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Flow Properties of a Supersonic Turbulent
Boundary Layer with Wall Roughness

Robert M. Latin*
Air Force Institute of Technology, Wright-Patterson Air Force Base, Ohio 45433-7765
and
Rodney D. W. Bowersox'
University of Alabama, Tuscaloosa, Alabama 35487-0280

An experimental study of the influence of surface roughness on the mean and turbulent flow properties of a high-
speed (M =2.9, Re/m =2.0 X 107) turbulent boundary layer flow was performed. Six wall topologies, including a
smooth and five rough surfaces consisting of three random sand-grain plates and two uniformly machined plates
(k:' =100-570), were tested. Mean flow measurements included surveys of the velocity and density. Turbulence
quantities included direct measurements of the kinematic velocity turbulence intensities, mass flux turbulence
intensities, the kinematic Reynolds shear stress, the compressible Reynolds shear stress and the density-transverse-
velocity fluctuation correlation. The trends in the mean flow, observed for incompressible flow, were found to hold
for the present study when Van Driest I scaling was used. Kinematic statistical turbulent flow properties were found
to scale by local mean quantities. Conversely, turbulent flow statistical properties with an explicit thermodynamic
dependence did not scale by local mean quantities and had a strong linear dependence on roughness height.
Roughness was found to extend the region where inner scaling held toward larger values of y* for the compressible
Reynolds shear stress, the x- and y-velocity component turbulence intensities, the x-component of the mass flux
turbulence intensity, and the density-transverse-velocity correlation.

Nomenclature

Ap = roughness frontal blockage area

= constant

= skin friction coefficient

k = roughness height

= p u*klu,

L = length scale

M = Mach number

p = pressure

= Reynolds number (p,u, L/ ,)

temperature

mean Favre axial velocity

velocity components

ul/u*

friction velocity

= Cartesian coordinates

=p,u*y/u,

= ( )rough - ( )smoolh

= length from nozzle exit to the measurement location

= effective starting length due to finite thickness of the
boundary layer at x =0

= boundary-layerthickness (u/u, =0.99)

= boundary-layerthickness (M/M, =0.99)

displacement thickness

pLuol 1,

momentum thickness

roughness wavelength

density

= shear stress
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Subscripts

e = boundary-layeredge condition
i =x=0
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= kinematic

= equivalent sand-grain roughness
= total condition

= wall

= smooth plate

oz ~a

Superscripts

T = turbulent

! = Reynolds fluctuation

- = Reynolds mean component
" = Favre fluctuation

Introduction

UPERSONIC boundary layers are responsible for skin friction

drag and convectionheat transfer over high-speed aircraft, mis-
siles, reentry vehicles, and propulsion systems. Surface roughness
increasesthese engineeringquantities and enhances transition from
laminar to turbulent flow. Since all manufactured components of
these systems have some inherent surface roughness or become
rough through operation, it is important to quantify how surface
roughness affects supersonic boundary layers in both a qualitative
and quantitative manner to enable better understanding and predic-
tion methods.

Direct numerical simulation of high-Reynolds-numberturbulent
flow is currently impractical. Hence, engineers and scientists must
rely on an approximate averaged form of the governing Navier-
Stokes equations. Because of the nonlinearity of the Navier-Stokes
equations, averaging introduces additional unknowns into the prob-
lem. Modeling these additional turbulence unknowns has proven to
be a major challenge and a key limiting factor in the accuracy of

Table 1 Measurement flow conditions

Measurement P, Pa T;, K Re/m (X10_7)
Pitot 217 X10° £0.4% 296+1.0 1.9+0.3
Cross-film (x-y plane) 2.22 X10°+0.3% 293+1.0 2.0x£0.3
Cross-film (x-z plane) 2.39 X10° £0.3% 296+ 1.0 2.1+0.3
Laser Doppler 241 X10°+0.5% 294%1.0 2.1+0.3
Color schlieren 217 X10° £0.4% 296%1.0 1.9+x0.3
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Fig.1 Schematic of wind tunnel (not drawn to scale).
Table 2 Surface conditions
l_f’ Vv kT’a kmax’a Tw’b pw’b k“c AB,
Model mm mm mm K kg/m? mm ke mm?
Flat 0.007 0.005 0.02 276 0.11 0.00 0 0.0
Two-dimensional 0.56 0.007 0.58 274 0.12 1.09 289 35.6
Three-dimensional 0.56 0.007 0.58 273 0.12 091 241 9.1
80 Grit 0.53 0.17 1.10 273 0.12 0.44 104 33.7
36 Grit 0.90 0.34 1.40 273 0.12 1.42 395 57.2
20 Grit 0.83 0.50 1.70 273 0.12 1.98 571 52.7

4For the two-dimensional and three-dimensional plates, the standard deviation was taken as ’i’ the machining accuracy (22.4 um).
b Adiabatic wall temperature (7, =295 K, P, =2.22 kPa, Mach number given in Table 1).

¢ky =0 by definition (k* = 1.1).
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Fig.2 Machined roughness patterns.

Fig. 3 Horizontal knife edge schlieren photograph (rough surfaces
along the bottom): 20 Grit sandpaper plate.

Table3 Measurement uncertainty

Measurement Uncertainty

X, y, mm 0.25,0.13

&, 6, mm 1.0,2.5

5, mm 0.08

6,0, mm 0.04,0.02

Cro, Cp(X107%) 1.0,2.0
M,(X1072)b 1.4

Y& = 0.2 0.5 1.0
i/ u,(X1072)® 1.3 1.0 0.8
i/ u,(X107%)¢ 1.3 1.4 1.2
Ja)1a(x1073) 2.1 1.9 L5
W21a(x1073) 0.8 1.1 1.1
WV 2 (X107%) 0.7 2.9 0.4
D! pette(X1072) 2.9 3.3 3.6
J(pu)2[pu( x10™ 6.0 7.0 2.0
(V)2 [pu(X1073) 5.0 4.0 3.0
Jow)2/pu( x1073) 5.0 3.5 2.5
(ouY (pvY / put(X10~%) 4.2 43 1.1
(o) (pw) | pu(X10™4 4.2 43 1.1
Bl pe.(X1072) 32 3.6 3.8
PV pi( X10™4) 43 5.2 12

2Errors in units plotted (based on smooth-plate results).
bpitot probe.
©Laser Doppler velocimetry.

high-Reynolds-numbernumerical simulations. Empirical informa-
tion is a key element in understanding the essential dynamics and
has thus provided the basis for current turbulence models for both
low- and high-speed flows.'~?

For low-speedrough-wallflow, the influence of surfaceroughness
on the mean and turbulent flow propertiesis well documented,'*~8
and the associated flow scaling' has provided the foundation for
turbulence models suitable for low-speed zero-pressure-gradent
rough-wall flow.? From the experimental descriptions, surface
roughness has been shown to have a direct influence on the inner
region of the law of the wall and is typically described by a single
parameter, namely, the roughness Reynolds number k* . Nikuradse*
demonstratedthat sand-grain-generatad roughnessincreasedthe ve-
locity defect and skin friction and shifted the logarithmic region
of the law of the wall downward. The amount of downward shift
was shown to be a function of k*. Schlichting' introduced the con-
cept of equivalent sand-grain roughness k} to correlate any sur-
faceroughnessto the equivalentNikuradse sand-grainroughnessfor
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comparison. Because the equivalentsand-grain roughness does not
include roughness geometry or spacing, investigations of the influ-
ence of the roughness geometry were also performed.’~’

The available rough-wall database for high-speed flow is not as
complete as that for low-speed. For example, rough-wall studies
thatincluded turbulence were not included in recent compilations of
available mean and turbulent flowfield information>° However, the
mean flowfield properties have been thoroughly documented.!®~!2
Goddard' presented a detailed investigated the influence of Mach
number (M =0.7-4.54) on the mean velocity and skin friction for
sand-grain surface roughness (k) = 10-1500) boundary-layerflow

over a body of revolution. The Reynolds number range, depend-
ing on the Mach number, was nominally Re, =~ 2 X 10%-1 X107,
Goddard found that the shift in the law of the wall velocity profile
was a functionof k} and followed the same law as the incompress-
ible case when the Van Driest II'* compressibility transformation
was used. Berg!! extended the Mach number range to 6.0.
Liepmann and Goddard'* conjectured that for fully rough flow,
the wall shear force is primarily the result of the drag on the rough-
ness elements. Based on this argument, they showed that the ratio
of compressible to incompressible skin friction is equal to the wall-
to-freestream density ratio. The force-balance data of Goddard'’
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Fig. 4 Mean flow profile data.
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Table 4 Reference values (x = 54 cm)

3, 6Ma 3*5 05 M*, AX(), Rex Reg
Model M, mm mm mm mm B’ Cy m/s cm (X107) (X10%)
Flat 2.75 12.4 15.4 3.32 0.80 N/A 0.00159 26 27.5 1.6 £0.8 1.6
Two-dimensional 2.73 16.8 18.1 5.82 1.32 21.4 0.00363 38 79 1.2+£0.6 2.6
Three-dimensional 2.73 15.8 17.3 5.67 1.29 21.8 0.00353 38 8.1 1.2+£0.6 2.6
80 Grit 2.73 14.7 16.3 4.77 1.11 239 0.00302 35 9.2 1.2+£0.6 2.2
36 Grit 2.72 18.0 19.2 6.24 1.43 21.4 0.00393 40 8.0 1.2+£0.6 29
20 Grit 2.70 17.7 18.2 6.26 1.45 21.0 0.00399 40 7.7 1.2+£0.6 29
aDefined such that u/u, =0.99. PDefined such that M/ M, =0.99.
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¢) Effective law of the wall plot (pitot data)
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Fig.4 Mean flow profile data (continued).
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confirmed the Liepmann and Goddard skin friction correlation
over a Mach number range of 0.7-4.54. The available skin fric-
tion data'®~'? are well correlated (nominal variance of +15%) for
k¥ €[10, 1500], M €[0.7, 6.0], as

C/Cro=0.39bafk}) +0.103 (1)

As first observed by Morkovin," it appears that many of the dif-
ferences in the turbulentstatistical properties across supersonic and
subsonic smooth-plateboundary layers can be explained, or at least
correlated, by the thermodynamic property variations across the
layer. This observation,termed Morkovin’s hypothesis,has provided
the rationale for using incompressible turbulence models for flows
up to Mach 5. Scaling for compressibility has been found to corre-
late the mean velocity with the low-speed database across smooth

and rough boundary layers.!>!> More recently, detailed compila-
tions and analyses of available high-speed turbulence smooth-wall
data®®16718 were performed. In summary, the studies indicated that
the database was insufficient to confirm turbulent property scaling
and that the realm of applicability of Morkovin’s hypothesis might
be more restrictive than originally believed %1618

Supersonic flows often possess features that do not have incom-
pressible counterparts. For example, supersonic flow over rough
surfaces can generate shock and expansion waves that interact with
boundary-layer turbulence. This interaction is especially true at
those higher Mach numbers where most of the boundary layer is
supersonic. For a flat plate at Mach 3.0, approximately 99% of
the boundary layer is supersonic. Hence, the presence of relatively
small roughnesselementscould generatesignificant compressibility
effects.
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Fig. 5 u- and v-turbulence intensity profiles.
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The objectiveof the present study was to provide an experimental
characterization of the influence of roughness (k} =100-570) on
the mean and turbulent flow properties across a supersonic high-
Reynolds-number turbulent boundary-layer flow. Six wind-tunnel
wall models, consisting of a smooth plate (for comparison pur-
poses), two uniformly distributed rough surfaces, and three sand-
grainrough surfaces, were examined. All of the rough surfaces were
in the fully regime rough.! Detailed surveys of the mean veloc-
ity, mean density, kinematic velocity turbulence intensities, mass
flux turbulence intensities, kinematic Reynolds shear stress, com-
pressible Reynolds shear stress, and the density-transverse-vebcity
fluctuation correlation across the rough-wall boundary layers were
acquired. In addition, an investigation of empirical scaling for the
mean and turbulent flow properties was performed.

Experimental Apparatus
Facilities

Data were collected in a supersonic wind tunnel located at
Wright-Patterson Air Force Base. The tunnel was a combination
drawdown/blowdown facility. A 27.46-cm-long(measured from the
throat), finite-radius half nozzle was used to produce a freestream
Mach number at the nozzle exit of 2.88 with a £1.3% variation
across the test section.!’~?* The contouredside of the nozzle was lo-
cated along the tunnel ceiling. The average axial velocity freestream
turbulence intensity at the nozzle exit, measured with a cross-film
probe, was nominally 0.8% (Refs. 19-22). The stagnation flow con-
ditions for each measurement technique are listed in Table 1. The
boundary-layerheights o, 8y,, and 0 at the nozzle exit were calcu-
lated from the velocity profile measured with the pitot probe (de-
scribedin Experimental Apparatus: Instrumentation) as 4.7, 5.3, and
0.2 mm, respectively. The cross-sectional shape of the test section
was square, with each side 6.35 cm in length. For the present study,
the test section length, beginning at the nozzle exit, was 66.0 cm,
with the measurement location at 54.0 cm downstream of the noz-
zle exit (Fig. 1). The coordinate system was defined such that x was
positive in the freestream flow direction, measured from the nozzle
exit; y was positive vertically up relative to the tunnel floor; z com-
pleted the right-hand system, and z =0 was along the tunnel span
centerline.

Detailed two-dimensionality studies quantifying the mean and
turbulentflow statisticsat off-centerz locationshave been performed
for the present facility.'’=? In summary, the mean flow properties
were independent of z location to within the measurement uncer-
tainty over the center 40% of the test section (total area mapped).®

The turbulentshears stressesat off centerlinelocationsalsoagreedto
within the measurementuncertainty’® (total area mapped was about
20% of the test section). The effects of the longitudinal pressure
gradient due to boundary-layer growth were also investigated 2!-22
and the results demonstrated that the mean and turbulent flow prop-
erties measured at x locations (in the present coordinate system
with the origin at the test section exit) of 16.5, 44.0, and 54.0 cm
(present location) collapsed onto a single curve representative of
a zero-pressure-gradent equilibrium boundary layer with outer
scaling.

Six different floor sections were tested, each section having a
different surface roughness. As was the case for the Goddard'®
study, the floor sections were aligned so that the tops of the rough-
ness elements were level with the tunnel floor at the nozzle exit
(Fig. 1).

Three sand-grain roughened plates were constructed by adher-
ing Varathane brand 80, 36, and 20 Grit flooring sandpaper to the
top surface of three aluminum flat plates (66.0 X6.35 X 1.91 cm?).
The heights of the sand grains were not measured prior to be-
ing glued to the sandpaper surface. For this reason, the roughness
heights of the sandpaperwere notexpectedto corresponddirectly to
Nikuradse sand-grain roughness. Instead, direct measurements of
the roughness topography were made using a Carl Zeiss LSM 320
Confocal Laser Scan Microscope (LSM). The LSM was used to
provide samples of the roughness topology from which the mean,
maximum, and standard deviation of the surface roughness were
computed. The roughness topologies were resolved with the LSM
to within 4.0% of the mean roughness height. The statistical prop-
erties from this analysis are listed in Table 2. The 20 Grit plate was
more sparsely populated with larger elements than the 36 Grit paper.
Therefore, the averageroughness height was smaller for the 20 Grit
plate. However, the maximum height and the standard deviation
were the largest for the 20 Grit plate. These three rough surfaces
were selected because they provideda relatively broad (200%) vari-
ationin the maximum heights,and all were in the fully roughregime.

Two uniformly machined plates were designed to provide insight
into the effects of topology. The geometry was arbitrarily chosen
to provide a large variation in the frontal blockage (opposing the
flow) and the surface area occupied by roughness elements. The
machined two-dimensional roughness element model had rectan-
gular lateral grooves that spanned the width of the test section, and
the three-dimensional model consisted of cubical pillars (Fig. 2)
aligned in straight rows in both the x and z directions. The wave-
length of the roughness elements was 2.18 mm. The roughness
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Fig.5 u- and v-turbulence intensity profiles (continued).
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height was chosen as 0.56 mm for both the two-dimensional and
three-dimensional plates so that both were fully rough. The frontal
blockage area for the two-dimensional plate was the roughness
height times the width of the test section, which was 290% larger
than that of the three-dimensional plate. The roughness blockage
area A p foreach plate is summarizedin Table 2. The surface area oc-
cupied by the two-dimensional plate (25.7%) was 290% larger than
that for the three-dimensional plate (6.6%). The milling machine
accuracy was rated at £22 um (£4.0% of the roughness element
height).

Instrumentation

The color schlieren flow visualization equipment consisted of a
mercury light source, two 15.24-cm parabolic mirrors (focal length
of 1.97 m), a color slide (red-green-blue), and a Kodak Digital
460C CCD camera. Time-averaged (0.125-s) color schlieren pho-
tographs were acquired at the nozzle exit and test location (54.0 cm
downstream of the nozzle exit).'”

LATIN AND BOWERSOX

A pitot pressure probe was used to measure pressures across the
boundary layers for the six models. The pitot probe was constructed
from 1.59-mm-diamstainless steel tubing. The end of the probe was
crimped such that the inner cross-section had a height of 0.8 mm
and a width of 1.2 mm. Data were sampled at a rate of 800 Hz,
and averages were computed over 200 samples. The Rayleigh-pitot
formula was used to compute the Mach number from the measured
pitot pressure. The usual compressible flow relations for thermally
and calorically perfect air, with the assumption of an adiabatic flow
in the mean, were used to calculate the velocity.

A DANTEC brand 57N Enhancedlaser Doppler velocimetry sys-
tem was used. The use of this laser Doppler velocimetry system in
the present facility is documented in Ref. 23. A TSI brand six-jet
atomizer was used to produce olive oil seed particles. The mean
particle size was 0.6 um. Thus, the mean 3-dB frequency response
was 200 kHz, and the associated Stokes number was 0.06. Each
data point in a given laser Doppler velocimetry profile represents
a separate tunnel run. During a given run, data were collected for
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Fig. 6 pu-turbulence intensity profiles.
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a period of 12 s after the tunnel had reached steady state. Average
datarates varied across the boundary layer but were generally in the
range of 0.5-2.5 kHz.

A DANTEC brand StreamLine Constant Temperature Anemome-
try System was used for the cross-film anemometry measurements.
TSI Model 1243/AN-20 cross-film probes were used to measure
mean and turbulent information in the x-y and x-z planes. The
probe sensors were cylindrical with a diameter of 50.8 um and a
length of 1.02 mm. The sensor separation was 1.09 mm. The fre-
quency response of the cross-film probes was nominally 150 kHz,
the data were sampled at a rate of 30 kHz, and statistical averages
were computed over blocks of 3000 samples. The present cross-
film results were found to be in excellent agreement with hot-wire
measurements of Smith and Smits?* (discussed in Results and Dis-
cussion: Turbulence Measurements). The probes were calibrated at
angles very close to those found in the wind tunnel; therefore, heat
conductioneffects to the probe supports were implicitly included in
the calibration. Since the boundary-layerflows here were essentially
adiabaticin the mean," single-overheatcross-film anemometry was
used,”® where the resistance ratio was set to 2.0 to minimize the to-
tal temperature sensitivity. Limited multiple-overheatdata were ac-
quired for the two-dimensional machined plate, and the measured
total temperature fluctuation turbulence intensity levels were less
than 3.3% (Ref. 19).

The combinedlaser Doppler velocimetryand cross-film anemom-
etry datareduction proceduresdescribedin Ref. 23 were used in the
presentstudy. The compressible Reynolds shear stress for thin layer
flow (i.e., v/ii < 1) is related to the cross-film output, to second
order, by the following relation?:

RS T ) @
pa> @ pa  (pu)>

The first two terms on the right-hand side represents the full com-
pressible Reynolds shear stress, and the last term was directly mea-
sured with the cross-film. The Favre averaged shear stress is equiv-
alent to the kinematic shear stress [first term on the right-hand side
of Eq. (2)] to the fourth order®*; hence, the Favre averaged shear
stress was directly measured with laser Doppler velocimetry.

The smooth-plate skin friction was measured with the floating
element skin friction sensor. A detailed description of the gauge
and the operating procedure is given in Ref. 25.
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Measurement Uncertainties

A standard uncertainty analysis?® accounting for probe loca-
tion, transducer calibration, and repeatability, was performed for
the conventional pressure and temperature probe data. The uncer-
tainties in the tunnel stagnation conditions are listed in Table 1.
The position uncertainty was taken as 25% of the smallest divi-
sion on the measurement standard. The smooth-plate floating ele-
ment skin friction errors have been previously documented>> The
rough-wall skin friction uncertainty was evaluated by perturbing
the inputs (6;, 6, and Ax) by the uncertainties listed in Table 3.
The uncertainty analysis of the laser Doppler velocimetry data ac-
counted for probe volume location, record length, velocity gradient
broadening?”-? laser beam angular alignment, seed bias,?® density
bias, coincidence filtering, and repeatability. The uncertainty esti-
mate proceduresare outlinedin Luker et al.?? The primary sourcesof
uncertainty accounted for in the cross-film data were linearization,
calibration, probe position, probe volume, and repeatability. The
uncertainties in the profile data varied across the boundary layers.
Hence, the values at three boundary-layer locations are listed in
Table 3.

Results and Discussion

Flow Visualization

A sample colorschlierenphotographcenteredonx =4.3 cm (near
the beginning of the roughened floor) for the 20 Grit model is pre-
sented in Fig. 3 (shown in grayscale). The rough surface was along
the lower wall, and the flow was from the right. At this location,
shock and expansion waves were generated by the individualrough-
ness elements protruding into the supersonic portion of the bound-
ary layer for all but the two-dimensional machined plate (the two-
dimensionalmachined plate is discussedin the next paragraph). The
location of the sonic line at the nozzle exit was estimated from the
theoretical velocity profile (with Van Driest II scaling) as 0.07 mm.
Thus, at the nozzle exit, all of the roughness elements protruded
deeply into the supersonic region (see Table 2 for the maximum
roughness heights) of the boundary layer. The strength and inten-
sity of the waves increasedas the roughness heightincreased. These
roughness generated waves distorted the boundary-layer edge and
were clearly visible in the freestream.

The two-dimensional plate had a A/ k ratio of 3.9, which ratio is
referred to as a “d-type” roughness’-® Perry et al.” remarked that,
for a d-type rough wall, “the outer flow rides relatively undisturbed
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over the crests of the elements.” Hence, the lack of waves was not
surprising.

At the measurementlocation (x =54.0 cm), roughness-generated
waves were not visible. The Mach number measurements at
y/ 8= 0.03 (relative to the tops of the roughness elements) were
<1.0 for all but the 80 Grit plate, where the measurement was 1.2.
Hence for all but the 80 Grit plate, the roughness elements did not
extendinto the supersonic portion of the boundarylayer at measure-
ment location; it is also unlikely that the 80 Grit elements protruded
significantly into the supersonic flow.

Noticeablein Fig. 3 is anozzleexit and test section seaminterface
wave and a wave emanating from the nozzle exit upper surface.
The angles of the waves were measured as approximately 21.0 deg,
which is close to the Mach angle (20.3 deg); thus, these waves were

LATIN AND BOWERSOX

very weak, and the disturbances were undetectable with the present
laser Doppler velocimetry instrumentation.

Mean Flow Measurements

The velocity profiles for each of the six models measured with the
laser Doppler velocimetry system and estimated from the pitot pres-
sure profiles at the test location are shown in Fig. 4a. All velocity
profiles are presented with the local velocity and boundary-layer
height nondimensionalizedby the model specific freestream veloc-
ity (u,) and boundary-layer thickness (8), respectively. Measured
reference values at the test location are summarized in Table 4.
The freestream velocities measured using the two methods were in
excellent agreement (average difference of 0.3%). The data from
Goddard'® and Fiore (as shown in Ref. 29) agreed reasonably well
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with the present experiments, and the slight differences were at-
tributed to Reynolds number differences and errors in reading data
from Goddard’s figures. The 80 Grit pitot data indicated a slightly
smaller defect than the other rough plates, which smallness indi-
cated that the 80 Grit plate for the pitot data (k =100) was in
the transitional roughness regime. The remaining fully rough ve-
locity profiles in Fig. 4a all collapsed reasonably well onto a single
curve.

The integral boundary-layer heights®® were estimated from the
velocity profile, where the density profile was estimated from
the Modified Crocco Integral30 (discussed later in this section).
The integral boundary layer heights along with Re, are listed in
Table 4. The proper Reynolds number to characterize the state of
the boundary layer has been defined as Req, = (p.u.0/1,,) (Refs. 9
and 18). For the present study, Rey/ Reg, = 2.2. Hence, the present
study is in the medium-Reynolds-numbercategory.!

The skin friction coefficient C for the smooth plate was mea-
sured with a floating element skin friction gauge. In addition, C
was estimated using the Van Driest II skin friction relationship}
assuming that the flow could be modeled as a flat plate with the
origin at the nozzle throat. The direct measurement and the Van
Driest estimate agreed to within 1.0%. This excellent agreement
was unexpected since the skin friction measurement uncertainty
was estimated as nominally 6.0% (Ref. 25), and the accuracy of the
Van Driest correlation is generally accepted to be 10% (Ref. 31).

The rough plate skin friction values were calculated using the
fully rough law of the wall evaluated at the boundary layer edge®’;
specifically,

V2IC; = 1/xln(5/k) + B 3)

where k is the roughness height, Kk =0.41, and B is a constant.
Rewriting this equation using the momentum thickness and assum-
ing that 6/ 5was constant, gave /(2/ C ;) = 1/kla(6/ k) + B'. Com-
bining the equation with the zero pressure gradient momentum in-
tegral equation given by C /2 =d6/dx and integrating gave

[t -oet-]
K k k k
!
+ 29(&@2 - 1) + B/zﬁ}
Kk k k k

With known values 6;, 6, k, and Ax, the constant B’ was calcu-
lated with Eq. (4) for each plate, and the corresponding skin friction

01k

“)

01k
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coefficient was found from the law of the wall formula listed in
Eq. (3). The values for 6, (6 at x =54.0 cm) for each plate are sum-
marizedin Table 4; Ax =54 cm and k are mean values summarized
in the first column of Table 1; and 6; was the momentum thicknessat
the nozzleexit (listed earlier in Experimental Apparatus: Facilities).
The skin friction values, along with B’ from this analysis, are listed
in Table 4. The present skin friction estimates agreed with Eq. (1)
to within 3.0%.

Because the turbulentboundary layer was of finite thicknessat the
beginningofthe roughsurface,an effectivelength (A x,) of the rough
surface was calculatedusing Eq. (4) by integrating from 6 =0to 6.
The resulting effective starting lengths are listed in Table 4. For the
smooth plate, the length of the wind tunnelnozzle was assumed. The
resulting Reynolds numbers based on x (x =Axy + Ax) are also
listed in Table 4; the variances account for the stagnation condition
variations listed in Table 2.

Figure 4b shows the defect law, with the Van Driest II compress-
ibility transformation,for all six plate. By scaling the velocity defect
with the friction velocity, all of the models collapse onto a single
curve. Figure 4b also includes the correlation®®3%33

it — U cff II .
Rett — Beell _ —l&'v 2) 4+ 21 1 —si?| 22 (5)
u* K ) K 26

where TT was estimated following White’? as 0.8(8 + 0.5)%* ~
0.475 and xk =0.41. The agreement between the incompressible
theory [Eq. 5] and the data was considered excellent. The main
differences between the theory and the data are attributed to the de-
terminationof the boundarylayerthickness.Based on the previously
reported success of the Van Driest II scaling'® and the collapsing of
low-speed smooth and rough-wall defect law data,® the observed
collapsing of the present data with Van Driest II scaling was the
expected result.

The law of the wall plot with Van Driest II scaling is shown in
Fig. 4c. The law of the wall,**3>33 given by

yhyt <10
Uy =

1 211 6
Loyt wsse B (Z2), 210 ©
K K 20

is also shown, where again I~ 0.475. As expected, the smooth
plate data with Van Driest scaling® are in excellent agreement with
the accepted theory. The equivalent sand-grain roughness heights
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(ky) were calculated from the velocity profiles and the skin friction
data as outlined in Refs. 1 and 6. The resulting k, and ;" values are
listed in Table 2.

The density profile measurements for each of the six models,
acquired with cross-film and laser Doppler velocimetry systems
(i.e., p = pu/ii), are compared with the Modified Crocco Integral®
estimate, obtained from the mean velocity measured with the pitot
probe,inFig. 4d. The agreement(10%) between the two methods for
the smooth plate was consideredgood. The differencesfor the rough-
wall plates were larger but were within the measurementuncertainty
listed in Table 3.

Turbulence Measurements

The velocity turbulence intensities measured using the laser
Doppler velocimetry system for all six models are shown in Fig. 5.
Focusing first on the outer scaling plot (Fig. 5a), it was found that

the rough plate u- and v-component turbulence intensity profiles
collapsed when scaled by the local u-component of the mean veloc-
ity and boundary-layerheight. The rough-plate turbulence intensi-
ties (both components) were approximately twice the smooth-plate
values, with the largest, rough-wall u-component velocity turbu-
lence intensity at 18.0 vs 9.0% for the smooth-plate case. For the
v-component turbulenceintensity, the largest rough plate value was
approximately 9.0 vs 4.0% for the smooth-plate case. The incom-
pressible rough-wall results from Corrsin and Kistler® are shown
for comparison purposes. As indicated, their data agree very well
with the present measurements considering the large differencesin
flow conditions. Compressibility scaling!® was omitted so that only
directly measured data are presented in Fig. Sa.

The presentturbulencedata were mostly in the outerregion. How-
ever, plotting with inner variable scaling did produce discernable
trends in the rough wall data. Shown in Fig. 5b are the turbulence
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intensity results normalized by the friction velocity plotted vs y™*.
The smooth-platelevels shown in Fig. 5b are consistent with the in-
compressibledataof Klebanoff** and the Mach 2.3 data of Elena and
LaCharme,** as shown in Ref. 9. The rough-wall axial data merged
with the smooth-wall data as the wall was approached when scaled
for compressibility (as shown). Conversely, the transverse rough-
wall fluctuations merged with the smooth-wall data as the wall was
approached when plotted without the compressibility transforma-
tion (as shown).

Both the u- and v-component turbulence intensity profiles with
mixed scaling (i.e., inner variablescaled turbulenceintensity vs y/ §)
are shown in Fig. 5c. The curves collapsed very well for y/6 < 0.6.
The only exception was the axial results for the two-dimensional
machined plate (discussed in the next paragraph). Farther out into
the boundary layer, the curves diverged and a discernible trend
with roughness Reynolds number was observed. For both compo-
nents, increasing the roughness shifted the curves vertically down
on Fig. Sc.

The two-dimensional machined plate turbulence intensities (as
shown in Figs. 5a-5¢) did not collapse as well near the wall
(y/6<0.4). As discussed, the two-dimensional plate was also the
only plate that did not produce shock and expansion waves. Hence,
the two-dimensional plate turbulence production mechanisms in
the inner region, which were most likely driven by cavity flow
dynamics,”3® were fundamentally different than that of the other
plates, where the roughness elements were all three dimensional.

The pu-component turbulence intensity profiles measured with
the cross-film probes are shown in Fig. 6. The profiles with outer
variable scaling are given in Fig. 6a. Smooth-wall normal-wire
Mach 2.9 boundary-layerdata from Smith and Smits>* are included
in Fig. 6a for comparison purposes. Smith and Smits based their
boundary-layer thickness o on a total pressure ratio criterion of
98%, which was approximately equal to J) in the present study.
Hence, the Smith and Smits y/§ values included in Fig. 6a were
rescaled to the present definition (99% of u,) by multiplying by
Sy / 0. Because normal-wire probes respond to the magnitude of
the mass flux vector, the magnitude of the present cross-film results
JI(pu)? + (pv)'2]is plotted for comparison. In the boundary layer,
the presentcross-film results (opentriangles) are in very good agree-
ment (to within the measurementuncertaintieslistedin Table 3) with
the normal-wiredata (opencircles). In the free stream, the presentre-
sults are higher than those of Smith and Smits?*; these discrepancies
were attributed to both facility differences and sensor resolution.

From an examination of the rough-wall data plotted in Fig. 6a, it
was apparentthat the mass flux turbulenceintensity did not scale by
the local mean flow as was the case for the u- and v-component tur-
bulenceintensitiesmeasured by laser Doppler velocimetry (Fig. 5a).
Instead, a systematic increase with increasing roughness Reynolds
number was observed. The mass flux turbulenceintensities for each
ofthe six modelsreacheda maximum for y/din the range of 0.6-0.8.
Therelativeincrease with roughnessis discussedthe nextparagraph.
The cross-film freestream pu turbulenceintensity levels were 3-4%,
with the value increasing slightly with increasing equivalentrough-
ness height. It was expected that the shock and expansion waves that
were generated by the roughnesselements (Fig. 3) created slight in-
creases in the freestream density fluctuations.

The pu-componentturbulenceintensities scaled by the wall den-
sity and the friction velocity as a functionof y* are shownin Fig. 6b.
Presented in Fig. 6¢ are the pu-component turbulence intensities
scaled by the wall density and the friction velocity as a function of
y/ 6. In the region y* = 500-1300 in Fig. 6b for the smooth plate,
the mass flux turbulence intensity increased to a distinct peak at
y* = 1600. From Fig. 6¢, the correspondingregion was bounded by
y/ 8= 0.25-0.6, and the peak was located at y/ = 0.75. Following
the peak, the turbulence levels dropped off to the freestream values.
The rough-wall data (Figs. 6b and 6¢) followed a similar trend as
the smooth-wall data. In Fig. 6b, curves were shifted toward higher
values of y*. In the regionboundedby y* =~ 1000-3500 (Fig. 6b) or
y/ 8= 0.3-0.8 (Fig. 6¢), the rough-plate data were seen to collapse
(the 80 Grit plate in Fig. 6b is the exception and is discussed in
the next paragraph) onto almost a single linear curve. The rate of
increase of the rough-wall curves in the region closest to the wall
was significantly lower that that for the smooth plate in Fig. 6b,
where the level of reduction of the slope, depended on the scaling,
was approximately 30% (Fig. 6b) and 70% (Fig. 6¢). The peak tur-
bulence intensity level and the location of the peak in terms of y*
(Fig. 6b) increased with the increasing roughness Reynolds num-
ber. In Fig. 6¢c, the peak values for the rough walls were nearly
collocated at y/6=0.8; the largest roughness element plate peak
was slightly further out into the boundary layer (y/8=0.84). The
smooth-plate peak was clearly the largest, which coupled with the
increasing peak value of the roughness Reynolds number, indicated
that the wall shear stress increased more than the turbulence lev-
els for the smaller roughness heights, and as the roughness height
increased, the relative production of turbulence by the roughness
increased.
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In Fig. 6b, the 80 Grit data did not collapse onto the rough-wall
curve for y* = 1000-3500. Recall that the velocity profile obtained
with the pitot probe indicated that the 80 Grit plate data were in
the transitional regime, and the cross-film data appear to have con-
firmed that conclusion. Hence, it is expected that a family of tran-
sitionally rough curves span the space between the smooth and
fully rough plate limits. Interestingly, the kinematic velocity and
turbulence data did not indicate that the 80 Grit plate was transi-
tional. Two possible explanations for this apparent discrepancy are
given. First, the 10% higher Reynolds number for the laser Doppler
velocimetry data, as compared with the pitot and cross-film tests,
might have been sufficient to shift the curve. Second, the inherent
thermodynamic sensitivity of the cross-film and pitot probes might
indicate that the boundaries of the roughness regimes depend on
compressibility.

LATIN AND BOWERSOX

The pv and pw turbulenceintensity profiles did notcollapse when
scaled with outer or inner variables. The effects of roughness on the
turbulence levels are apparent in the results (outer scaling) plotted
in Figs. 7 and 8. The maximums for both pv- and pw-components
were located at the lowest point in the profile.

The peak pu-, pv-, and pw-component turbulence intensity dif-
ferences relative to the smooth-plate peak, A+, from Figs. 6a,
7 and 8 are plotted vs the roughness Reynolds number in Fig. 9.
The sand-grainroughness mass flux turbulence intensity difference
data points fit reasonably well with a line, indicating that increas-
ing the roughness height increased the mass flux turbulence inten-
sity almost linearly. The pw-turbulence intensity difference had the
largest rate of increase (the slope of the linear fit was 1.1 X 1074).
The pu-turbulence intensity difference had the second largest rate
of increase (slope =7.3 X 107°), and the pv-component was the
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smallest (slope =5.6 X 107%). If the fluctuation magnitude is as-
sumed to correspond to the eddy size, then the sand-grain trends
indicated that increasing the roughness increased the lateral dimen-
sion of the eddies more than the axial or transverse dimensions.

The two-dimentional plate results in Fig. 9 were well above the
sand-grain trend for both axial and spanwise components and were
below the trend for the transverse component. Hence, the growth of
the structures in the spanwise and axial direction was significantly
greater than the sand-grain trend, which was consistent with struc-
tures that would be shed from cavities. The transverse dimension
for the present two-dimensional geometry was smaller than that
produced by a sand-grain plate with the same equivalentroughness
height, which, coupled with the d-type flow, explains the smaller
transverse fluctuations as compared with the sand-grain trend.
The three-dimensional plate transverse and spanwise turbulence
intensity values were well below the sand-graintrends. Considering
that the three-dimensional plate roughness elements were relatively
sparse as compared with the two-dimensionaland sand-grain plates
(i.e., 93.4% of the three-dimensionalplate test surface was smooth),
the smallerincreasein the fluctuationlevels was expected. Although
significant differencesbetween the machined and sand-grainresults
were discernible, the equivalent sand-grain roughness concept was
a reasonable parameter to characterize the influence of roughness
on the turbulence intensity levels for all six plates, where the re-
sults were all within approximately 10% of the trends shown in
Fig. 9.

The kinematic Reynolds shear stress data are presented in
Fig. 10. Smooth-plate laser Doppler velocimetry*'>* and cross-film
measurements®’ obtainedin the same facility are includedin Fig. 10a
for comparison purposes. Excellent agreement between the present
and previous studies was found.

The kinematic Reynolds shear stress data for each roughness
model collapsed onto a single curve when scaled by the local mean
streamwise velocity (Fig. 10a). As was the case for the velocity
turbulence intensity data (Fig. 5), the two-dimensional plate shear
stress data for y/6< 0.4 were lower in magnitude than those as-
sociated with the five other models. The agreement between the
presentrough-walldata and the incompressibleresults from Corrsin
and Kistler,® without the compressibility transformation, was con-
sidered very good, considering the differences in flow conditions.
The present smooth-plate kinematic Reynolds shear stress profiles
reached a maximum value of approximately 2.0 X 103, whereas
the rough surface plates reached 7.7 X 1073, an increase of 285%.
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The inner variable scaled results are shown in Figs. 10b and 10c.
Plotting y* on either linear or logarithm scales did not collapse the
data (Fig. 10b). Because the smooth-plateboundary-layerthickness
and friction velocity were significantly lower, the smooth-plate data
lay on a curve that was shifted toward smaller y* values. As was
the case for the velocity turbulence intensities, the turbulent shear
stress profiles (omitting the two-dimensional plate results) with in-
ner variable scaling collapsed reasonably well when plotted vs y/ &
(Fig. 10c).

The x-y plane fully compressible Reynolds shear stress [Eq. (2)]
profiles, measured with the x-y plane cross-film probe, are shown
in Fig. 11. Focusing first on the outer-scaled results (Fig. 11a), the
compressible Reynolds shear stress did not collapse onto a single
curve, as was the case for the kinematic Reynolds shear stresses
(Fig. 5a). The compressible Reynolds shear stress for the smooth
model reached a peak near y/ 8= 0.3-0.6. The rough-wall profiles
were more complicated. First, the profiles reacheda peakin the outer
region near y/6= 0.6, and the magnitude of the peak was found
to depend strongly on the equivalent roughness height. Second, a
minimum (or a relatively sharp change in slope) in the profile was
observed near y/ 6= 0.4, followed by an increase as the wall was
approached. The compressible Reynolds shear stress levels with
inner and mixed scaling (Figs. 11b and 11c¢) display similar trends
as the axial turbulence intensities (Figs. 6b and 6¢). Hence, those
discussions are not repeated here.

The x-z plane compressible Reynolds shear stress also did not
collapse when scaled with inner or outer variables. The results with
outer variable scaling are shown in Fig. 12. Unlike the x-y data, the
x-z plane values did not reach a peak over the distance measured
but increased continuously with decreasing boundary-layerheight.

The x-y and x-z compressible Reynolds shear stress peak dif-
ferences relative to the smooth-plate peak scaled by the local mean
streamwise mass flux for the five rough surface models vs rough-
ness Reynolds number are shown in Fig. 13. The sand-grainrough-
ness results for both components were nearly linear with k. The
three-dimensional plate result agreed very well with the linear x-z
componenttrend (slope =3.7 X 10~%) establishedby the sand-grain
plates. However, the two-dimensionalmodel result was significantly
(25%) above the trend, which indicated that the turbulent struc-
tures for the two-dimensional plate were more correlated in the x-z
plane than was predicted by the trend. This resultis consistent with
the turbulence intensity data presented in Fig. 9. The x-y compo-
nent sand-grain results also increased linearly, but at a much lower
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Fig. 13 Peak difference in the compressible Reynolds shear stress (outer scaling) vs k;".

rate than the x-z component (x-y slope =5.6 X 107%). The three-
dimensional plate result was well below (20%) the trend. Because
93.4% of the wall-surfacearea was smooth for the three-dimensional
plate, the usual wall-damping effects*® on the transverse fluctuation
levels were expected.

Combining the cross-film and laser Doppler velocimetry mea-
surements allowed for the estimation of correlation between the
transverse velocity and density fluctuations? i.e., o'v'/pu, which
is equal to the negative of the Favre averaged velocity fluctuation
—v"/U. Presented in Fig. 14a are the velocity-density correlation
results with outer scaling. Since p'v'/pu was a combination of the
kinematic Reynolds and x-y compressible Reynolds shear stresses,
and since the kinematic Reynolds shear stress profiles with outer
scaling nearly collapsed for all of rough surfaces, data with outer

scaling exhibited similar trends as the Reynolds shear stress data
(Fig. 11a). Plotting the peak density-traverse-velocty correlation
difference A/, scaled by the local mean streamwise mass flux,?
indicated that the rate of increase was approximately linear, and the
slope was 8.0 X 107%. However, the scatter about the trend was nom-
inally 12%. Hence, conclusionsconcerning the effects of roughness
geometry were not discernible.

The transverse-velocity-density correlation with inner scaling
is shown in Fig. 14b. Overall, the results strongly resemble the
compressible Reynolds shear stress data shown in Fig. 11b. How-
ever, the nearer to the wall (y* = 1000-2500) velocity-correlation
data did not collapse as well as the Reynolds shear stress data.
The poor collapsing of the near-wall data is explained by recalling
that the kinematic shear stress levels (Fig. 10a) did not collapse
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Fig. 14 Second order density-velocity correlation results.

in this region of the boundary layer, and using the strong Reynolds
analogy®® [p'v//pu =(y — 1)M?u'v'/ i*] to compare the relative
magnitudesof the kinematicand compressibleterms in the Reynolds
shear stress. Away from the wall where the Mach number was
relatively large, the velocity-density correlation was the domi-
nant term the compressible Reynolds shear stress. For example,
at y/6=0.7, the mean Mach number for the rough plates was nom-
inally 2.6, and the ratio of the second-to-first term in the Reynolds
shearstress [i.e., on the right-hand side of Eq. (2)] was, based on the
strong Reynolds analogy, 2.7. Closer to the wall, where the Mach
number was small, the kinematic Reynolds shear stress term [first
term on the right-hand side of Eq. (2)] became more important. At
y/6=0.2, the mean Mach number for the rough plates was nomi-
nally 1.4, and the ratio of the second-to-first term in the Reynolds

shear stress was 0.8. Hence, it was not overly surprising that the data
did not correlate as well closer to the wall.

Conclusions

An experimental study of the influence of surface roughness
on the mean and turbulent flow properties of a high-speed
(M =2.9,Re/m =2.0 X107) turbulent boundary-layer flow was
performed. Six wall topologies were tested: one smooth and five
rough surfaces consisting of three random sand-grain plates
(k} =100, 400, and 570) and two uniformly machined plates
(k =0.56 mm for both). The experimental measurement techniques
included a conventional pitot pressure probe, laser Doppler ve-
locimetry, hot-wire anemometry, and color schlieren photography.
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Mean flow measurements included detailed surveys of the velocity
and density. The turbulent flow profiles included direct measure-
ments of the kinematic velocity turbulence intensities, mass flux
turbulenceintensities, the kinematic Reynolds shear stress, the com-
pressible Reynolds shear stress, and the density-velocityfluctuation
correlation. In general, the results of this study describe the influ-
ence of roughness on the magnitude and scaling of the mean and
turbulent statistical flow properties across the supersonic boundary
layers. Eight specific conclusions are listed next.

1) The roughness elements were observed to protrude into the
supersonic portion of the boundary layer, and the corresponding
shock and expansion waves distorted the boundary edge and inter-
acted with the boundary-layerturbulence.

2) The trends in the mean flow, observed for incompressible
rough-wall flow, were found to hold for the present study when
Van Driest II scaling was used.

3) In general, the rough-wall kinematic statistical turbulent flow
properties measured with the laser Doppler velocimetry system col-
lapsed on to a single curve when scaled with outer flow variables.
The only exception was the two-dimensional plate, and it was ex-
pected that the turbulence production mechanisms associated with
the d-type cavity were significantly different than for the remaining
plates, which all had three-dimensional roughness patterns.

4) Roughness was found to extend the region of inner scaling ap-
plicability for the kinematic properties further out into the boundary
layer.

5) Turbulent flow statistical properties with the explicitthermody-
namic dependencedid not collapse when scaled by local mean quan-
tities, and increased almost linearly with k* . Relative to the smooth-
plate results, the (pw) turbulence intensity component showed the
largest rate increase with roughness, followed by the (pu)- and then
the (pv)-component. In terms of second-order correlations, the x-z
component of the full compressible Reynolds shear stress increased
at the faster rate, followed by transverse-velocity-censity correla-
tion, and then the x-y component of the compressible Reynolds
shear stress.

6) When scaled by inner flow variables, the rough-wall axial mass
flux turbulence intensity, the x—-y component of the compressible
Reynoldsshearstress, and the transversecomponentof the turbulent
apparentmass flux data collapsed for the inner 70% of the boundary
layer.

7) It was shown that the influence of smaller roughness ele-
ments increased the skin frictional losses more than the boundary-
layer turbulence levels. However, as the roughness height was in-
creased, the turbulence production relative to the frictional losses
increased.

8) The equivalent sand-grain roughness was found to be an ef-
fective parameter to characterize the overall effects of roughnesson
the turbulent flow properties. The machined two-dimensional and
three-dimensional plate results were in reasonable agreement with
the sand-grain trends; however, significant variances (up to 25%)
were observed and related back to roughness topology. Hence, it
was concluded that the roughness topology was an important factor
in the turbulence production.
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