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Large-Scale Roughness In� uence on Turbulent Hypersonic
Boundary Layers Approaching Compression Corners
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The in� uence a short stretch of large-scale regular surface roughness on a Mach 5 turbulent boundary layer
approaching a compression corner was investigated on axisymmetric wind-tunnel models. Roughnesses were of
sawtooth and cavity shape with typical dimensions up to a full boundary-layer thickness. The effects of roughness
on � ow parameters compared to an equivalent smooth surface differed signi� cantly for each measured quantity.
Velocity pro� les downstream of the roughness were found to be less full, and skin friction was reduced. Surface
heat � ux was increased for a short distance. Surface pressures remained unchanged. Little in� uence was noted on
the � ow in the compression corner. Upstream in� uence was increased in some cases but no large-scale separation
due to the additionaleffects of roughness was observed. Roughnesses of sawtooth shape were found to cause greater
disturbance to the � ow than square cavities.

Nomenclature
cd;r = drag coef� cient for rough surface
cd;s = drag coef� cient for smooth surface
c f = skin-friction coef� cient
pres = reservoir pressure
pw = surface pressure
Pq = surface heat transfer
U = streamwise velocity component
U C = streamwise velocity in law-of-the-wall coordinates
X = streamwise coordinate
Y = surface distance
Y C = surface distance in law-of-the-wall coordinates
1d = roughness drag contribution,de� ned in text
±0 = smooth wall boundary-layer thickness at X D ¡50 mm

Introduction

SMALL-SCALE irregular surface roughness has been investi-
gated widely in subsonic, supersonic and hypersonic � ow, but

the problem discussed here is of a different category, as illustrated
by a typical application, a hypersonic projectile as shown in Fig. 1.
It can be seen that an area of rather large thread-like roughness
exists in the center of the cylindrical part of the projectile. These
buttress threads are necessary to allow the projectile to be housed in
an outer shell (sabot), which transmits the accelerationforcesduring
the � ring from a gun. Once the projectileleaves the gun barrel, aero-
dynamic forces split the sabot and it is removed from the projectile.
The � ight of such projectiles is usually at sea level and very high
velocities,entering the hypersonic regime. The boundary layer over
most of the projectile surface is turbulent. The buttress threads are
of the order of a boundary-layer thickness in depth and, therefore,
have a signi� cant impact on the � ow in this region.There are usually
control surfaces or stabilizers, such as � ns or � ares, downstream of
this roughness. These elements are the origin of regions of adverse
pressure gradients and can cause � ow separation.
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This con� gurationposes a number of aerodynamicproblems that
are addressed in this paper. The oncoming turbulentboundary-layer
characteristics are changed due to the stretch of roughness. On the
following smooth section the boundary-layerpro� le is expected to
relax before encounteringan adverse pressure gradient. Depending
on the changes to the pro� le due to the roughness and the subse-
quent relaxation, the � ow in the corner interaction can differ sig-
ni� cantly from a smooth wall case. It has been shown in previous
investigations1;2 that the addition of roughness can lead to separa-
tion in an otherwise attached compression corner. However, these
results were obtained with roughness stretching along the whole
surface and through the compression corner, whereas the problem
considered here is more complex. Two particular aspects are inves-
tigated experimentally: the relaxation of the boundary layer after a
stretch of roughness and the behavior of a boundary layer modi� ed
by roughnessas it enters a regionof adversepressuregradient,mod-
eled by a compression corner. The distance between the end of the
roughness and the compression corner was kept constant .¼5±0/,
while the type and height of the roughness has been varied.

Apparatus and Measurement Techniques
All experimentswereperformedin the DefenceResearchAgency

(DRA) Fort Halstead supersonic wind tunnel (High Super Sonic
Tunnel; HSST). This facility is a supersonic intermittent pressure
vacuumtunnel. In the con� gurationused here it featuresa contoured
axisymmetric nozzle with a centerbody, giving a useful � ow area
with a diameter of 0.2 m. The � ow conditionswere set to give a total
pressure of 716 £ 103 N/m2, a total temperature of 400 K, and a
freestreamReynolds number of 13£ 106 m¡1, at a Mach number of
5.07. The undisturbed centerbody boundary-layer thickness at the
nozzle exit was found to be 9.8 mm, with a skin-friction coef� cient
of 0:9 £ 10¡3.

To allow for comparison with computational � uid dynamics
(CFD) predictions, a detailed survey of the nozzle � ow has been
conducted and is presented in Ref. 3. During this investigation, it

Fig. 1 Simpli� ed drawing of a generic projectile, showing the location
and relative size of the buttress thread.
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was found that the operating conditions vary between different ex-
periments and throughout a single run for the same wind-tunnel
settings. These variations amounted to 12% in total pressure and
10% in total temperature.The in� uence of these variationson pres-
sure measurements is removed by normalizing all measured pres-
sures with a simultaneously recorded settling chamber pressure. A
comparisonof heat transfer results,however,has to take intoaccount
the in� uence of varying operating conditions.

The measurements include surface pressure and heat transfer
measurements, as well as boundary-layer pitot traverses. Surface
pressure transducers of the type Kulite® XCS-062-15A have been
mounted inside the model, as close to the surface as possible. The
hole diameter at the surface was 0.5 mm. Boundary-layer pro� les
have been performed with a traversing probe. It was found that re-
sponse time problems in� uenced the measurements very close to
the surface, and introduced additional uncertainties. This area of
restricted accuracy is limited to 0.5 mm from the surface. To obtain
velocity pro� les from the pitot-pressure measurements, the Mach
number has been calculated by assuming constant static pressure
throughout the boundary layer and measuring the wall pressure at
the pro� le location. The temperature pro� le has been derived us-
ing Crocco’s velocity– temperature correlation. These assumptions
introduce signi� cant uncertainties into the boundary-layervelocity
pro� les and thesedata are thereforenot recommendedfor CFD code
validation.For this purpose all measured pitot-pressurepro� les are
given in Ref. 3.

Surface heat transfer has been measured on the complete model
surface using liquid crystal thermography. This method supplies
data of a spatial resolution superior to traditional techniques. The
developments leading to its use in the HSST were � rst described in
Babinsky and Edwards.4 Further details can be found in Ref. 5.

An analysis of all experimental errors has been presented,3 and
the results are summarized as follows (at 100:1 odds): surface/wall
pressures §4%, total temperatures §3%, surface heat � ux §8%,
pitot pressures in freestream §0.5%, pitot pressures in boundary
layer §0.5%–§3%, and velocity pro� les §15% (outside pressure
gradient regions).

Models and Con� gurations
The models used in this study were designed to � t onto the cen-

terbody of the Mach 5 nozzle, which is held with struts inside the
subsonic settling chamber. The centerbody is of a circular cross
section with a diameter of 50 mm, and it provides a suf� ciently
long length to naturallygrow a turbulentboundary layer of approxi-
mately 10 mm thickness.A general layout of the model is shown in
Fig. 2. A mounting shaft is connected to the end of the centerbody,
which can be � tted with a variety of modules, as shown in Fig. 3. A
typical con� guration contains a region of roughness followed by a
smooth surface and a � are modeling the adverse pressure gradient
region. Flare angles were chosen to be 15 and 20 deg. Both were
not expected to separate the boundary layer with the larger � are
angle being very close to the expected angle of incipient separation.
All measurements are presented in a coordinate system originating
at the junction between cylinder and � are, as shown in Fig. 4. All
roughness types investigated end 50 mm upstream of the corner
(X D ¡50 mm).

The models were manufactured of black Ertalyte, which is the
trade name for a thermoplastic polyester based on polyethylene

Fig. 2 Roughness and compression corner model in the HSST.

5-mm cavity 10-mm cavity
(double length module)

45-deg sawtooth

Fig. 3 Available roughness modules.

Fig. 4 Coordinate system and boundary-layer traverse positions.

Fig. 5 Surface pressures downstream of the roughness modules.

terephtalate (PETP). It was chosen for its good machinability and
strength as well as thermal coef� cients making it suitable for liquid
crystal thermography in this facility. The physical properties have
been obtained from the manufacturer and checked by DRA Fort
Halstead.

Surface Pressure Measurements
Figure 5 shows the pressures recorded immediately downstream

of the last roughness element normalized by the total pressure as
earlier given. Within the accuracy of the measurements there is no
difference in the results between the various types of roughnessand
the undisturbed wall pressure.

The next item investigated is the in� uence of the roughnesseson
the � ow in the compressioncorner. Figures 6 and 7 show the results
obtained for both � are angles. The inviscid pressures for a 15- and
a 20-deg cone are also given for comparison. To give a feeling for
the length scales, the thickness of the undisturbed boundary layer
±0 is indicated. Both cases show a pressure rise on the � are without
reaching a plateau. The maximum pressures observed are below
the inviscid levels. This suggests that the interactionextends farther
downstreamthan the last measured position.This was con� rmed by
schlieren observations showing the corner shock to be still partly
embedded in the boundary layer at this location.Both cases reveal a
decreasein the pressureson the � aredue to roughness.The sawtooth
roughnessshows thegreatesteffect,whereasthe small cavitiescause
only a small differencefrom the smoothwall case. For both cases the
maximumreductionof pressures,causedby the sawtooth roughness,
is approximately 7%.
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Fig. 6 Surface pressures on cylinder and 15-deg � are.

Fig. 7 Surface pressures on cylinder and 20-deg � are.

The pressuresmeasured immediatelyupstreamof the cornershow
a differentbehaviorfor the two � are angles. In the case of the 15-deg
� are, no differencesdue to the roughnessesare noticeablewithin the
accuracy of the measurements. In the case of the 20-deg � are, an
increasein upstreampressurescanbeobserved.This indicatesanup-
stream movement of the shock/boundary-layer interaction. Again,
the largest effect is seen for the sawtooth roughness.

An earlier investigationinto the in� uenceof roughnesson the tur-
bulent compression corner performed by Disimile and Scaggs1 has
found a more signi� cant change in � ow structure due to roughness,
even for � ows that are unseparated in the smooth case. A major
difference between their work and the experiments reported here is
that the roughness stretched all of the way through the interaction.

The results obtained here indicate a substantial relaxation of the
boundary layer over the short distance .5±0/ between the roughness
and the corner.

Boundary-Layer Pro� les
Mean pitot-pressurepro� les have been recorded for all combina-

tions of roughnessesand � are angles at eight streamwise positions.
Only a selection will be presented here; the locations are indicated
in Fig. 4.

Figures 8 and 9 show the measured velocity pro� les at two loca-
tions downstream of the roughness elements. It can be seen that the
roughnesses cause the boundary layers immediately downstream
.X D ¡50/ to be less full, with the sawtooth roughness having the
greatest and the small cavities having the least effect. The velocities
near the wall have been reduced, up to 20% in the case of the saw-
tooth roughness. The boundary-layer thickness is increased by 3%.
Comparing the pro� les obtained farther downstream it can be seen
that the smooth wall boundary layer remains unchanged, whereas
the pro� les obtained behind the roughnesses become fuller with
increasing distance from the end of the roughness element. Differ-
ences between pro� les reduce. The velocities at the outer edge of
the boundary layer show virtually no variations.

The pro� les of Fig. 8 are also plotted in log-lawcoordinatescom-
pared with the law of the wall in Fig. 10. The values of skin fric-
tion necessary to determine the shear velocities have been obtained
from � tting velocities to a theoretical family of pro� les derived by
Mathews et al.6 based on the law of the wall and Coles’ law of the
wake. This assumes that the theoretical pro� le is valid for boundary
layers distortedby the roughness.As all measurements are taken on
a smooth surface,it is believedthat this approachis valid.As a result,
the pro� les agree in the log-law regionand exhibit differencesin the
wake strength. All pro� les depart from the log law at a Y C of about
50. The pro� les recorded downstream of the sawtooth roughness
show the greatest deviation, thus indicating a large wake param-
eter. With increasing distance from the roughness end, the wake

Fig. 8 Boundary-layervelocitypro� les immediatelybehind the rough-
ness, X = ¡ 50 mm.

Fig. 9 Boundary-layer velocity pro� les 32 mm behind the roughness,
X = ¡ 18 mm.
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Fig. 10 Boundary-layerpro� les in law-of-the-wall coordinates imme-
diately behind the roughness, X = ¡ 50 mm.

Fig. 11 Boundary-layer velocity pro� les on the � are.

strengths reduce for the rough pro� les, whereas the smooth wall
pro� le remains unchanged. The skin-frictionvalues obtained from
� tting the velocitymeasurements to the theoretical pro� les indicate
a reduction due to roughness of up to 20% in the sawtooth case
immediately behind the last roughness element. With increasing
downstream distance, the differences caused by roughness reduce
as the pro� les relax toward the smooth wall boundary layer.

The effect of roughnesson the velocity pro� les was found to per-
sist for many boundary-layer thicknesses downstream. This can be
seen in Fig. 11, showing the velocitypro� les at the farthestmeasure-
ment location on the 15-deg � are. Whereas the differencesbetween
the pro� les have reduced, they can still be clearly distinguishedeven
after the shock/boundary-layerinteraction. The location of the cor-
ner shock is indicated by the apparent decrease of velocities at the
outer edge of the boundary layer. The velocities here are computed
erroneouslyas the shock causes a change in static pressure.The true
velocities at these locations are increasing. It can be seen that the
compression wave system has been displaced away from the wall
by approximately0.7 mm due to the larger roughnesses.This value
is considerablylarger than the increasein oncomingboundary-layer
thickness. This suggests that the upstream in� uence of the interac-
tion has increased, and that the formation of the corner shock takes
place earlier.

By comparing the velocity pro� les obtained downstream of the
roughnesswith the correspondingsmooth wall pro� le, the momen-
tum de� cit due to roughnesscan be obtained.Normalizingthis value
with the length of the roughness and the freestreamparameterspro-
vides an estimate of the additional drag caused by roughness com-
pared to the skin-frictiondrag on a smooth surface. An estimate of
the smooth wall drag can be obtained by using the value of skin
friction obtained from the velocity pro� les and assuming a con-
stant skin-friction coef� cient over the area of interest. The relative
additional drag due to a stretch of roughness is

1d D
cd;r ¡ cd;s

cd;s

The results are subject to large uncertainties due to the as-
sumptions in the velocity calculations and the experimental errors

involved. Nevertheless they are given here to provide an additional
insight into theeffectsof roughness:sawtooth1d 2.1, small cavities
1d 0.6, and large cavities 1d 0.8, with cd ;s.c f / 0:9 £ 10¡3.

It can be seen that the sawtooth shaped roughness causes the
largest relative increase in drag and the small cavities have the least
effect, which agrees with the changes seen in the velocity pro� les.
A questionarising at this point is whether the mechanism is causing
the drag. On the smooth surface this is obviously due to surface
skin friction and cd ;s is more correctly described as c f . For the
rough wall measurements,this is not true; in fact, the measurements
downstream of the roughness indicate a reduction in skin friction.
It is, therefore, plausible to assume that the dominant portion of
the drag of large-scale surface roughness is caused by pro� le drag.
This has also been concluded by Monta and Czarnecki,2 who in-
vestigated smaller two-dimensional roughness in supersonic Mach
numbers.

Surface Heat Transfer
The heat � ux onto the surface has been measured using liquid

crystal thermography3¡5 for all con� gurations.The data shown here
are the result of averagingover a small strip along the middle of the
model to give the streamwise variation and reduce random pixel
noise. Because of variations in wind-tunnel operating conditions
the level of heat transfer for each experiment varies. In theory, this
variation could be removed by nondimensionalizingthe data in the
formof Stantonnumbers,but due to the uncertaintiesin determining
the correct adiabatic wall temperature this does not improve the
comparison between different data sets.

The heat transfermeasured on the roughnesselementsand imme-
diately downstream is shown in Fig. 12. The results obtained with
the large cavities cannot be compared directly with the other data
because of lower total temperaturesduring this experiment.The in-
crease in heat transfer is, therefore, best judged by comparing the
values immediatelybehind the roughnesswith the level seen farther
downstream. A number of observations can be made from these
results. The large cavities were subject to heating rates compara-
ble to the undisturbed smooth wall boundary layer for the surfaces
inside the cavities and up to 20% higher at the upstream edge of
an upper surface. The small cavities reveal signi� cantly higher sur-
face heating, up to twice the undisturbed values. The largest peaks
were observed with the sawtooth roughness, reaching as much as
three times the undisturbed heat transfer at the outer edges. The
value of Pq at the base of the grooves was lower than for the undis-
turbed boundary layer. The extreme valuesof heat transferobserved
at the edges of the roughnesses are subject to measurement errors
due to cross conduction.3;7 The actual peak values may, therefore,
lie above the results presented here. For all types of roughness an
area of increased heat transfer can be seen just downstream of the
last roughness element. This increase in heat transfer is limited to
a short distance of about 10 mm .¼1±0/, after which the normal
surface heat transfer is reestablished.

Figure 13 compares the heat transfer rates downstream of the
roughnesses and on the 15-deg � are. An overshoot in Pq just down-
stream of the hingeline can clearly be seen for all cases. The
increased heat transfer levels are limited to an area between the
hingeline and 5 mm downstream, this is the equivalent of half a
boundary-layer thickness in terms of the upstream boundary layer.
This peak is largestfor the smoothsurfacecase.The sawtooth rough-
ness has the smallest overshoot compared to the heat transfer up-
stream of the hingeline. As before, the large cavity case lies below
the other con� gurations due to variations in � ow conditions.

The measuredheat-transferon the 20-deg � are is given in Fig. 14.
The results are similar to the 15-deg case, but the differences in the
level of Pq are increased. Most of the experiments leading to these
results have been subject to signi� cant variations in surface temper-
ature and tunnel operating conditions. The peak heat transfer near
the hingeline is increased in comparison with the smaller � are. A
distinct rise in heat transfer in the smooth case can also be seen at the
downstream end of the model, where parts of the nozzle shock sys-
tem impingeon the � are. The differencescausedby the roughnesses
are limited to a small reduction in peak heat transfer and a slight
increase in the upstream in� uence.
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Fig. 12 Surface heat transfer distribution in the vicinity of roughness.

Fig. 13 Heat transfer distribution on cylinder and 15-deg � are.

When comparing the heat transfer distributionswith the surface
pressure measurements shown in Figs. 6 and 7, it can be seen that
the increase in heat transfer and wall pressure through the corner
interactionis very different in shape.This result is surprising,as it is
generallyassumed in turbulenthypersoniccompressioncorners that
both quantities will exhibit a similar behavior for this type of � ow,
as found in Refs. 8 and 9. In the cases presented here, however, the
heat transfer distribution shows a rapid increase and an overshoot,
whereas the surface pressure rises only slowly without reaching a

Fig. 14 Heat transfer distribution on cylinder and 20-deg � are.

plateau within the range of the measurements. It is thought that this
is caused by a small-scale separation in the corner.10

Conclusions
The effects of a short stretch of large-scaleregular surface rough-

ness on a turbulent boundary layer and subsequent compression
corner have been investigated.The types of roughnesswere of saw-
tooth and cavity shape with typical heights between half and a full
boundary-layerthickness.All experimentshave been performed on
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axisymmetricmodelsat Mach5 ona turbulentboundarylayergrown
along the centerbody of a contoured nozzle.

The heat transfer in the rough area was found to be signi� cantly
larger than the smoothwall values.The highestpeaksin heat transfer
were measured on the tip of the sawtooth shaped roughnesswith up
to three times the smooth wall results.

Downstream of the roughness each � ow property exhibiteda dif-
ferent behavior. Surface pressures were found to be unin� uenced
by the roughnesses. Surface skin friction was reduced by up to
20% compared to the smooth wall value. With increasing distance
from the roughness, the pro� les became fuller and the differences
in skin friction decreased. However, the in� uence of the roughness
could be observed well downstream .>10±0/, even after the corner
interaction. The roughnesseswere found to increase the boundary-
layer thickness by up to 3% and decrease the amount of fullness
of the boundary-layerpro� les. Roughness was found to reduce the
area of validity of the log-law. The surface heat transfer behind
the roughness was found to be signi� cantly increased. Within 1.5
boundary-layer thicknesses the heat transfer returned to the undis-
turbed level, thus exhibitinga much shorter region of in� uence than
skin friction.For all properties, the largest effect was observed with
the sawtooth shaped roughness,whereas the small cavities had only
little in� uence.

An approximate calculation of the drag caused by the rough re-
gion based on the momentum de� cit in the boundary-layerpro� les
indicated the largest contributiondue to the sawtooth shaped rough-
ness and the least effect for the small cavities. The increase in drag
is not consistent with the measured reduction in surface skin fric-
tion downstream of the roughness. It is, therefore, believed that the
majority of the drag is caused by a different mechanism, that is, of
pro� le drag.

The introduction of roughness had only little effect on the � ow
features at the compression corner. The pressures on the � are were
reducedby the roughnesses,and the upstreamin� uencewas slightly
increased. It is believed that the reduction in pressure increase due
to roughness is caused by the decrease in velocities in the outer
part of the velocity pro� le and the thickeningof the boundary layer.
Even though the reduction of velocity close to the surface is visible

in the pro� les for some time, the relaxation on the smooth surface
upstreamof thehingelineis suf� cient to limit the roughnesseffecton
the interaction. This differs from other studies, which investigated
rough compression corner � ows and found a signi� cant effect of
roughness on interaction length even for � ows that were far from
separation in the smooth wall case.
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