
and Corrections to Pitot Data

Test Facility
The present experimental investigation was conducted in

the Langley M « 20 22-in. hypersonic helium tunnel, which
has an axisymmetric contoured nozzle. The test-section
diameter is 22 in. and the freestream Mach number varies
with stagnation pressure from 16.1 at 75 psia to 22.3 at 3015
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WALL PRESSURE MEASUREMENTS (P* « " 75 to 3015 psia)
Fig. 1 Measuring stations along nozzle

wall.
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(Pt «, - 215 to 3015 psia) SURVEYS; RMS WALL PRESSURE FLUCTUATION MEASUREMENT

(Pt «> « 3015 psia) ______________________————————————————

130 139 148
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psia. A detailed description and calibration of the facility is
presented in Ref. 4.

Test Procedures and Instrumentation

Pitot pressure surveys through the boundary layer were ob-
tained in unheated flow at the five nozzle wall locations in-
dicated on Fig. 1. Comprehensive Pitot surveys in the center
of the test section (station 139) were made with a single tra-
versing probe, 0.125-in. in diameter and 0.013-in. wall thick-
ness, for a range of stagnation pressures from 75 psia to 3015
psia. A sketch of the probe is shown in Fig. 2a.

Because of access problems, Pitot surveys could not easily
be obtained at other nozzle stations with the single traversing
probe. Therefore, a Pitot rake (Fig. 2b) was used to obtain
Pitot pressure surveys at station 79 for stagnation pressures
of 515, 1015, and 2065 psia. The same rake was used to ob-
tain Pitot pressure surveys at stations 108, 130, and 148 for a
stagnation pressure of about 2000 psia.

Measurements of static pressure through the boundary
layer at station 139 were made at a stagnation pressure of 2100
psia with the static pressure rake shown in Fig. 2c. The rake
contained two static pressure probes and remained stationary
for each run. The probes were constructed of 0.125-in.-diam
(0.018-in. wall thickness) stainless-steel tubing with a 42.5°
half-angle conical tip. Four equally spaced (90° apart) orifice
holes, 0.030 in. in diameter, were located approximately 3.6
tube diameters downstream of the sharp tip. Probes of this
type provide a fairly accurate measurement of static pres-
sure using blast wave or characteristics theory.5 Wall static
pressures were measured at 16 locations along the tunnel
nozzle, as indicated on Fig. 1.

A preliminary measurement of rms wall pressure fluctua-
tion was obtained at Pt,m = 3015 psia, using a Kistler model
606L pressure pickup transducer which has a diameter of
0.436 in. and is capable of recording pressures up to 30 psia.
Resonant frequency for this transducer is 140 kHz. The
transducer was mounted flush with the wall of the test section,
and a Kistler model 818 accelerometer, with a range of 2500,
mounted in the tunnel wall, recorded the noise level due to
tunnel vibration. This background noise as well as elec-
tronic noise was subtracted from the measured wall surface
fluctuating pressure level to correct the reading of rms wall
pressure fluctuation. The low pass filter was set at 50 kHz
so that the wall pressure fluctuation measurement frequency
range was 5-50,000 Hz.

Stagnation temperatures were measured with shielded
tungsten resistance thermometer total temperature probes.

Experimental hot-wire techniques developed by Wagner
and Weinstein6 were used in the present study to obtain mass
flow and total temperature fluctuation data. A constant cur-
rent hot-wire probe was set in one position during a given run.
About six overheats were used to obtain sufficient redundant
data for deducing f t) m, and Rmt using the Kovasznay mode
diagram method.7 A range of y = 2-10 in. was examined
using the hot wire. The hot-wire tests were all conducted at
station 139 with Ptt00 « 1000 psia (d « 7.0 in.).

Corrections to Pitot Data

The Pitot pressure measurements were corrected for both
real gas, viscous interaction, and rarefaction effects. In
addition, a turbulence correction was calculated and applied
to the Pitot data to estimate the maximum effect on the
profiles.

Real-gas corrections were applied using the results of Ref. 8
and were greatest at the higher stagnation pressures. For
any individual run, the Pitot data in the outer portion of the
boundary layer (higher local Mach number) received the
greatest correction. Conversely, viscous and rarefaction ef-
fects become significant at the small local Reynolds number
conditions typical of the inner portion of the boundary layer.
Corrections to the Pitot data for viscous interaction and
rarefaction effects were made using results of an unpub-
lished study by Harvey and Clark at Langley, and the results
of Rogers et al.9 The size of the correction depends primarily
on the magnitude of Mf and Ref,d, where Re^td is the local
Reynolds number based on Pitot probe diameter. The maxi-
mum viscous and rarefaction correction for this investigation
was about 20% (reduction in P«,2) and occurred for the
measurements nearest the wall. At the higher total pressures
CP«,co > 1000 psia), only the first few measurements near the
wall (low local Reynolds and Mach numbers) received a sig-
nificant correction.

An estimate was made of the maximum error in the Pitot
pressure measurements due to the effects of turbulence.
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Fig. 2 Pitot and static pressure survey apparatus.
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Table 1. Summary of tunnel wall boundary-layer Pitot surveys with Tw/Ttl00 » 1.0 (Tt,m « 540° R)

Station

79
79
79a
108a
130°
139

a

148°

Me

17.7
18.4
19.0
20.8
21.6
16.1
16.9
17.1
17.5
17.9
18.2
18.6
18.7
18.8
19.1
19.4
20.0
20.4
21.6
22.3
21.5

Pt.oo,

psia

515
1015
2065
2065
2065
75
120
165
225
275
315
365
415
465
515
615
765
1015
2015
3015
2055

Rem /in.x io-6
0.327
0.655
1.261
1.151
1.100
0.051
0.079
0.108
0.146
0.171
0.194
0.220
0.248
0.278
0.302
0.305
0.423
0.548
1.010
1.412
1.102

ReeTC,x io-4
0.252
0.412
0.606
0.680
0.759
0.084
0.134
0.171
0.223
0.246
0.266
0.286
0.322
0.353
0.362
0.339
0.453
0.537
0.707
0.946
0.915

««>*,
in.

2.07
1.77
1.42
2.17
2.72
5.44
5.88
5.29
5.18
4.96
4.82
4.69
4.57
4.54
4.27
3.99
3.90
3.70
2.78
2.74
3.38.

STC*,
in.

2.01
1.73
1.39
2.10
2.62
5.31
5.73
5.10
4.95
4.81
4.61
4.49
4.42
4.30
4.09
3.83
3.73
3.53
2.71
2.67
3.22

OFF,
in.

0.0091
0.0072
0.0055
0.0070
0.0082
0.0239
0.0251
0.0226
0.0217
0.0200
0.0190
0.0177
0.0174
0.0172
0.0158
0.0144
0.0137
0.0125
0.0083
0.0079
0.0103

OTC,
in.

0.0077
0.0063
0.0048
0.0059
0.0069
0.0165
0.0169
0.0158
0.0153
0.0144
0.0137
0.0130
0.0130
0.0127
0.0120
0.0111
0.0107
0.0098
0.0070
0.0067
0.0083

5,
in.

3.8
3.4
3.1
4.4
5.9
8.3
8.2
7.9
7.9
8.0
8.0
7.5
7.5
7.5
7.4
7.0
6.6
6.8
6.0
5.5
7.4

a Reduced assuming variable static pressure.

The basic Pitot equation can be expressed as3

P,,2 = G(M)Pu* (1)
where G(M) is a slowly varying function of Mach number for
M > 2. Substituting into the Pitot equation the conven-
tional mean and fluctuating terms and expanding, one ob-
tains an expression for the mean Pitot reading in terms of the
fluctuating velocity and density. Substituting into this equa-
tion estimates of the peak velocity and density fluctuations,
which occur at about y/5 « 0.1, and assuming the correlation
coefficient between velocity and density is +1.0, one finds
that the mean measured Pitot value could be 24% higher than
the true value. However, this "extreme case" correction
would reduce the velocity profile by an insignificant amount.
Because of the uncertainty in its magnitude and the fairly
small effect on u/ue, the turbulence correction was not used
to reduce the profiles discussed in the present report.

Profiles were calculated from the corrected Pitot data as-
suming constant static pressure through the boundary layer
except for the test runs obtained at Pt,^ « 2000 psia for the
five nozzle wall locations. Static pressure measurements
through the boundary layer in the test section at Pt,m « 2000

2.4r

2 .0-

1.6 - ——- u/u - (y/6)'

y/6* 1.2

Pj <x» Psia Me 6* 'n-
O 75 16.1 5.31 (P = CONSTANT)
0 515 19.0 4.09 (P = CONSTANT)
02015 21.6 2.71 (P t CONSTANT)

——LAMINAR SIMILAR SOLUTION
(Me = 16, Tw/Tt>00 = 1.0, dP/dx = 0)

.4 .6
M/M, u/u

1.0

Fig. 3 Nozzle wall boundary-layer profiles at station 139.

psia indicated an increase in static pressure near the wall
(this result will be discussed more fully in a later section of the
present paper). This increase was verified from mean wall
static pressure measurements and occurred when the wall
boundary layer was turbulent. However, since the actual
manner in which the static pressure varied with y was mea-
sured at Pt.oo « 2000 psia only, the five Pt>m ~ 2000 psia
surveys were reduced assuming a variable static pressure
distribution similar to that measured [i.e., P/Pe = f(y/S)
based on station 139 measurements].

III. Results and Discussion
Pitot Surveys

Mach number profiles were calculated from the corrected
Pitot pressures (corrected for real gas, viscous interaction,
and rarefied flow effects), assuming constant static pressure
through the boundary layer except for the five test runs ob-
tained at P*tco « 2000 psia. As discussed previously, these
five Pitot surveys were reduced assuming a variable static
pressure through the boundary layer. Velocity and density
profiles were computed using a constant total temperature
through the boundary layer. This assumption was considered
valid since total temperature measurements through the
boundary layer indicated small deviations from the freestream
total temperature. Table 1 summarizes the conditions for the
Pitot surveys and contains calculated displacement thickness
and momentum thickness values both with (subscript TC) and
without (subscript FP) a transverse curvature correction (see
Nomenclature). The edge of the boundary layer was taken as
the point of maximum Pitot pressure (dPt,z/dy = 0). Table 2
presents the data from the 2000 psia surveys at four nozzle
locations in tabulated form and also includes the uncorrected
pitot data.

The results of Pitot surveys obtained at station 79 for
P«,co = 515 and 2065 psia indicate a turbulent boundary layer
at both stagnation pressures, with the profile fullness increas-
ing with stagnation pressure. Profiles computed from Pitot
surveys at stations 108 and 130 for Pt|00 = 2065 psia also in-
dicated turbulent flow.

A comprehensive set of boundary-layer surveys was ob-
tained at station 139 (center of test section) for a range of
tunnel stagnation pressure from 75 psia to 3015 psia (see
Table 1). Representative profiles are shown in Fig. 3 along
with a theoretical laminar similar solution.10 At the lowest
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Table 2 Tabulated profile data for the four Pt,m = 2000 psia nozzle wall stations

Station 79, Pt,«> = 2065 psia Station 108, P*(0o= 2065 psia
Z7,,. = 540°R, 5Tc* = 1.39 in., T'«,«> = 540°R, 8TC* = 2.10 in.,

P ^ C P y£ C

Station 130, Ptttx> = 2065 psia
Tttm = 540°R, 8Tc* = 2.62 in.,

P * C

Station 139, Pt,a> = 2015 pia
ZY« = 540°R, 8Tc* = 2.71 in.,

P ^ C

y, in-
0.000
0.070
0.150
0.298
0.533
0.777
1.028
1.297
1.562
1.830
2.293
2.803
3.325
3.825
4.355
5.100
5.860
6.592

y
0
0
0
0
0
1
1
1
1
2

M/Me

0.000
0.030
0.112
0.223
0.314
0.393
0.535
0.666
0.756
0.837
0.950
1.020
1.000
1.021
1.051
1.087
1.124
1.157

Station 79

U/Ue

0.000
0.318
0.780
0.929
0.964
0.978
0.989
0.994
0.996
0.998
0.999
1.000
1.000
1.000
1.000
1.000
1.000
1.001

, in. P*,2, psia

.000

.070

.298

.533

.777

.028

.297

.562

.830

.293
2.803
3
3
4
5
5
6

.325

.825

.355

.100

.860

.592

0.
0.
0.
0.
1.
1.
2.
3.
4.
5.
7.
7.
6.
6.
5.
5.
4.

021
026
447
881
159
738
469
310
187
681
066
105
744
159
558
038
609

y, in. M/Me u/ue

0.000 0.000 0.000
0.070 0.026 0.303
0.200 0.059 0.584
0.298 0.087 0.725
0.400 0.193 0.921
0.533 0.250 0.952
0.777 0.300 0.967
1.028 0.370 0.979
1.297 0.462 0.987
1.562 0.587 0.993
1.830 0.636 0.994
2.293 0.734 0.997
2.803 0.820 0.998
3.325 0.925 0.999
3.825 0.983 0.999
4.355 0.999 0.999
5.100 1.007 1.000
5.860 1.023 1.000
6.592 1.038 1.000
7.330 1.030 1.000
8.110 1.039 1.000

Uncorrected

Station 108

y, in. Pt,2, psia

0.000 0.012
0.070 0.017
0.298 0.060
0.533 0.465
0.777 0.671
1.028 0.825
1.297 1.068
1.562 1.437
1 . 830 1 . 745
2.293 2.411
2.803 3.164
3.325 4.228
3.825 5.009
4.355 5.453
5.100 5.347
5.860 5.102
6.592 4.882
7.330 4.985
8.110 4.908

y
0
0
0
0
0,
0.
0.
1,
1.
1.
2.
2.
3.

, in.

.000

.070

.200

.298

.400
,533
,777
,028
297
562
293
803
325

3.825
4.
5.
5.
6.
7.
8.

355
100
860
592
330
110

M/Me

0.000
0.016
0.060
0.119
0.176
0.221
0.270
0.301
0.364
0.444
0.639
0.717
0.811
0.881
0.951
0.994
1.000
1.003
0.986
1.000

U/Ue

0.000
0.204
0.602
0.832
0.913
0.943
0.961
0.969
0.979
0.987
0.995
0.997
0.998
0.999
0.999
0.999
1.000
1.000
0.999
1.000

y, in. M/Me u/ue

0.000
0.070
0.130
0.160
0.210
0.270
0.320
0.490
0.670
0.830
1.470
2.010
2.470
2.930
3.660
4.100
4.360
4.980
5.380
6.000
7.100

0.000 0
0.017 0
0.025 0
0.044 0
0.056 0
0.081 0,
0.105 0.
0.157 0.
0.204 0.
0.234 0.
0.372 0.
0.534 0.
0.631 0.
0.733 0.
0.858 0.
0.902 0.
0.953 0.
0.991 0.
0.994 0.
1.000 1.
1.011 1.

.000

.215

.308

.490

.580

.713

.797
,894
,933
949
980
992
995
997
998
999
999
999
999
000
000

Pitot data

Station 130

y, in. Pt,z, psia

0.000
0.070
0.298
0.533
0.777
1.028
1.297
1.562
2.293
2.803
3.325
3.825
4.355
5.100
5.860
6.592
7.330
8.110

0. 010
0.014
0.
0.
0.
0.
0.
0.
1.
2.
2.
3.
3.
4.
4.
4.
5.
4.

089
298
448
554
723
932
556
010
703
302
985
593
886
818
093
895

Station 139

y} in.

0.000
0.070
0.130
0.160
0.210
0.270
0.320
0.490
0.670
0.830
1.470
2.010
2.470
2.930
3.660
4.100
4.360
4.980
5.380
6.000
7.100

Pt.z, psia

0.009
0.012
0.013
0.017
0.024
0.043
0.067
0.148
0.245
0.326
0.680
1.050
1.500
2.100
3.010
3.420
3.900
4.400
4.520
4.780
4.600

pressure, the velocity profile appeared to be nearly laminar
when compared with the laminar similar solution result.
The higher pressure velocity profiles are fuller than a ^-power
law (typical turbulent) profile. Profiles obtained at the last
survey station (station 148) for P< i00 = 2055 psia were be-
lieved affected by the upstream influence of the adverse pres-
sure gradient flow in the diffuser section and are therefore not
shown.

Comparison of Measured and Predicted Profiles

Measurement of the turbulent Pitot profiles along the tun-
nel wall at Pf.oo « 2000 psia provides a test case for the de-
veloping nonsimilar computation methods that can compute
the downstream development of a turbulent boundary-layer
flow with a known upstream profile as an input. The non-
similar finite difference computation method of Bushnell and
Beckwith11 was used for the present study to indicate typical
results using one of the presently available methods as ap-
plied to a M « 20 adiabatic helium flow. In this method,
the Reynolds stress is modeled by an eddy viscosity function

with a mixing length that is dependent on the distance from
the wall and the boundary-layer thickness. In the near-wall
region, Van Driest's exponential damping function is used.
The velocity profile at station 79 was inputed along with the
velocity, density, Mach number, and velocity gradient at the
boundary-layer edge (see Table 3 for complete list of inputs
used). Four cases were computed using the computation
method11: 1) a turbulent Prandtl number of Prt = 1 and
mixing length parameter of (J/5)max = 0.09 were used, with
the damping function [A term in Eq. (6) of Ref. 11 ] evaluated
at the wall; 2) the turbulent Prandtl number was equal to 1,
but the eddy viscosity model was altered so that the damping
function A was evaluated as a function of distance from the
wall; 3) same as case 2 but with Prt = 0.6 for y/d > 0.2,
going to Prt = 1 at wall; and 4) same as case 2 but with
(2/5) max = 0.12. Comparisons of the measured and predicted
velocity profiles are presented in Fig. 4 for stations 108, 130,
and 139. Solutions from the four cases of the computation
method are shown as a shaded band. The experimental dis-
placement thickness (6exp*) with transverse curvature was
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SIMILAR SOLUTION

STA. 139 6*Exp= 2.71 in.
0

Fig. 4 Comparison of measured and predicted velocity
profiles.

used to normalize both experimental and predicted results.
It is apparent that the measured velocity profiles were fuller
than the nonsimilar method predictions in the inner portion
of the boundary layer. The case with Prt = 1.0, (7/$)max =
0.12, and a damping function that was evaluated as a func-
tion of y gave the best agreement with measured velocity
slopes near,the wall, but also gave the poorest agreement for
t//6* > 0.4. A recent analysis of the profiles presented
herein by D. M. Bushnell of Langley indicates that the slope
of mixing length with y near the wall is approximately 0.6 as
opposed to the value 0.4 used in the calculations shown on
Fig. 4. Theoretical calculations using this 0.6 slope, (Z/5)max
= 0.18, and the damping function evaluated at the wall (us-
ing the method of Ref. 11) gave much better agreement with
the experimental profiles. Therefore, since higher values of
mixing length wall slope are typical of low Reynolds number
turbulent flows, it is suggested that the factor of 150 change
in density across the present Mach 20 boundary layer causes
the wall region to behave in a similar fashion to a low-speed,
low Reynolds number turbulent boundary-layer flow. It
should be noted that both data and theory indicate a very
high N power for the outer portion of the boundary layer.
The excessive fullness of the velocity profiles when compared
to nonsimilar computation method results was also shown by
Herring and Mellor12 at Me = 1.9-4.9 on a nozzle wall. As
in the present case, Herring and Mellor improved the agree-
ment between predicted and measured velocity profiles by
modifying the eddy viscosity model. For the present case,
there are other probable reasons for the disagreement in pre-
dicted and measured velocity profiles. All of the measured

STATION 139; M^ = 20.4; Pt>00 = 1015 psia; 6 = 6.8 in.

14

12

VIRTT = e
VAet

2.2 in

INNER PART OF
BOUNDARY LAYER

OUTER PART OF
BOUNDARY LAYER

10.1 in.

FREE STREAM

.1 .2 .6 .7.3 .4 .5
r - (Aem/Aet)

Fig. 5 Variation of virtual total temperature fluctuation
with sensitivity ratio.

profiles shown 'n Fig. 4 were reduced with a variable static
pressure through the boundary layer, whereas the nonsimilar
solution method utilized the usual boundary-layer assumption
of constant static pressure. In addition, the computation
method does not include transverse curvature effects, which
may be a significant contribution for these conditions. Also,
the computation method does not include density fluctuation
terms in the eddy viscosity model. These density fluctuation
terms may be large for hypersonic turbulent boundary layers
with large density ratios across the boundary layer.11 Another
possibility is that the Pitot pressure measurements near the
wall are in error. Wallace13 reported Pitot fluctuations as
large as 50% near the wall at Mm = 8. Pitot fluctuations of
this magnitude or larger probably occurred near the wall in the
present study. These fluctuations could cause the mean pres-
sure sensed at the measuring end of the Pitot tube to be above
the true mean, since the measuring system will probably
favor the high peaks rather than the lower valleys of a fluc-
tuating pressure. In addition, the static pressure distribution
in the boundary layer may be more extreme than the distri-
bution used. Also, probe interference with the wall may have
distorted the local flow conditions. However, wall static
pressure measurements in the proximity of the probe indi-
cated no irregularities in the wall static pressure level.

Although the various reasons postulated for the disagree-
ment between measured and predicted profiles in Fig. 4 should
be investigated be ore definite conclusions can be made, the
evidence tends to indicate that the excessive measured
velocity profile fullness in the lower part of the boundary layer
(?//S* « 0.3) may be due to the large eddy viscosity values as-
sociated with the low Reynolds number turbulent flow in the
inner portion of the present boundary layer (region of low
density).

Hot-Wire Fluctuation Measurements

Since a hot wire essentially responds to mass flow and total
temperature fluctuations, a modal analysis of rms mass flow
and total temperature fluctuations can be made as suggested
in Ref. 7. The assumption of small disturbance levels was
made in Ref. 7 to simplify the equations, but the present
results tend to indicate that fairly high disturbance levels
were, in fact, encountered. In addition, the hot-wire system
used (constant current) tends to be highly nonlinear for large
disturbance levels primarily due to incorrect compensation.
The effect of the last two failings has not been examined
herein and, therefore, the results presented must be viewed
cautiously as indicating trends rather than absolute magni-
tudes.

The calibration techniques, data reduction procedures, and
the complete hot-wire system used are described in Ref. 6.
The data analysis is based on the Kovasznay7 approach, for
which the virtual total temperature fluctuation, e/(FAe<), is
related to the sensitivity, r = Aem/Ae*, by

m (2)

where Rmt = (m'T't)/mft. For each test, the hot wire is
operated at several sensitivity ratios (values of current), and
e/(VAet) is generated as a function of r. A plot of the values
of e/(FAe<) and r is faired and three points are picked off the
fairing. From these points, the three coefficients, Tt/Tt,
Rmt, and m/m can be obtained. Figure 5 shows plots of Virtt
Table 3 Input for nonsimilar computation method of

Bushnell and Beckwith11

Station,
in.

79
108
130
139

Me

19.0
20.8
21.6
21.6

p/p
(X 10') W(2He)»/

0.741 0.995
0.574
0.511
0.500

2 rw, in.

8.00
9.30

10.75
10.95

due/dx

0
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] vs r(Aew/Ae<) for typical positions in and above
the Mach 20 boundary layer. For y = 10.1 in. (in the free-
stream), the intercept for r = 0 is small and positive and the
faired curve is a straight line. These fluctuations are believed
to be sound radiated by the turbulent boundary layer up-
stream in the nozzle.6-14 At y = 5.0 in., which is in the bound-
ary layer, the slope is much higher but is still a straight line
with a slightly positive intercept for r = 0. In the inner por-
tion of the boundary layer (y = 2.2 in.), the faired line is
nonlinear for small values of r, whereas the straight portion
has a negative intercept trend. The fluctuating_mass flow
and total temperature coefficients, m/m and Tt/Tt and the
correlation coefficients Rmt, determined from these mode
plots, are shown in Figs. 6-8. Data scatter is apparent; the
mass flow fluctuations are most reliable since they are deter-
mined by the slope of the faired mode plots at large values of
r which could be obtained to some accuracy. But the ft/Tt
and Rmt coefficients are determined by the details of the mode
diagram near small r; this results because of the order of mag-
nitude difference in the levels of m/m and ft/Tt. Unfortu-
nately, the present mode diagrams do not contain sufficient
data points at low sensitivity to accurately determine f t / f t
or Rmt. Nevertheless, the trends shown in these quantities
are probably reasonable. The mass flow fluctuation results
(Fig. 6) indicate fluctuations as large as 50% in the inner por-
tion of the boundary layer. This is a significant increase as
compared to the maximum mass flow fluctuations of about
15% measured by Kistler15 at Af« = 4.7 (see Fig. 6). These
large fluctuations in mass flow near the wall probably repre-
sent large fluctuations in density and may be typical of hy-
personic turbulent flows with large density ratios across the
boundary layer (pe/pw ~ 150 for the present case). The
presence of large density fluctuations indicates that more
terms should be considered in the expanded Reynolds stress
expression [Eq. (4) of Ref. 11];

((PvYuf) = p(v'u') + v(p'u') -f (p'v'u') (3)

where the last two terms are generally considered negligible.
Also presented in Fig. 6 is a mean-mass-flow profile (from
Pitot surveys) and an approximation of the mass flow fluc-
tuation based on Prandtl's mixing length (after Ref. 3)

m/mi = (l/8)[d(mi/m.)/d(y/8)](m./mi) (4)
where

1/8 » 0.4 y/8 for y/8 < 0.2

1/8 « 0.08 for y/8 > 0.2

The approximation gives good agreement with the maximum
mass flow fluctuations measured. Total temperature fluctua-
tions as large as 5% were measured in the inner portion of the
boundary layer (Fig. 7). A further observation can be made
concerning the measured mass flow fluctuations in the bound-

O MODE PLOT FA I RING NO. 1
• MODE PLOT FA I RING NO. 2

STATI'JN 139;
Moo = 20.4; Pt a, - 1015 psia;
6* = 3.53 in.

3.2 0 2.4
y/6*

STATION 139; Moo = 20.4; Pt|00 = 1015psia; Tw/Tt>oo ~ 1.0; 6* = 3.53 in.

61-
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Tt '

O MODE PLOT FAIRING NO. 1
• MODE PLOT FAIRING NO. 2
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Fig. 7 Total temperature fluctuation in turbulent nozzle
wall boundary layer.

ary layer. The mean velocity profile is essentially flat over
the upper half of the boundary layer (u/ue = 0.995 at y/d* «
1.0) as shown in Fig. 3. Fluctuations in velocity are there-
fore probably negligible in the absence of any mean velocity
gradient. This conclusion is further supported by the sharp
decrease in the total temperature fluctuation level in the outer
half of the boundary layer (Fig. 7). One can then assume
that the mass flow fluctuation levels measured in the outer
portion of the boundary layer (y/8* > 1.0, Fig. 6) are com-
posed mostly of pressure fluctuations (sound mode is domi-
nant), which are attenuated in intensity with increasing dis-
tance from the sound source. The variation of the correlation
coefficient through the boundary layer is shown in Fig. 8.
The reversal of sign in the inner part of the boundary layer
suggests that vorticity, for which Rmt = +1.0, may be the
dominant disturbance mode. This result was also shown by
Kistler15 in a supersonic turbulent boundary layer.

Wall Static Pressure

Static pressure measurements were obtained at numerous
stations along the nozzle wall (see Fig. 1). The variation of
wall pressure with increasing stagnation pressure for five
representative stations is shown in Fig. 9. There is a def-
inite increase in wall pressure, with increasing stagnation
pressure, starting at about Pt,m = 450 psia for station 139
and about Pi|00 = 600 psia for station 79. This increase in

Moo = 20.4; STATION 139; Pt>00 = 1015psia; 6* = 3.53 in.

O MODE PLOT FAIRING NO. 1
• MODE PLOT FAIRING NO. 2

-1.0

Fig. 6 Mass flow fluctuation in turbulent nozzle wall
boundary layer.

Fig. 8 Variation of mass flow—total temperature correla-
tion coefficient through turbulent nozzle wall boundary

layer.
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Fig. 9 Variation of mean wall static pressure with tunnel
stagnation pressure.

static wall pressure could be tentatively attributed to either 1)
some mechanism associated with the onset of transition and
fully developed turbulent flow or 2) uncanceled Mach waves
entering the boundary layer. For the first possibility, the
fluctuating normal velocity v' that is present in a turbulent
boundary layer could cause an increase in the mean wall
pressure level at this high Mach number (i.e., the terms in the
y momentum equation are no longer negligible for dP/dx « 0
and turbulent flow). Conversely, uncanceled Mach waves
may be entering the boundary layer near the region surveyed,
thus raising the wall static pressure level above that at the
boundary-layer edge. Velocity profiles obtained at station
139 indicate a turbulent nozzle wall boundary layer at
P*,oo « 500 psia (Fig. 3). Velocity profiles for station 79
indicate that the boundary layer was also turbulent for
.P«,co « 500 psia. These results give credibility to the reason-
ing that the rise in wall static pressure is due to the presence
of a transitional-turbulent boundary layer near the wall.
The start of transition apparently begins in the test section
for low values of total pressure (unit Reynolds number) and
moves quickly up the nozzle with increasing total pressure
(see Ref. 6). The significance of Fig. 9 is that there is evi-
dently a normal pressure gradient across the present Mach 20
turbulent boundary layer. Kemp and Sreekanth2 also noted
the same effect at hypersonic Mach numbers.

An analysis was made of the possible error in measured
wall static pressure due to shear effects at the wall orifice
based on the study of Shaw16 and Rainbird.17 Specifically,
Rainbird17 shows that shear effects will increase a wall orifice
pressure reading significantly only when the ratio of hole
diameter to boundary-layer displacement thickness is equal
to about one or greater. For the present case, d/S* varies

O MEASURED-STATIC PRESSURE PROBE
D REDUCED FROM ORIGINAL TUNNEL CALIBRATION
O REDUCED FROM PRESENT PITOT DATA

STATION 139; Pt ̂  = 2100 psia ;
Moo = 21.6; 6 = 6.0 in.
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Fig. 10 Static pressure measurements in a hypersonic
turbulent boundary layer.

Fig. 11 Variation of wall static pressure with Mach num-
ber in a turbulent boundary layer, dP/dx « 0.

from 0.017 to 0.085 and, therefore, the effects of shear on the
wall static pressure orifice are believed negligible.

Boundary-Layer Static Pressure Profile

Static pressure measurements were made through the turbu-
lent boundary layer at station 139 and Pt,^ « 2100 psia to
attempt to determine if the rise in wall pressure was due to
transitional-turbulent flow or if uncanceled Mach waves were
responsible. A cone-cylinder characteristics solution was
used with the measured probe surface pressure to obtain a
local freestream static pressure. There is the question of pos-
sible viscous corrections to the measured static pressure data.
From Ref. 5, conically tipped axisymmetric probes of the type
used in the present investigation (with large cone half-angle)
have small viscous corrections. This rinding is strengthened
by the fair agreement between freestream static pressure de-
termined from the probe measurement and that calculated
from the present Pitot data.

The measured static pressure through the boundary layer,
nondimensionalized by the static pressure at the boundary-
layer edge, is shown in Fig. 10. The measurements indicate
that the static pressure decreases below the value at the
boundary-layer edge in the outer part of,the boundary layer
and then increases to approximately 40% above the edge
value near the wall. Therefore, in a hypersonic turbulent
boundary layer, the assumption of constant static pressure
across the boundary layer (dP/dy = 0) may not be valid.
Only the Pitot data obtained at P« f00 « 2000 psia were re-
duced assuming a variable static pressure across the boundary
layer. The shaded symbol at y = 0 (Fig. 10) represents the
measured wall static pressure, which was about 35% above
the static pressure at the boundary-layer edge. An increase
in measured wall static pressure due to uncanceled Mach
waves is thus not likely, since Mach waves entering the
boundary layer would presumably have produced increases in
static pressure in the outer portion of the boundary layer as
opposed to the results of the present measurements which
indicate an increase in the inner portion. Thus, the increase
in measured wall pressure can be tentatively attributed to the*
presence of transitional or turbulent flow effects.

Mean and rms Wall Static Pressure

Numerous investigators have reported an increase in
measured mean wall static pressure over the corresponding
value at the boundary-layer edge.2-6'18"22 The trend of these
increases mPw/Pe with Mach number are shown in Fig. 11,
along with the data of Refs. 23-24. Large increases in the
mean wall static pressure level are seen to occur at high Mach
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number. The solid curve that represents the general trend of
the data can be expressed mathematically as

Pw/Pe = 1 + 0.0004327 Me2 (5)

and was derived from application of a simplified form of the y
momentum equation.

The v' normal velocity components that may contribute to
the observed increase in mean wall static pressure are prob-
ably the result of large, low-frequency, large-wavelength eddies
outside the laminar sublayer which dominate the pseudo-
sound generation in the boundary layer. Sound that is radi-
ated into the freestream is probably generated by intense high-
frequency, short-wavelength Eddies near the edge of the
laminar sublayer.25 Measurements of the sound source
velocity (us) obtained by Wagner et al.,6 and also verified
in the present study, indicate that the source velocity is just
supersonic relative to the freestream (us/um « 0.95) at
Afoo « 22. Laufer14 showed that at supersonic freestream
Mach numbers (Mm « 2-5) the source velocity was highly
supersonic relative to the freestream (us/um « 0.3-0.6).
The intensity of the large, lower frequency eddies, which are
convected at approximately uc > 0.8 um (subsonic relative to
the freestream) is time dependent and thus produces fluctua-
tions (Pw) in the mean wall static pressure.

Measured values of Pw from previous studies19'26"29 are
presented in Fig. 12 along with a preliminary measurement
obtained by Stainback during the current investigation.
Kistler and Laufer's results were taken from Richards et al.26

The theories of Houbolt30 and Lowson (as reported by Pierce
and Mayes31) are also shown. In previous investigations,
Pw was assumed equal to Pe (constant static pressure across
the boundary layer). This assumption was valid, since pre-
vious data were obtained at Mm < 5 where Pw « P_e (see
Fig. 11). However, for higher Mach numbers Pw > Pe and
thus the ratio Pw/Pe may not be bounded as the theories of
Houbolt and Lowson suggest. To account for the increase of
static pressure through the boundary layer, Houbolt's theory
can be multiplied by the Pw/Pe expression [Eq. (5)] to obtain
(for air)

Pe
(0.0049 + 0.2964 X IP"5 Me

2)
1 + 0.012 M e

2 (6)

This modified form of Houbolt's theory is presented in Fig.
12 along with a similar modified form of Lowson7 s theory.
As shown in the figure, Pw/Pe can become large at high Mach
number and deviate significantly from the original form of
Houbolt7 s and Lowson7 s theories.

IV. Conclusions

Extensive boundary-layer Pitot surveys, including hot-
wire and preliminary wall pressure fluctuation and static
pressure measurements, were obtained in helium at a nominal
Mach number of 20 on the wall of a contoured nozzle with
Tw/Tt>m « 1.0. The following conclusions can be made.

1) The boundary layer varied from nearly laminar to fully
turbulent for the test range of Re/in, from 0.051 to 1.41 X 106

(Ree from 0.084 to 0.946 X 104). Measured turbulent velocity
profiles along the nozzle wall were fuller in the near-wall re-
gion than profiles predicted by a nonsimilar finite difference
computation method. 2) Mass flow fluctuations as large as
50% and total temperature fluctuations of 5% (determined
from conventional linearized analysis) were found to be pres-
ent in the inner portion of the turbulent boundary layer.
3) Near the wall, static pressure increased rapidly to a level
approximately 40% above the boundary-layer edge value.
The implication is that, at high Mach number, the zero pres-
sure gradient turbulent boundary layer may have a large
normal pressure gradient which necessitates improved analy-
ses. 4) A preliminary measurement of fluctuating rms

10
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Fig. 12 Variation of rms wall pressure fluctuations with
Mach number.

wall pressure agreed with predictions based on data_obtained
at lower Mach numbers. However, the ratio of Pw/Pe (or
Pw/q) is probably not bounded at high Mach numbers as pre-
viously predicted by theory. 5) The large mass flow and wall
pressure fluctuations suggest large density fluctuations near
the wall, which indicate that the density fluctuation terms
probably should be considered in the Reynolds stress expan-
sion.
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Generalized Aerodynamic Forces on a Flexible Plate
Undergoing Transient Motion in a Shear Flow

with an Application to Panel Flutter
E. H. DOWELL*

Princeton University, Princeton, N. J.

A theoretical solution to the title problem is obtained. Unlike previous solutions in the
literature, the present method allows for finite plate dimensions and continuously varying
mean velocity and temperature profiles. A computer program has been developed to calcu-
late the required aerodynamic forces for boundary-layer profiles. These forces are then em-
ployed in a nonlinear flutter analysis previously developed by the author. The theoretical
flutter results are compared with the experimental data of Muhlstein, Gaspers, and Riddle
and generally good agreement is obtained. Other physical problems to which the present
aerodynamic analysis is relevant include, 1) stabilization of viscous boundary layers by flexible
walls, 2) sound wave propagation through shear layers, and 3) shear layer effects on control
surface aerodynamics at supersonic speeds.

Nomenclature
a = plate length, also speed of sound
b = plate width
cp,cv = specific heats
D = plate stiffness, also derivative operator
E = modulus of elasticity
HmnpqjImnpq,Kmnpq = aerodynamic influence functions
h = plate thickness
k = reduced frequency
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K = &[pm(ha*/D)]llz; also aerodynamic kernel
M = Mach number
p = pressure
Qmnpq = generalized aerodynamic force
q = pco£/oo2/2 = dynamic pressure
R = CP — cv = gas constant
T = temperature
t = time
u,v,w = fluid velocity components
[/a, = air velocity
wp = plate deflection
x,y,z = spatial variables, nondimensionalized by a (or b)
zw = wall position, nondimensionalized by a
X* = (2ga3/D) = nondimensional dynamic pressure
M = pmO/pmh = mass ratio
8 = boundary-layer thickness


