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Separation ahead of Protuberances in Supersonic
Turbulent Boundary Layers

Raymond Sedney* and Clarence W. Kitchens Jr.t
Ballistic Research Laboratory, Aberdeen Proving Gound, Md.

The data were obtained using the optical-surface indicator technique of visualizing the flow; its accuracy and
reproducibility are discussed. The proturberances are immersed in the boundary layer on the wall of a supersonic
wind tunnel. The relative importance of various nondimensional groups is evaluated. The variation of primary
separation distance is presented as a function of obstacle dimensions, Mach number, and Reynolds number, the
last being the least significant. These results do not support some scaling laws found in the literature. An
alternative correlation is proposed which applies to both small and large cylindrical protuberances.

Introduction

A LTHOUGH aerodynamic vehicles are usually designed
as smooth, streamlined shapes, the production version

will often have protuberances on the surfaces. If a
protuberance is relatively blunt then the boundary layer will
separate and a strong interaction between the viscous and
inviscid flows results. If it is highly swept or has a sharp
leading edge, separation with weak interaction can be ob-
tained. It is convenient to distinguish small and large
protuberances on the basis of their height, k, relative to the
99% velocity boundary-layer thickness, d. For a given
bluntness the extent of separation is greater the larger the
protuberance, although the asymptotic result is obtained
rather quickly for k>d. The extent of separation near the
obstacle is of interest because of its relation to the pressure,
heat transfer, and skin friction distributions in the separated
flow. The first object of this paper is to present measurements
obtained by flow visualization techniques of the extent of
separation ahead of protuberances immersed in a supersonic
turbulent boundary layer. The second is to discuss
correlations of these data. Since the conclusions depend on
the reliability of these data, an ancillary objective is to
evaluate the optical-surf ace indicator technique.

For small protuberances a number of features in the flow
can be described in terms of vortex systems. A survey of the
effects of small protuberances on boundary-layer flows1

shows that these features are common to a wide range of
conditions: for both laminar and turbulent boundary layers
and for all speeds up to hypersonic. However, a more detailed
examination of the flow structure is lacking except for
laminar, low speed flow. A discussion of several details of the
structure for turbulent, high speed flow is given in Ref. 2. The
flow structure is needed not only to achieve an intuitive un-
derstanding of the flow but also to give some insight into the
pressure, heat transfer, and shear distributions near and on
the protuberance.

Data on pressure and/or heat transfer are available in many
references, mostly for large protuberances. These are
discussed in Ref. 1, the survey by Korkegi3 and the report by
Kaufman et al.4 The very high values of pressure, pressure
gradient, and heat transfer measured on and in the vicinity of
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large protuberances in supersonic flow are remarkable aspects
of this separated flow. Such high values are not found in the
relatively few experiments with small protuberances.

Understanding the flow structure and correlating the vast
amount of data available are made difficult by the number of
parameters that must be considered. The dimensions (three
lengths), shape, and orientation (sweep) of the obstacle are
important. The undisturbed velocity profiles (laminar or
turbulent, 2-D, or 3-D) and d must be considered as well as
Mach number, M, and the Reynolds numbers that can be
formed with the various lengths. The undisturbed velocity,
Uk, at the height k off the surface has been found important
in low speed flows. Heat and mass transfer and turbulent
shear should be considered but we are unaware of any ex-
periments which systematically vary these. This plethora of
parameters is relieved somewhat for large protuberances; if
k>d and the width is small compared to 6, then the height no
longer influences the flow interactions. In view of the large
number of parameters even partial success at correlating
important flow features will be helpful.

A correlation for cylindrical obstacles was proposed by
Westkaemper,5 using a large collection of data on primary
separation distance, S. This is defined as the distance from the
leading edge of the obstacle to the most upstream location of
separation. His correlation was proposed for cylinders of
diameter D with k > d over the Mach number range 2 <M< 20
and for all Reynolds numbers provided the boundary layer is
turbulent. Unfortunately, as more data become available, the
deviation of the data from this correlation increases. A
critique of this correlation is presented.

A correlation is proposed here, for large and small cylin-
drical obstacles, using the separation distance data obtained
from the optical-surface indicator technique,6'7 which is
particularly suited to this application; it yields a vast amount
of detailed information about the surface flow pattern.2 The
flow implied by these patterns can be related to some of the
trends in the data for S. Westkaemper concluded that S/D is
strongly dependent on k/D and only weakly dependent on
Reynolds number. Our results support these two conclusions,
but also show a significant dependence on M. The correlation
is more successful for large cylinders since S scales with D\
this is not true for small cylinders.

Description of the Experiment
The experiments were conducted in a continuous, super-

sonic wind tunnel at the Ballistic Research Laboratory. The
dimensions of the test section are 33 x 38 cm. The interactions
were studied by placing the protuberances in the wall
boundary layer, having a typical thickness of 2.5 cm at
M=2.50. The optical-surface indicator technique requires
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Fig. 1 Boundary-layer thickness (6) vs unit Reynolds number from
Pitot surveys.
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Fig. 2 Schematic of optical-surface indicator technique showing
small proturberance immersed in supersonic turbulent boundary
layer.

mounting the obstacle on a tunnel window. Obtaining side-
view shadowgraph and schlieren pictures, which show the
trace of the shock surfaces, requires placing the obstacle on
the floor (or ceiling) of the tunnel. Velocity profiles and in-
tegral boundary-layer thickness for the floor and sidewall
boundary layers are presented in Ref. 8. The pitot pressure
data were taken with no protuberance in the flow, at the point
where the center of the protuberance would be mounted. The
boundary layers were not surveyed off the centerline. The
only measure of the transverse uniformity of the sidewall
boundary layer was obtained by visualizing the separation line
in the flow over a bar model; this line was straight over a
length of at least 10 cm, even without optimum side plates.
Figure 1 shows 6 as a function of unit Reynolds number, /?/£,
and M for both boundary layers. On the basis of skin friction
estimates we conclude that both boundary layers are fully
developed turbulent boundary layers at all test conditions,
except possibly for the floor boundary layer at the lowest Rli
at M= 3.50 and 4.50; the floor boundary layer is not used for
determining separation.

A brief description of the optical-surface indicator
technique will be given; for more details see Refs. 6 and 7. The
obstacle is mounted on a test section window using a bolt and
seal. Figure 2 shows a schematic view of the experimental set-
up and a sketch of some features of the flow over a small
protuberance. A small amount of lightweight, transparent oil
is placed on the window before and/or after the flow is
started. After the surface flow pattern is established, typically
in one minute, a shadowgraph or schlieren picture is taken.
These plan-view pictures show the surface (window) flow
pattern and parts of the shock surfaces. An example is shown
in Fig. 3. The relation between the streaks and flow near the

Fig. 3 Plan-view shadowgraph for large protuberance, Model 2D,
A/=2.50, /?/£=19.3xl06/m. 5-primary separation, £-bow shock,
M-mach stem, A -attachment line, J7-vortex core. Attachment line
indicated originates at Point ^4.

surface is discussed in Ref. 9. Schlieren pictures are taken by
flashing a BH-6 tube. The schlieren light source and one
parabolic mirror are used for continuous viewing on a frosty
mylar screen. Shadowgraphs are taken with a spark light
source of 1 /*sec duration.

Several methods of introducing oil onto the window are
used; in this way the prominence of particular features of the
surface flow pattern can be selectively increased. Usually a
regular array of oil drops and/or droplets from a spray of
light machine oil are used. The clearest definition of the
surface flow pattern is obtained when the oil drops are drawn
out into streaks of 0.1 mm height or less. The intensity of the
image of the streak is then about 50% of the undisturbed
intensity; it appears gray. If the cross-section of the streak is
such that it is almost opaque,the spacing must be considerably
greater to obtain a clear pattern, decreasing the resolution.
The observed variation in intensity can be predicted ap-
proximately by geometrical optics calculation.7

In Fig. 3 most of the streaks are gray. Several prominent
features are labeled. The attachment line A is difficult to see
in a reproduction unless the region is enlarged, see Refs. 1 and
7 for examples. If oil is placed near and upstream of the
protuberance before flow is started, it is mostly wiped away
by the time a shadowgraph is taken. Oil can be introduced
through a pressure tap upstream of the window after flow is
established to obtain a clear image of A which lasts for a few
minutes. This is the region of highest shear and, from the
results of other investigators, e.g., Ref. 10, highest heat
transfer. As in all shadowgraphs, a shock wave surface will
produce a shadow only if there are light rays at nearly grazing
incidence to the surface. Since the cylinder in Fig. 3 is a large
protuberance, the shock pattern is not like the side view
sketched in Fig. 2 but consists of a bow shock which intersects
a separation shock, well below the top of the cylinder,
resulting in a Mach stem plus other complex structure. The
leading edge of the bow shock will be almost parallel to the
cylinder axis for some extent. Thus the light rays (Fig. 2) will
be at almost grazing incidence and the prominent shadow
shown in Fig. 3 results.

For the conditions of Fig. 3, the bow shock is steady and
hence has a distinct shadow; the unsteadiness of the Mach
stem explains its irregular shadow. This unsteadiness is shown
in our side-view shadowgraphs and has been found by other
investigators. The dominant frequency of the oscillation,
from other kinds of shock intersection studies, is probably on
the order of 1000 Hz. The shear at the wall, which forms the
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surface flow pattern, has a dominant frequency which is
presumed to be much less. Suffice it to say a surface indicator
method can only give a -representation of an average flow
pattern.

Since primary separation is of main concern here it is
fortunate that a well-defined image of the primary separation
line can be obtained consistently with relative ease. If a spray
is used, a ragged pattern can result if some droplets are
deposited very near the position of primary separation. The
small droplets from the spray are influenced by flow
irregularities in the tunnel starting process and afterwards
there is insufficient shear force to change the pattern once
steady flow is established. A clearly defined separation line
can be obscured if too much oil is introduced through the
upstream pressure tap. In the next section the accuracy of the
measurement of S is discussed.

Different flow visualization methods were used to examine
other aspects of the flow: two surface indicator methods were
used to obtain the flow pattern on the protuberances; con-
ventional, side-view shadowgraph and schlieren methods
provided the trace of the shock surfaces and an indication of
the boundary-layer edge; the vapor screen method visualized
the shock surfaces and some of the vortices. The results from
these are not pertinent to this discussion of primary
separation; they are available in Ref. 2.

Data were taken at M=1.5, 2.5, 3.5, 4.0, and 4.5, but
mostly at M=2.5 and 3.5. The stagnation temperature was
nominally 306 K. The stagnation pressure, p0, or unit
Reynolds number, was varied over the allowable limits which
are shown by the values in Fig. 1. Most of the data were
obtained by setting the tunnel to operate at the desiredp0. The
same separation pattern could be obtained by starting at a
lower p0 and increasing it to the desired value. However,
decreasing p0 to the desired value gave a poorly defined
pattern.

The experiments were performed using obstacles of simple
geometrical shape: circular cylinder, hemisphere,
parallelepiped, truncated cone, and bar. The bar was used
mainly in a study of side plate design. It also provided the
information on transverse flow uniformity mentioned earlier.
Table 1 gives the dimensions of the models, the notation used
in referring to them (e.g., 2C), and the symbols used when
plotting results for several cylinders on the same figure.

Primary Separation
The upstream extent of the separated flow is bounded by a

curve called the primary separation line. We define the
distance, in the freestream direction, from the leading edge of
the obstacle to the primary separation line to be 5, the

Table 1 Model dimensions (cm), designation (e.g., 2C) and
plotting symbols used on graphs
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primary separation distance. Although the complete primary
separation line upstream of the body is easily determined
from our plan-view shadowgraphs, only results for S will be
presented. Because we simultaneously visualize the bow
shock, correlation of it with the primary separation line is
straightforward. The measured bow shock detachment
distances for models ID and 2D agree with those in the
literature for two-dimensional flow over cylinders to within
5%.

A question arises as to how separation is defined from
experimental measurements. In the literature it has been
defined by means of pressure or heat transfer distributions,
side-view schlieren or shadowgraph photographs, or surface
indicator techniques. The fact that these give different results
has been discussed in the literature (especially for two-
dimensional flows); we will not elaborate on this. Note that
Price and Stallings10 make a distinction between the disturbed
flow region, as determined by pressure measurements, for
example, and the separated flow region, as determined by
surface indicators. General use of such a convention would
obviate confusion. Unsteady effects, which certainly exist in
the flow, will affect the experimental definition of separation
in different ways for the various measurement techniques.
The surf ace-indicator technique, with its extremely slow
response time, gives an indication of an average surface flow
pattern that is clear and repeatable. Unsteadiness in flows of
the type considered here is discussed in Ref. 4 with respect to
static pressure measurements; they conclude that their
pressure distributions are not repeatable.

Only a very small amount of oil is required in the optical
surface-indicator technique, as little as 0.05cm3 being enough
to obtain some of the complete surface patterns. The height of
the oil accumulation line in a pattern, such as that shown in
Fig. 3, is considerably less than O.lmm. Therefore we expect
the interaction of the oil with the separated flow and the
displacement of the oil line from the primary separation line
to be negligible. A more quantitative statement can be made
after considering the order of magnitude of the three
aerodynamic forces acting on the oil line. These are shear,
drag, and buoyancy. The last was used in Ref. 11 to explain a
spurious oil accumulation line. The shear force is independent
of the height of the oil, h; drag is a linear function of /*; and
buoyancy is quadratic with h, being expressible as a product
of h/d and a Reynolds number based on h and wall quantities.
For the values of h obtained in the optical-surface indicator
technique buoyancy is of second-order importance and drag is
small to the first order in h, compared to shear, which is the
quantity we wish to indicate by the oil line.

The accuracy of our measured values of S is ± 1 % except at
the lowest stagnation pressures for which it is ±3%. These
error bounds include effects from both repeatability of the
pattern and reading accuracy. Additionally, there is a slight
amount of geometrical magnification in the images on the
shadowgraph because the light from the spark source is
diverging. This systematic error has been accounted for. Most
often the correction is negligible, but in some cases it amounts
toS^ointheratioS/D.

For cylinders 5 is a function of the following
variables: D,k,bt freestream velocity, Uk (for small
protuberances), kinematic viscosity, sound velocity, density,
and a measure of the turbulent shear. We have no measure of
the turbulent shear and we find that Uk is not significant as an
independent variable, so these are left out of the dimensional
analysis. In terms of nondimensional parameters

S/D=f(k/D, D/d, RDt M) (D

where RD is the Reynolds number based on D and freestream
velocity. Of course this can be written in other equivalent
forms, so that, e.g., k/d and RK appear as two of the four
nondimensional parameters. It is often convenient to use the
three ratios of lengths even though they are not independent.
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Fig. 5 Primary separation distance (S/D) \s protuberance diameter

(D/d).

Likewise, three Reynolds numbers could be defined; we do
not have enough points in parameter space to tell which of
these is most meaningful. The variation of S/D with any of
these Reynolds numbers is weak compared to the other three
nondimensional parameters.

Curves of S/D vs k/d are given in Fig. 4 to show the ap-
proach to the "infinite length" cylinder case. For each curve
three of the four possible dimensionless parameters are
constant, viz., D/d,RD, and M. From the data in the
literature, and as expected, S/D approaches a constant as k/d
increases. The results in Fig. 4 show that the rate of approach
to the asymptote depends on D/d. A large protuberance can
be defined by the requirement that S/D differs by some small
fraction from the asymptotic value. Models ID and 2D, with
k/d=4.5, are good approximations to large cylinders. Other
definitions are possible, e.g., requiring two-dimensional flow
on some portion of the cylinder. On that basis these models
are not large2; a much larger k/d would be needed. We shall
adopt the definition based on S/D.

The same kind of conclusion is reached if the data for
M= 3.5 are plotted in the manner of Fig. 4. Instead these data
are presented in Fig. 5 with the roles of k/d and D/d in-
terchanged. For models ID and 2D, with k/d = 3.69, the
variation of S/D with D/d is only slightly larger than the
estimated error in S/D. Thus these two data points, shown by
the triangles, are consistent with the results of many other
investigators, viz., that S/D is independent of D for large
cylindrical protuberances. Constrast this with the results for
small protuberances; e.g., S/D changes by more ^han a factor
of 2 for k/d = 0.37. The simple and satisfying scaling law valid
for large protuberances is not valid for small ones.

The integers which appear above each data point refer to
the number of vortices found between the obstacle and
primary separation.2 We find there are 2, 4, or 6 vortices
depending on Reynolds number. Although the variation of 5
with RD is not very large, the complex structure within the
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Fig. 7 Primary separation distance (S/D) vs protuberance height

separated pocket changes significantly. The overall structure
in the separated flow upstream of the obstacle is now fairly
clear but there are still some important details that must be
clarified. The sensitivity of the number of vortices to changes
in unit Reynolds number, R/?, is an interesting fact for which
we have no explanation at present.

Another conclusion reached in some other studies of
separation caused by large, cylindrical obstacles is that S/D is
weakly dependent on M. This dependence, for the large
cylinders ID and 2D, is shown in Fig. 6. The variation in S/D
is more than 50%. The data points are connected with straight
lines as a reading aid. For the small protuberances a variation
of S/D with Mis established only for model 2B\ but the trend
of increasing S/D with M is clear for models. Note that even
though R/tis constant, d varies because M changes. Thus the
change of S/D with M and k/D, shown in Fig. 6, is affected
by other parameters.

Data for S/D vs k/D are presented in Figs. 7 and 8 for
M=2.5 and 3.5 respectively. Since Rli and M are fixed for
each figure, d is constant for each plot. It follows that neither
k/d nor D/d is constant for all the points of Figs. 7 or 8;
points with constant k/d or D/d can be identified with the help
of Table 1. The different values of S/D at a fixed k/D reflect
variations in the other parameters and not scatter in the data.
For example, at k/D = 1.06 in both Figs. 7 and 8 the values of
k/d, D/d, and RD differ by a factor of 2 for the two points. It
is important to observe that the spread in the data points,
especially for small protuberances, is smaller for the S/D vs
k/D plot than for the previous three figures. This observation
provides a starting point for correlating the data. Figure 7
also shows two data points from Ref. 4 and five from Ref. 12
for M=2.5 but for R/t=3\ xl06 /m and 132xl06/m (sic)
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Fig. 8 Primary separation distance (S/D) vs protuberance height
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respectively. The points taken from Ref. 12 are for cylinders
of * 'infinite effective height;" they are indicated by an in-
terval because the k/D values were unspecified. These values
are 2.5% higher than those for models \D and 2D. These data
were obtained using surface indicator methods but no error
estimates were given. At any rate there is substantial
agreement between our data and those of Ref. 4 and 12. The
effect of large changes in k/5 can be deduced by comparing
our data and those of Ref. 4 wherein 6 = 0.24cm, k/d = 32,
and RD x 10 ~ 5 = 3 and 6 for the two points at k/D=4 and 8
respectively. The differences in RD between our data and
those of Ref. 4 give a negligible change in S/D. Thus, if k/D is
large, S/D is independent of k/5. This empirical conclusion
can be considered valid only for the range of parameters of
the data on which it is based.

In Fig. 8 two points from Ref. 4 are shown but for M = 3.0
and 4.0. The value of S/D for M=3.0 is less than that for
M=2.5 in Ref. 4 and the values of k/D are not much dif-
ferent; this inconsistency casts some doubt on the M=3.0
data point. Our other data, at M = 1.5, 4.0,4.5, are consistent
with the trends shown in Figs. 7 and 8. Another data point,
based on surface indicator methods, can be obtained from
Winkelman.13 He deduced S/D = 2.5 from post-test
photographs, but this value is uncertain because of a
pronounced shift of the oil accumulation line at tunnel
shutdown. The conditons are M= 5, k/d= 12.32, D/b = 0.195,
#/£=24.3 x 106which are sufficiently different from ours to
prevent a direct comparison. Extrapolation of our data to
these conditions gives a difference of about 30%.

A discussion of the data of Westkaemper5 is given in the
next section. Here the data reported by Voitenko et al.12 are
considered; this is one of the more comprehensive studies of
separation caused by cylindrical obstacles. Results are given
for M=2.5 and only one, rather high, value of R/t Com-
parison of these with our data, in the most primitive form, is
frustrated by a lack of certain information in Ref. 12. In Fig.
7 only the five data points for cylinders of "infinite effective
height" were shown. The S data in Ref. 12 for finite height
cylinders are presented in the form S/S& vs k/D where S^ is
the value of S for the "infinite effective height" cylinder of
the same diameter. The data shown in Fig. 7 were normalized
in that way and replotted in Fig. 9 together with the data of
Ref. 12. The value S<*/D=2M from that reference was
chosen rather than 1.95 as indicated by our data. Since values
of k, D, and 6, or their ratios, are not given, further
discussion of this comparison is unfruitful. The trends agree.
It is implied in Ref. 12 that the cylinder diameters for these
points are not all the same. Note that by choosing points with
different k and D values, a smooth curve could be drawn
which lies close to that through the points of Ref. 12.

Variations of S/D with Reynolds number are difficult to
present because no consistent trends were observed. Fur-
thermore, to obtain a significant change in, say, RD by

0.5
M = 2.50

PRESENT DATA R/4 = 19.3 * 106/m

* VOITENKO et al R/Jl = 132 x 106/m

0 1 2 3 4 5 6
k /D

Fig. 9 Primary separation distance (S/S&) for finite height cylinders
vs protuberance height (k/D).
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Fig. 10 Primary separation distance (S/D) vs Reynolds number (RD)
for cylinder model ID.

changing D and also keeping the other dimensionless
parameters approximately constant, would require many
more models than we have used. Limitations of the wind
tunnel and the small change of 6 with /?/£make even a factor
of two change in RD difficult to achieve if, e.g., D/d were held
fixed. Therefore, changes in R/i were utilized, which for a
given model, are equivalent to variations in RD. Two
examples of this are shown in Fig. 10 for model 2D and
M=2.5 and 3.5. The variation of S/D with RD for M=2.5 is
typical for all but one of the cylinders: it is nearly monotonic
and most of the change occurs at the lower end of the range of
RD. The total change is 15%. This kind of change is known to
occur for transitonal separation,4 but, from the previous
discussion of the sidewall boundary layer, this effect can be
ruled out here since the boundary layer is definitely turbulent.
At M=3.5 several types of variations were found including
the nonmonotonic one shown. This variety in the behavior of
S/D is related to the alterations in the flow structure—the
number and location of the vortices in the upstream separated
flow—as /?/£ is changed. For the purpose of this paper the
most important conclusion is that S/D changes by at most
30% for the maximum allowable variation in R/t

All of the data presented so far are for cylinders. Most of
the literature on this subject reports results for cylinders or
fins with a cylindrical leading edge; a variety of shapes
representative of protuberances on vehicles have been tested,
see Ref. 14 and the references therein. We did a limited
number of tests using other model shapes and some
representative data are shown in Fig. 11. In all cases k is the
height of the protuberance. D is defined as: the diameter of
the hemisphere, the base diameter of the truncated cone, the
width of the parallelepiped. The model dimensions are given
in Table 1. Relative to the cylinder the results for the other
models are understandable in terms of the sweepback effect.
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Reynolds number (RD) for four protuberance shapes.

The larger k/D for the parallelepiped, compared to the
cylinder, would also tend to increase S/D. The surface flow
patterns for the other three models are qualitatively the same
as those for the small cylinders. Since only one model of each
type was tested the significance of the various geometrical
parameters cannot be judged.

Correlations
Equation (1) shows that, for cylinders, S/D depends on

four nondimensional parameters; for general shapes this
number will be five since there is another ratio of lengths to
consider. The number of parameters involved and the absence
of guidelines from theory make it difficult to obtain
engineering estimates of the extent of separation, and un-
derscore the need for correlations of the data. These will be
discussed, but only for cylinders.

For large cylindrical obstacles k/d is eliminated from Eq.
(1) by definition. For this case, data from other sources show
that S/D does not depend on k/D. This study and others show
that the change of S/D with RD is not very great for either
small or large cylinders; see the preceding section. Therefore,
for large cylindrical obstacles S/D=/(M), neglecting the
variation of S/D with RD. Model 2D has been shown to be a
good approximation to a large protuberance for M=2.5 and
3.5; we shall assume this to be true for A/=4.0 and 4.5. Then
the flagged triangle points on Fig. 6 exhibit the function/(M)
for RD = 3.1x 105. For each M, the values of S/D vary with
RD in the unsystematic manner discussed in the last section.
This spread, for model 2D, is represented by the vertical
bands. An average curve through these bands will yield ap-
proximate values of S/D for large cylindrical protuberances.

Westkaemper5 proposed a correlation for cylinders using a
large collection of his own data, obtained by surface indicator
methods, and data of others. His conclusions can be
questioned because separation was defined differently in the
various sources. The treatment of some of the data from other
sources was biased, and there is a possible systematic error in
his data. These points will be discussed later. He considered
only supersonic flow with a turbulent boundary layer and
cylindrical protuberances having k>d. He cautions against
using the correlation for cylinders "that do not extend to the
outer edge of the boundary layer." This is not the same as
requiring the protuberances to be large according to the
definition adopted here; his condition would permit small
protuberances. His correlation can be stated analytically as
S/D = 2.65 for k/D>\.\3 and S/D = 2A2(k/D)°-7 for
k/D< 1.13 and is shown in Figs. 7 and 8. This single relation
is supposed to hold for 2 <M< 20 and for all RD provided the
boundary layer is turbulent. Data that have appeared after
Ref. 5 do not support such a simple correlation.

Figures 7 and 8 give an evaluation of Westkaemper's
correlation. Our data points designated by squares and

triangles and those of Refs. 4 and 12 have k>d. The
disagreement with the correlation is considerable, being more
pronounced at M= 2.5. For M= 1.5, 4.0, and 4.5 our data are
consistent with the trend shown in Figs. 7 and 8; they agree
with the correlation for M=4.0 and lie above it for M=4.5.
The correlation gives S/D =1.56, compared to our value,
S/D= .85, for model 25at M=2.0 with k=d. Therefore, even
for k>d this function of one variable can only correlate data
if deviations of almost a factor of two are acceptable.

The first reason we question the conclusions of Ref. 5 is
that in the various sources of data, separation was determined
by four different techniques: 1) surface indicator; 2) noting
the first change in a pressure gage reading from the un-
disturbed, upstream reading; 3) same as 2) but for heat
transfer; 4) extrapolating the separation shock through the
boundary layer to the wall. There is no evidence that these
techniques give comparable values of S. There are discussions
in the literature (Ref. 15 being one of the latest) for both two-
dimensional and three-dimensional flows which show that 2)
yields a larger 5 than 1). There are indications that 3) and 4)
also give values of 5 larger than 1), but not necessarily the
same as 2). The second reason concerns the data for large
cylinders of Ref. 12 for which S/D = 2.0, using the surface
indicator method. These data are not used in Ref. 5 but in-
stead a band of larger 5 values is obtained from the pressure
distributions given in Ref. 12. Data from some of the other
sources quoted in Ref. 5 give at least one other point at
S/D = 2.0. This results in a spread of almost a factor of two
because data using techniques 1) and 2) are intermixed. The
third question has to do with a possible systematic error in
Westkaemper's own data; he has forty points at M=4.9 and
R/?= 38 x,106/m. The surface flow pattern was visualized in
his experiments by injecting a liquid through an orifice up-
stream of primary separation. A photograph of the pattern
shows that a horseshoe vortex from the injection orifice in-
teracts with primary separation; this has been noted by others,
see, e.g., Ref. 7. The error in S introduced by this interaction
is unknown. If the interaction between the orifice vortex and
the separated flow acts to decrease S, which is reasonable,
then the fact that Westkaemper's values of S/D for M=4.9
are less than ours for M=4.0 might be explained.

Our conclusion is that, even for k> 6, the correlation of
Ref. 5 is not adequate because it deviates from the data used
in formulating it, plus the more recent data, by almost a
factor of two. Evidently, there are additional functional
dependencies, as mentioned by Westkaemper,5 which were
"obscured by the scatter in the test data." The facts that S/D
is most (least) sensitive to variations in k/D(RD) brought out
in Ref. 5 are important and supported by all the data; these
facts will be used in the correlation proposed here.

First, the guidelines from inviscid flow are considered. In
the last section it was pointed out that, of the four variables in
the functional relationship given by Eq. (1), k/D and M are
the most important. This can be shown to be reasonable by
considering the inviscid flow over the protuberance and the
form of the resulting pressure distribution on the flat surface.
In such a case there is no seperation shock, only a bow shock
with detachment distance, A. For a large cylindrical
protuberance this means that AAD is only a function of Mach
number. The pressure change across this nearly two-
dimensional shock is also independent of k/D; it depends only
on M. Thus, the pressure gradient imposed on the boundary
layer has the same functional dependence and it is not sur-
prising that S/D depends most strongly on M. For a small
cylindrical proturberance, the inviscid flow bow-shock
position additionally depends on k/D, so that
&/D=g(k/D,M). Thus both k/D and M should have a
significant effect on S/D. The important geometrical
parameters can be identified for other models using this same
process.

In our correlation S/D is expressed as a simple function of
k/D, for a fixed M. The deviation of the data from the
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Fig. 12 Correlation of primary separation distance (S/D) vs
protuberance height f or M - 2.50.
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Fig. 13 Correlation of primary separation distance (S/D) vs
protuberance height forM= 3.50.

correlation curve is considerably less than that of Ref. 5 and
our correlation holds even for k < d.

If the M=2.50 data shown in Fig. 7 are supplemented by
those for the other #/£ values, then for each k/D a range of
values of S/D is obtained. These are shown by bands on Fig.
12. The variations in the two parameters are 0.38 <fc/6<4.05
and 5.6<RDxlO~4<\50. A function which "fits these
bands is S/D = 2.2(l-e~L25k/D). Note that this gives an
asymptote of 2.2 whereas there are several data points on Fig.
7 showing an asymptote of 2.0. The reason for this is that the
extent of the bands, especially for k/D>2.Q, is biased by the
data point for the lowest R/L Except for small values of R/t,
the data points are essentially at the lower boundary of the
band. This is clear from Fig. 10, M=2.5. Therefore, if only
large Reynolds numbers are of interest, the curve should be
modified for k/D>2 so that it fits the lower bound of the
bands. As it is, the data depart from the curve by at most
25%; if the lowest value of R/t is excluded the deviation is
even less. Treating the data for M= 3.5 in the same way gives
the results shown in Fig. 13. The average deviation of the data
from the curve S/D = 2.3(1 -e~Lm/D) is less than for the
M=2.5 case, but the maximum is again 25%. The variations
of the two parameters ignored in this correlation are 0.42
<A76<4.77and3.5</?Dx/0-*<150.

We do not have enough data at the other Mach numbers to
allow us to present correlations for them but the data we have
are consistent with the form of the results for M= 2.5 and 3.5.
For large protuberances the correlation discussed previously,
see Fig. 6, can be used for M > 3.5.

Conclusions
In this paper we have concentrated on the upstream

separated flow caused by obstacle-boundary-layer in-
teraction, specifically the primary separation distance, S.
Using the optical-surface indicator technique we determined
the surface flow pattern and obtained accurate measurements

of S for both large and small protuberances immersed in a
supersonic turbulent boundary layer. The data show that S/D
is dependent on both k/D and M, but only weakly dependent
on Reynolds number. The Reynolds number dependence is
related to changes in the flow structure.2 Further work is
required to gain insight into the complex flow in the separated
region.

A correlation for S is proposed that holds for both large
and small cylindrical obstacles. The correlation is more
successful for large cylinders since S scales with D; this is not
true for small cylinders. The data used to develop the
correlation have values of k/d that vary by a factor of 10 and
values of RD which vary by a factor of 27 for M= 2.5 and 43
for M- 3.5. A larger number of models and a greater range of
parameters would be desirable to achieve a definitive
correlation. Two significant deductions from this work are
that S/D can be correlated by the same curve for both large
and small cylindrical protuberances and that the data deviate
from the correlation curves by no more than 25%.
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