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I. INTRODUCTION

Although the history of the study of boundary layer or shear flows
over obstacles is a long one, the recorded history extenulng back t

Leonardo da Vinci, several aspects of such flows remain elusive. e
main qual1+nf11rn Fnafn-r-n t+the horseshoe vortex system, is well documen

[P ¥ e Vil MMVASUIiiVeY Vwva vwa LLe

The twin tornado-like vortices that rise up from the near wake and be
the trailing vortex system have been studied for small obstacles. The
third universal feature of the flow is the downstream persistence of these
two vortex systems. A survey of the effects of small protuberances on
boundary-layer flowsl shows that the above three features are common to a

ome

s Vmarmore Lace ~11

wide range of conditions: laminar and turbulent boundary layers for all
speeds up to hypersonic. However, more detailed examination of the flow
structure is lacking except for laminar, low speed flow. One purpose of

the present paper is to describe the flow structure for turbulent, super-
sonic b0undary-1ayer flows over protuberances. Most of our experlments
concern small obstacles; i.e., k < §, where k is the obstacle height and
§ is the 99% boundary-layer thlckness. However, data for large and
intermediate obstacles are shown and their relationships with small ob-
stacle data are discussed.

Since the flow structure, mainly the number and positions of vortices,
is complex, the paucity of information on it is not surprising. The flow
structure is needed not only to achieve an intuitive understanding of the
flow but also to understand the pressure, heat transfer and shear distri-
butions near and on the protuberance. These distributions and this under-
standing are needed for the well known applications in aerodynamics, bal-

mata

listics and hydraulics; there are also applications in meteorclogy and
geclogy. Recently, some features of the flow structure were used to
i"terpret erosion patterns on Mars2. Data on pressure and/or heat trans-
fer are available in many references, mostly for large protuberances.

These are discussed in either Reference 1, the survey by Korkegi3, or the
report of Kaufman et al*. The very high values of pressure, pressure

1. R. Sedney, "A Survey of the Effects of Small Protuberances on Boundary
Layer Flows," AIAA Jowrnal, Vol. 11, No. 6, June 1973, pp. 782-792.

2. R. Greeley, J. D. Iversen, J. B. Pollack, N. Udovich and B. White,
"Wind Tunnel Studies of Martian Aeolian Processes,' Proc. Roy. Soc.
Lond. A., Vol. 341, No. 1626, 10 December 1974, pp. 331-360.

See also "Wind Tunnel Simulatio ight and Dark Streaks on
Science 849

Mg
Science, Vol. 183, March 1974, pp

C l'lM ]
, No. &, May 1871, pp.

4. L. G. Kaufman II, R. H. Korkegi and L. C. Morton, "Shock Impingement
Caused by Boundary-Layer Separatzon Ahead of Blunt Fins," ATAA

Journal, Vol. 11, No. 10, October 1973, pp. 1363-1364.
See also ARL 72-0118, Aerospace Research Laboratories, August 1972.



gradient, and heat transfer and in the vicinity of large pro-
tuberances in supersonic flow are a most remarkable aspect of this sepa-
rated flow. Such very high values are not found in the relatively few
experiments on small protuberances. An unusual, and practically important
feature of this case is the fact that the disturbance caused by the small
protuberance can persist for hundreds of protuberance heights downstream!l.

data available is 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

(lamlnar or turbulent, 2-D or 3 D) and é must be considered as well as

Mach number, M, and the Reynolds numbers that can be formed with the var-
he sur-

ious lengths. The undisturbed velocity, Uk at the height k off t
t

ei
face has been found important in low speed flows. Heat and mass
and turbulent shear should be con51dered we are unaware of any experi-
ments which systematically vary these. This plethora of parameters is
relieved somewhat for large protuberances; if k 2 § and the width is small

compared to 8§, then the helght no longer influences the flow interactions,

but the number of parameters is still large and unwieldy. Therefore, any
success at correlating important flow features with the various non-
dimensional combinations of parameters is important.

Such a correlation was given by Westkaemper® using a large collec-
tion of data on primary separation distance, S. This is defined as the
distance from the leading edge of the obstacle to the most upstream loca-
tion of separation. However, different definitions of separation were
used in the data he collected. All the large protuberances were cylin-
ders of diameter D, with k > §; the boundary layer was supersonic and
turbulent. His conclusions were: S/D = 2.65 for k/D > 1.13 and S/D =
2.42 (k/D)%-7 for k/D < 1.13; he proposes this correlation for 2 < M < 20
and for all Reynolds numbers provided the boundary layer is turbulent. A
critique of this is given later. Unfortunately, as more data become
available, the deviation of the data from this correlation increases.
However, this work indicates that S/D is essentially LuucpvuucUL of
Reynolds number; the variation with M is significant. Thus for large
cylindrical protuberances the possibilities for correlation are favor-
able but less so for small protuberances, even if restricted to cylinders.
Our data show that for constant Mach and Reynolds numbers, S does not
scale with D. The number of models tested is not sufficient for us to

arrive at definitive correlations.

Tha main Ahdian~ntiyra AFf +hic wnwlkl 3¢ +An Aatarmina ac miinrh ne mnAaccihla
110C lladiil UUJC\;LLVU va CIlAO WULN 41O LU JUC LU LAl ao HIULiIl ado PUDDLULC
of the flow structure. For this purpose flow visualization was used.
5. J. C. Westkaemper, "Turbulent Boundary-Layer Separation Ahead of
Cylinders," AIAA Journal, Vol. 6, No. 7, July 1968, pp. 13562-1356.




The optical-surface indicator technique®:7 was employed to visualize the
flow patterns on the surface over which the boundary layer flows. More
conventional techniques were used on the surface of the protuberance.
The optical-surface indicator technique is particularly suited to this
appiication and yields a vast amount of detail. For visualization off
the surface, the vapor screen method was used since it is the only tracer
method that will work in supersonic, turbulent flows. Although it pro-
vided some useful data, it is not as useful as the smoke method, which
can provide many detalls in low speed, laminar flows. It could not, for
example, resolve the multiple-vortex pattern upstream of the obstacles
revealed by the optical-surface indicator visualization.

For a given protuberance and M we find 2, 4, or 6 vortices between
the protuberance and primary separation, depending on Reynolds number.

On physical grounds there is no reason why several vortices cannot exist
there, but in the experiments on turbulent boundary layer - obstacle
interactions, at either high or low speeds, two are almost always ob-
served. An exception is the work of Winkelman®; he used a surface-
indicator method in a high speed, turbulent boundary layer. The inter-
pretation of our surface flow patterns was aided by the results of

T ames w2 cwmAl-a Al 1~ annad Taminaan hAarmAdaanws

lVUl"ldJl', W“.U UDCU LllC DUHIUNT LC\,II.“..I.\{UU Lll a LUW QpTTuU, .La.m;ua.x UUWIUQL]
layer and obtained remarkably detailed information on the streamlines
and vortices in the separated region. The structure in the separated
flow upstream of the obstacle is fairly clear now but there are some
features that must be clarified. The sensitivity of the number of vor-
tices to changes in unit Reynolds number, R/£, is an interesting fact
for which we have no explanation at present.

Although we concentrate here on the upstream separated flow, many
other features are revealed in our visualizations. Further work is

required to gain sufficient insight into, e.g., the fascinating near wake

6. R. Sedney, "Visualization of Boundary Layer Flow Patterns Around Pro-
tuberances Using an Optical-Surface Indicator Technique," The Physics
of Fluids, Vol. 15, No. 12, December 1972, pp. 2439-2441.

7. R. Sedney, C. W. Kitchens, Jr., and C. C. Bush, "The Marriage of
Optical, Tracer, and Surface Indicator Techniques in Flow Visualiza-
tion - A Survey,' Record of the 1973 International Congress on
Instrumentation in Aerospace Simulation Facilities, IEEE Publication
No. 73CHO 784-9AES, pp. 155-171.

8. A. E. Winkelmann, "Flow Visualization Studies of a Fin Protuberance
Partially Immersed in a Turbulent Boundary Layer at Mach 5," NOLTR
70-93, Naval Ordnance Laboratory, May 1970.

9. "R. S. Norman, "On Obstacle Generated Secondary Flows in Laminar

Boundary Layers and Transition to Turbulence," Ph.D. Thesis, Illinots
Institute of Technology, December 1972.
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flow. Obtaining this insight and making progress on the items discussed
at the end of the previous paragraph would be much easier if a model of
this complex flow existed. On the other hand, the model can only be
formulated after sufficient flow visualization is accomplished. This
report represents one stage in this iteration process.

In our experiments we visualize the flow in the following ways:
(1) the optical-surface indicator method giving plan-view shadowgraphs
that show surface flow patterns and shock fronts; (2) the conventional
surface indicator method providing the fiow pattern on the protuberance;
(3) conventional, side-view shadowgraph and schlieren methods showing
the trace of the shock surfaces and an indication of the edge of the
boundary layer; (4) the vapor screen method giving shock surfaces, a
boundary-layer edge and, to some extent, vortices. Because of the con-
straints of the wind tunnel facility and for reasons of time and economy,
we could not fully exploit all of these techniques. Most of our data was

obtained with (1), considerably less with (3) and (4), and the least with
(2). A more effective tracer method than the vapor screen techﬁique is
mandad

11CCUcCTU.

The tests were conducted in a continuous, supersonic wind tumnel,
Supersonic Wind Tunnel No. 1 at the Ballistic Research Laboratories. The
interactions were studied by placing the protuberances in the wall bound-
ary layer, having a typical thickness of 2.5 cm. at M = 2.50. The
opti al surface 1nd1cator method requlres mountlng the ob tacle on a

S
2 A
ae-
(=)
e

protuberance in the flow to determine the propertles of and compare the
floor and sidewall boundary layers. The data were taken at the point
where the center of the protuberance would be. Figure 1 shows one set

of the results; a separate report will contain all of them. The 99%
velocity thickness, §, is given as a function of unit Reynolds number,
R/Z, and Mach number, M, for the sidewall and floor boundary layers. The
only significant difference between these occurs at M = 3.50 for the low-

Lpis il L2 ICIRE TR LIICOL UCLUls

est value of R/£. We suspect the same trend exists at M = 4.50 but the
results at small R/£ are not available for the sidewall boundary layer.
Similar comparative results and trends are shown for displacement and

momentum thickness. Thus for most test conditions a valid quantitative

£ oAl

comparison can be made between results for the protuberance in the two

TAands: Am

10cacions.

The optical-surface indicator method will be described briefly; for
more details see References 6 and 7. The obstacle is mounted on a test
section window which is in a vertical plane. 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,

[
N



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; we refer to these

as plan-view pictures. They show the surface (window) flow pattern and
parts of the shock surfaces. An example is shown in Figure 3. The

.
~y
~

e .
relation between the streaks and flow near the surface is discussed in
Reference 10

The window used for these tests is one that has several pits and
scratches from long use but is otherwise a ''schlieren quality'" window.
The window defects are evident on the shadowgraphs. The model is bolted
to the window. Schlieren pictures are taken by fliashing a BH-©6 tube.
The schlieren light source and one parabolic mirror are used for contin-
uous viewing on a frosty mylar screen. Shadowgraphs are taken with a

spark light source of 1 us duration.

Several methods of introducing oil onto the window are used. In
the first method a light machine oil is sprayed on the window in a fine

Dounaary layer occurs. A second technique is to place regularly spaced
dots on the window, usually near the model. A third method of introduc-

ing oil makes use of a static pressure tap located 40 cm upstream of the
model. Two or more drops of light machine oil are aspirated into the
tunnel wall boundary layer. Some of the oil flows along the wall and
window and some atomizes into the flow off the wall. The mist formed in
this manner is carried in the flow to the region immediately upstream of
the protuberance. Some impinges on the window, thus draw1ng the surface

A -

e |
Str Cdlllllllt‘«b s dilQ

-~ 2~ J-.\A..-A- -~ +h A mavmaddina -~ 2~ 2~ 4+l
S VUIIN 1o UGP SL1LCU VIl LIIT PJ.U LuvcLdliive, 1I111>S 15 LIIT
only way that an attachment line, labeled A below, can be consistently

The clearest definition of the surface flow pattern is obtained
when the oil drops are drawn out into streaks of height 0.1 mm or less.
The 1nten51ty of the image of the streak is then about 50% of the undis-

Al aln cdmanl

PR, PR I S Ry

turoea lIltenblEy, .LT. d.PPCd.I'b grdy. J.I Lllt: Cros5>-5CCLl1iull O LUIe
is such that it is almost opaque, the spacing must be considerably
greater to obtain a clear pattern,; which decreases the resolution. The

observed variation in intensity can be predicted approximately by geo-
metrical optics calculations?.

In Figure 3 most of t
tures are labeled. Th
amaramadicadianm s Tlace +h -
icpivuuctiivil wiivoos L p s
examples of that. If oil ear and upstream of the model

before flow is started, it is mostly wiped away by the time a shadowgraph

10. R. L. Maltby, "Flow Visualization in Wind Tunnels Using Indicators,"
AGARD-ograph 70, AGARD-NATO Fluid Dynamics Panel, 1962.
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s taken. If oil is introduced through the pressure tap, a clear image
Af A e nhtainad €An o Loty mimiibac Mo 2o @l cmm m® e A L ° Y. L
Or A 15 O0italincd 10T a 1ew minutces. inis> 15 wne Tregion Or nignest snear
and, from the results of other investigators, e.g., Reference 8, highest
heat transfer. As in all shadowgraphs, a shock wave surface will pro-

duce a shadow only if there are light rays at nearly grazing incidence
to the surface. Since the cylinder in Figure 3 is a large protuberance,
the shock pattern is not like the side view sketched in Figure 2. It

consists of a bow shock which 1ntersects a separation shock, well below

the top of the cylinder, resulting in Mach stem plus other complex
structure. A visualization of this w111 be shown in Figure 5. For the
conditions of Figure 3, the bow shock is steady and hence has a distinct
shadow; the Mach stem is unsteady which 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 surface flow pattern,
has a dominant frequency which is presumed to be much less. At any rate
indicator method can only give an indication of an average

o
C1llle

B S

The usual surface indicator method of coating the model with a pig
mented oil was used to observe the flow pattern on the protuberance. A
variation of this, which incorporates the idea of taking a shadowgraph
of transparent oil streaks, was also used The model was wrapped with a
transparent plastic sheet and 1 hrough the upstream

ove. At the end of
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and a small cylindrical protuberance are shown in Flgure 4 Somewhat

different patterns are obtained for a large cylindrical protuberance

depending on k/§, D/§, M, and R/Z, see References 8 and 11. The pattern

shown in Figure 4a is like that of Reference 11 except for the upper por-

In that reference k/§ was large enough so that the c1rcumrerent1a1,
1 =

Q9
e W»n
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urfa flow p '
of the pattern shown in Figure 4b is the attachment point on the centrs:

between the separation line near the bottom of each cylinder and the
attachment line A mentioned above; this will be discussed later.
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the Mach stem and some weak waves from the separated shear layer was
obtained by taking a sequence of shadowgraphs using the 1 ps light
source.

The vapor screen method is the only tracer method available for the
flow under consideration, leaving aside the use of tufts. It is des-
cribed fully by McGregor in Reference 10. Our version of the method is
different from the standard practice only in the way the light sheet is
generated. This is done in a simple fashionl? using a low power CW
laser (e.g., 15mW), a cylindrical lens (a glass rod is adequate), and a
small slit to cut off some undesirable side bands of light. Some fur-
ther details of this are given in Reference 7. The small diameter beam
is diverged by the lens into a light sheet of thickness equal to the
beam diameter. The sheet is rotated by rotating the lens and is easily
translated because the apparatus weighs little.

In the vapor screen method one observes the light scattered by the
liquid or solid particles which are usually water. Shock waves and
vortices are easily detected. An example is shown in Figure 5 for flow
over a large cylindrical protuberance. In this example the light sheet
is in the plane of symmetry of the flow, the horizental plane, which con-
tains the axis of the cylinder. It is observed through the vertical win-
dow and photographed with a camera at 30° to the sheet. The perspective
of this oblique side view makes interpretation of these visualizations
more troublesome than true side views (90° to sheet). The illumination
is determined by the density of scattering centers and this is changed
by mechanical and thermodynamic effects. Near the window heat transfer
effects also enter. These heat transfer effects, together with the fact
that some of the vortices we wish to see are small and closely spaced,
have prevented us from resolving some of the more interesting flow pat-
terns. Finally, care must be taken if quantitative results are desired
since the condensation process alters the flow properties.

III. MODELS AND TEST CONDITIONS

The test section of the wind tunnel is 33 x 38 cm in cross-section
and the protuberances were mounted on the 38 cm wall. 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
unit Reynolds number was varied over the allowable limits which are
shown by the values in Figure 1. The stagnation temperature is nominally
90°F. The experiments were performed using obstacles of simple geometri-
cal shape: circular cylinder, hemisphere, parallelepiped, truncated
cone, and bar. The last was used in a study of side plate design so that

12. Private commnication from R. K. Matthews, Arnold Engineering and
Development Center, to C. J. Nietubica, Ballistic Research Labora-
tortes, 1972 and 1973.
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the flow over a projectile rotating band could be simulated; that work
will be reported separately. For the first four obstacles we also added
a small perturbation to the basic shape but space limitations preclude
discussion of the results. For the same reason we give no details for
the flow patterns about the hemisphere, parallelepiped, and truncated

cone. Table 1 gives the dimensions of the models, the notation used in
referring to them (e.g., ZC), and the symbols used when plotting results
for several models on the same figure.

IV. PRIMARY SEPARATION

~AL &L o JRp

One of the quantities of primary interest in obstacle-boundary layer
interaction is the extent of the separated flow, bounded by a curve

called the primary <enaraflgn line; it is qun1rpA to estimate the load
on the surface. We def1ne the distance from the leading edge of the

obstacle to primary separation to be S, for obstacle- boundary layer flows
with a flow symmetry plane. Westkaempex discussed how a knowledge of S
can be used, together with some empirical correlations, to estimate the

position of the triple shock intersection and the maximum pressure on the
leading edge. His estimate of pressure was 20% high in one case.
Althougu the primary separation line is easily determined from our plan-
view shadowgraphs it is only practical to discuss the behavior of S.

Because we simultaneously visualize the bow shock, correlation of it with
the primary separation line is straightforward. Our measured bow shock
detachment distances for models 1D and 2D agree with those in the litera-
ture for 2-D flow over cylinders to within 5%.

A question arises as to how separation is defined from experimental
measurements. In the kinds of flows considered here it has been defined

i

side e
using pressure or heat transfer distributions, side-view schlieren or
shadowgraph photographs, and surface 1nd1cator techniques. The fact
that these give different results has been discussed in the literature
(especially for 2—Dlglows); we will not elaborate on this. Note that
Price and Stallings*” make a distinction between the disturbed flow
region, as determined by pressure measurements for example, and the sep-
arated flow region, as determined by surface indicators General use of

alattcld 110 &Y L DI 22 1a0T Al atvi s, TTiiT L

such a convention would obviate confu51on. Unsteady effects, which cer-
tainly exist in the flow, will affect the experimental definition of
separation in different ways for the various measurement techniques.
Suffice it to say that the surface indicator technique, with its extreme-
catlon of an average surface flow
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pressure measurements; the conclusion is reached that the pressure dis-
tributions are not repeatable.

The accuracy of the measured values of S is, in most cases, + 1%.
At the lowest stagnation pressures at each Mach number this becomes * 3%.
These error bounds include effects from both repeatability of the pattern

and reading accuracy. Additionally, there is a slight amount of geomet-
rical magnification in the images on the shadowgranh because we use diver-

aalal S =i aaLail &vS Vil HBRVVI RLGpil COVVauSY WSV UusLvvel

ging llght from the spark source. This systematic error is easily
accounted for. Most often this correction is negligible, but in some
cases it amounts to 5% in the ratio S/D.

Th

| nders say, is a function
e

ream velocity, U, ({(for

k
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. This yields

Y

primary separation distance, for c
r
I

e 11
~ L & o TR TS I T SR n 1. o L
Or tneé roiiowing variaoies: U, K, 0, St

~rY f e

S/b = f{k/D, D/¢,

Ry M) ;

where RD is Reynolds number based on D and free stream velocity. Of

course this can be written in other equivalent forms, so that, e.g., k/$
and Rk appear as two of the four non-dimensional parameters. It is often

convenient to use the three ratios of lengths even though they are not
independent. 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 non-dimensional parameters.

Curves of S/D versus k/8 are given in Figure 6 to show the approach
to an "infinite length" cylinder. For each of the curves three of the

four possible dimensionless parameters are constant, viz., D/§, RD’ and
1

M EvrA +ha Aata 1in tha 1itaratiira nd anrtad c/n arproaches a
1"le 1 .LUlll Lll\.a uava a4 Liliv 4 4 L\a.l.a.l,uj.\./’ a.uu G-D UAPV\.-LUU’ LJ/ v al—ll—’ vauliico a
constant as k/$§ increases. If a large protuberance is defined on that

basis, then clearly models 1D and 2D, with k/§ = 4.5, are large. Other
definitions are possible, e.g., requiring 2-D flow on some portion of

the cylinder. On that basis these models are not large, see the cylin-
der surface flow sketched in Figure 4; a much larger k/§ would be needed.
We shall adopt the definition based on S/D. The results in Figure 6 show

+hnt+ +ha ~f B N +ha acvymntdat+ra danandes - Iy
tilat Lllc LdLC ox a.py.tua&_u LU LI 4o IPLULC UCPC 1usS uvUll U/ 0.

The same kind of conclusions are reached if the data for M = 3.5 are
plotted in the same way. Instead this data is presented in Figure 7 with
the roles of k/§ and D/S§ interchanged. Again, models 1D and 2D with
k/8 = 3.69 are large protuberances; the variation of S/D with D/§ is only
slightly larger than the estimated error in S/D. Thus these two data
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points are consistent with the results of many other investigators, viz.,
that S/D is independent of D for a large cylindrical protuberance. Con-
trast this with the conclusion for the small protuberance, e.g., S/D
changes by more than a factor of 2 for k/§ = 0.37. The simple and sat-
isfying scaling law valid for large protuberances is not valid for small
ones. The 1ntegers which appear above each data p01nt refer to the num-
ber of vortices found b between the obstacie and primary separation, as
S next
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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 1D and 2D, is shown in
Figure 8. The variation in S/D is more than 50%; whether or not this is
a weak dependence is a matter of interpretation since the term is not a
precise one. The data points are connected W1th stralght lines as a

di For the 1 S/u with M is
a g S/D with M is
stant, § varies
D, shown in Fig-

ab nly for mod the tr
lear for all models. Note that even th
because M changes. Thus the change of S/
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The next two figures give a partial evaluation of the correlation
for large protuberances proposed by Westkaemper® and indicate the extent
to which our data for small protuberances agree with it. In Figures 9
and 10 data for S/D versus k/D are shown together with the correlation
of Reference 5, already discussed in the Introduction. Since R/£ and M
are fixed in each case, § is constant. Points for constant k/§ or D/§
can be connected with the help of Table 1. At M = 2.5 our two points
for large k/5 are well below the correlation, as are the two from Refer-
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ence 4 and the five points from Reference 14; the latter are for an
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1 c
two references are for the same M but for a larger R/L; they were deter-
mined using surface indicator methods. Our data for the small protuber-
ances bear little relationship to the correlation, as might be expected;
Westkaemper® cautions against using the correlation for cylinders ''that
do not extend to the outer edge of the boundary layer." From our pre-
vious discussion (Flgure 6) the condltlon would be more restrictive than
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uation is a little better at M
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relation but the two points from Reference 4 are not. The 1atter are
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 Reference 4 even though the values of k/D are not much dif-
ferent. Our data, for M = 1.5, 4.0, 4.5 are consistent with the trend

o

shown in Figures 9 and 10. The data points for the large protuberances
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agree with the correlation for M = 4.0 and lie above it for M = 4.5.

The data, from various sources, used in establishing the correlation
extend over the range 2 < M < 20, but separation was determined in dif-
ferent ways in these sources. In several of these sources, separation
was determined by noting the first change, in a pressure or heat trans-
fer gauge reading, from the undisturbed, upstream reading. That method
will give a separation distance larger than the surface indicator method.

The latter was used hv Wectkaemnard tn ohtain hic oum data
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went into the correlatlon, The surface flow pattern was visua
his experiments by injecting a liquid through an orifice upstream of pri-
mary separation. From a photograph of the pattern it is seen that a
horseshoe vortex from the injection orifice interacts with primary sepa-
ration; this has been noted by others, see Reference 7. This interaction
will introduce an error in S of unknown amount. If the interference of
the orifice vortex and wake flows with primary separation acts to
increase S, then some unclear nn1nfq about the correlation could be

understood.

Regardless of the agreement of the data with this particular corre-
lation, it is evident that the spread in the data for small protuberances

is reduced most by plotting S/D versus k/D. One tentative possibility

for correlation, including small and large cylinders, would be to con-
cider Q/ﬂ as a function of k/n for fixed M but variable Reynolds numher

sider number,
e.g., by fairing a curve through the p01nts of Flgure 9. A wider range
of the other parameters, D/§, etc., is needed to arrive at a more firm
conclusion. The result that S/D is almost independent of D but depends
on M for large cylindrical protuberances is reasonable if the inviscid
pressure field is considered. There is then only a bow shock, and its

detachment distance, A, scales with D. The pressure change across this

nnnnnn W k 1annor\ b-- nde An M Thiie +h nrac

nearly 2-D s is independent of D t depends on M. Thus the pres-
sure gradient imnosed on the boupdarv layer has the same dpnpndpnrp
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For the small cylindrical protuberances, the inviscid flow bow shock
position depends on k/D and M and the pressure change across it depends
on M. Therefore, it is reasonable that, for this case, k/D and M have
a significant affect on S/D. That is what our data show.

Ynart ndtAame AL C/N o3l hn.mn‘l,l.- .‘.....l\ .-311 nnl- ha ch A .
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obtain a 51gn1f1c ant change in, say, R by changlng D and also keeping
the other dimensionless parameters approxlmately constant, would require
many more models than we have used. Because of limitations of the wind
tunnel and small changes in § with R/Z, even a factor of two change in
RD would be difficult to achieve if, e.g., D/§ were held fixed. There-
fore, changes in R/£ must be utilized. Examples of S/D versus R/Z are
included in the figures discussed in the next section. For all of our
models the conclusions are that: (1) for fixed D and k, S/D changes by

30% at most for the maximum allowable variation in R/£, with most of that
change taking place at the lower end of the range of R/£; (2) S/D some-
times decreases while for other models it increases as R/£ increases; for
several models S/D is a non-monotonic function of R/£. This variety in
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the behavior of S/D is related to the changes in the flow structure as
R/LZ is varied.

V. FLOW STRUCTURE

Detecting the magnitude and kinds of changes of S/D with R/£ just
mentioned by means of pressure or heat transfer measurements on the sur-
face would be extremely difficult and impossible using side-view shadow-
graphs. With conventional surface indicator techniques it is more likely,
but this has not been done. The optical-surface indicator technique can

Ansbaned +Lis Lok ncel A ot el oA ciala 12 LLE _VTaea o-lia -3 __%al 1% ..
a€teCtL unisS venavior witndut mucn AilrricCully wnen usea witn a 11ttle care;
it visualizes manv other features of the flow. several of which are now
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discussed.

A. Upstream

For convenience we shall divide the flow into the regions upstream
and downstream of the center of the cylinder. It is best to start the
description of the upstream flow in and near the plane of symmetry. Sep-
aration and attachment lines have a ':m:m;ﬂ appearance in that plane

S LalilNRile A28k LlaVe o A T SCalaailse vl L pafaiiTe

The 3-D vortices implied by these 11nes have hellx-llke streamllnes and
the pitch of the helix goes to zero as the symmetry plane is approached.
Because of symmetry, there is no flow across this plane but there is flow
out of or into it so that streamlines can appear to end in a side view of
this plane, being tangent to it. We shall use the same symbol (e.g., S
for prlmary bcydldLLUH} to represent a pOlﬁL in the plane of symmetry,
its distance from the leading edge of the cylinder, and its continuation
as separation or attachment lines. These lines show that there must be
vortices off the surface and it is convenient to describe the flow
structure in terms of the number of these vortices. The relationship
between separation and attachment lines and the number of vortices will
be clarified by referring ahead to Figure 17. There could be additional
vortlces further off the surface which leave no trace; the flow off the
iscussed later.

An example of two vortices is shown in Figure 3; there is one sepa-
ration point, S, and one attachment point, A, in the plane of symmetry.
The two-vortex pattern is most often found in turbulent boundary layer-
obstacle interactions. The streamwise extent of the large vortex is
about 25 times that of the small one, as indicated by the surface pattern.
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tices changes with R/£. Our results show as y as 6 of the The sep-
aration and attachment lines for 6 are shown in Figure 1lla; the change to
4 and then to 2 is sketched in Figures 11b and 1lc. Note that S and A
are always present, but the structure between them changes. A plan -view
shadowgraph, obtained by the optical-surface indicator technique, 1is

sbh A 2 T2 19 4 21T o4 aa a4l £ oo el e M o ~mmccmes A 3 -
snown 1in rlgure 1Z TO 111uStratée tné o vortéex deLUI“. 1ne seqguence 1il
Fionra 11a h and ~ chawe tha nimhar nf varticac dacraacing as R//
rigUlC ii1a, U alilG C S5A0WS uiv NUMoCTT O VOILLlOs GOLITasiliy as njA



changes. These sketches are not to scale, but the sequence is that shown
in Figure 13 as R/Z increases. We shall refer later to a 4-inner vortex
configuration. This denotes the situation of 11b wherein A2 and S2 are
not present. If Al and S1 have disappeared, but A2 and SZ remain, this
is called a 4-outer vortex configuration.

m the ¢ cyl linder ]Parhno edge to

in Figure 12, norma ed by D are shown in Figures 13,
symbols are defined on Figure 14.

sure, P _, which, for fixed M,

the poin hown
14, and 15. The
The abscissa is the stagnatlon pres-

is proportional to R/£; a value of R/Z is

nts as

fron
liz
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included to facilitate conversion from P In particular the variation

o

of S/D with R/{, discussed in the last section, is given. The scatter
in S/D for the low values of PO, mentioned before, is also illustrated.
The most difficult position to determine is AZ. The main problem is to
introduce the oil in such a way that there is some in the neighborhood
of A2 after flow is established. 1If oil is aspirated into the tunnel,
after flow is established, some will reach S2 but a clear pattern at A2
is not obtained. In Flgures 13 - 15 straight lines connect the points

In addition, dashed
The paths followed by the various
At the lowest PO there are 3

or their average, for ease in following the trends.
lines are used to extend the trend.
points will be described for Figure 13.

attachments and 3 separations, therefore 6 vortices as indicated at the
top of Figure 13. Point A stays fixed; it is associated with S and is
always present. The distance S decreases suddenly between 35 and 50 cm
Hg and thereafter changes little. This decrease appears to be related

to the disappearance

and 40 cm Hg. Point
then they disappear.
11. The sequence is
of for the
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4-outer vortex struc
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apid decrease in

disappearance of A2
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The details of
line merge and then
observed. From thes

-inner and 4-outer structures,

of A2 and S2 which takes place for P0 between 35

Al does not change much but S1 approaches it and
This is the sequence of events depicted in Figure

different in Figure 14 which shows the same type
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the process by which an attachment and a separation
disappear, in or near the symmetry plane, have been

e visualizations the sketches shown in Figure 16
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were drawn, for a 4-inner vortex structure. Parts a and b illustrate
the motion of Al and S1 towards each other. When they meet, part ¢, an
unusual pattern is obtained; it is like one-half of the pattern that
would be obtained at a nodal point of attachment juxtaposed with the
separation line, see Reference 7 for an example. Upstream of S, the
pattern is like that shown in Figure 4b. Finally, S1 bi Fnrrafpe so th
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at
near the plane of symmetry the separation line has disappeared and there
is flow through the center of S1. The two branches of Sl are still sep-
aration lines; they are similar to the open type separation lines that
have been found in the flow over inclined bodies of revolution, see for
example Reference 15.

We have not yet detected any re

(-2 91

ty in these changes in flow
structure. They occur for rather small variations in Reynolds number.
This suggests there may be a delicate balance in the flow which is upset
by changing R/£ so that one structure easily changes to another. Note
that the results of Figures 13 - 15 are repeatable from test to test and

can be obtained either by starting tunnel flow at a certain Po or vary-

ing it continuously during a test. Therefore, it would not seem proper
to call these changes an unstable behavior. Similar flow structure
changes have been observed in low speed, laminar flow over small pro-
tuberances; e.g., in Reference 9. Norman states that ''We have seen one,
three, five, and even seven steady vortices forming in front of upright
cylinders and fences of varying widths as k/8 and/or U increased." He
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observed the changes in the number of vortices to occur in ‘‘discrete
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with our even number. He did not observe the small vortex at the base
of the protuberance, or the attachment point A; the size of this vortex
makes it difficult to see using the smoke technlque.

We shall now dlscuss the flow off the surface but still 1n the
nelgnbornood of th plane of symmetry. This invo
e .
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dynamic reasonlng al ows possible vortex structures to be determined.
An attempt at this was made in Reference 6, with insufficient surface
data to support the conjecture. We use the work of Norman® to aid our
conjecturing and give it a more firm basis. His careful use of the
smoke technique gave him some beautiful views of streamline patterns.
Some of these are shown and discussed by Morkovinl®. From the
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E. C. Maskell, "Flow Separation in Three Dimensions,' Rept. No.
Aero 2565, Royal Aircraft Establishment, Farnborough, November 1955.

6. M. V. Mbrkovin, "dn Approach to Flow Eng%neerzng via Functional
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visualization in the neighborhood of the plane of symmetry, two possible
models of the vortex structure were determined, called the ''jet-maze"
and "stairstep'" models; the former was preferred. We have adapted and
modified his rendition of the jet-maze model, with 6 vortices, in Figure
17a. The modifications are: (1) we have no attachment point on the pro-
tuberance, since the surface flow on small cylinders showed none, see
Figure 4b; (2) we have separation near the base at point P for the same
reason; (3) we have an attachment point, A, already discussed. The
sketches are not to scale and the streamwise dimensions are magnified
compared to cross-stream dimensions for clarity. For the same reason
the shock surfaces are omitted. Figures 17b, C, and d show the 4-outer,
inner, and 2 vor StruCtures assuml g ne jet-maze model applies to
of the The tan f n of the plane an 713
oints and S ap ximately equal But A and S canno
ed by a streamline to have a closed vortex, by conservation of mass.
The flow near A comes from high energy flow near the edge of the bound-
ary layer, which is probably why the high shear exists there, as dis-
cussed before. In Winkelman's experimentss, A is in the center of the
highest heat transfer region on the surface. Norman® did see a smoke

line following the tortuous path leading to A2 in 17a, which is not

Nnwvwacant+ in +ha c+ai»wectan mndal Trn ArvY» Aavnawimantc ,,l-. a1 e
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duced through the pressure tap, some is deposited near S1, Al, S2, and,
to a lesser extent, near A2. Since we have no quantitative measure of
the distribution of droplets through the boundary layer, this informa-
tion does not allow a deduction in favor of either the jet-maze or
stairstep model. To appreciate Figure 17 it is well to refer back to
Figures 11 - 15. The delicate balance of the vortex structure, men-
tioned above, may be associated with the exis the

stagnation points shown in Figure 17.
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If we now briefly consider the flow away from the symmetry plane,
the primary separation line, S, remains distinct over the field of view.
But for some of the smaller models, for which more of the flow field is
visible, this line becomes very hard to distinguish. The attachment at
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model, see Figure 3, The other attachment lines, when they exist,

become less distinct more quickly. This is also true for S2, but usually

not for S1, which may mean that S2 lifts off the surface but S1 remains
near it. A vapor screen photograph, with the light sheet perpendicular
to the cylinder axis, clearly shows one horseshoe-shaped dark region
indicating that the horseshoe vortex remains intact to at least 3 dia-

meters downstream. Some palnstaxlng work gave Norman a visualization

of his flow around the side of
vortex structure. These may he

B. Downstream

This part of the flow contains a number of fascinating features,

some of which will be briefly discussed. More detail wiil be given in
nnnnnnnnnnn Nzt oardn 4bhn tvalba +hama 3o 4211 ad Tanct+ Arma rrawnd o
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meaning one leg of the horseshoe vortex. A secondary separation line
exists even if there is none 1mmed1ate1y upstream of the model. From

Athaw ctivdine +ha hAawncachAan srAawnea M L noawmes o+ £ hewrrn davada ~L
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protuberance heights downstream!. The near wake patterns of all of our
small protuberances listed in Table 1 are the same, topologically. This

statement requires that model 1C not be called small as it was in our
definition; actually, it is perilously close to being large, see Figure
6. A sketch of one of these patterns is shown in Figure 18. An attach-
ment line is shown as a dashed line. The attachment line that crosses
the plane of symmetry is almost certainly the impingement of the flow

that separates from the top and/or the sides of the protuberance. Flow
from this attachment line, in addition to other parts of the flow field

as shown, feed into the two large dots in a sw1r11ng manner. In the
shadowgraphs we see two oil accumulation dots, as in Figure 3; this shows
a large protuberance flow pattern but the phenomenon is the same. Suf-
fice it to say that these dots appear for all of our small-obstacle near
wake flows. They are the surface traces of the two tornado-like vortices
discovered by Gregory and Walkerl”; they rise up from the surface, bend
over into the free stream direction, and continue as the trailing vortex
pair. The small protuberance near wake surface pattern illustrates
Morkovin's base flow-through modulel® for high speed turbulent flow.

Some further discussion of this can be found in Reference 1. For differ-
ent orientations of the light sheet, the vapor screen shows only a dark
region in the new wake; apparently it cannot resolve this complex struc-
ture, at least not near a wall. When the sheet of 11ght was placed nor-
i a £ (an en 1
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dark reglons were observed. Spec1f1ca11y, a dark r glon of oval shape
is seen; the width to height ratio is typically 3.0, see Figure 19. The
long axis is parallel to the surface and the bottom is roughly (0.1) k
off the surface. The position of the two ends, along the major axis of
the oval, correlates with the attachment lines Ay in the oil flow sur-
face pattern, Figure 18. If the trailing vortices remained stable we

would expect to see two distinct, dark regions indicating their cross-
W pect to see two distinct ark regions indicating their cCro

sections. We suppose there are two such regions which are not resolved.

The surface pattern, as seen in Figure 18, is consistent with the con-

jectured interpretation. If the direction of rotation observed in the

vortices normal to the surface (the dots) is continued downstream as in

the trailing vortices, then the centerline of the wake would be a sepa-
1. . l..

A 2 me 12 a -~ 1 alimaan ~la--T1 LiAn dcr~ crrmmmndar: 2anlTsr Tanmnatead assnmnhoneds
ration line amna tnereé snouid b€ Ttwo, Symmeiricaiiy 10Cdi€a atitadnment
lines This is what we observe, as in Fioure 18, for all mall protu-
A LllwT e Alld D oo wWIilLG ¥ VUOIWwAL Vv =2 Ak a J.B\AJ.V -Uy P L2 A A A i ol

berances. Since our shadowgraphs for all small protuberances show the
two dots and separation along the wake center line, we are fairly cer-
tain that the above conjecture is correct, at least in an average sense,

17. N. Gregory and W. S. Walker, "The Effect on Transition of Isolated
Surface Excrescences in the Boundary Layer," R & M 2779, Pt. I,
1955, Aeronautical Research Council, England.
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for the first few diameters downstream. As the vapor screen is trans-
lated downstream the dark region changes shape and gradually rises off
the surface. The changes in the near wake as R/{ is varied are minor.

The effect of M is more noticeable, the change from M = 1.5 to 2.5 being
greater than that from M = 2.5 to 4.5. These are not qualitative changes,
as mentioned at the beginning of this subsection.

In contrast, for large protuberances there are qualitatively differ-
ent near wake patterns as R/£ and M vary; compare the shadowgraph in
Figure 3 with the sketch of the near wake presented in Figure 20. For
instance the dot-swirl feature is shown in the former but not in the lat-
ter. Sometimes we see 0il accumulation dots attached to the cylinder,
fed in the manner shown in Figure 20. The dots are generally on the
model for low values of R/£ and move downstream monotonically as R/£
increases, at a fixed M. (Figures 3 and 19 are for different values of
M.) That no attachment line is observed, such as the one normal to the
centerline in Figure 18, is understandable. One feature is common to
all of our large protuberance cases, now including model 1C. That is,
the centerline of the far wake is always an attachment line. Contrast
this with the small protuberance flndlng. The far wake as visualized
- I

o+ O

s consi
ances, ¢ mall s of ¢
vapor screen results remains to be done. An example of one view of the
wake, in a plane three diameters downstream of the leading edge of a
large cylinder, is shown in Figure 21. Some of the intricate detail, at
a distance k off the surface, is lost in the reproduction. Near the sur-
face, instead of the dark region being oval-like, as for the small pro-
tuberance, it is shaped more like a triangle w1th curved sides and

wrarsmAdad o

rounded vertices, with the bottom "side" parallel to the surface. To
explain the flow pattern of Figure 19 there must be two vortices in the

bottom part of the triangle, w1th circulation such as to produce the
attachment line; i.e., opposite to that in the small protuberance case.
Understanding such a 3-D wake requires more visualization of the flow
structure.
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Table 1. Model Dimensions (cm), Designation
(e.g., 2C) and Plotting Symbois.
CYLINDERS
A B C D
1 k 1.02 a [2.03 a |4.06 - |10.16 4o
D|1.91 @ |191 ¥ |19y W |, 49 &
2 | kx| 1.02 2.03 4,06 10.16
D | 3.81 6 3.81 o 3.81 u 3.81 A
31k 102 A 12,03 ~ l4.06
p| 7.62 © l7.62 © |7062 U
"4 | k| 1.91 HEMISPHERE
D | 3.81
5 1 k| 2.03 TRUNCATED CONE
n Z R1 (Raca) 1 Q1 (Tan)
(¥ e VA \uuav} A e o A \‘er
6 | k .03  PARALLELEPIPED
.54 (Width) 2.03 (Depth)
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Solid Symbol — Sidewall B.L.
Open Symbol - Floor B.L.
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Figure 1. Boundary-Layer Thickness (§) vs. Unit Reynolds Number from Pitot Surveys.
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Protuberance Immersed in Supersonic Turbulent Boundary Layer.
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Figure 3.

Plan-View Shadowgraph for Large Protuberance, Model 2D, M = 2.50, R/£ = 19.3x106/m.
S - Primary Separation, B - Bow Shock, M - Mach Stem, A - Attachment Line, V - Vortex
Core. Attachment Line Indicated Originates at Point A.
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Figure 5. Vapor Screen Photograph for Large Protuberance, Mode] 2D, with Light Sheet

in Symmetry Plane and Camera at 30° to Sheet, M =

TOP OF CYLINDRICAL PROTUBERANCE
| IBOV\ SHOCK
TRIPLE SHOCK [N
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= 2.50, R/Z 9.3x108/m.
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Figure 6. Primary Separation Distance (S/D) vs. Protuberance
Height (k/8), M = 2.50, R/£ = 9.8x106/m, & = 2.25 cm.
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M = 3.50, R/ = 9.8x106/m, § = 2.75 cm.
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Figure 12.

Plan-View Shadowgraph ITlustrating Six-Vortex Configuration for
Model 3B, M = 2.50, R/£ = 3.0x108/m. S - Primary Separation;
S1, $2 - Secondary Separations; Al, A2 - Attachment Lines.
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Reference 9. For Clarity, Shock Waves Are Omitted and the Horizon-
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Figure 17b.

Side-View in Plane of Symmetry of Small Protuberance Separated Flow
Showing Four-Outer Vortex Configuration; Adapted from Jet-Maze Model
of Reference 9. For Clarity, Shock Waves Are Omitted and the Hori-
zontal Scale Is Stretched.
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Figure 19.

Vapor Screen Photograph for Small Protuberance, Model 2B, with Light
Sheet Normal to the Surface and Free Stream. Sheet Is 2.0 Diameters

Downs tream of the Cylinder Leading Edge, M = 2.50, R/2Z = 9.3x106/m.
AJ-Attachnent Line in 0il Surface Pattern.
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Attachment Line Downstream in Symmetry Plane.
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LIST OF SYMBOLS

At nmnn CTann (OO A~ TanAds A +
distance from protuberance leading edge to attachment Or sepa-
ration position in flow symmetry plane, see Figures 13 - 15, m

distance from base of large cylindrical protuberance to attach-
ment point on leading edge in Figure 4, m

obstacle height, m

= e}
o)
T3
Q
w
[
(a4
[ N
€
(@)
h

distance from cylinder leading edge to attachment position in
flow symmetry plane as in Figure 17, m

freestream Mach number, nondimensional

position of separatlon p01nt on lead ing edge of
cal protuberance shown in Figures 4b and 17, non

freestream
reestrea

m stagnation (supply) pressure, cm-Hg or N
unit Reynolds number based on freestream velocity (= U_/v), m-1

Reynolds number based on cylinder diameter and freestream
velocity (= UmD/v), nondimensional

Reynolds number based on cylinder height and freestream velocity
(= U k/v), nondimensional
(o]

distance from protuberance leading edge to position of primary
separation in flow symmetry plane, m

i tance :ro cylinder
i

dis
pos
undisturbed velocity at height k off surface, m/s

freestream velocity, m/s

boundary layer thickness defined by 99% of freestream velocity, m

e

kinematic viscosity, m2/sec

A5 vasLULoL L) LLL OV e

bow shock detachment distance for cylindrical protuberance, m

w
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