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Nozzle Wall Boundary Layers at Mach Numbers 20 to 47
JOSEPH H. KEMP JR.* AND F. K. OWEN t

NASA Ames Research Center, Moffett Field, Calif.

The nozzle wall boundary layer of the Ames M-50 helium tunnel has been thoroughly investigated with
Pitot pressure, total temperature, skin friction, wall heat transfer and hot wire measurements at 5 stations.
A flow model suggested by the results is presented and discussed. Hot wire measurements indicate pronounced
intermittency at the outer edge of the boundary layer, the direct skin-friction measurements are higher than
expected from empirical predictions and the Reynolds analogy factor, 2CH/C/9 is less than unity.

Nomenclature
Cf = friction coefficient
CH = heat-transfer coefficient, q/pe ue Cp( Taw — Tw)
d = diameter of thermocouple wire used in heat-transfer gage
D = diameter of wire in total temperature probe
e — voltage
/ = frequency
Fc = transformation function for Cf
FRo = transformation function for Ree
h = heat-transfer coefficient, q/(Taw— Tw)
k = thermal conductivity
M = Mach number
Nu = Nusselt number
p = pressure
q = wall heat-transfer rate
QR = total heat conduction at radius R in the thin skin at the heat-

transfer gage
R = radius
Re = Reynolds number based on momentum thickness
t = thickness of sensing element in heat-transfer gage
T = temperature
u = velocity
u+ — transformed velocity
y — distance normal to the surface
y+ = transformed distance normal to the surface
d = boundary-layer thickness
6 — momentum thickness
H = coefficient of viscosity
v = kinematic viscosity
p = density
T = shear stress

Subscripts
act = actual value
c = at disk center
e = outer edge of the boundary layer
L = outer edge of the viscous sublayer
m - measured value
R = at radius R
VD.I = Van Driest I
w = wall or wire
o — local stagnation condition
2 = static value behind a normal shock

experimental data over the full range of possible flight conditions
to aid in the development of flow models and to provide test
cases for various proposed theories and prediction techniques. At
the present time, published data for Mach numbers above 15 are
somewhat limited; however, they indicate that significant dif-
ferences exist between hypersonic boundary layers and those in
the subsonic and supersonic range. Data presented in Ref. 1
indicate that in high Mach number low-density flows, turbulent
boundary layers may have substantially thicker viscous sublayers
and the significant pressure gradients may exist normal to the
wall In regard to the latter effect, Fischer et al.2 recently cor-
related normal pressure gradient effects with Mach number for
many facilities and showed further that similar pressure gradients
exist in turbulent boundary layers on cones, wedges, and flat
plates. They also found much larger mass flow fluctuations than
previously observed at lower Mach numbers, in hypersonic
turbulent boundary layers and that these fluctuations reach a
maximum somewhere near the wall, probably at or near the outer
edge of the viscous sublayer.

This paper extends previous work1 on hypersonic nozzle
boundary layers. It presents results of direct measurements of
skin friction and wall heat-transfer rates along with mean and
fluctuating measurements across the nozzle wall boundary layer
in the Ames M-50 helium tunnel.

Experiment
Test Facility

The Ames M-50 helium tunnel,3 a blowdown tunnel with an
axisymmetric contoured nozzle and an open test section, uses
heated helium as a test gas and operates at nominal exit Mach
numbers of 42 for test times up to 20 min. The 3.61 M-long
nozzle has an exit radius of 0.356 M.

Figure 1 shows the five survey stations where Pitot pressure,
total temperature, and wall temperature were measured, together
with the 10 wall pressure stations. Wall heat transfer and skin
friction were also measured at the last 4 survey stations. Hot-wire
surveys were made at the last two stations. The tunnel was
operated at reservoir pressures ranging from 65 to 272 atm and
total temperatures from 300° to 880°K.

Introduction

PREDICTION of skin friction and heat transfer on hypersonic
flight vehicles requires an increased understanding of hyper-

sonic turbulent boundary layers. This understanding requires
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Fig. 1 Schematic drawing of the M-50 nozzle.
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TO,°K p0, atm Me yo, kg/m3 SOURCE
o 645 0.282 10.9-33.8 8.3XIO'5 - 2.8xlO"6

a 458 0.291 I 2.4xlO'4- 7.7xlQ-6

O 792 0.989 I I.2xl0'4-4.0xl0'6
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Fig. 2 Correlation of calibration data for the total temperature probe.

Pressure Measurements
Pitot pressure surveys were made by traversing a single 0.475

cm-diam probe through the boundary layer. Pressures were
measured by a modular pressure transducer system similar to one
described in Ref. 4. This system uses a capacitance type trans-
ducer that measures differential pressures, and one transducer
provides accurate readings over the full pressure range (0.0004-
0.14 atm) encountered in the boundary layer. Errors in pressure
resulting from nonlinearity and temperature effects on the trans-
ducer sensitivity were less than +1% of the measured value.
Additional errors due to variations in reference pressures are less
than 4% of the minimum pressure measured.

No corrections were made for the various rarefaction effects on
the pressure measurements. However, the possible variations
from these effects are summarized as follows. The effects of
thermal transpiration errors due to temperature variations along
the tube connecting the orifice and the transducer are negligible.5'6
Errors in wall pressure resulting from orifice effects due to heat
transfer to the wall are less than 3%.7 Errors due to viscous
interaction and rarefaction effects on the Pitot pressure measure-
ments are less than 4% for the outer region of the boundary
layer.8 Near the wall, within 20%-40% of the boundary-layer
thickness, these effects may introduce much larger errors; how-
ever, they should not influence the conclusions drawn from the
data.

Stagnation Temperature Measurements
Stagnation temperatures were measured with a single shielded,

0.178 cm-diam thermocouple probe designed for use under very
low-density flow conditions. This probe consists of a fine wire,
butt-welded chromel-alumel thermocouple, with an over-all
length-to-diameter ratio of 200 suspended between needle-like
supports and enclosed in radiation shield.

The probe was calibrated in the free-jet facility described in
Ref. 9 which produced flows at Mach numbers ranging from 5 to
40 at densities comparable to those encountered in the boundary
layer of the M-50 tunnel. A few check points were also made
in the freestream of the M-50 tunnel. The calibration data are
correlated over a wide range of temperatures and pressures in
Fig. 2. These data could not be correlated solely on the basis of
conduction error as proposed by Winkler.10 The present correla-
tion parameters were derived assuming that radiation losses con-
stituted the major source of error (see Appendix). Conduction
effects probably cause some scatter in the data. However, in spite

of this, the correlation is reasonably good for a wide range of
temperatures and there is substantial agreement between the
calibration in the freejet and the test points in the M-50.

Skin-Friction Measurements
Skin friction was measured using a floating element, magnetic-

ally nulling balance similar to the one described in Ref. 11. At
each station, the elements were contoured to the local nozzle
surface. The balance had a reading error less than 1% of the
minimum measured skin friction. Investigation of the effects of
floating element position, both above and below the surface,
showed that the measured skin friction was much less sensitive
to the element position than has been observed previously at
lower Mach numbers12"14 probably due to the relatively large
thickness of the boundary layer. Indeed, the indicated skin
friction increased by only 10% when the element was raised
0.0075 cm above the surface.

Heat-Transfer Measurements
Wall heat transfer was determined from the steady-state heat

conduction in a thin-skin gage contoured to the nozzle wall.
To accomplish this local temperatures were measured by means
of chromel-constantan thermocouples spot-welded to the thin
skin at the location shown in Fig. 3. Since the temperature
variation between the center of the disk and the wall was small,
relative to the driving potential, constant heat transfer over the
gage surface area was assumed. With this assumption, the equa-
tion governing the heat transfer in the gage is

QR = -2nRkt(dT/dR) = -nR2q
Solving for the temperature, one obtains

In the present experiments, heat-transfer rates corresponding to
the temperature difference between the center and each of the
other three thermocouples (see Fig. 3) were calculated and the
results averaged to obtain the values presented here.

Errors due to conduction down the thermocouple wires, con-
vection from the back of the gage, and radiation losses were
neglected. Estimates indicate less than 5% combined error due
to these effects. Additionally, basic instrument accuracy and the
accuracy of normalizing quantities (p, u, Taw and 7 ,̂) also intro-
duce error in the heat-transfer coefficient. Consequently the
over-all accuracy of the heat-transfer coefficient is estimated to
be about ± 12%.

Boundary-Layer Fluctuation Measurements
The character of the fluctuations across the boundary layer

were obtained with a constant temperature anemometer system
with a water-cooled platinum film probe similar to the one
described in Ref. 15. Water cooling enabled the film to be
operated at a temperature well below the freestream total
temperature. The upper frequency limit ( — 3 db) of the system,
as determined by a standard square-wave technique, was 60 kHz.
Since the boundary layer is approximately 29 cm thick at the
survey station this frequency response makes it possible to
measure fluctuations with a length scale down to one-eighth the

THERMOCOUPLE
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LOCATIONS

NOZZLE WALL
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,1.067 0.0152
1.625 0.0127
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DIAMETER,
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0.0075
0.0075
0.0025
0.0025

Fig. 3 Schematic of the heat-transfer gage.
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Table 1 Test parameters

X Me

0.508 19.4
19.2
19.9
19.9
19.8
19.8
20.1
20.0
20.3
20.2

1.067 27.3
26.4
27.3
27.5
27.9
27.4
29.4
29.0
29.9
29.6

1.625 30.9
30.6
33.1
32.5
34.5
34.9
35.8
35.1

2.793 38.1
37.9
42.2
42.1
44.6
43.5

PO

66.1
66.2
107.6
107.6
108.1
109.2
199
199
270
268

65.3
65
107.7
107.7
107.7
109.8
189
189
270
265

66.9
65.3
107.3
107.6
198
200
268
263

108.2
110.2
200
201
270
271

T0

499
820
315
393
481
988
516
942
503
882

500
933
305
418
577
920
534
877
502
876

515
890
495
886
515
888
514
893

523
967
498
958
523
913

6

2.87
2.87
2.72
2.74
2.72
2.69
2.44
2.57
2.36
2.41

7.98
7.67
7.11
7.11
7.16
7.24
6.96
6.99
6.47
6.60

13.34
13.46
12.57
12.70
11.42
11.68
11.04
11.17

25
24.1
21.3
21.8
21.3
21.6

Pwxl04

5.26
5.26
8.61
8.61
8.61
8.61
13.4
13.4
18.1
18.2

1.45
1.45
2.08
2.08
2.08
2.04
3.12
3.12
3.86
3.85

0.698
0.698
1.05
1.04
1.45
1.45
1.88
1.87

0.395
0.395
0.553
0.553
0.658
0.658

Tw

362
397
333
333
339
400
352
409
318
361

315
358
299
301
309
328
319
348
318
339

301
321
306
317
304
321
302
314

300
300
300
300
300
300

Cf x 104

4.87a
4.84°
4.06°
4.28a
3.78a
4.38"
3.37a
3.71a
2.39*
3.42a

3.62
3.94
2.33
2.53
3.02
3.22
2.73
3.01
2.03
2.58

2.66
3.00
2.38
2.72
1.96
2.45
1.88
2.17

1.64
1.90
1.47
1.79
1.44
1.65

ca

1.21
1.41
0.866
0.967
1.16
1.22
1.11
1.02 v

0.957
1.02

0.758
1.00
0.797
0.931
0.679
0.920
0.794
0.782

0.493
0.680
0.418
0.576
0.501
0.666

P.xlO»

7.1
6.54
12.55
12.65
12.43
10.67
18.73
16.40
27.9
24.8

2.23
1.98
3.37
3.39
3.30
3.04
4.78
4.36
5.89
5.35

1.14
1.085
1.72
1.634
2.32
2.24
3.06
2.97

0.658
0.640
0.902
0.925
1.103
1.092

*J*

0.3
0.39
0.19
0.20
0.25
0.29
0.17
0.28
0.18
0.21

0.39
0.46
0.25
0.31
0.33
0.38
0.28
0.32
0.23
0.29

0.40
0.46
0.36
0.42
0.31
0.35
0.26
0.34

0.40
0.46
0.35
0.41
0.33
0.38

uL/ue
0.95
0.94
0.94
0.93
0.94
0.91
0.90
0.88
0.92
0.91

0.93
0.93
0.94
0.94
0.92
0.92
0.94
0.93
0.93
0.92

0.94
0.94
0.93
0.93
0.93
0.93
0.92
0.92

0.94
0.94
0.92
0.94
0.94
0.94

ML/Me

0.24
0.28
0.16
0.16
0.13
0.18
0.09
0.18
0.18
0.21

0.20
0.22
0.18
0.18
0.17
0.19
0.18
0.17
0.15
0.16

0.20
0.21
0.14
0.18
0.14
0.15
0.12
0.17

0.14
0.25
0.09
0.12
0.13
0.12

Ro

1381
913
2662
2608
2196
1420
3343
2688
5430
3337

1440
916
3786
2767
1801
1685
3710
2380
4756
2870

2190
1296
2800
1680
4096
2916
5582
3378

2074
1450
3308
1645
4412
2330

* These values estimated from velocity profiles.

boundary-layer thickness, i.Q.J'6/U^ = 8. In light of the work by
Kistler,16 such a length scale should be adequate.

Mass flow and temperature fluctuation intensities were also
measured across the boundary layer using a 0.00063-cm-diam by
0.317-cm-long platinum 10% iridium wire. A preliminary calibra-
tion of the wire made in the freejet facility9 showed that
(de2/dT0)pU)Tw and (de2/dpu)ToTw were approximately constant
over the range of test conditions. This is consistent with the
indication that for this diameter wire the flow should be essen-
tially free molecular. Mass flow and total temperature fluctua-
tion levels were obtained at a number of points through the
boundary layer using a technique similar to that of Kistler.16

The wire was operated at 6 different overheat ratios and a least
squares parabolic fit of the data was made to the equation

' de\2—-—-<, / de\2 ——- ^ de de •
I "1 T1 \ V~* * 0? ' \ 3 I V r / '(dTJ \dpuj

where de/dT0 and de/dpu were obtained from the calibration.

Results and Discussion
The present test conditions provide Reynolds numbers based

on throat diameter ranging from 0.5 x 106 to 4.8 x 106. Con-
sequently, considering the data given in Ref. 17, the boundary
layer is probably turbulent at the throat even though large
favorable pressure gradients may tend to stabilize it. The
possibility of relaminarization due to the favorable pressure
gradient has been examined and using the parameter of Back
et al.18 it appears that some relaminarization might be expected
for the lower pressure test conditions in a region about 1 cm
long just ahead of the throat. For the highest pressure conditions

no relaminarization is predicted. Thus, it appears unlikely that
relaminarization due to pressure gradient is a major factor in the
flow.

It is possible that nonequilibrium or history effects as discussed
in Refs. 19 and 20 exist in the present flow however no
definitive information regarding these effects for this flow are
available at the present time.

A summary of various parameters associated with the data is
presented in Table 1. The data for station 3.56 are not presented
because of interference effects at the end of the nozzle
(x = 3.61 m).

Velocity and density profiles were calculated using faired values
from the measured Pitot pressure and stagnation temperature
profiles. In obtaining these velocity and density profiles the static
pressure was assumed to vary linearly through the boundary layer
as p = pw+(pe-pJOY<S); an example of the resulting profile is
shown in Fig. 4. Also presented in this figure are values obtained
with the assumptions p = pw and p = pe. As can be seen varia-
tions in p make little difference in the outer region of the boundary
layer. However,in the inner region "p = pe" provides substantially
different values than do the other two assumptions. It is unlikely
that large pressure gradients in the 3; direction could exist near
the wall since both Mach number and density are low in this
area. Consequently "p = pe" is probably the least accurate
assumption in this area. Although the other two assumptions
given nearly identical profiles, the linear variation is used for the
present work because it matches the true conditions at the outer
edge of the boundary layer. This assumption is not exact, how-
ever, barring any large excursions in p—values much larger than
pw or much smaller than pe—this assumption should not sub-
stantially affect the conclusions of this paper.
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Fig. 4 Typical velocity and density profiles M = 42.1, sta = 2.793 m.

The general nature of the velocity and density profile was
discussed in Ref. 1 where it was pointed out that the boundary
layer has a relatively thick inner region with linear velocity
variations typical of those occurring in a viscous sublayer and
an outer region with small velocity and large density variations
typical of profiles normally associated with a turbulent boundary
layer. The skin-friction measurements suggest a velocity slope at
the wall which is in excellent agreement with the measured
velocity profile.

The improved accuracy in the total temperature measurements
of the present experiments reveals that the density is nearly
constant across the viscous sublayer and that a density overshoot
exists near the outer edge of the boundary layer. The density
overshoot was not observed during the previous investigation
(Ref. 1) because the boundary-layer edge was assumed to be at the
peak Pitot pressure location. However the present temperature
measurements indicate the existence of velocity gradients further
from the wall, thus making it necessary to redefine the edge of the
boundary layer. The point chosen for the present tests is where
local total temperatures first deviate from the reservoir tem-
perature. This density overshoot may be explained by the fact
that the data were obtained on a hypersonic nozzle wall forward
of the point where the flow is fully expanded. Thus, the inviscid
density variation is similar to that shown schematically in Fig. 5
(see Ref. 3). Interaction of this variation with the wall boundary
layer would result in density variations similar to those shown
by the dashed line.

Effects of Wall Temperature Ratio
Total temperature variations across the boundary layer are

shown in Fig. 6 for various wall temperature ratios Tw/T0g
obtained by varying the freestream total temperature. These
surveys were obtained at the 1.067 meter station where the edge
Mach number was sufficiently low that wall temperature ratios
near unity could be obtained without liquefaction problems.

1.2

1.0

.8

y/8 .6

.4

.2

1.0 1.2

Fig. 6 Variation in temperature profiles with wall temperature ratio;
Me % 27, sta = 1.067 m.

For TJT0 = 0.98 an overshoot in the total temperature occurs
near the out'er edge of the viscous sublayer (y/6 « 0.2). Further
from the wall the temperature drops to a value lower than
Tw(y/6 « 0.4) and then rises uniformly to T0g at the edge of the
boundary layer. The overshoot in total temperature resembles
that previously observed at wall temperature ratios close to unity
and is attributed to viscous dissipation. Note that in the present
investigation these effects persist to much lower wall temperatures
and cause some perturbation of the profile for values of Tw/T0g
as low as 0.535.

In the present tests most of the boundary layer is hypersonic.
Assuming locally isentropic flow for the probe measurements, one
may obtain the energy relationship

M2[l + (7-l/2)Me
2] T0

Me
2[l+(7-l/2)M2]T0e

The hypersonic approximation (M ^> 1) to this relationship gives
(u/ue)2 * TJT0e

from this approximation
T0-TW Ju/ue)2-TJT0e

T0e-Tw l-TJT0e

This apparently is the same equation used by Softley and
Sullivan21 to obtain their hypersonic limit.

Examination of this equation hereafter referred to as the hyper-
sonic approximation reveals that as TJT0e approaches zero the
functional relationship between (T0—Tw)/(T0e—Tw) and u/ue for
the hypersonic portion of the boundary layer approaches the
quadratic relationship recently noted by a number of investigators.
However, if TJT0 is greater than zero the value of the tem-
perature relationship will fall below the quadratic. Thus, it
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DENSITY -^^/"^\

VARIATION / \
/ /\ \

——— ̂  ——— ̂  \ \ VISCOUS DENSITY
BOUNDARY-LAYER \ .̂  VARIATION

EDGE V
\
\

V

WALL

TUNNEL /
CENTERLINE

Fig. 5 Schematic of coupling between the inviscid and viscous density
variations.

——— CROCCO
——— QUADRATIC
——— HYPERSONIC APPROXIMATION

.8 1.0

Fig. 7 Variations in velocity-temperature profiles with wall temperature
ratio; Me % 27, sta = 1.067 m.
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Fig. 8 Correlation of present velocity measurements using wall values.

appears that as edge Mach number increases, conditions may be
encountered in the outer region of the boundary layer for flows
on all types of bodies where the temperature-velocity relationship
could vary substantially from the familiar Crocco relationship.
Consequently, the deviation from a Crocco velocity-temperature
relationship which has been observed recently may not be strictly
a nozzle wall phenomenon as has been suggested,19'20 but simply
may be more evident in nozzle flows where the edge Mach
number is generally higher, and where possible history effects
coupled with pressure gradients tend to augment the differences.
Softley and Sullivan21 obtained data on a cone at M = 10.2 which
agree very well with the hypersonic approximation. Furthermore
the existence of hypersonic effects may explain why Jones and
Feller's data20 show very little tendency to "relax" to the linear
profile for as much as 100 boundary-layer thicknesses down-
stream a nozzle exit.

Representative plots of the temperature-velocity relationship
for the present tests are shown in Fig. 7. Excellent agreement
occurs between the data and the hypersonic approximation in the
outer region of the boundary layer. Although this region appears
small, on this type of plot the hypersonic data cover about 75%
of the boundary-layer thickness. In the viscous sublayer region the
temperature-velocity relationship shows marked differences for
the two temperature ratios presented in Fig. 7. The relationship
for the higher wall temperature ratio is very complex as a result
of the temperature overshoot in the sublayer. The lower wall
temperature data show a much simpler behavior. However, in
either case the temperature-velocity relationship is more complex
than either the Crocco or the quadratic relationships indicate.

Correlations of the Velocity Profile
A correlation of the velocity profile using measured wall

density and shear stress in law-of-the-wall parameters is pre-
sented in Fig. 8. The four cases shown represent considerable
ranges in tunnel pressure, temperature, and station. In the viscous
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Fig. 9 Correlation of present velocity measurements using Cole's
transformation.

Fig. 10 Correlation of present velocity measurements using Van Driest
transformation.

sublayer the data are in excellent agreement with incompres-
sible correlation values,22 however in the logarithmic region, the
data do not agree with the incompressible correlation. In this
region pressure and station affect the thickness of the turbulent
region with increasing pressures causing increased thickness.
On the other hand, changes in total temperature produce sub-
stantial effects on the relative level of u/(iw/pw)112. Similar trends
have also been observed in the data of Ref. 2.

Correlations of the present data using Coles'23 and Van
Driest's24 transformations are shown in Figs. 9 and 10. Coles'
transformation stretches the y variable using a function of the
density variation across the boundary layer, As can be seen,
with this transformation, the data retain the approximate agree-
ment with the incompressible profile in the viscous sublayer
while in the logarithmic region the y variable is stretched to
values comparable to those obtained in incompressible flows.
Although this transformation seems to stretch the y+ variable to
proper proportions it does not provide the changes in slope in
the logarithmic region of the boundary layer that is required
to provide complete agreement with incompressible data. It
appears that the need for a slope change requires an operation
on the velocity variable. Consequently, it is doubtful that other
transformations which operate only on the y variable25"27 will
be successful in transforming the hypersonic turbulent boundary
layer to the incompressible plane. On the other hand, the
transformation of Van Driest's,24 which operates only on the u
variable, appears to successfully obtain a consistent correlation
of the data as shown in Fig. 10. This figure shows two ways of
applying the Van Driest transformation. The first uses the actual
density profile to compute u+ while the second uses Eq. (54) from
Ref. 24 to compute u+. This equation was obtained assuming a
Crocco temperature velocity relationship. As indicated previously
the Crocco relationship is somewhat different than the measured
temperature velocity relationship. Therefore the substantial agree-
ment of both curves indicates that, at least for the present test
conditions, this transformation is not strongly affected by the
assumed temperature-velocity relationship. Since the transforma-
tion operates only on u, the data terminate at the lower y+

values. However, in other respects this transformation provides
agreement between the present data and incompressible data.

Skin-Friction Measurement
The skin friction coefficient Cf is plotted vs R9 in Fig. 11. Also

shown in this figure are slopes for Cf oc R0, the familiar
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Cf a R0 1/4

8 I04

Fig. 11 Variations in Cf with R0.

relationship for laminar flow and CfccRe
1/4, the familiar

relationship for turbulent flow. The data for any given station
approximate the turbulent flow variation. However there are
large differences between stations which primarily result from
Mach number differences.

The present data are compared with three other sets of
data2'28'29 obtained on hypersonic nozzle walls and with five
commonly used skin-friction prediction techniques23'24'30 ~32 in
Fig. 12. It appears that the tendency of most of the techniques
to underpredict the friction at lower Mach numbers is amplified
at the higher Mach numbers of the present tests. "Van
Driest-I"24 provides the best agreement with the data. This might
be expected since it also provided a good transformation of the
velocity profile data to the incompressible plane.

The existence of pressure gradient effects may introduce some
disagreement between the data and the various predictions. How-
ever the present data and those of Fischer et al.2 contains
values obtained over a wide range of pressure gradients with
no apparent differences attributable to this parameter.

Heat-Transfer Data
The heat-transfer coefficient CH was computed using a recovery

factor r of 0.8. This factor was obtained experimentally by
fairing heat-transfer measurements near adiabatic wall conditions
to determine the temperature for zero heat transfer. The value
of r is lower than the 0.9 value previously measured in turbulent
boundary layers at lower Mach number33 and in fact is near the
value for laminar boundary layers. The reasons for this are not
understood, however it may result from the large thickness of the
viscous sublayer dissipating turbulent bursts before they reach
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Fig. 13 Measured Reynolds analogy factors.

IO4

the wall. Comparisons of data have indicated that the tem-
perature slope at the wall is consistent with the heat-transfer
measurements. As was the case with skin friction, the heat transfer
for any given station is closely approximated by the turbulent
flow variation, CH oc JR0

1/4, with large differences between stations
due to Mach number differences.

Reynolds analogy factors evaluated from measured skin
friction and heat transfer are shown in Fig. 13. It is apparent
that these Reynolds analogy factors are somewhat below those
obtained in lower speed flows. The reasons for this are not
fully understood at the present time. However there appears to be
a tendency for the Reynolds analogy factor to increase with
increasing Ree and decreasing Mach number.

Boundary-Layer Fluctuations
In Fig. 14 are shown oscilloscope traces indicating the fluctua-

tions in heat transfer to the cooled film probe. Of interest here
is the existence of the familiar intermittency at both the outer
edge of the boundary layer and at the edge of the viscous sub-
layer. The inner intermittency resembles that reported by Corrsin
et al34 in incompressible flow and is as predominant as that at the
outer edge of the boundary layer. Apparently turbulence dissipates
in the viscous sublayer and it appears unlikely that large fluctua-
tions ever reach the wall, probably as a result of the extreme
thickness of the sublayer in the present case which results
primarily from the very low density of the flow.

To demonstrate the effect of density on the thickness of these
regions one can take y+ from the correlations in Figs. 8 and 10
and the definition for shear stress, TW = nw(du/dy)w « juw(«L/<5L),
and arrive at the following relation for the laminar sublayer
thickness

pwwL) const
with the additional assumption UL « ue (an assumption which
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Fig. 12 Comparisons between measured and predicted skin friction.
Fig. 14 Profile of heat transfer fluctuations to the cooled film probe;

sta = 3.56 m, M = 43.8, P0 = 201 atm, T0 = 538.
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Fig. 15 Mass flow fluctuations through the boundary layer.

gives only a first-order approximation but appears to be more
accurate at higher Mach numbers) one obtains

dL = (l*Jpwue) const
It becomes apparent that for constant ue and Tw, 6L is primarily
affected by the density and may become very large if the density is
sufficiently low. Furthermore, in constant pressure flows the
viscous sublayer will be of nearly constant thickness.

The magnitude of the mass flow fluctuations are shown in
Fig. 15. The first part of Fig. 15, where the mass flow
fluctuations are normalized by local mean mass flow, shows a
variation similar to that reported in Ref. 2. Here very large
amplitude fluctuations on the order of 80% are observed near
the edge of the viscous sublayer. This type of plot leaves one
with the false impression that fluctuation amplitude increases
with an approach to the edge of the sublayer when in fact the
amplitude decreases as shown in the second part of Fig. 15 which
uses the edge value of mass flow as the normalizing factor. Thus
it appears that the main reason for the large relative amplitude
of fluctuations is that the decrease in fluctuation amplitude lags
the decrease in mean mass flow near the edge of the viscous sub-
layer.

The temperature fluctuations were nearly constant over the
outer 70% of the boundary layer at a value between 1% and 2%
probably as a result of the very low temperature gradient
throughout most of the turbulent region.

The results presently available suggest as a possible flow model
for hypersonic turbulent boundary layers that presented in Fig. 16.
The regions shown here are essentially the same as those known
to exist from previous investigations except for the intermittent
region near the outer edge of the viscous sublayer. The basic
difference between this model and those at lower Mach
numbers is the relative extent of each region. It is probable that
at high Mach numbers breakdown to turbulence originates in the
outer region of the boundary layer35"36 and that the low Mach
angles associated with the very high Mach numbers restrict the
region in which turbulence propagates. Thus it is likely that the
rate of growth of the turbulent layer normal to the wall will be
restricted. From this and the fact that low densities typically
associated with high Mach number flows leads to very thick
viscous sublayers, as mentioned above, it appears likely that there
will be a substantial region of flow where the viscous sublayer
is of the same order of thickness as the intermittent and turbulent

INTERMITTENCY REGION

LAMINAR
VISCOUS SUBLAYER

Fig. 16 Schematic drawing of a proposed hypersonic turbulent
boundary-layer flow model.

regions. Another equally important feature which may have far-
reaching consequences is that the very thick sublayer seems to
provide a cushioning which reduces the effect of turbulence on the
wall. This is evident in the apparent dissipation of the turbulence
near the wall which may account for the very small differences
between laminar and turbulent skin friction at high Mach
numbers and the existence of relatively lower heat-transfer rates
than are normally expected for turbulent flow.

Conclusions
Extensive measurements on the wall and across the turbulent

boundary layer of a very high Mach number nozzle'indicate:
1) Temperature profiles are more complex than the Crocco or
quadratic relationships observed previously at lower Mach
numbers. 2) Van Driest's transformation of the velocity profiles
provides reasonable agreement with incompressible data. 3) Both
recovery factor and Reynolds analogy factor have somewhat
lower values than these observed in lower Mach number tests.
4) An intermittent region exists not only at the outer edge of the
boundary layer, but also at the outer edge of the viscous
sublayer.

Appendix: Derivation of Parameters Used to
Correlate Total-Temperature-Probe Calibration Data
If it is assumed that radiation losses are the major source of

error, and that the conduction losses can be neglected, then the
relationship for determining recover factor of the probe is

r=f(h/T0*)
where

h = (k/D)NUw

Furthermore, since the wire diameter is very small and the
densities very low, it is reasonable to assume that the Nusselt
number variation may be approximated by the free molecular
value

^ T-0.147r)
v ~~ Pw 1o U

k oc r;0-647

For helium

and

thus

or
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