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Reynolds Number Effects on the Turbulence
Field In Compressible Boundary Layers

M. Acharya,* C.C. Horstman,t and M.I. KussoyJ
NASA Ames Research Center, Moffett Field, Calif.

Detailed experiments were conducted in a zero pressure gradient, supersonic turbulent boundary layer, in-
cluding measurements of the three components of velocity fluctuations and the turbulent shear stress, for
Reynolds numbers ranging from 11.7 to 105xl06 at a freestream Mach number of 2.3. The mean flow
measurements established the fully developed and equilibrium nature of the boundary layer. Measurements of
the turbulence field show that the vertical and transverse fluctuations < t / > and < H > ' > are essentially equal
throughout the boundary layer at all Reynolds numbers, a feature that is different from observations in in-
compressible flows. The data show that the boundary layer exhibits similarity in the turbulence profiles for the
entire Reynolds number range and agrees with previous compressible and incompressible data using Morkovin's
scaling to account for compressibility effects.
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Nomenclature
= sensor voltage
= frequency __ __ __
= turbulent energy, (u'2 + v'2 + w' 2)/2
= Mach number
= pressure
= Reynolds number
sensor sensitivity to total temperature

Spu = sensor sensitivity to mass flux
u = streamwise velocity component
UT = skin-friction velocity at wall
v = vertical velocity component
w = transverse velocity component
y = vertical coordinate (normal to wall)
y + = transformed nondimensional vertical coordinate
<5 = boundary-layer thickness
6* = boundary-layer displacement thickness
0 = boundary-layer momentum thickness
p = density
T = shear stress
Subscripts
e = boundary-layer edge
T = total
x = based on distance from nozzle throat
w = wall
6 = based on boundary-layer thickness
0 = based on boundary-layer momentum thickness
Superscripts
( Y = fluctuating value
< _> = root mean square
( ) = time averaged value

Introduction

IN a recent survey1 of compressible turbulence measure-
ments, Sandborn has examined studies of zero pressure

gradient supersonic turbulent boundary layers that have been
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reported in the literature. These experiments, and a few others
which have been reported since Sandborn's review, have
presented data on the turbulence field; however, most of them
have been limited to a part of the fluctuating field, and all of
them together cover only a limited range of Reynolds num-
bers.

Detailed information on the turbulence field in com-
pressible turbulent boundary layers is of value in light of
current trends in the computation of compressible flowfields,
which are directed toward the development and refinement of
sophisticated numerical codes. These codes are ultimately
expected to provide the capability to predict flows about
realistic aerospace configurations, with the possible presence
of shocks and flow separation. Such codes utilize the Navier-
Stokes equations, together with a turbulence model to provide
closure. The development of a suitable model is proving to be
the pacing item in this effort.

Concurrent with the development of turbulence models, it
is essential to conduct experiments that would provide
guidelines for such development, and also help in the
evaluation of different computational techniques. Such an
approach has been adopted at Ames Research Center as
described by Marvin.2

At present there is a considerable effort to develop
Reynolds stress-equation or higher-order turbulence closure
models.In spite of their increased complexity, stress-equation
models have inherent advantages over the simpler two-
equation and eddy-viscosity models, because they are ex-
pected to provide a more realistic modeling of complex
flows,3'4 in which features such as three dimensionality,
separation, and flow curvature could be present. Stress-
equation models would provide a detailed prediction of the
turbulence field, including the individual components of the
Reynolds stress tensor. In light of this, it would be useful to
conduct experiments detailing the behavior of the turbulence
field for a wide range of flow conditions such as Reynolds and
Mach number.

This paper presents the results of detailed measurements of
the turbulence field in a supersonic zero pressure gradient,
turbulent boundary layer over a Reynolds number range of
11.7 to 105 x 106. The data were obtained in sufficient detail
to assess the Reynolds number effects, document the
flowfield, and serve as a basis for the comparison of com-
putations using different higher-order turbulence models. The
study was also extended at a single Reynolds number to in-
clude measurements in a range of adverse pressure gradients
approaching separation. These results have been reported by
Acharya et al.5
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Description of Experiment
Flow Facility

The experiments were conducted in the NASA Ames High
Reynolds Number Channel. This is an air-charged, blowdown
facility consisting of a large settling tank with flow con-
ditioning screens and interchangeable test sections and
nozzles, each designed to produce a particular flow. For the
present study, a supersonic nozzle and a constant diameter
(24.77-cm) test section 270-cm long were used. The nominal
freestream test conditions were total temperature, 270K; total
pressure, 0.33 to 3 atm; freestream unit Reynolds number, 4
to 35 x 106 m ~ l ; and freestream Mach number, 2.3. The wall
temperature was 278K. For each test condition a slight Mach
number gradient (- 0.05/m) existed in the test section because
of boundary-layer growth on the wall. The useful test time
varied from 5 to 60 min, depending on the total pressure.

Instrumentation ports, into which interchangeable plugs
could be inserted were located at 25.4-cm intervals along the
test section. The plugs 3.81 cm in diameter, were machined in
place to fit flush (a maximum step of 3 /*m) with the inner
cylindrical surface. One plug was fitted with a survey
mechanism built to accommodate various hot-wire and
pressure probes. The others contained static pressure taps and
flush-mounted thermocouples. Additional static pressure taps
were located 90 deg around the test section at selected stations
to verify flow symmetry. The boundary-layer profile data
presented in this paper were obtained 290-cm downstream
from the nozzle throat. The average surface roughness on the
inside of the test section was approximately 0.4 /xm, an order
of magnitude less than the minimum viscous sublayer
thickness encountered during the present tests.

Mean and Surface Measurements
The details of the construction, calibration, and use of the

pressure and total temperature probes for the measurement of
skin friction, mean velocities, static pressure and total
temperature profiles have been presented in Ref. 6. The ex-
perimental uncertainties in surface-pressure and skin-friction
measurement were estimated to be ±5% and ±15%,
respectively. The measured values of total temperature across
the boundary layer were essentially constant (the maximum
variation was 0.5%). The experimental uncertainties in the
mean flowfield data were ±0.5% for the total temperature,
±10% for the static pressure, ±6% for the static tem-
perature, ±12% for density, and ±3% for the velocity. The
uncertainty in.y, the distance from the wall, was ±0.01 cm.

Fluctuating Measurements
Single hot-wire and dual-wedge hot-film probes were used

to obtain the three fluctuating velocity components and
turbulent shear stresses.6 A single hot wire (10 /xm-diam and
0.15-cm long) was used for calibration purposes. A second
single hot wire of the same dimensions, but supported with an
epoxy film (to prevent wire breakage and signal distortion due
to vibration and strain gaging effects) was used to measure
mass flow and total temperature fluctuations. For the present
test series a single epoxy-backed wire survived over 35
boundary^layer traverses. A commercially available dual-
wedge film probe (0.11-cm in diameter) was used to obtain the
correlation coefficients and the instantaneous ratios of the
vertical and transverse velocities to the mass flow fluc-
tuations. These probes were operated with constant-
temperature anemometers. Spectrum analysis established that
the useful frequency range for all probes used was over 100
KHz and subsequent data analysis indicated that less than 1%
of the flow energy was contained in frequencies above 80
KHz.

The principal difficulty in using hot wires and films in
compressible flow is that the sensor responds to velocity,
density, and total temperature fluctuations, and, in general,
exhibits a different sensitivity to each one. However, it has

been shown by Morkovin7 for supersonic speeds and by
Horstman and Rose8 for transonic speeds that the density and
velocity sensitivities are equal for specific test conditions. It
has been shown in Ref. 8 that, provided the Reynolds number
based on sensor diameter is greater than 20 and the tem-
perature overheat is greater than 0.4, the sensors respond to
mass flow rather than density and velocity separately, at all
Mach numbers. For the present investigation, the minimum
sensor Reynolds number was 30, and the temperature
overheats were usually greater than 1.0, both well within the
required ranges. Both the bare wire and epoxy-backed probes
were calibrated and used to measure the mass flow fluc-
tuations. (The calibrations were performed both in the
freestream, varying the tunnel total pressure, and by traverses
through the previously measured boundary layer.) Since the
epoxy-backed wire could be affected by thermal feedback
problems which cause changes in the sensor sensitivity,
corrections to the epoxy-backed probe sensitivity coefficients
were determined by comparison of the measurements ob-
tained by the two probes. These corrections were found to be
a function of a probe Reynolds number, varying from 30% at
the lowest to 5% at the highest Reynolds numbers tested.
Details of the calibration techniques are described in Ref. 9.

The dual-wedge film probes were used to measure the
vertical and transverse velocity fluctuations and the turbulent
shear stresses. By operating the probe at a single high overheat
and measuring only ratios of fluctuating voltages (and their
sums and differences) the only calibration measurements
required are relative measurements of the mean voltages to
insure that the two films had equal sensitivities. The data
reduction techniques and equations used to obtain the
Reynolds shear stress from the measured quantities are
described in Ref. 8. A Prandtl number of 0.9 was assumed in
the data reduction procedure.

Horizontal velocity fluctuations were obtained from the
mass flux fluctuations assuming negligible total temperature
and pressure fluctuations. The latter assumption has been
verified by Johnson and Rose10 at the present Mach number.
A 1% fluctuation in total temperature would result in a
maximum error of 10% in the inferred velocity fluctuation.
For the present investigation the total temperature fluc-
tuations were much less than 1 % (see below).

The epoxy-backed normal wire was used to measure the
mass flow and total temperature fluctuations at three points
within the boundary layer, using the mode diagram approach
developed by Kovasznay. '1 > 1 2 . The results are shown in Fig. 1.
The temperature sensitivity ST() decreases with increasing
overheat while the mass flux sensitivity Spli remains relative
constant. Thus, the intercept on the ordinate, where
(Spu/ST ) — 0, gives the intensity of the total temperature
fluctuations while the slope of the curve at high values of
Spu/ST() yields the intensity of the mass flux fluctuations.
Least-square curve fits to the data (the solid lines in Fig. 1)
indicate negligible total temperature fluctuations across the
entire boundary layer. However, it should be noted that at
very low overheats, a constant-temperature system has poor
frequency response and the density and velocity sensitivities
may no longer be equal, so that errors could be introduced in
a measurement of the total temperature fluctuations. Least-
square curve fits were also obtained for these data, neglecting
the data obtained at the lower overheats. Although the ac-
curacy of extrapolating high overheat data to low overheats
may be questioned, the results indicated that the level of total
temperature fluctuations was of the order of 1% for
>V<5 = 0.04 and 0.20 and again negligible for y/d -0.70. The
mass-flux total-temperature correlation coefficients were
approximately equal to 0.5, and at the higher overheats the
sensor responded predominantly to the mass flux fluc-
tuations. With the exception of the data for the modal
analysis plots discussed earlier, all probes were operated at
high overheats ( S p l t / S T ( ) ) \ . 5 ) , where the total temperature
fluctuations could be neglected.
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Fig. 1 Modal analysis comparing three positions in the boundary
layer; Rex= 35.3 x l O 6 .

The experimental uncertainties in the fluctuating flowfield
quantities due to the various assumptions employed and
calibration errors were ±15% for the fluctuating velocity
components and ±20% for the turbulent stresses. Error
bands representing these experimental uncertainties are shown
on the figures containing the fluctuating data. A tabulation of
all mean and fluctuating data contained in this paper is
presented in Ref. 6.

Results and Discussion
The measured boundary-layer parameters for the nominal

test conditions described earlier are summarized in Table 1.
Measurements were made for three values of total pressure
PT, resulting in freestream Reynolds numbers, based on the
distance from the sonic throat, of 11.7, 35.3, and 105 x 106.
The corresponding momentum thickness Reynolds number
also varied by about one order of magnitude, the maximum
value being 8.28xl04 . The boundary-layer thickness d was
defined as the thickness determined by extrapolation of the
measured velocity profiles in the power-law form &i ulue vs
fay to u/ue = \ .0 (see Ref. 13).

Figure 2 shows the mean velocity data for the three
Reynolds numbers, plotted in the conventional wall coor-
dinates. The data were transformed into incompressible
coordinates using the Van Driest II transformation.
Neglecting the first few points near the wall for each Reynolds
number (because of possible probe interference effects), the
good agreement with the law of the wall verifies the presence
of a fully developed flow for the inner half of the boundary
layer. To verify fully developed flow for the other half of the
boundary layer the same data, scaled by the outer variables,
are shown in Fig. 3. The similarity in profiles is quite good
except for a small portion of the highest Reynolds number
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Fig. 2 Law-of-the-wall correlations
using the Van Driest transformation.

104 105

in compressible coordinates

flow near y/d = 0.6. This variation could possibly be at-
tributable to small nonequilibrium effects originating in the
wind tunnel nozzle. Since turbulence memory distances can be
significantly longer than corresponding mean flow memory
distances4 these nonequilibrium effects could be more
pronounced in the turbulence field. With this small exception,
the mean velocity measurements serve to establish the
presence of a fully developed equilibrium turbulent boundary
layer.

Typical power spectra distributions nondimensionalized by
the power contained in the interval 0 to 400 Hz, obtained for
the commercial dual-wedge probes are shown in Fig. 4.
Comparison of the vertical and transverse velocity spectra
with the mass flux spectrum (Fig. 4a) shows that there is
proportionally more energy associated with the smaller scales
for the two velocity components. Since the horizontal velocity
cannot be measured directly in a compressible flow with a hot
wire, its spectra cannot be compared with the other com-
ponents. Changes in Reynolds number had only a small effect
on the measured spectra (Fig. 4b).

The three components of rms turbulent velocity fluc-
tuations at a freestream Reynolds number of l l . T x 106 are
shown in Fig. 5. An examination of the profiles shows that the
vertical velocity fluctuations < i > ' > and the transverse fluc-
tuations < H > ' } are essentially equal except near the wall. This
is in disagreement wi th previous incompressible
measurements such as those by Klebanoff14 where < H > ' > was
found to be at least 20% greater than (v'} across the entire
boundary layer. However, the only other measurements of
< w ' > in compressible flow (Acharya15 at Me=0.45, Horst-
man and Rose7 at Me =0.78, and Mikulla and Horstman16 at
M= 7.0) show a similar tendency in that < w' > was only a few
percent greater than < z / > in the outer half of the boundary
layer for the Me = OA5 and 0.78 data, and equal to ( v ' }
across the entire boundary layer for the Me = 7.Q data. The
fluctuation data at freestream Reynolds numbers of
35.3 x 106 and 105 x 106 also reveal very similar trends.

Another possible reason for this disagreement with
Klebanoff's results is the effect of transverse curvature. For

Table 1 Measured boundary-layer parameters

PT
atm

0.33
1.0
3.0

MC

2.21
2.26
2.34

u,,
m/s

525.72
530.41
539.77

6,
cm

4.7
4.7
4.7

6*,
cm

0.970
0.846
0.854

0,
cm

0.264
0.233
0.228

g/cm2

0.165
0.430
1.09

m/s

19.81
19.84
19.20

Rex,_6

11.7
35.3

105

xW~4

1.04
2.82
8.28
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Fig. 3 Velocity-defect profiles in incompressible coordinates using
the Van Driest transformation.

both the present data and the results of Ref. 16 the ratio of the
boundary-layer thickness to the wall transverse radius of
curvature is —0.35. Klebanoff's results were obtained on a
flat plate. Although the mean flow profiles for the present
case and Ref. 16 agree with flat-plate data, the effects of
transverse curvature on the turbulent fluctuations, especially
(vf > and <w' >, may be important. Additional measurements
of < t > ' > and < w ' > in a supersonic flat-plate boundary layer
would be required to resolve this issue.

Figures 6-8 compare the fluctuations at the different
Reynolds numbers. Figure 6 shows the data for the stream-
wise fluctuations (ur >. While the Reynolds number has been
changed by almost one order of magnitude, the profiles
remain essentially unchanged. From Figs. 7 and 8, it is seen
that < z / > and < H > ' > also exhibit the same behavior with
change in Reynolds number. Figure 9 shows the variation of
the turbulent kinetic energy per unit mass across the boundary
layer at the three Reynolds numbers, confirming that the
turbulence intensity profiles attain similarity at high Reynolds
numbers. (For the highest Reynolds number, measurements
of ( v r > and shear stress were not obtained in the outer half of
the boundary layer because of the power limitations of the
anemometry system at high overheats for the dual-wedge
probe.)

Morkovin17 originally proposed that the effects of com-
pressibility on the turbulent fluctuations were passive, and
could be accounted for by scaling the data using the wall shear
stress and local mean density. This has been shown to be valid
for the horizontal velocity fluctuations in subsonic and
supersonic compressible flows by Acharya,15 Sandborn,] and
Johnson and Rose.10 To test the present data with this
scaling, the < w ' > fluctuations normalized in this manner are
compared with previous incompressible and compressible
data in Fig. 10. The Mach and Reynolds numbers of each set
of data are indicated in the figure key. The present data are in
general agreement (within the experimental accuracy of
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.01
20 40

a)
60 80

f, kHz
100 120 140

120

Fig. 4 Nondimensionalized power spectra distributions;
a) comparison of fluctuating mass flux and vertical and transverse
velocity components—Re^. = 105 x 106; b) comparison of the mass
flux fluctuations at three Reynolds numbers.

± 15%) with the previous data. Over the central portion of the
bounday layer OV<5~0.6) the present highest Reynolds
number data are slightly high, which could be due to the
nonequilibrium effects discussed earlier. The total spread in
the present data at y/d = 0.5 due to Reynolds number is 25%
compared to 10% when these data are not scaled in this
manner (Fig. 6). Whether this increase is due to the scaling or
to inaccuracies in the data cannot be determined at this time.

The same scaling has been applied to the present vertical
velocity fluctuations together with previous data and is shown
in Fig. 11. No apparent correlation is observed. The
measurement of {v' > with hot wires poses problems of probe
resolution and is also subject to fairly large error resulting
from velocity gradients across the sensor.18 These could be
the main reasons for the large differences seen in the data,
especially in the inner regions. Even the incompressible data
are inconsistent among themselves. Johnson and Rose10 also
made an independent measurement of the < v' > profile using a
laser velocimeter. These data were in disagreement with their
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Fig. 5 Distributions of the rms streamwise, vertical, and transverse
velocity fluctuations across the boundary layer, Rex — 11.7 x 106.

hot-wire measurements but were in good agreement with
Zoric's19 data. It is difficult to draw definite conclusions
regarding the scaling of < v' > based on the available data.

As a check on the present data, the measured shear stress
distribution at a freestream Reynolds number of 35.3 x 106 is
compared in Fig. 12 with the expected shear stress distribution
obtained from integration of the mean-flow data. The ob-
served differences are well within experimental accuracy
except near the wall (y/6<0.25) where probe interference
effects may be present. These probe interference effects only
apply to the turbulent shear stress measurements and occur
when the local Mach number approaches unity (see Ref. 6).

The turbulent shear stress data at all three Reynolds
numbers are shown normalized by the wall shear stress in Fig.
13, together with the data of Klebanoff, Acharya, and
Johnson and Rose. As was found with the { v ' } data, the
scatter in the shear stress data are too large to verify this
scaling. Sandborn1 constructed a ''best estimate" shear stress
distribution by solving the momentum equation for the shear
stress, which he then evaluated using mean-flow profiles, with
the assumption that these profiles were self-similar in the
streamwise direction. This "best estimate" was independent
of Mach and Reynolds number. This estimate fits the present
shear stress data within their experimental accuracy except
near the wall (y/d<0.25) where probe interference effects
may be present. Measurements revealed that the -p u ' w '
component of the turbulent stress tensor was essentially zero
throughout the boundary layer, at all three Reynolds num-
bers, as expected.
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Fig. 6 Distributions of the rms streamwise velocity fluctuations for
various Reynolds numbers.
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Fig. 7 Distributions of the rms vertical velocity fluctuations for
various Reynolds numbers.

Conclusions
A zero pressure gradient supersonic turbulent boundary

layer has been investigated in detail for a wide range of
Reynolds numbers. The measurements included mean-flow
profiles and profiles of the three turbulent velocity fluctuation
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Fig. 8 Distributions of the rms transverse velocity fluctuations for
various Reynolds numbers.
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Fig. 9 Distributions of the turbulent kinetic energy for various
Reynolds numbers.

Fig. 10 A comparison of the nondimensional streamwise velocity
fluctuations with previous data.

components and turbulent shear stress. The turbulence field
measurements reveal one striking feature of supersonic
turbulent boundary layers: the magnitude of the transverse
and vertical fluctuations are essentially equal throughout the
boundary layer, unlike in incompressible flows, where < w' > is
greater than ( v ' } through most of the layer. Other
measurements in hypersonic flows show the same behavior.
Data taken over a wide range of Reynolds numbers up to a
value of 105 x l O 6 lend support to the conclusion that the
boundary layer exhibits similarity in the turbulence field (and
mean field) at high Reynolds numbers. Such similarity
behavior has been suggested by Zoric, I9 among others. The
data for the streamwise velocity fluctuations correlate with
previous incompressible and compressible data using
Morkovin's "universal" scaling to account for com-
pressibility. Significant deviations between the various
profiles of available compressible data preclude a similar
conclusion for the vertical velocity fluctuation and shear
stress data.
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Fig. 12 Turbulent shear stress distribution across the boundary
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