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Wedge-Induced Turbulent Boundary-Layer Separation on a
Roughened Surface at Mach 6.0

P. J. Disimile*
University of Cincinnati, Cincinnati, Ohio 45221

and
N. E. Scaggst

Air Force Wright Research and Development Center, Wright-Patterson Air Force Base, Ohio 45433

Compressible turbulent boundary-layer characteristics on a roughened surface were studied in the presence of
a wedge-induced adverse pressure gradient. All tests were conducted at nominal Mach and unit Reynolds
numbers of 33 x 106, 66 X 106, and 98 X 106/m. Documentation of the surface pressure distribution con-
firmed the two dimensionality of the boundary-level flow throughout the interaction region. A 10% change in
the upstream extent of the separation point was observed when the Reynolds number was increased from 33 X
106 to 66 X 106/m. Pitot pressure and total temperature profiles in the boundary layer upstream and down-
stream of the interaction region were also acquired. Pitot pressure profiles on the ramp were found to reach a
maximum 3.5 times that of the local boundary-layer edge pitot pressure. Similarly, total temperature profiles
were found to overshoot the stagnation temperature. Furthermore, the bimodal character of these temperature
profiles was observed on the ramp with peak values 5-30% larger than the freestream total temperature.

Nomenclature
c = local speed of sound, m/s
M = Mach number
PI = surface pressure at a given xy location, mm Hg
Pref = undisturbed reference surface pressure acquired at x

= - 16.469 cm, mm Hg
Ps = static pressure, mm Hg
Pt = local pitot pressure, MPa
PQ - stagnation/reservoir pressure, MPa
Re - unit Reynolds number/m
Ts = static temperature, K
Tt - local total temperature, K
T0 = stagnation/reservoir temperature
U = local mean velocity, m/s
C/inf = freestream velocity, m/s
x = stream wise distance, cm
xs = separation distance measured from flat plate/wedge

intersection point, cm
y = lateral distance along the width of the plate, cm
z = distance taken perpendicular (transverse) to the

plate, mm
d = boundary-layer thickness location where velocity is

99% of freestream, mm

Introduction

ARECENT review of aerothermodynamic problems sur-
rounding hypersonic flight and its associated research by

Holden1 demonstrates our present lack of predictive capabi-
lity. Holden states that the intense research programs of the
1960s and early 1970s were superseded by hypersonic flow in-
vestigations that were limited to supporting specific missions
such as the Space Shuttle, the Jovian entry vehicle, and ballis-
tic re-entry vehicles. The results of this review vividly point out
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the scarcity of previous research encompassing the combined
effects of surface roughness, turbulent boundary-layer separa-
tion, and hypersonic flows. Only one document, a final report
by Holden,2 has been identified as complementary to the pres-
ent work. HoldenJs study examined control flap effectiveness
in a separted high-speed flow, conditioned by surface protur-
bances. This preliminary work, however, does not provide any
firm predictive analysis defining a rigorous correlation for
nonsmooth surface effects on turbulent boundary-layer sepa-
ration, thus, pointing out the void that exists.

Many earlier studies3"8 on turbulent boundary-layer separa-
tion were performed on smooth surfaces in supersonic-
hypersonic flow regimes. These studies investigated incipient
separation using compression corners to simulate flow over
aerodynamic flaps or ailerons.

Investigations addressing the effects of surface roughness
on turbulent boundary-layer profiles and skin friction carried
out by Goddard9 demonstrated that surface imperfections, on
a nonsmooth plate and of a height greater than the viscous
sublayer, produce increases in the skin friction. Additionally,
the inner portion of the boundary layer is shown to decrease
under similar conditions. This experimental work has been
consistently endorsed by other researchers that followed.
Namely, Young,10 Reda et al.,11 and Thompson12 all were in
accord with Goddard's initial finding for Mach numbers up to
5.0. The latest work on the turbulent boundary-layer pro-
file/skin friction and its dependence on surface roughness in a
two-dimensional flow is that from Fiore and Christoph13 at a
Mach number of 5.75 and a Reynolds number of 34.5 x
106/m. They found that the rough surface velocity profile is
less full than the velocity profile for the smooth wall case. The
decrease in the local velocity, for the rough surface situation,
is believed to be caused by the momentum loss resulting from
the presence of pressure drag and a wake for the individual
protuberances. Because high-speed flight vehicles exhibit a va-
riety of nonsmooth surface conditions and employ various ex-
ternal control devices that can produce large areas of flow sep-
aration, the importance of understanding surface roughness
effects on boundary-layer separation becomes very evident.

Facility
This investigation was carried out using the Air Force Flight

Dynamics Laboratory's (FDL) High Reynolds Number Mach
6 Facility located at Wright-Patterson Air Force Base. This
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wind tunnel is an open jet, blowdown facility. It is configured
with a contoured axisymmetric nozzle having a 31.36-cm diam
exit. Nozzle wall boundary-layer effects reduce the actual test
core to a diameter of approximately 25.4 cm. Reservoir
pressures range from 4.83 to 14.49 MPa at a reservoir temper-
ature of approximately 517 K. These conditions correspond to
freestream unit Reynolds numbers ranging from 33 x 106 to
98 x 106/m. Air storage capability allows for extended run
times of up to 10 min. For further details of the Mach 6 Faci-
lity, see Fiore and Law.14

Model
An existing flat plate model with a rough surface typogra-

phy was used in this experiment. This roughened surface is
configured with milled proturbances measuring 0.508 mm in

height and 1.016 mm for the lateral and stream wise widths
(Fig. 1). The machined cavities separating the individual
roughness elements in the cross stream and streamwise direc-
tions also measure 1.016 mm. Location of the beginning of the
roughness pattern on the model was based on previous
calculations performed by Shang.15 This position was esti-
mated to be 3.048 cm downstream of the leading edge where
laminar-turbulent boundary-layer transition was expected to
be completed. In addition to static pressures, wall tempera-
tures were acquired using chromel/alumel thermocouples
embedded in the plate surface adjacent to the pressure ports
(Fig. 2).

The model was designed to extend the full width across the
wind tunnel's open jet; however, the instrumented portion of
the flat plate was only 10.16-cm wide and well within the test
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core of the exiting jet. The plate's length is 46.99 cm and
features a sharp 10-deg asymmetric leading edge.

Interchangeable wedges mounted at the model's trailing
edge provided the necessary adverse pressure gradient for flow
separation near the ramp intersection point. Three wedges,
configured to angles of 22, 28, and 34 deg, were used. In the
present paper only the 22-deg ramp results will be examined.

Experiment
All tests were performed at a nominal Mach number of 6

over a freestream unit Reynolds number range of 33 x 106 to
98 x 106/m. These high unit Reynolds numbers ensured the
existence of a turbulent boundary layer within a few centime-

ters downstream of the leading edge. The resulting boundary
layer was measured along the streamwise centerline of the
model -16.469, -5.517, and +3.970 cm from the wedge/
plate intersection point. Measurement was achieved by tra-
versing pitot pressure and total temperature probes normal to
the model surface. Corresponding wall temperatures and sur-
face static pressures were measured and utilized for determin-
ing the velocity distribution within the shear layer upstream of
the ramp/plate intersection point. For the location down-
stream of the ramp/plate intersection, the probe drive system
was rotated in such a manner that the probe was aligned paral-
lel to the inclined surface and enabled the traverses to be made
normal to the wedge.
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Measurement Uncertainties
Three basic parameters were measured in this experimental

study: pressures, temperatures, and probe locations. The
uncertainty in the pressure measurements is ±0.5% of the
full-scale range of the transducer being used. For the reservoir
pressure the uncertainty is ±103.4 KPa. For the pitot pressures
the uncertainty is ±0.862 KPa for pressures below 172.4 KPa,
and ±2.586 KPa for pressures equal to or greater than 172.4
KPa. For the surface pressures the uncertainty is ±0.862 KPa.

The uncertainty in the temperature measurements is based
on the manufacturer's specifications of the particular type of
standard thermocouple being used, since the calibration of the
actual sensor is not done. For these studies the uncertainty in
the temperature measurement is ±2.2 K.

The uncertainty in the probe location is somewhat difficult
to estimate since the temperature of the model and the probe
strut assembly were allowed to approach a stable temperature
before the data were taken and the surface of the model was
used to reference the probe position for each profile measure-
ment. However, even with all this care the uncertainty of the
probe position was estimated to be ±0.25 mm.

Results
In the present work, boundary-layer characteristics were de-

termined from the total and static flow conditions acquired at
three stream wise measurement locations. Two of the measure-
ment locations, at x - - 16.469 cm and x = - 5.517 cm, were
upstream of the plate/wedge intersection, and the third loca-
tion on the ramp (or wedge) was at + 3.970 cm downstream of
the intersection point. By traversing a pressure probe through
the boundary layer, the total pressure distribution was ob-
tained for each of the three reservoir pressures tested. These
reservoir pressures (4.83, 9.66, and 13.80 MPa) corresponded
to approximate unit Reynolds numbers of 33 x 106, 66 x 106,
and 98 x 106/m, respectively. The total pressure traverses ob-
tained at x = -5.517 cm and +3.970 cm were nondimen-
sionalized by the stagnation pressure P0 and plotted in Figs. 3
and 4, respectively. Also, a comparison of the total pressure
profiles obtained at the three stations is examined (Fig. 5) for a
constant P0 (4.83 MPa) or unit Re (33 x 106/m).

Surface (static) pressures were recorded for the flat plate/
22-deg ramp combination. These surfaces pressures P, were
normalized by the undisturbed static pressure Pref obtained
upstream of the interaction zone at x = - 16.469 cm (Figs. 6
and 7). Comparisons of P//Pref obtained on a smooth surface
model under the same flow conditions are plotted along with
the rough surface pressure distribution in Figs. 8a and 8b.

Utilizing the assumption that the static pressure through the
boundary layer is constant upstream of the interaction region,
the Mach number distributions were calculated for all cases
except those at x = +3.970 cm. That is, using the Rayleigh
pitot equation for the pressure ratio Pt/Ps the Mach number
distribution throughout the boundary layer was calculated.
Figure 9 is an example of such profiles obtained at x =
- 5.517 cm for the three reservoir pressures tested. Total tem-
perature traverses at each measurement station were also ac-
quired for each of the three reservoir pressures. All total tem-
perature Tt measurements acquired were nondimensionalized
by the reservoir temperature T0. These temperature ratio pro-
files Tt/T0 were obtained at x = - 5.517 and +3.970 cm and
are plotted in Figs. 10 and 11 for P0 = 4.83, 9.66, and 13.8
MPa, respectively. Similarly, Fig. 12 is a comparison of the
temperature ratios acquired for P0 = 4.83 MPa (or unit Re -
33 x 106/m) for the three streamwise measurement stations.
Using the adiabatic relation between Mach number and tem-
perature ratio (Ts/Tt), the static temperatures Ts throughout
the boundary layer at x = -5.517 cm were calculated. Once
the value of Ts was determined, the local speed of sound c was
calculated and, hence, the local mean velocity was determined
at * = -5.517 cm (Fig. 13). The present boundary-layer velo-
city distribution was then compared (Fig. 14) to both the 1/7
power law profile and the velocity profile obtained using the
Van Driest velocity transformation.16

Discussion
In this investigation the detailed documentation of the

boundary-layer characteristics was obtained both upstream
and downstream of the ramp intersection point. Figures 3 and
4 appear to indicate a fuller pitot pressure profile for the
lowest unit Re case (P0 = 4.83 MPa). Convergence to the
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freestream values at each of the measurement locations for the
different Re cases tested indicate that for the P0 = 4.83 MPa
and 9.66 MPa runs, the Pt/PQ ratio appears to be several per-
cent higher than the high Re case (P0 = 13.8 MPa). Although
convergence to an approximately constant f reestream pitot
pressure was found, in Fig. 5 the pitot pressure ratio on the
ramp was observed to exhibit a completely different behavior.
Specifically, before reaching the freestream ratio a sizable
peak in the pressure profiles were recorded. The magnitude of
this peak is approximately 3.5 times greater than the Pt/P0
ratio observed at location upstream of the 22-deg ramp. This is
a result of the local shock structure in the reattachment region.

Utilizing inviscid oblique shock wave theory one is able to
calculate a shock angle of 31 deg. Based on a freestream Mach
number of 5.9, the pressure ratio was estimated to be 3.1. This
value differed approximately 11 % from the experimentally de-
termined pressure ratio of 3.5. Therefore, if appears that the
combined efforts of viscosity and roughness are small. Fur-
thermore, using the experimentally determined pressure ratio
and calculating the shock angle from the normal shock
tables17 an angle of 32.27 deg is obtained.

An examination of the surface pressure distribution in Figs.
6 and 7 clearly indicates the two-dimensional nature of the
flow. From a comparison of surface pressures obtained at y =
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0 and y. = ±9.14 cm (Fig. 6), it can be concluded that ex-
cellent agreement exists over the center portion of the plate
through the interaction zone. To further verify the two dimen-
sionality of the flow, side fences were added to the model. No
notable difference in the surface pressure was observed. If one
assumes the position of the inflection point in the surface
pressure distribution (Fig. 7) to be the location of separation
point xs9 then xs can be estimated in the present study to be ap-
proximately 22.86 mm upstream of the plate/ramp intersec-
tion point in the low Re case and approximately 25.4 mm up-
stream for the high Re case. While difficult to measure, the
extent of separation appears to be identical for Reynolds
numbers approximately greater than 66 x 106/m. Also, the

pressures on the ramp surface appear to coincide for both
cases indicating approximately the same location for the reat-
tachment point.

Comparisons made to the smooth surface study18 (with a
22-deg compression corner) indicated the extent of separation
was an order of magnitude larger in the rough surface study
(Figs. 8a and 8b). That is, on the rough surface model, the up-
stream location of the separation point was 10 times greater
for the low unit Reynolds number case (Fig. 11 a) and 12 times
greater for the high unit Re case (Fig. lib).

The Mach number distribution as a function of distance z
away from the wall for the three Re tested is plotted in Fig. 9.
From this figure it appears that the indicated freestream Mach
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number for all three cases is approximately 5.9. In addition, it
appears to suggest that the boundary-layer thicknesses for the
low and intermediate Re cases are approximately the same for
the stream wise position x — -5.517 cm (upstream from the
separation point). Although one would expect a thinning of
the boundary layer as the Re was increased, this effect was off-
set to some extent by the forward movement of the separation
point.

An examination of Fig. 10 shows that the total temperature
profiles obtained at x = - 5.517 cm were similar for all three
Re tested. Specifically, a 3-5% overshoot in the Tt profiles has

been observed at this location in the present work. This in-
crease in Tt is a result of the combined viscous and turbulent
shear stresses in the outer portion of the boundary layer doing
work on the fluid to increase its internal energy, hence, in-
creasing the temperature of the fluid in the inner region of the
boundary layer. The total temperature on the ramp (Fig. 11)
was also found to exceed r0, by 20% for the lowest Re case
and approximately 30% in the highest Re case. In addition, a
bimodal character was observed, that is, there was a second
temperature maximum in the total temperature profiles. This
second overshoot in total temperature was between 5 and
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15%. Inspection of Fig. 12 shows that for a constant unit Re
the maximum Tt recorded at stations upstream of the ramp
were found to have the same level of overshoot and reduced to
the freestream total temperature within a couple of percent.
As previously stated, the profile obtained on the ramp (x —
+ 3.970 cm) indicated a bimodal character, overshooting T0
by a minimum of 5 and 20% before convergence to a final
value, approximately 4% under the freestream T0.

Similar features can be found in the mean velocity and tur-
bulent intensity measurements obtained by Maurice and

Seibert9 on the same model using laser velocimetry (LV). An
examination of their mean velocity profiles obtained upstream
of the compression corner indicates a developed turbulent
velocity profile. As will be shown later, these LV profiles are
in good agreement with the present profiles collected from
pressure and temperature probe data. Also, LV measurements
of the turbulent intensity indicate values of the streamwise
component approaching 13% near the wall. Comparing tur-
bulence intensity profiles obtained on the ramp to those
upstream indicates the presence of a second peak. That is, at
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z/d = 0.308 and 0.615 the turbulence intensity was measured
to be 0.17 and 0.23, respectively. In addition, a freestream
value of 0.019 was recorded at z/d = 1.19.

A re-examination of the Tt profiles indicates a strong Tt
peak at z/d = 0.62, with a second, weaker peak at z/d = 1.16.
This narrow second Tt peak appears just at the edge of the
boundary layer and at a point of minimum turbulence. This
peak can be associated with the unsteadiness in the shock posi-
tion. That is, as the separating shock structure moves, so does
the boundary-layer edge. If one takes a closer look at the
streamwise component of turbulent intensity data, from z/d
= 0.85 to 1.19 the magnitude was found to only vary by ap-
proximately 40%. It is in this outer region between z/d = 0.85
and 1.19 where the movement of the boundary layer causes an

extension of the large-scale mixing region and a local redistri-
bution of energy (a second Tt peak). Moving into the region of
a stable boundary-layer edge structure (below z/d = 0.85) the
streamwise component of turbulent intensity was observed to
jump by approximately 500% at z/d = 0.615. Furthermore,
the turbulent intensity variation in this region was determined
to be less than 35%. It is important to note that at z/d =* 0.62,
both the turbulent intensity and Tt reach a maximum. Hence,
it appears to support the idea that the turbulent stresses extract
energy from the flow that locally heats the fluid and produces
the observed primary Tt peak.

Further support for the multiple Tt peaks was found from
measurements obtained on a 24-deg ramp at Mach 2.84 and a
unit Reynolds number of 65 x 106/m by Seleg et al.20 Using
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hot-wire anemometry, bimodal mass flux probability density
functions were recorded on the ramp, and a single maximum
at upstream measurement stations. That is, the mass flux tur-
bulence intensity profiles acquired on the ramp were also de-
termined to have multiple peaks. Comparing the ramp turbu-
lence intensity profiles to those obtained upstream of the ramp
intersection indicated an increase by a factor of five.

The mean velocity distribution (calculated from the pressure
and temperature probe data) obtained upstream of the
plate/ramp intersection point at x - - 5.517 cm is shown in
Fig. 13. Although some spread in the velocity data was found
close to the wall, all tests appear to converge to a freestream
velocity of approximately 950 m/s ±0.3%. Also, Fig. 14 in-
dicates the deviation of the experimental data from both the
1/7 power law formulation and the Van Driest velocity
transformation. In addition, for the purpose of comparison
the LV data is included. Agreement between experimentally
determined velocity techniques was of the order of 5%. The
lack of fullness of the experimental velocity profiles near the
wall is believed to be a result of the momentum loss in the
boundary-layer flow. It is felt that this loss momentum is a
direct result of the shocklets and wakes produced by the in-
dividual roughness elements.

Summary
An experimental investigation into rough surface turbulent

boundary-layer characteristics at hypersonic speeds has been
undertaken. These experiments were carried out on a rough
flat plate/wedge combination at a nominal Mach number of 6
for unit Reynolds numbers between approximately 33 x 106

and 98 x 106/m. The roughened surface geometry consists of
machined proturbances 0.508 mm high and 1.016 mm in both
length and width, with spacing between the individual ele-
ments of 1.016 mm.

The results of the surface pressure distributions indicate a
two-dimensional flow over the model. To further assure and
verify two-dimensionality, fences were added to the model
surface at the intersection region. Comparison of the surface
pressure distributions with and without the fences proved to
be excellent. Using the first inflection point in the surface
pressure distribution as an indication of separation, the extent
of separation xs was determined. It was estimated that the sep-
aration point moved upstream by approximately 10% as the
unit Re was increased from 33 x 106 to 98 x 106/m. How-
ever, for the smooth surface case, the separation distance did
not change as the Re was increased from 33 x 106 to 98 x
106/m. Yet, when compared to the smooth surface case, the
separation distance for the rough surface case was found to be
10-12 times larger.

Pitot pressure profiles obtained perpendicular to the ramp
surface reached levels 3.5 times greater than the freestream
pitot pressure. Total temperature profiles also acquired per-
pendicular to the ramp surface indicated a bimodal character.
This double maximum was determined to exceed the stagna-
tion temperature by 5-30%. It is proposed that the weaker se-
cond peak is a manifestation of the boundary-layer edge
movement, and the primary Tt peak a result of the high level
of turbulence which was found to exist in the boundary layer
at the same location.

A comparison of the experimentally determined velocity
profiles to those calculated using both the l/7th power law
form and the Van Driest velocity transformation was per-
formed. These results indicated that the experimentally ob-
tained velocity profiles were not as full near the wall, repre-
senting a reduction in momentum. This momentum loss is
believed to be a result of the viscous/turbulent dissipation
resulting from the rough surface. That is, this loss is a result of
the shocklets and wakes produced on and by the individual
roughness elements.
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