
JOURNAL OF PROPULSION AND POWER
Vol. 11, No. 5, September-October 1995

Influence of Boundary-Layer Transition on Measured Incipient
Separation Angles
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and
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The results of an investigation of shock-wave/turbulent boundary-layer interaction at nominal freestream
Mach numbers between 5 and 6 are presented. This study examined the influence of boundary-layer transition
on the two-dimensional incipient separation limit. The proximity of an externally generated shock/boundary-
layer interaction to the end of flat-plate boundary-layer transition (defined as the peak heating location) was
observed to have a first-order influence of the incipient separation angle. The interaction region needs to be
located at least 50 boundary-layer thicknesses downstream of the peak heating location to avoid this influence.
This finding is consistent with earlier reports found in the literature.

Nomenclature
h = vertical distance between the shock-generator

leading edge and the flat plate, Fig. 1
/? = convective heat transfer coefficient, Fig. 2
L = length of flat plate
M.,_ = freestream Mach number
p = static pressure
pu — static pressure of undisturbed flow at shock location
Re = Reynolds number
St = Stanton number
r() = total temperature
U = velocity in x direction

A' = axial distance from leading edge of flat plate
V = perpendicular height above the flat plate
a = flat plate angle of attack
8 = boundary-layer thickness
0 = shock-generator angle
6m = momentum thickness

Subscripts
e = boundary-layer edge
/ = incipient separation angle
5 = inviscid shock impingement location
tr = end of transition location
w = shock-generator (i.e., wedge) leading-edge location

relative to flat plate leading edge
j = axial distance from leading edge of flat plate

Introduction

M OST of the shock-wave/boundary-layer interaction
(SWBLI) data obtained during the 1950s and 1960s

aided in the understanding of certain features of incipient
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separation. However, inconsistencies among various experi-
ments, as well as incomplete reporting of pertinent (in hind-
sight) test conditions, made difficult the development of ac-
curate prediction tools for either incipient separation angle
or incipient pressure rise. In particular, the dependence of
turbulent incipient separation angle upon the locally defined
Reynolds number Re$ was left unresolved by these initial
investigations.

A number of key technical papers,1"6 appearing from 1969
to 1976, when considered together, provide perhaps the best
insight into the physics of the turbulent SWBLI and into the
observed Rea trend. Together, they also describe most of the
incipient separation measurement techniques employed. These
references, with the exception of Holden,4 focused solely on
the compression ramp configuration, due to its importance in
relation to vehicle control surfaces. A detailed review of these
papers is provided by Delery and Marvin.7 A concern raised
by these investigators was whether a fully equilibrium tur-
bulent boundary layer had been attained. Most of these ref-
erences cited the work of Johnson and Bushnell,8 who found
that the power-law exponent of flat-plate velocity profiles
depends strongly on proximity to the end of boundary-layer
transition (defined as the peak-heating point in the absence
of a shock interaction). In particular, Johnson and Bushnell
noted that a distance of 506 downstream of this peak-heating
point is required before one can consider the boundary layer
to be fully turbulent.

The less-discussed impinging shock configurations are im-
portant as well, being directly related to the inlet design of
high-speed flight vehicles, particularly mixed-compression in-
let designs. More specifically, desirable high Mach (M > 5)
operation of a ramjet or scramjet flowpath requires that the
inlet shock strength be just below that for incipient separation
of the bodyside boundary layer (to reduce the possibility of
an unstart). Since one cannot, in general, duplicate all of the
full-scale inlet flight parameters simultaneously (i.e., Mach
number, turbulent boundary-layer characteristics, Red, wall
temperature) in existing ground-based facilities, extrapolation
of small-scale model data is required. Thus, there is a need
for carefully designed impinging shock tests for hypersonic
Mach numbers.

The motivation for the present test program was to deter-
mine how the two-dimensional incipient separation angle is
influenced by practical inlet design features. Our goal was to
use the test data to develop a two- to three-dimensional meth-
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odology useful for ramjet and scramjet design activities. Such
a methodology would identify the design parameters one should
manipulate if inlet boundary-layer separation control is a pri-
mary concern, and might also allow the existing two-dimen-
sional SWBLI database to be more fully utilized in the design
phase, thus avoiding the need to perform expensive design-
specific testing over a large parametric range. Most design-
specific inlet rigs are rarely flexible enough to sort out the
relative importance of individual contributions to incipient
separation. The present authors are not aware of any system-
atic investigation that has related the two-dimensional SWBLI
to practical three-dimensional inlet configurations, although
Reda and Murphy9-10 have obtained some relevant data at
Mach 2.9.

Although a number of parameters were examined in the
present test program,11 the most interesting empirical result
(and the only one reported here) was that the relative location
of the SWBLI to the boundary-layer transition endpoint greatly
influenced the separation limit as detected by wall pressure
taps. While we did not explore, in detail, the physics of this
phenomenon, due to schedule constraints, we believe that
this data is rather unique and worthy of further investigation.

Experiment
A synopsis of the test conditions, model description, and

instrumentation is provided later in this article. A more com-
plete description is included in Ref. 11.

Test Facility and Procedure
Tests were conducted at a nominal Mach number of 5.85

in an axisymmetric freejet blowdown-type tunnel with a stag-
nation pressure operating range of 0.69-13.8 MPa and total
temperatures from 500 to 61 1 K. 12 Reynolds numbers for these
conditions range from 4.9 x 106 m ^ 1 to 98.4 x 106 mr '. All
runs at M = 5.85 were conducted in the 4.9-13.8 MPa range
(Re = 34.1 x 106 m ' to 97.4 x IO6 m '), at T() = 556 K,
this produced turbulent boundary layers in the SWBLI region.
For M = 5.07, the unit Reynolds numbers behind the leading-
edge shock-wave range from 45.9 x 106 m"1 to 131.6 x 106

Model Description
The test employed a flat plate model, 46.99 cm long and

24.13 cm wide, which could be oriented at two angles of
attack, a = 0 deg (M = 5.85) and a = 6 deg (M = 5.07
behind the leading-edge shock wave). An external shock-
generating wedge driven by computer-controlled stepper mo-
tors provided the impinging shock wave. Figure 1 provides a
sketch of the setup.

Shock generator angles could be controlled to within ±0.1
deg. The wedge and plate were mounted independently so
that the horizontal and vertical spacing between the leading
edges of the plate and the wedge could be varied. In this
manner, several shock impingement locations could be ob-
tained for a given tunnel operating condition (in fact, hori-
zontal spacing xw could be varied during a run). Although
sidewalls were employed for some runs in this test program,
all results to be presented here were obtained without side-
walls.

Flow

Instrumentation
The flat plate was instrumented with 66 pressure taps and

58 type E coaxial heat transfer gauges. The pressure taps in
the SWBLI region were spaced 3.175 mm (approximately
0.56) apart along the model centerline, and were arranged in
a chevron pattern to prevent tap-to-tap interference. A "kink"
in the axial pressure distribution was the primary diagnostic
for identifying boundary-layer separation. Spanwise rows of
pressure taps aided in assessing flow uniformity. The mea-
surement uncertainty was ±0.07 kPa.

The heat transfer gauge spacing along the model centerline
was 6.35 mm (approximately 1.05). Although this spacing did
not allow as accurate an indication of incipient separation as
the pressure taps, it did provide a consistent measure of the
laminar-to-turbulent transition endpoints. Spanwise gauges
provided a redundant means of assessing flow uniformity. The
derived Stanton number uncertainty was ± 10%.

Boundary-layer measurements (pitot probe and total tem-
perature probe) were made at selected axial stations, without
the shock generator in place, to characterize the flow profiles.
Schlieren video was taken for all runs as a secondary means
of identifying boundary-layer separation, although the results
to be presented are based solely on static pressure measure-
ments. Although oil flow visualization was planned, these
tests were not performed due to schedule constraints.

Pressure taps were also located on the shock generator, to
verify angles and any shock reflected from the flat-plate sur-
face for certain test conditions.

Results
Flat Plate, No Shock Generator

With the shock generator removed, the flat plate flow was
characterized, for a variety of unit Reynolds numbers, in terms
of where boundary-layer transition ended (defined as the peak
heating point). In addition, boundary-layer profiles were mea-
sured at selected axial locations upstream, and within the
expected SWBLI region.

From the Stanton number distributions shown in Fig. 2, it
is seen that transition typically ended at a Reynolds number
Re, of about 12.0 x 106 for M = 5.85. Similar distributions
for M = 5.07 indicate a common Rex for transition end of
11.2 x 106. The corresponding transition end locations xlr are
given in Table 1 and have an uncertainty of ±2 cm. The
tabular values in parentheses represent extrapolations from
the measured points, as the most upstream heat transfer gauge
was 15.24 cm from the leading edge of the model.

Typical boundary-layer velocity and total temperature pro-
files are shown in Fig. 3. The velocity profiles were used to

Fig. 1 Side view of flat plate/shock-generator model. Fig. 2 Flat plate St distributions as a function of Re.
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Table 1 Axial locations of flat plate peak heat transfer

M = 5.07 M = 5.85

Re, m jctr, cm Re, nr
45.9 x 106

65.6 x 106

92.2 x 106

131.6 x 106

23.9
17.3

(12.1)
(8.5)

34.1 x 106

48.6 xTO6

68.2 x 106

97.4 x 106

31.7
25.7
18.9

(12.3)

Table 2 Boundary-layer thicknesses for Mach numbers
5.07 and 5.85

M - 5.07,
Re = 65.6 x 10* m-

6, cm 0..., cm

M = 5.85,
Re = 48.6 x 106 m~

6, cm 0..., cm

16.5
34.3
37.6

0.23
0.46
0.53

6.76 x 10~3

1.46 x 10~2

1.80 x 10~2

0.23
0.57
0.57

8.33 x 10~3

1.67 x 10~2

1.98 x U)-2

0.6

0.4
?

0.2

u/ue
Tt/Tt

M = 5.85
x = 15.9 cm

0.6

0.4

o

0.2

0.5 1.0
U/Ue, Tt/Tte

0.(

u/ue
Tt/Tt

M = 5.85
x = 37.6 cm D A

Q A
D A

1.0 0.5 1.0
U/Ue, Tt/Tte

Fig. 3 Velocity and total temperature profiles, transition-end at x =
25.7 cm.

determine the boundary-layer thickness (8 taken at 0.99p(,/7CJ),
in the SWBLI region; a constant value was assumed in this
axial range (25-40 cm) since previous tests in this facility,
with similar flat plate models,13 have shown that d varies less
than 10% over this short distance for unit Reynolds numbers
ranging from 34.1 x 106 m ~ ' to 98.4 x 106 m"1 . For this
study, 8 = 0.6 cm for M = 5.85 and 8 = 0.5 cm for M =
5.07. Table 2 shows the measured values of both boundary-
layer and momentum thickness for three axial locations and
both Mach numbers of interest.

Flat Plate/Shock-Generator
Shock-generator angle, rather than static pressure rise, is

employed as the ordinate since the angle is the geometric
design parameter of interest here. Shock-generator angles
associated with incipient separation were determined for more
than 50 runs comprising this study by identifying a kink, or
inflection point, in the axial pressure distribution. An example
of this technique, first described by Kuehn14 and well-docu-
mented in the technical literature, is provided in Fig. 4. In
Fig. 4, the incipient separation angle would be defined as the
value halfway between 9.81 deg (angle for which the kink is
first observed) and 9.24 deg (angle at which the kink disap-
pears), i.e., 9.53 ± 0.3 deg. (Increments shown in 6 are 0.6
deg in Fig. 4 for illustration only; an increment in 0 of 0.2
deg was used for the study giving an uncertainty of ±0.1 deg.)
Although other techniques are available, the present authors
chose this method for its convenience, repeatability, and prac-
ticality, the latter related to the fact that pressure taps are
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Fig. 4 Illustration of kink approach to determine incipient separa-
tion.
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Fig. 5 Comparison of incipient separation results.

the most likely diagnostic to be used in the high-speed vehicle
control systems related to the present effort.

Figure 5 compares the present incipient separation results
to a selected portion of the historical database,4*14-15 in the
format suggested by Kuehn. For those data associated with
compression ramp configurations, inviscid oblique-shock re-
lations were used to transform the ramp separation angles to
equivalent (i.e., same static pressure rise) shock-generator
angles. The two comparative databases shown were selected
primarily because they include a relatively large range of both
Mach and Reynolds numbers, thus allowing trends to be ob-
served. In addition, both Kuehn's and Holden's data were
obtained via the kink method (Holden utilized skin-friction
gauges rather than pressure taps) and both investigators em-
ployed two-dimensional geometries. Of course, use of two-
dimensional geometries do not imply two-dimensional flow.
Both Holden and Kuehn claimed to have established two-
dimensional flow with side plates (flow fences). Two dimen-
sionality of the pressure test was verified through spanwise
heat transfer gauges, pressure taps, and pitot pressure pro-
files.

It is seen that our results are reasonably consistent with
Holden's over a similar ReK range. The 0,- uncertainty for our
data is ±0.4 deg, a number representing the uncertainty in
shock-generator angle, the run-to-run repeatability, and the
definition of incipient separation given previously. As Re^
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increases, the 0,- values are seen to decrease. For our data,
this is believed to be associated with the proximity of the
SWBLI to the transition-end location. The reasoning here is
that the boundary layer is somehow "stronger11 (i.e., more
resistant to separation) at SWBLI locations close to the tran-
sition-endpoint than it is in the fully turbulent region. This
assumption can be justified as follows.

As an example, say that the boundary-layer velocity profile
can be described in terms of a power-law function, that is Ul
Ue = (y/8Y/N. For fully turbulent flows, N = 1 is typically
used. Johnson and Bushnell8 presented an extensive amount
of flat plate, cone, hollow cylinder, and nozzle-wall data clearly
showing that N can rise to more than double this value at
short distances downstream of the peak-heating location. This
phenomenon was described as an "overshoot" of the power-
law exponent. Although reasons for this overshoot were not
discussed in detail, the present authors believe that it may be
related to a high degree of mixing (a remnant of the boundary-
layer transition) in the boundary layer in the neighborhood
of the transition-endpoint. The mixing would likely reduce
the size of the laminar sublayer, which, according to Holden,15

is where a shock-induced separation is initiated. Thus, SWBLI
locations close to the transition-endpoint are associated with
larger shock-induced pressure rises, before separation is ob-
served, than are SWBLI locations far downstream of the tran-
sition-endpoint.

The decrease in the incipient separation angle as Re3 is
increased (for Res < 106 in Fig. 5) can be explained in terms
of this overshoot. Consider that Re8 can be increased by rais-
ing the unit Reynolds number (the corresponding change in
8 is ignored for the present). As unit Reynolds number in-
creases, the transition-endpoint moves forward (on a flat plate)
and since the SWBLI location is relatively insensitive to Reyn-
olds number, the proximity of the SWBLI with respect to the
end of transition increases. Alternatively, one could raise Res
by increasing 8, for a fixed unit Reynolds number. This would
be accomplished by increasing the flat plate length, but this
also results in an increase between the end of transition and
the SWBLI location as long as the shock-generator position
stays fixed.

A third method of increasing the local Reynolds number is
by tilting the flat plate as in the present study. Although this
decreases 8 relative to the untilted plate, the transition-end-
point is moved far forward, and thus, xx — xtr is increased,
which allows the power-law exponent to relax to a "fully
turbulent" value (the boundary-layer strength diminishes),
thus resulting in lower incipient separation angles. Figure 6
is a plot of our incipient separation data as a function of
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Fig. 7 Alternative plotting of Fig. 6.
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Fig. 6 Incipient separation results showing the influence of the dis-
tance between the SWBLI and the transition-end location.

proximity to transition-end normalized by the local boundary-
layer thickness. It is seen that a distance of about 505 down-
stream from the peak heating location is required before we
observed the fully turbulent SWBLI (the incipient separation
angle becomes a constant —8.4 deg). This value (508) is in
agreement with that suggested by Johnson and Bushnell's
correlations. Ours is not a unique explanation for the decrease
of 0, as Re3 increases (e.g., Ref. 15), but we do believe this
is the first time data are being presented that quantify the
incipient separation angle as a function of proximity to the
transition-endpoint.

Unfortunately, this type of plot is not common in the lit-
erature. This makes the comparison of incipient separation
data from various investigators difficult. Such information
would help to clarify the role of 5, e.g., as an independent
variable in incipient separation, by allowing the transition
influence to be discounted in certain database comparisons.
This 8 influence becomes an important concern when one
wishes to scale incipient separation data from wind-tunnel
models to full-scale flight vehicles.

An interesting trend observed for the current test involving
incipient separation is depicted in Fig. 7. Here, 0, is plotted
as a function of a Reynolds number based on the distance
between transition-end and the inviscid shock impingement
location; Rextr = Re^-(xs — jctr), where Rey_ is the unit Reyn-
olds number.

Although unorthodox, it is seen that incipient separation
becomes more a function of transition location and Reynolds
number than a function of Mach number (at least over this
small Mach number range). Since accurate transition location
data is not typically included in the SWBLI literature, appli-
cation of this technique to other data sets and, hence, other
Mach numbers is presently impossible. Whether this trend
will continue over a greater Mach number range is unknown,
but this emphasizes the need for SWBLI investigators to be
complete in the reporting of test parameters, particularly tran-
sition start and end locations.
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