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Temporal Turbulent Flow Structure for Supersonic
Rough-Wall Boundary Layers
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An experimental study of the temporal turbulent flow structure for high-speed (M = 2.8), high-Reynolds-number
(Re/m =1.9 x 107), rough-wall boundary-layer flow was performed. Six wall topologies consisting of a smooth and
five rough surfaces (k} =104-571) were studied. The hot-film measurements consisted of mass-flux power spectra,
autocorrelations, cross correlations, integral timescales, and flow structure angle information at three locations
(y/8p =0.25,0.50,and 0.75) within the boundary layers. The power spectra curves, with inner scaling, were found to
shift up and to the right with increasing roughness height at all three boundary-layerlocations signifying increased
turbulence production and transport. The integral scales decreased with roughness height across the boundary
layers, and, for k} 2250, were nominally independent of boundary-layer location. The measurements confirmed
the inertial subrange indicating that the expected cascade and dissipation mechanisms were present.

Nomenclature
Ap = roughnessblockage area
f = frequency
k = roughness height
kg = equivalentsand grain roughness height
ki = wave number, 27 f /u
k = mean roughness height
M = Mach number
Re = Reynolds number
t = time
u = mean axial velocity
U, = convention velocity
u' = Reynolds turbulent velocity fluctuation
u* = friction velocity, (t,,/ ,o;,/ 2)
Vv = voltage
|4 = fluctuating voltage
w = parallel film probe sensor separation distance
x,y,z = Cartesian coordinates
A = mean component difference operator
3 = velocity boundary-layerthickness (99%)
Sum = Mach number boundary-layerthickness (99%)
0 = momentum thickness or flow structure angle
A = integral length scale
A = roughness wavelength
P = mean density
Po = wall density
(pu)’ = Reynolds turbulentmass flux fluctuation
O = roughness height standard deviation
T = time step
7, = wall shear stress
Superscript
+ = Puw u* ( )//’Lw
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Introduction

CCURATE flowfield understanding and prediction ability of
high-speedrough-wall turbulentboundary layers have numer-
ous practical applications, for example, high-speed aircraft, mis-
siles, reentry vehicles, and propulsion systems. Direct numerical
simulation of high-Reynolds-numberturbulent flow is currently im-
practical. Hence, engineers and scientists must rely on an approxi-
mate averaged form of the governing Navier-Stokes equations. For
large-eddysimulationmethods, a temporal filteris applied, the large-
scale structures are simulated, and the influences of the small-scale
structure are modeled. For the Reynolds-averaged Navier-Stokes
approach, all of the turbulenttemporal contentis modeled. Because
of the nonlinearityof the Navier-Stokes equations,both filteringand
averagingintroduces additional second-ordercorrelationunknowns
into the problem. Modeling these additional unknowns has proven
to be a major challenge and a limiting factorin the accuracy of high-
Reynolds-number numerical simulations. Empirical information is
akey elementin understandingthe essentialdynamics and, thus, has
provided the basis for current turbulence models for both low- and
high-speed flows.! =3 For low-speed rough-wall flow, the influence
of surface roughness on the mean and turbulent flow properties is
well documented.*~7
Raupach et al.’ provide a comprehensive survey (157 papers) of
availablelow-speed mean and turbulent flow scaling for laboratory-
and atmospheric-scale flowfields. They extended the Reynolds
number similarity concept of Townsend® to include rough walls by
defining wall similarity as the boundary-layerturbulentmotions out-
side the roughness or viscous sublayer at high Reynolds numbers
that are independent of wall roughness and viscosity, except for the
role of the wall in setting the friction velocity, effective origin, and
boundary-layer thickness. Hence, in addition to Reynolds number
similarity, outside the roughness layer, the roughness length scales
are irrelevant®
Perry et al.” performed a detailed investigation of the turbulent
flow structure for smooth- and rough-wall flat-plate boundary lay-
ers. They defined the turbulent wall region as v/u* <y < 3§ for
smooth walls and k < y < § for rough walls. The fully turbulentre-
gion was defined as 100v/u* <y < § and 2k < y < §. Inner variable
scaling was defined such that the turbulent energy was normalized
by the friction velocity squared, and the wave number was nor-
malized by multiplying by y, that is, [u’(k,y)/u*]?. Outer variable
scaling was similarly defined, except that the wave number was
nondimensionalized by multiplying by § instead of y. Perry et al.
demonstrated that, when plotted with inner variable scaling, the
near-wall (y /8§ < 0.1) smooth- and rough-wall data both exhibited
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two overlap regions. Overlap region I was defined as the inner vari-
able scaled wave number range where both inner and outer flow
variablescalinghold. In region I, the power spectra are proportional
to k=!'. Overlap region IT was defined as the region where both in-
ner and Kolmogorov’ scaling hold. In region II, the power spectra
are proportional to k=3/3, The measurements of Perry et al.” clearly
show both overlapregions. Raupachetal.® indicated that the overlap
regions are more pronounced at higher Reynolds numbers. Perry et
al.” used the presence of the overlap regions to predict the velocity
fluctuation variance behavior within the inner layer, that is,

(W Ju) = By — A, fa(y/8) — C/y*3
(0 /u™)? = B, — Aybaly /8) — (£)C/y*?

(W' /u)? = Asbaly /8) — (£)C/y+3

where A;, A,, A;, By, By, and C are 1.26, 0.63, 1.78, 2.01, 1.08,
and7.50, respectively.Raupachet al.® compared these relations with
numerous laboratory and atmospheric data at y/§ =0.1 and found
that the laboratory measurements agreed to within the experimental
uncertainty. However, the atmospheric data were consistently 20-
30% higher that predicted.

Animportantconsequenceof the wall similarity hypothesisis that
the organized structures (double-roller eddy® or A vortex®) in the
outerregion of the rough-wallboundarylayers should be the same as
those for smooth-wall boundary layers, even though the near-wall
vortex generation for smooth and rough walls are fundamentally
different® Smooth walls are characterized by the bursting process
and rough surfaces by organized wake vortices. For most rough-
ness types, the near-wall flow is so disturbed that the smooth-wall
low-speed streaks are eradicated; however, there is evidence of a
rough-wall counterpart® Grass'® performed detailed investigations
of the influence of surface roughness on the turbulent structure and
turbulence production. His data confirmed that the smooth-wall in-
rush and ejectionprocess, typically associated with the bursting pro-
cess, correlate with an extremely high contribution to the Reynolds
stress and, hence, turbulence production close to the wall. The in-
rush and ejection process was found to be presentirrespective of the
surface roughness condition. Grass'® also noted a strong interaction
between the inner and outer flows.

For supersonicflow, the mean flowfield propertieshave been thor-
oughly documented.''~'* However, high-speed rough-wall studies
that included turbulence data are virtually nonexistent, for example,
high-speedrough-wall studies were not included in recent compila-
tions of available mean and turbulent flowfield information >!> This
void in the empirical database coupled with the numerous practical
applications provided the impetus for the present research. As part
of this study, Latin and Bowersox'' presented a detailed examina-
tion of the mean and statistical turbulent flow properties across a
series of zero-pressure-gradient boundary layers, with a variety of

surface roughness conditions. Some similarities to the low-speed
database were identified. Specifically, the mean velocity followed
the incompressible pattern when scaled for compressibility, and the
kinematic turbulence levels were in reasonable agreement with the
low-speed database. Significant differences between the high-speed
results and the low-speed database were also noted. The roughness
elements extendedinto the supersonicportionof the boundarylayer,
and generated shock and expansionwaves that extended through the
boundary layer and into the freestream. These shock waves repre-
sent an interaction mechanism between the wall roughness and the
outer region of the boundary layer, which is not present for low-
speed flow. A comparison of the y/8§~0.1 (u’/u*)? and (v’ /u*)?
laser Doppler velocimetry data from Latin and Bowersox,'! scaled
for compressibility, with the Perry et al.” relations, indicated that
the transverse smooth- and rough-wall data were 28 and 38 % lower
than the predictions, respectively. The axial data were 5 and 10%
lower than the predictions, respectively. This departure from the
expected trends coupled with the additional processes associated
with the roughness-generatedwaves suggest that the turbulent flow
structure for the supersonicturbulentboundary layer is significantly
different than that for low-speed flows. The objective of this paper is
to provide a characterizationof the influence of roughness on high-
speed, high-Reynolds-number boundary-layer temporal turbulent
flow structure.

Facilities and Apparatus

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.'® 7 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. 16 and 17). The stagnation pres-
sure and temperature were 0.237 MPa (£1.7%) and 296 K (£0.5%),
respectively. The boundary-layerheights 8, 8,,, and 6 at the nozzle
exitwere calculated from the velocity profile measured with the pitot
probe as 4.7, 5.3, and 0.2 mm, respectively.® The cross-sectional
shapeof the test sectionwas square, with each side 6.35 cm in length.
For the present study, the test section length, beginning at the noz-
zle exit, was 66.0 cm, with the measurement location at 54.0 cm
downstream of the nozzle 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 completed the right-handsystem, and z = 0 was
along the tunnel span centerline. The boundary-layer properties at
the measurement station for all six models are included in Table 1.

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

Table 1 Surface roughness topology and boundary-layer properties

k, Kmax » Ok, Ag, Puw > u*, Rey Su,
Model mm mm pum k;r mm? M, kg/m3 m/s (x 10%) mm
Flat 0.007  0.02 0.005 0? 0 2.75 0.11 26 1.6 154
Two dimensional 0.56 0.58 0.007 289.0 356 273 0.12 38 2.6 18.1
Three dimensional ~ 0.56 0.58 0.007 241.0 9.1 2.73 0.12 38 2.6 17.3
80 grit 0.53 1.10 0.17 104.0 337 273 0.12 35 2.2 16.3
36 grit 0.90 1.40 0.34 3950 572 272 0.12 40 2.9 19.2
20 grit 0.83 1.70 0.50 571.0 527 270 0.12 40 2.9 18.2
4Here k;” = 0 by definition; however, K = 1.1.
M =2 88 Nozzle Test Section
- . Diffuser
Stilling Chgmber with —{» Flow Ja & Vacuum
Flow Conditioners ’y
< 66.0 cm >
[« 540 cm —————
'— Measurement
Rough Surface Location

Fig.1 Schematic of wind tunnel (not drawn to scale).
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were independent of z location to within the measurement uncer-
tainty over the center 40% of the test section (total area mapped).'¢
The turbulent shear stresses at off centerline locations also agreed to
within the measurementuncertainty.'’ (Total areamapped was about
20% of the test section.) The effects of the longitudinal pressure gra-
dientdue to boundary-layergrowth has also beeninvestigated,” and
the results demonstrated that the mean and turbulentflow properties
measured at x locations (in the present coordinate system with the
origin at the nozzle section exit) of 16.5,44.0, and 54.0 cm (present
location) collapsed onto a single curve representative of a zero-
pressure-gradientequilibrium boundary layer with outer scaling.

Six different floor sections, each with a different surface rough-
ness, were tested. The floor sections were, as was the case for the
Goddard'? study, aligned so that the tops of the roughness elements
were level with the tunnelfloor at the nozzleexit (Fig. 1). Three sand-
grain-roughened plates were constructed by adhering Varathane
brand 80-, 36-, and 20-grit flooring sandpaper to the top surface
of three aluminum flat plates (66.0 x 6.35 x 1.91 cm®). The heights
of the sand grains were not measured before being glued to the
sandpaper surface. For this reason, the roughness heights of the
sandpaper were not expected to correspond directly to Nikuradse
sand-grain roughness. Instead, direct measurements of the rough-
ness topography using a Carl Zeiss LSM 320 confocal laser scan
microscope (LSM) were acquired. The LSM was used to provide
samples of the roughnesstopology from which the mean, maximum,
and standard deviation of the surfaceroughness were computed. The
roughness topologies were resolved with the LSM to within 4.0%
of the mean roughness height. The statistical properties from this
analysis are listed in Table 1. The 20-grit plate was more sparsely
populated with larger elements than the 36-grit paper. Hence, the
average roughness height was smaller for the 20-grit plate. How-
ever, the maximum heightand the standard deviationwere largestfor
the 20-grit plate. These three rough surfaces were selected because
they provided a relatively broad (200%) variation in the maximum
heights, and all were in the fully rough regime.

Two plates with uniform roughness patterns machined therein
were designed to provide insight into the effects of topology. The
geometry was arbitrarily chosen to provide a large variation in the
frontal blockage area Ay (opposing the flow) and the surface area
occupied by roughness elements. The machined, two-dimensional,
roughness element model had rectangular 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 wavelength of the rough-
ness elements was 2.18 mm. The roughness 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

2.18 mm

iy W

0.56 mm

o

Three-dimensional plate

Airflow
2.18 mm

Ty
0.56 mm {T-‘
. \

Two-dimensional plate

0.56 mm

Fig.2 Machined roughness patterns.

of the test section, which was 290% larger than that of the three-
dimensional plate. The roughness blockage area for each plate is
summarized in Table 1. The surface area occupied by the two-
dimensional plate roughness elements (25.7%) was 290% larger
than that for the three-dimensional plate (6.6%). The milling ma-
chine accuracy was rated at £22 um (£4.0% of the roughness
element height). The k; values listed in Table 1 were computed as
described by Latin and Bowersox.'!

Instrumentation

Two hot-film probe types, normal and parallel, were used to col-
lect high-frequencyinformationin the boundary layer. The normal-
film probe measured energy spectra and autocorrelation informa-
tion, and the parallel-film probe measured boundary flow structure
angles using the cross correlationbetween the two film sensors. The
TSI Model 1218-20 normal-film probe had a single sensor mounted
to a TSI Model 1150 single sensor probe support. The TSI Model
1246 AD-20 parallel-film probe had two hot-film sensors positioned
normal to the x-y plane, parallel to each other and spaced 1.085 mm
apartin the y-axis direction. The parallel-film probe was mounted to
a TSI Model 1155 dual sensor probe support. The sensors for both
probe types had diameters of 50.8 um, lengths of 1.02 mm, and
temperature coefficients of 0.0024/°C. The present films were cho-
sen over wires because of wire attrition in the supersonic environ-
ment. The present measurements were limited to the fully turbulent
region of the boundary layer to avoid the uncertainties associated
with the spatial resolution of the sensors (described later).

A DANTEC streamline constant temperature anemometry sys-
tem was used to tune and maintain the bridge during the tunnel
runs. For the present work, the overheat resistance ratio was set to
1.9 for all probes. The DANTEC system and external resistors pro-
vided a nominal frequency response of 100 kHz using the square
wave technique in the Mach 2.9 freestream. Latin and Bowersox!!
demonstrated that the present sensors were sufficient to resolve the
turbulent statistical flow properties. Furthermore, as is discussed in
the “Results and Discussion” section, the present sensors resolved
the spectra into overlap region II. A Nicolet Multipro 12-bit data
acquisition system was used to collect hot-film voltage data. The
Nicolet Multipro system consisted of a chassis unit with four A/D
acquisitionboards, each with four input channels. The Multipro sys-
tem acquired each channel at a 1.0-MHz rate (noninterlaced) with
a maximum of 256,000 samples per board.

Data Reduction

The high-frequency data collected by the DANTEC Streamline
and Nicolet systems were reduced using both discrete Fourier trans-
form and correlation analyses. For the energy spectra analysis, the
Nicoletsystemcollected250,000 samples ata frequencyof 1.0 MHz
for 0.25 s. The data were broken into 23 blocks and reduced using
the discrete Fourier transform (DFT) given by

1
V() == D VO expl=Qrift/N)] )
N

where N is the number of samples, which for the present study was
10,869. The results of the DFT process for each of the 23 blocks
were averaged. For each measurement location, two sets of data
were acquired, analyzed, and averaged.

The normal-film Eulerian autocorrelation coefficient, R (1)
(Ref. 18) was computed for each block as

’ ’ 2
Re(e) [(pu) (1) (pu)'(t + r)} @

(ou)?

where the results for each of the 23 blocks were averaged. As with
the spectral data, two sets of data were acquired, analyzed, and
averaged at each measurement location. The integral timescale A
was computed from the normalized autocorrelatednormal-film data
by integrating the area under the autocorrelation function from t
equal to zero to infinity.'

The parallel-film probe was also used to collect high-frequency
boundary-layer information. The Nicolet data system was used to
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collect 128,000 samples from each of the two, parallel, hot-film
sensorsata 1.0-MHzrate. The cross-correlationcoefficient between
the two sensors on the probe was computed using

’ ’ 2
Re() = { [(ow) Olil(ow) (t + D1 } @)

(pu)”

The cross-correlation acquisition and averaging scheme was the
same as that used for the single-film probe.

The structure angle associated with a large-scale motion was de-
termined from the time delay between signals for the maximum
cross correlation T, the convection velocity u,., and the wire separa-
tion distance w using the following equation®’:

6 =tan"'(w/u.1) 4)

The convectionvelocity was taken here to be the mean flow velocity
at the boundary-layerlocation, which is consistent with the data of
Spina et al. 2

Uncertainty, Noise, and Resolution Estimates

Latin and Bowersox'' presentadescriptionof the uncertaintiesfor
the mean and statistical turbulent flow properties listed in Table 1.
The uncertainties for the spectral and correlation measurements,
which are the focus of this paper, were estimated as described by
Bendat and Piersol'®; the normalized uncertainties were estimated
at 8.0%.

The noise floor for the spectral data was estimated as approx-
imately 6.0 x 107°/V"2(f), accounting for both instrumentation
noise, as specified by the manufacturer, and the 12-bit digitization.
With this model, a 10% noise level occurred for V2(f)~ 6.0 x
107°. Hence, the present instrumentation allowed for resolution of
aboutthree decades of energy drop off, which correspondedto wave
numbers less than approximately 600 m~'. The microscales were
estimated for the presentflowfields with the laser Doppler velocime-
try data of Latin and Bowersox'' and the isotropic relations®'; the
values were nominally in the range of 1.3-2.1 mm, depending on
surface condition and location within the boundary layer. There-
fore, the wave number range required for microscales resolution
was nominally 2900-4800 m~'. Thus, the present analyses were
limited to the large-scale motions.

Results and Discussion

Latin and Bowersox'' demonstrated that the equivalent sand-
grain height k;, as defined by Schlichting,’ was a useful concept
to generalize the effects of roughness on the mean and turbulent
statistical flow properties across the boundary layer for the present
wind-tunnel models. However, significant topology influences were
discerned and discussed. The method of presentation here is to dis-
cuss the resultsin terms of k;, and the topology effects are described
when apparent.

Power Spectra

The normal-film probe was used to collectthe frequency-resolved
spectra at three locations within the boundary layers (y /8, =0.25,
0.50, and 0.75), at x = 54.0 cm, for all six wind-tunnel models. As
mentioned in the “Instrumentation” section, these data points were
allin the fully turbulentregion of the boundarylayer. The frequency-
resolved measurements provide information on the distribution of
turbulent mass-flux power over a range of frequenciesfrom 1.0 kHz
to the noise level, which occurred at approximately 40-50 kHz.

Shown in Fig. 3 are the power spectra traces for each of the six
models at all three boundary-layerlocations. Noticeable in all of the
spectra are relatively small spikes in the data, the largest of which is
located at ~30 kHz (k; ~ 500 m~"). This frequency correspondsto
a Strouhal (see Ref. 22) number based on the probe holder diameter
of approximately 0.22. Hence, these spikes were most likely the re-
sult of von Kdrman vortex-sheet-inducedprobe vibrations. Because
the effects were highly localized in the frequency domain and the
magnitudes were relatively small, the spikes had minimal impacton
the subsequent discussions.

An examination of the data in Fig. 3 indicated that the rough-
wall energy levels relative to the smooth-plate values increased with
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o
)
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] —-—3D
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——36 Grit
——20 Grit
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Fig.3 Power spectra results.

increasing roughness height across the boundary layer. To provide
more detail into the relative effects of surface roughness on the
low-frequency power spectra [<10 kHz (k; ~ 100 m™")], a new
parameter was defined to be equal to the difference between the
rough- and smooth-wall turbulence intensity spectra, normalized
by the local turbulence intensity, that is,

A _ | [ew2(f) | [ ew2 () )
pu(f)rms W W

rough smooth

The resulting data, for frequencies of 977-9770 Hz, are plotted
vs kT in Fig. 4 for all three boundary-layer locations. The data
in Fig. 4 clearly show the influence of roughness height on the
energy increases as a function of frequency and boundary-layer
location. Focus first on y/8§y =0.25: The energy increases for
a given roughness height were bounded on the lower and upper
sides by the high-frequency [9770 Hz (dashes)] and low-frequency
[977 Hz (squares)] data, respectively. The slope of the increase with
roughness height decreased with increasing frequency. Hence, the
¥/8m =0.25 lines of constant frequency (Fig. 4) fanned out as k"
increased. At y /8, = 0.50 and 0.75, the trends were similar, except
that the higher frequency rate of increase with roughnessincreased
with increasing boundary-layerheight location. Hence, the net ef-
fect was that, moving away from the wall, increasing the roughness
evened out the energy levels across this frequency range.

A relatively strong topology effect is also noticeable in Fig. 4.
The effect is most apparent at y/8,; =0.75; however, the trend is
noticeable at all three locations. Specifically, if a curve were fit to
the sand paper results, the differences between the two- and three-
dimensional plates would exceed that predicted by the correlation.
If frequency is hypothetically taken to correspond to eddy struc-
ture size, that is, a qualitative application of Taylor’s hypothesis
(see Ref. 19), then this result indicates that the frequency spectrum,
and hence the structure size distribution, across the boundary layer
depends on the roughness topology. This result is consistent with
the statistical properties described by Latin and Bowersox!'' and the
incompressible structural data of Grass.'”

The power spectral results for all six surfaces with inner scaling’
are shown in Fig. 5 for all three boundary-layer height locations.
For the present supersonic measurements, the mass-flux power was
scaled by (p,u*)?. The spectra in Fig. 5 were observed to shift
up and to the right with roughness height, where the magnitude
of the shifts increased with increasing height within the boundary
layer, which signified that surface roughnesshad a strong impact on
the production and transport of turbulent energy across the entire
boundary layer. This result is in contrast with the low-speed data of
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Fig. 4 Power spectra difference vs roughness Reynolds number.

Perry etal.,” where the inner-scalingrough-walldata were similarin
magnitude (perhapseven lower) in the low-frequency domain. How-
ever, their data indicated that the low-frequency energy levels had
a Reynolds number dependence, that is, §*. Specifically, as § de-
creasedfrom 7000to 500, the low-frequencyenergy levelsincreased
for both smooth and rough walls. The presentdata show the opposite
trend, and the 8% range is narrower (2000-5000) here. Hence, it is
unlikely that the trend noticed in Fig. 5 is related to the Reynolds
number. Instead, the datain Fig. 5 include importantcompressibility
effects. First, the scaling in Fig. 5 is not identical to that of Perry
et al.” because in high-speed flow, hot-film anemometry responds
to mass-flux fluctuations, that is, density fluctuation information is
included. Second, as discussed in the “Introduction,”’ the roughness
elements extended beyond the sonic line within the boundary layer,
and the associated shock and expansion waves extended into the
freestream. These waves introduce a connection between the inner
and outer regions of the boundary layer that is not present in low-
speed flow and, hence, have the potential to significantly alter the
turbulent flow structure.

The turbulent shear stress transport equations for the mass-
weighted time-averaged Navier-Stokes equations are given by

T = T\ _ _.T= _ _T= - -]
Tija t (”.ifij),_,» = =Tyl = Tl TUGD; WD — T

7 " " T " "
- Tjk,kui - p/(ui,_,’ + u_,’,i) - [(pui u_,’uk) - p/uiajk - p/u_,’aik

6)

The form of Eq. (6) is similar to that reported in Wilcox.? The only
difference is that the viscous-work terms [fifth and sixth terms on
the right-hand side of Eq. (6)] have been separated out of the dissi-
pation here. Otherwise, the term-by-term enumeration of Eq. (6) is
given by Wilcox. The roughness-element-generated shock and ex-
pansionwaves that traverse the boundary layerresultin locally large
kinematic and thermodynamic mean flow gradients that directly
alter, that is, explicit dependence, the convection [second term
on the left-hand-side of Eq. (6)], the production (first two terms
on the right-hand side), the pressure work (third and fourth terms on
theright-handside) and the viscous work (fifth and sixth terms on the

’ " ’ 1" ’ " ’ "
+ @hu +rudle i, T,
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Fig. 5 Energy spectra results with inner scaling.

right-handside) as compared to low-speed flow. In addition, the data
of Latin and Bowersox!! demonstratedthat the fluctuationproperties
with thermodynamic dependence, for example, p'v’, were strongly
amplified by the wall roughness. A plausibleexplanationfor this am-
plification was the interactionof the waves with the boundary-layer
turbulence. The increased thermodynamicfluctuationshave a direct
impact (explicit dependence) on the pressure-work, pressure-strain
redistribution (seventh term on the right-hand side) and turbulence-
diffusion (eighth term on the right-hand side). This new transport
mechanism (shock and expansion waves) depend explicitly on the
roughness height and geometry.

Both overlapregions, as indicated by the —1 and —% slopes (an-
notated in Fig. 5), were present in the all of the y/3,, =0.25 and
0.5 rough-wall spectral traces. The smooth-wall data agree quali-
tatively well with that described by Smits and Dussuage.”> How-
ever, because the Reynolds numbers were significantly lower in the
present study, the range of wave numbers for the second overlap re-
gion was smaller in the present study as compared to that shown by
Smits and Dussuage. This Reynolds number dependency for low-
speed smooth and rough walls is described by Raupach et al.® At
y/8u = 0.75, the rough-wall data show the overlap regions, and the

smooth-wall trace does not. For the smooth plate at y/8,, = 0.75,
the absence of the overlap regions and the relatively large decrease
in energy as compared to the nearer wall measurements agrees with
the incompressible results of Perry et al.” Thus, although the pro-
duction mechanism® was altered by the combination of roughness
and compressibility, the expected energy cascade and dissipation
appeared to be present.

To test the usual compressibility scaling, the spectral results
were also converted into velocity fluctuations using the strong
Reynolds analogy?® and scaled for compressibility>*? The ve-
locity and mass-flux spectra with outer scaling for the smooth
and 20-grit plate are compared in Fig. 6. The 20-grit veloc-
ity fluctuation data with outer scaling was found to collapse
at all three boundary-layer locations except at low frequencies
(k18 < 0.7). The smooth-plate velocity fluctuation data did not scale
as well, where at y/8) =0.75 the data fell significantly below
the y/8,; =0.25 and 0.5 traces. This downward shift is consis-
tent with the incompressible data of Perry et al.” The outer vari-
able mass-flux scaling did not collapse the data as well. The results
for the intermediateroughnessheights demonstrated similar scaling
trends.
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Fig. 6 Energy spectra results with outer scaling.
Autocorrelation and Integral Scales 1.0
Autocorrelationinformation was calculated from the normal-film —=-Smooth Plate
probe time history data; example correlationdata (y /8, = 0.25) are 09 A ——2D Plate
presented in Fig. 7. All of the traces reached zero, to within the % 3D Plate
expected level of noise [~0.04 in Rg(7)], near 7 =100-200 us. 08 | ]
This range of T depended on the roughness and boundary-layer ' —>=80 Grit Plate
location. The plot in Fig. 7 was limited to 50 us to better show —o—36 Crit Plate
the details of the trace. For T <35 us, the correlation traces are " 077 —+— 20 Grit Plate
bounded by the smooth plate on the lower side and the 20-grit and E
two-dimensionalplates on the upperside. The fasterdecrease for the 2 061
smooth plate indicates smaller small-scale structures in a temporal =
sense. Hence, the traces in Fig. 7 indicated that the small-scale E 0.5 1
structure size increased with increasingroughness. However, the for =1
7 > 35 us, the smooth-plate trace begins to level off and cross over _1% 0.4 -
the rough-wall plates, which indicated that the large-scalestructures El
were largest for the smooth plate. The trends at y /8, = 0.5 and 0.75 < 03 |
are similar to those discussed earlier.
To quantify better how surface roughness affected the large-scale
flow structure sizes, the integral-timescale values for each model 0.2
were calculated® and are shown Fig. 8. Typically, Taylor’s hy-
pothesis (see Ref. 19) is used to present autocorrelation structure 0.1
timescales as length scales; however, this only works well for low-
turbulence levels (<1%) (Ref. 19). For this reason, the timescales 0.0 ‘ ‘ ‘ ‘
are presented. However, qualitative inference to the structure di- 0.0E+00 1.0E-05 20E-05 3.0E-05 40E-05 5.0E-05
mension was inferred from the temporal scales. The data in Fig. 8 © (sec)

indicate that the integral timescales decreased as the wall was ap-
proached from the freestream, which is consistent with the idea

Fig.7 Example autocorrelation functions.
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that the wall dampens or limits the large-scale structure sizes. Sur-
face roughness was also found to decrease the magnitude of the
integral length scale in all three boundary-layer regions. The rate
of decrease of the integral scale with roughness increased with in-
creasing y /8, and the integral scale was found to be nominally
independentof the location within the boundary layer for the larger
roughness heights (specifically, for k" greater than about 250).

When the machined-plate results (open symbols in Fig. 8)
were compared to sand-grain-plate results, it was clear that the
equivalent sand-grain height was effective in capturing the over-
all trends; however, topology dependences were discernable. In
other words, the machined-plate results were near the sand-paper
plate trends; however, the differencesbetween the three-dimensional
and two-dimensional plate were systematic. Specifically, the two-
dimensional plate y/3,, = 0.25 integral scale was also much higher
than would be indicated by the sand-grain plate results. The two-
dimensional plate produced a cavity-type flow that shed structures
that were strongly correlated in the x direction,!! thus explaining
this observation.
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Fig.8 Integral timescales.
0.0E+00 5.0E-06 1.0E-05
y/5,=0.50
1.0
y18,,=0.25
0.8 1
0.6
0
E
£l
=
=
¥ 04
T
=1
B3
=3 —=—Smooth Plate
=%

0.2

0.0 1

-0.2

——2D Plate
—%-3D Plate
——80 Grit Plate
—e—36 Grit Plate
—+20 Grit Plate

0.0E+00 5.0E-06 1.0E-05

T (sec)

1.5E-05 2.0E-05

Fig. 9 Parallel-wire cross-correlation traces.
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Cross Correlation

Presentedin Fig. 9 are the cross-correlationtime traces for each of
the three boundary-layerheightlocationsfor all six plates. For all six
models, the cross-correlationdropoffrate is largestat y /8y = 0.75,
followedby y/8,, =0.50,andtheny /3§, = 0.25. Whenitis assumed
that x-y planar cuts of the eddies are elliptical and that the mean
streamwise velocity of the eddies is significantly faster than the eddy
rotational velocity, the drop off rate gives an indication of the eddy
streamwise thicknessfor eddies with a height of at least the parallel-
film sensor separation distance. The dropoff rate shows that the
smaller scale eddy streamwise thickness was largest near the wall
boundary and decreased moving toward the freestream. This result
from the parallel-film cross correlation agreed with the autocorre-
lation results. The drop off rate was found to decrease with increas-
ing k;, indicating qualitatively that surface roughness increased the
smaller scale streamwise thickness. These results also agreed with
the normal-film autocorrelationresults.

The flow structure angles estimated from the cross-correlation
traces [Eq. (4)] are shown in Fig. 10 along with uncertainty bars in-
dicatingsamplingrate resolution. The smooth-plateresultincreased
from 35 to 60 deg as y /8, increased from 0.25 to 0.75, which was
in excellent agreement with the Spina et al.? results. It appears
that, with the exception of the two-dimensional plate and to within
the measurement uncertainty, the smooth-plate trend holds for the
rough-wall models. Unlike the other plates, the two-dimensional
plate flow structure angles remained relatively constant across the
boundary layer at a value of approximately 35 deg.

Conclusions

An experimental investigation examining the influence of sur-
face roughness on the temporal turbulent flow structure of a
supersonic, high-Reynolds-number (M =2.9, Re/m =1.9 x 107)
boundary layer was performed. Normal- and parallel-film anemom-
etry was used to survey the boundary layers at three locations
(y/8, =0.25, 0.5, and 0.75) for six different wall topologies
(k} =0-571). In general, the results of this study describe the in-
fluence of surfaceroughness height and topology on the large-scale
temporal structurein the fully turbulentregion of the boundarylayer.
A list of specific results follows:

1) The spectral data indicated that the rough-wall energy levels
across the boundarylayer relative to the smooth plate increased with
increasingroughnessheight.2) For frequenciesin therange of 0.98-
9.8 kHz, the energy level increases with increasing roughness be-
came more uniform across the frequency spectrum. 3) When plotted
with inner variable scaling, the spectral traces at all three boundary-
layer locations were found to shift up and to the right, and the shifts

increased with increasing roughnessheight. 4) Both overlapregions
(I and II) were discernible in the smooth- and rough-wall spectral
trace with inner scaling. 5) Converting the cross-film mass-flux data
to velocity using the strong Reynolds analogy and scaling for com-
pressibility were found to collapse the rough-wall data at the three
boundary-layerlocationsover most of the wave numberrange, when
plotted with outer scaling. 6) The integral timescales were found to
decrease by as much as 250% with increasing roughnessheight and
were found to be nominally independentof boundary-layerlocation
(y/8ym =0.25-0.75) for k; greater than approximately 250. 7) The
cross-correlationdata showed that the streamwise thickness of the
turbulence structures decreased with increasing roughness height.
8) The large-scale structure angles across the boundary layer for the
sand-grainand three-dimensionalplates were similar to the smooth-
plate values; however, the two-dimensional plate structures were at
nominally constant angle of 35 deg. Last, specific topology effects
were discerned and discussed.

In summary, all of the quantitativedata presented hereinindicated
that roughness had the effect of populating the supersonic bound-
ary layers with higher energy eddies, that is, fluctuating levels, that
were distributed over a narrower range of scales, as compared to
the smooth plate. The roughness elements had the effect of alter-
ing the turbulence production and transport mechanisms across the
entire boundary layer, as compared to the smooth plate, and a di-
rect connection (roughness-generated shocks and expansion waves)
between the inner and outer layers was discussed. In addition, the
presence of the overlap regions indicated that the expected en-
ergy cascade and dissipation mechanisms’'*2* were present for the
supersonic rough-wall boundary-layer flows. Last, the noticeable
topology effects further signify the connection between the inner
and outer region of the supersonic rough-wall boundary layers.
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