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ABSTRACT

High speed fiow past a blunt fin on a surface results in a
complex, three dimensional, inviscid~viscid interaction flow field.
Characteristically, the fin bow shock causes the boundary layer to
sepa* ate from the surface ahead of the fin, resulting in a sepa~
vated flow region composed of horseshoe vortices near the surface
and a lambda~type shock pattern ia the plane of symmetry ahead of
the fin. Tha shock wave emanating from the separated flow region
impinges on the fin bow shock and causes intense heating and high
pressures locally on the fin leading edge. The heating and pres~
sure in this local area can be more than 10 times larger than the
undisturbed stagnation line values; the amplification depends

strongly on local flow conditions.

A research program was conducted to examine and to obtain a
better understanding of these interaction flow fields; the most
recent experiments included detailed pitot pressure flow field
surveys for Mach three flows ahead of blunt fins on a flat plate

’ surface with turbulent boundary layers. Turbulent boundary layer
| separation is shown to result in the type of shock impingement

that causes the greatest amplification of heating rates and pres=-
sur2s. The experiments revealed that the separated flow was very
unsteady; this intrinsic oscillatory condition is attributed to a
pulsating, scavenging action of the horseshoe vorticés. In addi~

tion te the peak pressures and heating rates at shock ivpingement

5; on the fin leading edge, there are very large pressures (approach-
ing free stream pitot pressure values) and heating rates on the
plate surface in the immediate vicinity of the fin root. Results
from this program and many other sources were analyzed and compared
with theorecical results to provide a better descr.ption of inter=-

antion flow fields. N
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SYMBOLS

fin tbhickress (inches)
fin height (inches)
extent of separated flow ahead of fin (inches)

Mach number

pressure (psia); static pressure when referenced to P>

tou. 1 pressure when referenced to Po2

peak pressure for turbulent boundary layer separation
(psia)

plateau pressure for laminar boundary layer separation
(psia)

wind tunnel stagnation pressure (psia)
local pitot pressure (psia)
free stream pitot pressure (psia)

Reynolds number baced on free stream conditions and a
unit length of one inch

Reynolds number based on undisturbed flat plate flow
conditions and length ssep
streamwise distance from platz leading edge to separation
point (inches)

streamwise distance from plate leading edge to undisturbed
boundary layer transition location (inches)

coordinates with origin on plate surface at fin leading
edge (cf. Fig. 3)

vertical coordinate rererenced to the "triple point"
location (cf. Fig. 26)

boundary layer thickness (inches)
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Subscripts

1 average undisturbed flow condit.ons over flat plate
surrace
o tunnel free stream conditicns
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INTRODUCTION

Severe local heating occurs wher a sheck wave impinges on a
downstream surface. The destruction of an X-15 ventral fin and
the damage to portions of the Holloman Rocket Test Sled, described
by Korkegi (Ref. 1), are examples of the possible severity of
shock impingement effects. To obtain a better understanding of
shock impingement, we conceived and conducted pertinent experi-
mental programs, and analyzed our results along with those from
many other investigations. This report provides a description of
our most recent experimental program, which included shock im~
pingement flow field surveys and revealed a severe unsteadiness
of the interaction flow. A critical analysis of the interaction

flow field is presented and compared with theoretical methods.

Many different types of shock impingement interactions have
been observed and diflerent flow models postulated. Some are
dominated by inviscid effects, whereas viscosity is of prime im-
portance in others. In some instancer, such as a bow shock from
the nose of a vehicle impinging cn a wing leading edge, the strength
and location of the impinging shoclk are known. More frequently,
however, shock impingement results from an inviscid~-viscous flow
interaction and neither the strength nor the location of the im-
pingement are known beforebhand. A comprehensive review of viscous
interactions, by Korkegi (Ref. 1), and an extensive survey cf the
literature (listing over 900 references), by Ryan (Ref. 2), sum-
marize results for different types of interaction flows. Features

of some of these interaction flows are described in the following

section.

A frequently encountered type of shock impingement interaction,

which results in particularly severe local heating, occurs when an




ol aiai o,

oblique shcck wave impinges on the detached bow shock ahead of a
blunt leading edge. The impinging shock can be generated by an
extraneous surface, or can result from boundary layer separation
ahead of a protuberance from a surface. In addition to local re-
gions of extreme heating and large pressure ioads on the blunt
leading edge, the pressures and heating rates are increased on

the adjacent surface in the separzted fiow region. Some of these
effects were observed in earlier investigations of separated flows
{(Refs. 3-6). The seriousness and practical importance of shock
impingem-nt <aused by boundary layer separation prompted our
earlier investigation of supersonic flows past blunt fins wounted
or a flat place (Refs. 7 and 8). The experimental research de-
scritec herein was designed to supplemeunt the results of earlier
experimental programs and to provide detailed surveys of the shock
impingement interaction flow field. The experiments were con-
ducted in the 12-inch supersonic tunnel at Arnold Engineering

Development Center during July 197C (Ref. 9).
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FEATURES OF INTERACTICNS FLGWS

Separated Flow

(i)}

Sy~

-~

Certain aspects of the separated flow in the plane &
metry ahead of a blunt fin are somewhat similar to two dimensional
separated flows ahead of steps or raamps (Refs. 7, 10, and 11).

The pressure rise across the £in bow shock presents a strong ad-
verse pressure gradient to the boundary layer flow on the adioin~
ing flat plate surface, causing the boundary layer to separate
from the surface and rorming a region of reverse flow adjacent

to the plate surface. The erfects of the pressure rise are propa-
gated upstream through the reverse flow region. The surface pres-
sure increases in the neighbornhood of the separaztion point to a
peak value that corresponds to the compression cf the stream flow
as it separates from the suriace and passes over the reverse fiow

region.

As sketched in Fig. 1, the reverse flow forms a "horseshoe"
vortex im which the flow quickly curves downstream, away from the
plane of symmetry. TImmediatel; downstream of this vortex, there
appears to be one or more additional horseshce vortices (Refs. 7
end 12-19). The reverce flow in the vortices is coustantly re-
plenished by the separated stream flow, unlike "trapred" two di-
mensional reverse flows, and spirais downstream very capidiy.
Thus, the vortices bring high enerpy air [low ints proximity with
the surface, Severe heating rates ana large prescures have been
observed 1n local regions on the surface adjacent tc protuberances
{Refs. 7, and 20-25).

[

Uil f{:1lm flow pho.ographz, suco s those in Fig. 2, indicate

7

the surface srreamlires on the flaz plate surface and *h

o

extent




of separaticn. At sepiration there is an accumulation of oil,
whereas the oil is swept away from reattachment regions. Apparent
from inspection of these photographs, the direction of flow in

the vortices is predominantly outboard and bears little resemblance
to two dimensional separated flows except in the plane of symmetry.
Tne predominance of the transverse flow masks the nature of the
flow along the boundary between the two vortices, but there ap-
parently is a third, cmall and counter rotating horseshoe vortex
between the two larger vortices (Refs. 7 and 12-14). This addi-
tional vortex is clearly evident in Winkelmann's (Ref. 14) ex-
cellent o0il film flow photographs. The extent of the separated
flow depends primarily on the fin diameter and character of the

boundary layer on the plate surface (Refs. 1, 7, 17-19, and 26-30).

The flow at the foot of thz fin is highly tbree dimensional
and quite complex. There are large pressure, as well as velocity,
gradients in this region. The compressed separated flow ahead of
the fin accelerates to supersonic speeds in escaping around the
fir to lower pressire regions (Refs. 17~19). A strong vortex
starts at the foot cf the fin and spreads out as it follcws the

fin root downstream (Ref. 7).

Profile flow photographs,? like thtose in Fig. 3, show features
of the interaction in the model centerplane: the compression wave
from the plate leading edge, the separation of the boundary layer
From -he plate surface, the resulting shock wave, and the impinge~
ment of this shock on the fin bow shock. The intersection of the

impinging sheck and fin bow shock resembles 2 lambaa type shock

e
'Thz vertical line in these photographs is a wire on the outside
of the tunnel windcw. It serves as a photo reference guide, it
intersects the plane of the plate surface 2.30 inches down-
stream ¢ . the plate leading edge.
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interaction pattern that is unique to tnree dimensional flows.
For two dimensional flows ahead of steps, the sepearated fiow is
"trapped” in the region ahead of the step and the stream Ilow re-
attaches at the top of the step (Ref. 11). In both the schklieren
and shadowgraph photographs in Fig. 3, there is a light spot near
the foot of the fin. This can be attributed to the locally ac-

celerating flow mentioned in the previous paragraph.

Unsteadiness

Although the microsecond schlieren photographs shown in Fig. 4
were obtained during the same tunnel run, the extent of separatiom
ahead of the fin is 10 percent greater in Fig. 4b than in Fig. 4a.
The separation and interaction flow are unsteady. This unsteadiness
is responsible for the lack of crispness in the 1l-millisecond
exposure flow photographs shown in Fig. 3 (Ref. 9). Zukoski (Ref. 11),
Goldman et al. (Ret. 31), Holden (Ref. 32), and othersT have observed
oscillations of two dimensional turbulent separation locations having
amplitudes less than half that of the undisturbed boundary laver
thickness and a frequency of several thousand Hertz. In the present
case, the oscillarions of the separation location are much larger in
amnlitude than the undisturbed boundary layer thickness. This rela-
tiveliy large movement of the separation location, which we attribute
to a pulsating and scavenging action of the flow comprising the
multiple horseshoe vortices, results in comparatively large oscilla-

tions of the impinging shock wave.

-
'For example: Wilheim Behrens, California Institute of Technology,
January 1971, private communication.

KWl
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Shock Impingement

Hains and Keyes (Ref. 33) ard Edney et al. (Refs. 34-36) ob-
tained excellent schlieren photographs that clearly show the struc-
ture of a shock impingement. region, as shown in Fig. 5. The im-
pinging shock was generated by a separate wedge (not by boundary
layer separation), and the flow in the shock interaction region
was steady. The oblique shock impinges on the bow shock and is
reflected. A shear layer (inviscidly, a slip line) starts at this
"triple" point and separates the subsonic flow behind the bow
shock from a jet of supersonic flow. The flow in this supersonic
jet passes through several oblique shocks before stagnating cn the
fin leading edge. Therefore, this flow is compressed nearly isen-
tropically and leads to extremely large pressures, pressure gradi-

ents, and heat transfer rates l.o-ally on the fin leading edge.

Using inviscid, two dimensional flow relations, Edney et al.
(Refs. 34~36) categorized six different types of shock impingements
that depend on the inclination of the impinging sbock and on the
fin sweep. The type shown in Fig. 5 leads tc the most severe heat~
ing and largest pressure gradients. Unfortunately, the location of
the point "Q" in Fig. 5, as noted by Edney, is indeterminate in
his analysis. Thus, the width of the supersonic jet (and therefore
the peak value of the heating rate on the fin leading edge) cannot
be c~lculated. The width of the jet must be obraired from flow
photographs.

Busbnell (Ref. 37) and Newlander (Ref. 38) also used separate
wedges to generate impinging shock waves, but in most investiga-
tions (e.g., Refs. 20, 21, and 39-46), the protuberance was mouited
divectly on the same wedge or body used to generate the impinging

shock. In these cases, there were usually two shock impingements:
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an outboard one caused by the wedge shock, and an inboard one re-

sulting from boundary layer separation ahead of the protuberance.

Attention herein is focused on "self-induced" shock impinge-~
ment caused by boundary layer separation ahead of a fin. The im=~
portant parameters influencing this type of shock impingement are:
fin sweep, height and diameter; stream Mach number; and the boundary
layer character and thickness on the adjacent surface. The inter-
action for swept fins generally results in less severe impingement
effects (Refs. 21, 36-38, and 47-50). Indeed, for sufficiently
large sweepback, there is no separatior shead of the fin and thus
no self-induced shock impingement effects. Some tendencies re-
sulting from varying fin height with respect to the fin diameter
or with respect to the boundary layer thickness have been described
(e.g., Refs. 51-54) but only for limited ranges of flow conditions.
For very short fins (in comparison with either the boundary layer
thickness or fin diameter), or for low supersonic Mach numbers, the
shock wave emanating irom tne separated flow region does not im-

pinge on the fin but passes above it (Refs. 12, 13, 55 and 56).
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EXPERIMENTAL PROGRAM

Model

The model design and tunnel flow conditions were carefully
chosen to permit the examination of self-induced shock impingement
interaction flows in the absence of extraneous influences. Cylin-
drical leading edge fins were mounted on a flat plate that had a
machined sharp leading edge, a 12-inch chord, and that spanned the
tunnel. For the tunnel flow pressures and Mach numbers, boundary
layer displacement and end effects were negligible so that the

pressure was constant over the flat plate surface.

The slab type fins had hemicylindrical leading edges and
thicknesses of 3/8, 3/+, and 1.0-inch. These thicknesses were
several times larger than the local boundary layer thickness on
the plate for all test conditions. The fins were mounted on the
plate centerline with their leading edges 5.85 inches downstream
of the plate leading edge. The two thinner fins had heights of
3.0 inches, and the thickest fin was 2.5 inches high. All fin
heights were suificient to avoid any tip effects in the shock im-~

pingement region (Refs. 7, 51, and 53).

The basic plate and two thinner fins were available from our
earlier program (Refs. 7 and 8). The 1l-inch fin was designed
with movable total pressure probes to survey the interaction flow
field. This fin was made larger in order to increase the size of
the shock impingement interaction flow region without causing tun-
nel blockage and without having end effects. Photographs of the

l-inch fin mounted on the flat plate are shown in Figs. 6 and 7.

As indicated in Fig. 8, pressure taps were located along the

plate centerline and along one sparwise line on the plate surface.
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Pressure taps were also located along the leading edges of the

two thicker fins.

The 1l-inch fin had two total pressure probes that could be
individually, remotely driven to ex:end forward from the fin lead-
ing edge. One probe, designed to examine the over-all interaction
flow region, had a travel of 2.0 inches, an 0.D. of 0.065 inch,
and an I.D. of 0.043 inch (cf. Fig. 6). The other probe, re-
sembling a hypodermic needle with an 0.D. of 0.025 inch and an
I.D. of 0.014 inch, had a travel of 0.6 inch and was designed
to examine the flow field in the immediate shock impingement
vicinity. Spacers were fabricated for the 1l~inch £in so that
it, and the total pressure probes, could be shimmed up, in 1/32-inch
intervals, up to 1/2-inch above the plate surface. Thus, total
pressure probe traverses could be made at 1/32-inch intervals at
distances above the plate surface varying from 1/4~ tc¢ 3/4-inch
for the larger probe and from 3/4- to 5/4-inches for the smaller
probe. This permitted obtaining detailed flow field surveys (with
intervals comparable in size to the probe diameter). The fins and
spacers were sealed tc the plate prior to each run to avoid any

bleed of air between them.

Tunnel Flow Conditions

The experiments were perfermed in the von Karman Facility Tun-
nel "D" at AEDC during July 1970. This is an intermittent super-
sonic wind tunnel with a 12-inch-square test section. The tunnel
has a flexible plate type mnozzle, shown in Fig. 9, and can provide
Mach 1.5 to 5.0 flows (Ref. 57) with stagnation pressures up to

60 psia.

Nominal values of the tunnel flow conditions chosen for this

program are listed in Table I. The unit Reynolds numbers are based




TABLE I — TUNNEL FLOW CONDITIONS

M P, (psia) Reyinch Fin T@icknesses
(inch)

2.5 46 800,000 0, 3/8, 3/4

3.0 60 800,000 | 0, 3/8, 3/4, 1

4.0 69 470,000 0, 3/8, 3/4

on free stream conditions and a lengih of 1 inch. Relatively high
pressures were chosen primarily to ensure turbulent boundary layers
on the plate surface in the vicinity of the fins. Further, the

Mach 3 flow conditions match those chosen for our earlier tests
(Ref. 7) and the higher pressures generally lead to greater accuracy
and better flow photograpts. The tunnel flow stagnation temperature

was approximately 530°R for all test rums.

Static pressures were measured and schlieren flow photographs
were taken for the flat plate alon:. and with the 3/8 and 3/4 fins
ftor all tunnel flow conditions listed in Table I. For Mach 4, the
3/4~inch fin model was tested with and without a boundary layer
trip on the plate surface (cf. Fig. 7). The 1l~inch fin was
tested and total pressure surveys obtained only for the Mach 3 con-
dicions listed in Table I. Monv profile flow photographs were
taken during the prcbe traverses; in all, over 400 schlieren and

shadowgraph flow photographs were obtained.

0il film flow photographs were taken for the test conditions
listed in Table I to determine the flow direction on the flat plate
surface. Zyglo fluorescent o1l was sprayed on the plate surface

and then "rubbed-in" using fine grit emery cloth (to reduce the

10




oil film surface tension). The oil film flow was observed under

3
i@
3

ultraviolet light during the tunnel run, which was terminated

’ A

once the flow pattern on tlie plate surface became well established,
and the flow pattern was then photographed under ultraviolet light
(cf. Fig. 2).

To assess Reynolds number effects, schlieren and shadowgraph
flow photographs were obtained at many pressure levels below those
listed in Table I. This was easily accomplished during one tunnel
run by momentarily stabilizing the tunnel pressure, photographing

the flow, and then increasing the pressure to the next level.

Undisturbed Flow Over Plate

The flat plate was tested with no fin attached. Schlieren
flow photographs were taken for many sets of flow conditions and
the undisturbed surface pressures were mz2asurced and recorded ifor

the test conditions listed in Table I.

Flat plate boundary layer thicknesses were calculated ~id cowm~
pared with the schlieren flow photographs. Boundary layer transi-
tion locations for undisturbed flow over the flat plate -.ere esti-

f mated using results presented by Pate and Schueler (Re/. 58), «ho
obtained transition data in the same wind tunnel. Using t'.ese

: transition locations, and an empirical boundary lay<v method

(Ref. 59), undisturbed boundary layer thicknesses were calculated
at many stations downstream of the plate leading edge. Fo~ example,
for the flow conditions indicated in Fig. 10, the end of transition
is approximately 4.5 inches downstream of the leading edge (from

Ref. 58), and the calculated boundary layer thicknesses at stations 6

4 and 12 inches downstream of the leading edge are approximately
0.094 and 0.236 inches. These calculated values are indicated in

gy o e
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Fig. 10 and appear to agree well with the schlieren flow photograph.

trans)
and boundary layer thicknesses at a station 5.85 inches downstream

Transition location. for undisturbed flow over the plate (s

of the plate leading edge [5(5.85], obtained in this manner, are

listed in Table II for various tunnel flow conditions.

TABLE II — APPROXIMATE UNDISTURBED BOUNDARY LAYER TRANSITION
LOCATIONS AND THICKNESSES CALCULATED AT FIN LEADING EDGE STATION

M; po (psia) Reyinch Strans ?§2ég§)
(inch)
2.5 30 520,000 4.0 0.088
46 800,200 3.1 0.095
3.0 30 400,000 4.5 0.092
40 530,000 3.9 0.097
50 670,000 3.¢ 0.099
60 800,000 3.1 0.102
4.0 60 470,000 4.3 0.109

For M = 3, the average value of the undisturbed static pres=-
sures measured on the plate surface was within 1 percent of the
free stream stacic’pressure. However, for Mach 2.5 and 4.0, the
average values of the undisturbed pressure on the plate surface
(pl) were slightly higher than p,. To ascertain the true pres-
sure rise caused by the interacticn flow, the measured pressures
were nondimensionalized using the average value of the undisturbed
flow p.ossures on the plate surface shown in Table III. For these
small pressure rises, the local flow Mach numbers (Ml) differ by

less than 1 percent from M.

12
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TABLE 1II -~ AVERAGE VALUES OF pl/p- FOR

UNDISTURBED FLOWS OVER FLAT PLATE SURFACE

M1 2.5 3.0 4.0
Py
== | 1.03 | 1.00 | 1.05

Extent of Separation and Interaction Pressure Distribution on
Plate Surface

The shape and standoff distance of the fin bow shock depend
only on M and the fin diameter (d). Hence, the position of
the inviscid pressure rise cr the flat plate surface depends only
on Mh and d. Therefore, if inviscid effects predominate, one
would suspect that the pressure distributions on the flat plate
surface might scale, for each Mach number, by using coordinates
nondimensionalized witn respect to the fin diameters (Ref. 7).
Accordingly, the nondimensional streamwise and spanwise coordinates
x/d and y/d are used to plot the pressure distributions, and to

scale the oil film flow photographs.

Surface pressure distributions were obtained at M = 3 and

Rey = 800,000 each time a new spacer was placed under the

l-i:EEEthick fin. These data, obtained from 16 tunnel runs, are
plotted in Fig. 11. Probably the most striking aspect of this

illustration is the apparent large scatter in the data for essen-
tially identical test conditions. The apparent scatter is caused

by the unsteadiness of the separated flow ahead of the fin.
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Dashed curves are faired through the sets of data corresponding
to the most forward and most aft locations of separation akead of
the fin. A solid curve is drawn through the arithmetic mean average
of the p/p1 values measured at each tap location. Generally, the
pressure starts to rise approximately two diameters ahead of the
fin, reaches a peak value, and tiuen falls off until just in front
of the fin. Very high pressur~s occur on the surface in the im-
mediate vicinity of the fin fcut. For the pressure tap at x = =-0.17 d,
the pressures ranged from 7.5 to 8.4 P;- Also indicated in Fig. 11,
the shock standoff distance for M =3 is 0.35d (Refs. 60 and 61).
The solid vertical line indicates the separation location determined
by measuring the distance to the oil accumulation line on the plate

surface immediately following the "oil film" tunnel run.

The schlieren photographs in Fig. 12 correspond to the most
forward and the most aft separation locations indicated by the
dashed vertical lines in Fig. 1l. There is approximately a 17 per-
cent difference in the lengths of separation between these two ex-
treme locations. This change of len,th corresponds to f or 7 times
the undisturbed boundary layer thickness at the separation point
location on the flav plate. As noted on page 5, the amplitude
of this movement of separation ahead of a fin is an order of magni-
tude larger than for separated two dimensional flows. Robertson
(Refs. 12 and 13) notes that fluctuating pressure levels in sepa-
rated flow regions ahead of fins are an "order of magnitude" larger

than for two dimensional separated flow regions.

Centerline pressure distributions ahead of the ./8- and
3/4-inch~diamete: fins are plotted in Fig. 13 along with the average
p/p1 value for the 1l-inch fin. The distributior. for the 3/4-inch

fin was obtained from two tunnel runs, one run being made with the

14
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fin moved forward 1/&-inch (effectively halving the distance
between pressure taps to obtain a denser pressure distribution).
The data follow the same trends as those shown in Fig. 11 and
described above. The Mach 2.5 data also indicate separation ap-
proximately two diameters ahead of the fin, but the pressure rise
is somewhat less than for the Mach 3.0 data. The separation
locations indicated in Fig. 13 were obtained by measuring the
distance to the oil accumulation line after each oil film flow

tunnel run.

The Mach 4 centerline pressure data, plotted in Fig. 14, ex-
hibit characteristics typical of tramsitiornal separated flow (cf.
Refs. 3 and 4). The pressure first rises to a laminar plateau
value and then rises again to a turbulent peak value. To ensure
turbulent separation, a boundary layer trip was used with the
3/4-inch fin configuration for one tunnel run. The trip was a
serrated piece of fiberglass tape (0.007-inch thick) placed from
0.81 to 1.13 inches downstream of the plate leading edge (cf.
Fig. 7). The trip changed the character of the boundary layer and
delayed separation; the resulting pressure distribution resembles
those for turbulent separation. The schlieren flow photograph in
Fig. 15 was scaled to determine the separation location indicated

by the dashed vertical line in Fig. 14.

The other separation locations indicated in Fig. 14 were ob-
tained by measuring the location of the oil accumulation line on
the plate surface after each oil film flow tunnel run. Relatively
little tunnel running time was required before the o0il fiim flow
pattern became established and stabilized. The separation line
was well defined in all cases except for M= 4 and d = 3/4-inch.

For this case, the o0il accumulation was blurred, particularly near

1)




the plate centerline (cf. Fig. i6), and it mas not porsible o
getersine & specific separatiom location. Schiierer flow photo-

graphs (Fig. 17) taken during this oil £ilm flow tummel rup sbow

)

particularly larze (30 perceat) shifr in the length of sepa-

i |

ation.

hty

The extent cf separated Ilow zhead of the £in (f__ ) is

sep
particularly sensitive to the character of the ba:ndary layer i=m
the vicinity of separation. The dependence o lsep en the charac-

ter of the boundary layer is sim=ilar tc that for two dimensiocmnzl

separated floss, which is indicated in the following sketch.
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Sketch of Variation of /.., with Reyg, for Laminar,
Transitional, and Turbulent Separation for Two Dimensional

Flows
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The exteant of twe dimensiomal separated flow gemevrally i:creases
with Reynolds mmber  for entirely laminar bousdary layers {(boumndzry
izyers zhat remain laminar throughour the frce shear lzver; tramsi-
tion occurring downstream of reztrachment). Turbclent boundary
layer separztic> (rramsiriop to fully turbulent flow occurriag
upstream of separctiom) is mech less extensive chan lawminar sepa-
rartion and is insemns. tive to Reynolds muember (Ref. 1}. For transi-
tional separation (tramsitiom occurring in the free shear layer
downstrean of the separatiom tocation but at or before reatctach-
ment), the extent of seperition céisipishes rapidiy with increasing
Reynolds mumber Zro= the purely lamimar value to the turbulent

value.

Separation is a relatively stromg disturbance to iaz=inar
boundary laver flow anC causes transition to occur earlier than
bed boundary layers (Refs. 10 and 30}.
Jeparation zheaé of a fin is a particularly strongz disturbance;
in virrually all of the current cases, tramsition tc turbulence
occurred either in the free shear layer or upstreaz of the separa-

tion point.

Separation lengths were obtained from profile flow photographs,
such as those in Figs. 18 and 19, fcor many unit Reynolds number

(Re ) values. These lengths are plotted in Fig. 20 versus

7 inchk

s /s. (distance from plate leading edge to separation
sep’ “<rams 7

location/distance from plate leading edpe to calculeted transition

location for undisturbed boundary layer). The extent of separated

flow for transitional separation is greatest for the smallest

Reynolds numbers {lowest s /s___ values), and decreases with
sep trans

increasing Reynolds number te a fairly censtant value of approxi-

mately 2 ¢ for turbulent separation ). There is

s s
( sep 7 ~trans

[44]

R2y . vasea cn undisturbed flow conditions, and length, s
sep’ sep
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& particularly large, unsteady movemen:t of the separartiom peint

lccation and & correspondingly large variatiom in the length of

separation (2.3 ¢ > !sep > 1.9 d) when separzziom occurs in the
viciniry of rie undisturbed tramsiriom ic:ariom (s = 35 ).
sep trans
(This is rhe case for M =% andéd & = 3/4-inch, cf. Iablie II
-

ané Fig. 17.)
0il £il= flow photograghs, such as chese shown in Fig. 21,
were scaled to cbtain the separation lipes drawn in Fig. 22. Fer

rursulent boundary layer separatiom ahezd cof blunt fims, the lines

[4

é
ollapse into & parrow band for 2 (M < 4 (Mach 2 datz fro=

0

dpney, Ref. 62). ¥ithin the range of test conditions, turbulent

%)

0

eparation appears to be incependent of Reynclds nuzber (for £ < d)

né insensitive to Mach number (for 2 < M@ < 4)-

N

Precsure Distributions on Fin Leading Edge

Shimeing the 1l-inch fin resulted in the dense pressure dis-
tribution aleng the fin leading edge shown in Fig. 23. For M_= 3,
the peak pressure is approximately 1.5 tioes as large as the pitot
stagnation pressure (poz) on the fin leading edge. Included in
Fig. 23 is the =maximum pressure recordeéd on the plate surface ahead
of the fin, which is over 3/4 the stagnaticn pressure value (over
nine times as large as the undistributed pressure on the vlate sur-
face). This supports Avduyevskii's (Ref. 17) results that indicate
the existerce of high velocity streams, in the separated flow region,

that impinge on the plate surface.

The curve faired through the Mach 3 data (Fig. 23) is super-
imposed on the Mach 2.5 and 4 data shown in Fig. 24. The peak pres-
sure for Mach 2.5 is slightly smaller than for Mach 3 and occurs

further outboard on tne fin: the peal pressure for Mach 4 is larger

p—t
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Interaction Flow Ficld Measurements

The tozzl pressure prube ITaversss werz m=ade by extenting one
of rhe probes forward & s=all cistance, Tecording ths prozssure mez-

surement and photcgraphinmz the fiow, then extending the sams prods

- . - 5 P4 -~ S -~ - T s .
forward to 3 new pesirion, and repeating the Process. The preszure
-~ P - W4 3 = P-ae.J -~ - - - R R 1
messurements stabilized wvevry quickliy, tezzuse ¢f the reiativelv
P - s ?

high pressure levels, sc measurewmentis couic be cbrained ar many

Fig. 26, were used as an aid in determining the probe location with

respect to the "triple point,”

the point where the impinging shock
wave intersects the fin bow shock. The unsteadiness cf the sepa-
rated flow region caused a shifting cf the impinging shock with a
resulting change in the triple point location. To minimize tne
effects of the fluctuating shock position, the prcbe measurements
were referenced to the triple point location. In this manner a
mere acccurate, truer, representation of the ir<eraction flow field

was obtained.

Thus, vertical distances above the triple point (Zto’ cf.
Fig. 26), are indicatecd for the total pressure traverses shown in
Fig. 27. Similar to the pressures measured along the fin ieading

edge, the total pressures measurcd during the pitot probe traverses

JN
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are ncondismensionzlized with respect to the free stream flow »itot

pressure .
. + P2

The traverse taken closest to the plate surface (using the
larger probe ard no fin shims) has a vertical heighz of <~0.64 d,
referenced tc the rriple point. There is an initial decrease in
total pressure as the prcbe moves forward fro= the fin leading
edge. The total pressure decreases from 0.6 P, at the fin
leading edge tc less thamn 0.5 P, at x= -0.2 d, and then in-
creases to 1.5 P,; 2as the probe moves forward to x = ~1.0 4.

The probe was behind the separation (impinging) shock for all of

(-

he traverses shown in the first part of Fig. 27 (ztp < -0.40 d).

re)

cr bigher crav:zrses (zﬁp > =0.34 d), the probe extends forward,
tp 2

through the separation shock, into the free stream flow (p = poZ)'

h

The traverses for z__ > -0.14 d were made using the smaller

probe. Above the triple ;Sint, a small drop in pressure was ob~
served just ahead of the fin leading edge (x = -0.05 d). This
can be attributed to the streamlines diverging just ahead of the
fin, so that their misalignment with respect to the probte is large

3ust before tne flow stagnates on the fin leading edge.

The iocations of these traverses with respect to the lambda
shock pattern may be determined by compariug the x and ztp values
in Fig. 27 with the sketch shown in Fig. 28. The sketch was traced
from an enlargement of a microsecond schlieren flow photograph.
Comparing this sketch with the numerous flow photographs taken with
the probes extended, normal shocks ahead of the probes were observed
in the region indicated. No probz bow shocks were observed behind
the fin bow shock or behind the rearward "leg'" of the lambda shock.
The region irmediately behind and slightly below the triple point

was somewhat cbscured in all the prcbe flow photcgraphs; therefore,
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very weak probe bow shocks may have existed in this region although

none were visible.

As the larger probe was extended forward in the separated flow
region, indicated in Fig. 28. it caused a sudden collapse oif the
flow field, evidenced by the schlieren flow photographs shown in
Fig. 29. The flow separated from the probe and effectively "stream-
lined" the blunt fin. As shown in Fig. 23, this separated flow was
unstable, in one case the probe was extended to x = -1.0 d without
disturbing .“2 interaction flow, whereas in the other case, at the
same probe height above the plate, the probe altered the flow field
when extended to x = -0.8 d. The region where there was severe

probe interference is indicated in Fig. 28.

When the probe altered the flow fi=ld, causing the separated
flow region to cocllapse, the resulting bow shock wave from the probe
impinged on the fin bow shock wave. In a few of these "off-design"
cases, the shock impingement peak pressure on the fin leading edge
was recorded. These peak pressures, and the corresponding pressure

tap locations, are indicated on the schlieren flow photographs in
Fig. 30.
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DATA ANALYSIS AND COMPARISORS

Extent of Separation

For fins having heights and diameters greater frhan the local
boundary layer thickmess, the extent of separation and the extent
of increased loads on the plate surface are proportional to the
fin diameter. As indicated in Fig. 20, the separated flow region
0 ~ 2 d)
if the boundary layer is turbulent upstream of separation. Many

extends approximately two diameters ahead of the fin (ise

investigators observed similar results (lsep =~ 2 d) for turbulent
separation ahead of fins for a wide range of test conditions.
Robertson (Ref. 13) obtained separatior lengths of 1.85 d, 2.15 d,
and 2.16 d fcr Ml =1.2, 1.4, and 1.6, respectively. Waltrup
et al. (Ref. 53) obtained £sep =2.2d for Ml = 2.2. Young et al.
(Ref. 7), Surber (Ref. 23), and Voitenko et al. (Ref. 28) all ¢b-
tained separation lengths of approximately 2 d for Mach numbers
from 2.5 to .5. Winkelmann (Ref. 14) obtained zsep = 2.3d

for Ml = 5. Wesrkaemper (Ref. 51) obtained an upstream "limit of
disturbed flow" (wit.ich exceeds Zsep as usually defined by approxi-
mately 0.5 d. cf. Fig. 11) of approximately 2.6 d, based on data

from several sources for Mach nuwers from 2 to 21.

Young et al. (Ref. 7), Price and Stallings (Ref. 15), Westkaemper
(Ref. 51), and othzrs (e.g., Refs. 17~-19 and 26~28) observed that
the extent of turbulent separation 1is apparently insensitive to
Mach number, Reynoids number, and boundary layer thickness for a
wide range of test conditions, for fin diameters that are larger
or comparable to the undisturbed boundary layer thickness.f Further,

the results are consistent within the range of separation lengths

<

'Zukoski (Ref. 11) indicates that turbulent separation ahead of for-
ward facing steps is independent of Reynolds number and is insensi-
tive to Mach numhber.
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caused by the unsteady movement of the separation point (cf.

page 14 and Figs. 11 and 12). Summarizing, for Mach numbers from
1.2 to 21, turbulent boundary layers separate approximately

two diameters ahead of the fin leading edge (for fin diameters
larger than the undisturbed bouadary layer thickness). Because

of the unsteadiness of the sepzrated flow, it probably would not
be fruitful to attempt to obtezin a more precise expression for

the extent of turbulent separation ahead of fins.

Laminar or transitiomal boundary layer separation ahead of
a fin is much more extensive than turbulent separation, and de-
pends o2 both Mach number and Reynolds number. Limited data in-
dicate that the extent of entirely laminar separation ahead of a
fin increases with increasing Reynolds number (Rey_ ). Laminar

sep
separation lengths exceeding six diameters ({ > 6 d) have

been observed (Ref. 7) for both Mach 3 and Mac;eg flows. However,
as noted earlier, separation is a strong disturbance to a laminar
boundary layer and causes earlier transition than for attached,
undisturbed boundary layers. In virtually all of the present tests,
transition occurred either ahead of the separation location (turbu-
lent separation) or in the free shear layer bounding the reverse
flow region ahead of the fin (transitional separatiom). As in-
dicated by the data shown in Fig. 20, the extent of transitional
separation diminishes towards the turbulent value (lsep'ﬂ 2 d)

as the separation location approaches the undisturbed boundary

layer transition location (s ). Mach number, Reynolds

sep Strans
number, and boundary layer thickness effects on the extent of lami-
nar or transitional separation have not been clearly differentiated.
As yet, there appear to be no reliable methods for predicting the

extent of laminar or transitional separation ahead of blunt fins.
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Avduyevskii et al. (Ref. 17), Glagolev (Ref. 18), Voitenko
(Refs. 19 and 27), and Panov (Ref. 26) derived on empirical equa-

tion for the initial shape of the separaticn line on the plate
surface. The initial shape of the separation lines shown in

Fig. 22 are matched fairly well by the elliptic equation. The
equation contains two empirical constants, however, and these al-
most guarantee a good fit for the initial part of the separation

line.

Further outboard from the fin (y > 6 d), the fin bow shock
wave weakens and becomes insufficient to separzte the turbulent
boundary layer on the plate surface. Korkegi (Ref. 30) observes
that at this location the horseslice vortices curvz downstream and
proceed in a streamwise directicn. In the same paper, Korkegi de-
scribes the effects of transition on the separation line shape.

As the fin bow shock location moves outboard and downstream, it
crosses the location for undisturbed boundery layer tranms:ition on
the plate surface. At this point, there is an inflection in the
separation line shape and, as shown in the following sketch, down-
stream of this location the transitional separation line approaches

the turbulent separation line shape.

The vertical extent of the separated flow can be described
partially by reviewing total pressure rake data obtained during
our earlier tests (Ref. 7) for the same Mach and Reynolds numbers
as for the present tests. Sample total pressure profiles, ob-
tained at several stations along chordwise lines at y = d and
2 d and referenced to the same triple point position (ztp} as
usec¢ herein, are plotted in Fig. 31. The first profile (x = ~0.67 d,
y = d) extends above the reverse flow region and indicates a pitot

pressure that is nearly equal to that measured by the single probe
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Sketch of Transitional and Turbulent Separation Line Shapes
(from Ref. 30)

for

Z

tp

= -0.40 d (cf. Figs. 27 and 31).

The rake pressures drop

substantially as the plate surface is approached, both for x = -0.67 d

and for x = 4+0.50 d at y = d.

Two factors cause this:

the rake

extends further into the reverse flow region (closer to the plate

R L g e S R I e N O S S R (ﬁ#ﬂ?MWIWWWWWWWWMM W '

surface) than the single probe measurements, and outboard of the
centerline there is a large cutward component of the flow (evidenced
on the surface by the oil film flow photographs herein), and thus
the local streamflow is not aligned with the rake probes. Further

PRI RRXETIT xR, Y

aft, at x=+1.33 d and y = d, the local streamflow is primarily

chordwise and the pito-. pressure is nearly equal to P,, except

near the plate surface.

The first profile along the outboard chord

(y = 2 d) 1is quite close to the separation line

(c£f. Fig. 22).

The local streamflow is just beginning to turn outboard, and high

.
HEPTESIA b € o, D AT

oy

25




T T T TR

i - et g >
g NI oo ot . N N e £ S e i
i N TN AL R AR A Ty . St IRV AP T &
AN 1‘»\\\‘) N O g GBS DI N (To s TS Sl o AL s X, »
SSRGS e N '

total pressures (up to 1.35 poz) are obtained behind the separa-
tion shock. Again, thc low pitot pressures measured using the
rake at the two further downstream stations are indicative pri~
marily of the predominantly outward flow direction at these loca-
tions (cf. Fig. 24 of Ref. 7).

Load on Plate Surface

Although we are not familiar with any systematic force mea-
surements of fin~induced loads on an adjacent plate surface, many
experimental investigations provide pressure Jdistributions (e.g.,
Refs. 3~7, 12-19, 24-28, and 55) and these may be used to obtain
at least a qualitative understanding of the increased load on the

plate surface.

Along the centerline ahead of the fin, the pressure rises to
a peak value (cf. Fig. 11) that can be estimated using relationms,
such as those presented by Sterrett and Emery (Ref. 63), obtained

for two dimensional turbulent boundary layer separation:

( 2.24 M’i
1+ - for My < 3.4
8 +(My - 1)
p
Bk L or (1)
Py
0.091 M% - 0.05 + &3L  for 1. > 3.4
1 M 12
\

For Ml = 3, these relations give a peak pressure rise somewhat
greater than the measured values shown in Fig. 1l1. Voitenko et al.
(Ref. 28) also observed peak pressures in their Ml = 2.5 experi-
ments that were somewhat less than those corresponding to two dimen=

sional separation. However, Waltrup et al. (Ref. 53) measured peak
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pressures in a Mach 2.2 flow that were in good agreement with

those indicated by Eq. (1). Lucero (Ref. 55) points out that the
measured peak pressures ahead of a fin are lower than the two di-
mensional values for Mach numbers greater than about 2.2; for
lower Mach numbers, the measured peak pressures agree with the

two dimensional values predicted by Eq. (1). Robertson's (Ref. 13)
experiments for Ml =1.2, 1.4, and 1.6 bear this out. Thus,
along the centerline, it appears thac -he pressure rise to the peak
value is of the "free interaction" type and can be estimated suffi-
ciently well (to within the scatter caused by the unsteadiness in
the flow, cf. Fig. 11), using the relations developed for turbulent
separation ahead of forward facing steps. However, as pointed out
by Robertson (Refs. 12 and 13), the fluctuating pressure ahead of
the fin "may be as large as an order of magnitude greater than

those encountered within two dimensional separated flows."

Although the location of laminar boundary layer separation
ahead of a fin depends on severial parzmeters, the character of the
flow in the vicinity of laminar separation deperds only on local
flow conditions. Similar to turbulent separation, the pressure
rise to a plateau value along the centerline can be calculated
using an experession developed for two dimensional ‘aminar boundary

layer separation (Ref. 10):

P -1/4
1 2 ] (2)

2Lo14122M @ - 1)Rey

1 1 1 sep

The plateau pressure rise given by Eq. (2) can be used in oblique

shock relations to calculate the initial slope of the laminar

dividing streamline and impinging shock wave angle.
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Pressure distributions outboard on the plate surface generally
resemble the one along the centerline. The pressure rises at

separation, .reaches a peak or plateau value, dips somewhat, and

then attains extremely large values in the immediat: vicinity of

e m ok arees Semaitie et

the fin leading edge. These trends are evident in the detailed
pressure distributions, obtained by Price and Stallings (Ref. 15),
which are plotted in Fig. 32, for turbulent boundary layer separa-~
tion. As one would expect, the peak pressures diminish in intensity

and move aft for the further outbecard stations. Downs'ream of the

T Y T

separation line, there are substantial overpressures on the plate

vy L

surface that persist many diameters downstream of the fin leading
edge. The data presented in Fig. 32 are for a relatively thick
boundary layer (three times as thick as the fin), but show tue
same trends as do surface pressure data presented by other in-

vestigators (e.g., Refs. 5-7, 13, and 28).

The maximum pressure on the plate surface recorded during our
tests was nine times the undisturbed value for M = 3 (cf. Fig. 13).
Waltrup et al. (Ref. 53) observed pressures, near the fin foot, of
6 Py for M = 2.2, and Meyer (Ref. 43) measured pressures ap-
proaching 10 12 immediately ahead of a blunt protuberance for
M = 4.25. These values approach the pitot total pressure values.
Further, because of the extreme pressure gradients (cf. Fig. 32),
it is doubtful that the maximum peak pressure was measured during

any test.

The very large pressures and pressure gradiernts lead to in-
tense heating rates on the plate surface in the immediate vicinity
of the fin foot. This intense heating is evident in photographs
showing the burnt section of the X-15 fuselage in the vicinity of
[ the ventral fin (cf. Ref. 1), and the severe burn marks on a fin-
plate model (cf. Ref. 21). Kaufman et al. (Ref. 20) measured

g
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beating rates near the fin foot that were 10 times larger tzan
the undisturbed plate heating rates for H. = 8, and Couch et 2l.
(Ref. 22) measured heating rates ahead cf a blunt protuberance
that were eight times larger than the undisturbed values on the
plate surface for Mach 4.44. Avduyevskii et ali. (Ref. 17) and
Voitenko (Ref. 19) indicate the possibility of still higher heat-
ing rates due to impingements on the plate surface of supersonic
streams embedded in the separated flow region. Unfortunately,
the details of the flow in this region are still unknown and de-
tailed experimentei data are quite sparse; therefore the maximum
heating rates on the plate surface in the vicinity of the fin foot

are still largely a matter of ccnjecture.

Shock Impingement

Pressures and heat transfer rates 10 times larger than stag-
nation point values have been measured in local regions on blunt
leading edges in the vicinity of shock impingement (Refs. 20, 21,
and 33-46). The magnitude of these peak values depends on the
strength of the impinging shock, leading edge geometry, and flow
conditions. As yet, there are no satisfactory analytical methods
for accurately predicting the peak values for a particular interac-
tion. The effects of various parameters on the peak loads can be
described, however, at least qualitatively, and the maximum at-

tainatle values can bhe estimated.

As noted on page 6, the type of shock impingement that causes
the most severe heating and largest pressure gradients results when
shock waves corresponding to 10~ to 20-degree flow deflections
impinge on unswept fins (cf. Fig. 5 and Ref. 35, p. 45). Swept

leading edges result in a different type of interaction with much
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lower peak to stagnation line pressure ané heating rate ratiocs
(Refs. 21, 33-36, and 57-30). Different types of interactions
than that shown in Fig. 5 occur fcr impinging shocks corresponding
to flow deflection armgles less than 10 or greater than 2 de-
grees (Refs. 33-35). These zlsc resulr in less severe heating
and pressure rarios (Refs. 39-%Z). Francis (Ref. 41} observec
maximun amplification factors for cdeflecticon angles "detween 18

and 15 degrees."

The pressure rise associatec with tuerbulent boundary layer

separation, as given by Eq. (1), corresponds tc fluw cdeflectiom

et

angles between 10 zand 15 Gegrees Zor zll Mach nus=bers between
1.¢ and 20. Thus, in accord with the results =mentionecé¢ above,
turbulent boundary layer separation shezd of an unswept fin re-
sults in the mcst severe type of shock impingement. Indeed, in
those instances when there are two distinct shock izpingements or
a blunt leading edge (e.g., Refs. 20, 21, 45, and 4b), the =ore
severe peak heating is associated with the separated-boundary-layer
induced shock impingement near the fin or wing root (cf. sketch).

In these instances, the flow

passes first through the lead-
ing edge shock and then is ’
further compressed by the shock é%z‘_~‘
wave emanating from the sepa- 1

rated flow region ahead of the

fin or wing. Kaufman et al. Heating Rate

(Ref. 20) and Rogers (Ref. 46) Sketch of Double Shock Impingemeng

observed inboard peak heating and Resulting Heat Transfer
. Distribution (from Ref. 20}
rates up to twice as large as

the outboard peak heating rates

caused by impingement of the
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in the nore severe ek hezling razes
Scundary lzyers relactive tc zhe Zim 22

of separariom induced shock impingement are iess

Tor fins thaz are thicker chan the local undisrurhed boundary
lzayer, the locatiom of the peak pressure ancC hezting rate om the

fir leacding ecge can be estimarec crudely by calculiting where the

7]

eparation shock iz=pinges on the f£in bow stockx (cf. FTigs. Z6 and
23). The peak pressure on the lezcing edge usuzlly occu
in

inboarc cf (below) this location (Reis. 7 amd 351).

experiments, the peak pressure cm the f£in leading edge occurred
within .1 & of the tripie poin:z locationm {ci. Fig. 33j.

Pitot Pressure Profiles

The probe total pressure data (Fig. 27) were crossplotted to
obtain the total pressure profiles shown in Fig. 33. The stock
locations, iroz Fig. Z&, are superimposec on the proiiles to serve
as a location reference for the profiles. For exa=ple, at the
first profile station (x = -0.90 &), the impinging shock crosses

the station at =z__ = -0.33 d, and the pressure begins to increase

in the region below the shock. Because of severe probe interference
(cf. Fig. 28), there were toc few points to complete the first three
profiles (-0.90 d ¢ x < -0.80 d). The total pressure values are
indicated for the lowest probe position (ztp = -0.64 d), and
dashed lines are drawn from these values through the region of

probe interference.

31



e o N, e—

e eE wy&ﬂ”‘?ﬁﬂm

The impingement sncck crosses the szatiom x = -0.75 ¢ at

z__ = -0.25 d. The pressure begins tc increase in :the vicimity
-t

of che shockz, artains 2 meximom value cf p = 1.38 Pos in the

region Selow the shock, and then decreases as the reverse flow
regior is approached (cf. Figs. 28 and 33). The maximm measured
pressure is slightly l2ss than the calcuiated valuve (p = 1.62 poz)
for the flow behind (below) the impingement shock; we zttribute
this difference o an expansion of the fiow downstream of the im-
pingesment shock.

The calculated value was arrived ar (as described below)

ght dividing stream-

|l

aeglecting viscous losses and assuming a

0n

tra

4

he flow behiné the i=-

Hh

line between the reverse flow region and

et

pingement shock. Careful examinatiom of the profile flow photo-

el

zraphs (e.g., Figs. 3, 12, ancé 26) reveals that the dividing

treazline appears to bené dowmmard, presenting a convex shape to
the separated flow and thereby causing it tc exfandé. Aa expansion
of just 1.7 degrees would reduce the calculated pitot pressure
value to the measureé value. The expansion of the separated flow
is also reflected in the decrease of the surface pressure from

2.5 p; at x = -1.50 ¢ to 1.85 p; &t x = -0.75 @ (cf. Fig. 11).

The maximum pressure in the separatsd flow region is further
reduced for the further downstrea=m profiles. At x = -C.430 d, the
maxinum pressure is 1.348 Pyp3 this corresponds to a further ex-
pansion of 2.0 degrees from the value at station x = -0.75 d.
From Fig. 11, the surface pressure is a minimum, approximately
1.5 P> at x = -0.40 d. The lower portions of the downstream
profiles extend further below the divicding streamline than for the
upstream profiies (cf. Figs. 28 and 33}. At x = -0.40 d, the
minimum pitot pressure is 0.55 P2 at z,_ = -0.64 d; this point

tp
is in the shear layer, well below the dividing streamline.

Wﬂmw-«wf.
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Ir comparison to the larger prode cdiamerer (sbowm iz the
Eirst part o Fig. 33), the pressure gradients zlong the proiiles
are gquite steep. Most of rthe pressure rise across the impingement

shock occurs «€ithin ome larger probe cdiameter.

The prefiles berween the f£in leading edge and bow shock
(0 ; x> -0.35d) exhibir & local peak pressure that falls withie
the narrow jet-type flow region skerched in Fig. 28. The width of
this region is coeparadle to the smzller probe cdiameter (shown im
toe thkird part of Fig. 33). Taoe pitot pressure zlong the profile

at x = -0.20 é¢ starts to rise at th = +4).0o d, reaches a =2xi-~

== (p=1.30 ?, ,) at Z:p = ~0.08 d, creps to 1.40 Poz at

z._=-0.12 ¢, decavs to 1.20p . &t z__ = -0.47 d, ancd then
tp - 02 tp

3> el = e % 5

érops to .37 P,z 2@t ztp 0.8% C.

o
Q
()]
[nd
-

A unique fearur e profile immediately a2head of the fin

t x=-0.05¢&, is the decreaseé pressure above the

n

leading edge,

triple point location. The pressure mezasured by the pitot probe

was less than P,s for z,p 0.63 é; the pitot pressure was
zpproximately equel to 0.86 P,y for 0.05 3 < z., ¢ 0.254 ¢, e&nd
then approached p for larger ztp values; whereas on the fin

oZ
leading edge (z = 0), the pressure remains larger than P,y
for all positive ztp values. We attribute thi: to the local
flow being severely deflected (probe misalignment) just before

stagnating on the leading edge. The local pressure peaks and dips

along the fin leading edge resembie those plotted by Edney (Ref. 35,

page 46) and attributed to local exyancions and compressions in the

vicinit, of impingement cf the jet on the leading edge.

Flow Field Calculations

The flow field in the center plane abecad of the fin can be

reasonably well approximated by using two dimensional oblique shock
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tions then give the ceorrespomding
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rurbclenr separatiom pezak pressure rise

flow defleczion anzlie {:4.7 cegrees), <he izpinging shock angle
(31.% cdegreesy, <the Mach wu=ber of rhe separatec flow (2.306),

andé the pitecr rozal pressure i the sepa:ateé Flow (p_ = 1.52 p
Part of tanis seperaced flow passes through another odbligue shock

T

wave, which exenares frco the triple point (cf. Fig. 3), and forss
2 s=31i iet fiow exmbedced in the subsomic fiow region bebind the
fin bow shock fcf. Figs. S ané 28). Requiring the jet flow direc-

tiogn and pressure 1o De the sa=e a&s the flox direction ané pressure
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tc cobtain the initial directions of the dividing streamline and
point é

he triple point. These

th

e
¢ in Fig. 34, ané the Mach number, static pressure, and

te
pitot pressure values are indicated for each flow region.

The expansion ci the separated flow, described on page 32,
reduces the separated flow deilection from 14.2 to 190.5 degrees
in the vicinity of the triple pcint. As shown in Fig. 34b, this
results in a greater jet flow deflection (dividing strea=mline angle
of 17.2 degrees and shock wave angle of 45.7 degrees with re-
spect to the free stream). These values are considerably closer
to the measured values obtained from schlieren photograshs (19.5
and 51.5 degrees, respectively, cf. Fig. 34c). The measured de-
flection angle (19.5° + 10.5° = 30.0°) with respect to the sepa-
rated flow) just exceeds the maximum value (29.5°) for the weak
attached shock wave sclution for Mach 2.48 flow. Therefore, the
shock emanating from the triple point is a strong shock for the

separated flow and substantially reduces the total pressure in the

ons are solvecd iteratively
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jet flow. The maximum measurec pitot pressure (1.30 po,) in
the jet flow is =much less than the value czlculate for the weak

shock solution (2.0l p the measured pressure corresponds

03)’
to @ Machk 0.93 jet flow (cf. Fig. 34).

Edney et 2l. (Ref. 34) also observed a greater jet flow de-
flection than calculated using the inviscid aazlysis. They at-
tribute the additional 2 to 3 degrees deflection to the cis-
placement thickness growth of the viscous cshear layer at the edge
of the jet flow. Although a displacement correccion 22 Z to
3 degrees brings the values calculated inviscidly into good agree-
ment with the measured values (for rhe present Mach 3 experiments
as well as for the Mach 6 and 20 experiments conducted by Edney
et al.), this displacement correction is, unfortunately, purely
empirical. For the present case, shown in Fig. 34, the calculated
displacement grow:-h of the free shear layer is quite small, less

L

than one degree.’

The flow field calculations in the vicinity of the triple
point, described above, are just part of the calculations required
to determine the conditions throughcut the extent of the embedded
jet flow. Referring to Fig. 5, if the initial flow in the jet is
superscnic, then another shock wave emanates from the point 'Q".
The shock wave emanating from this point, similar to the one from
the triple point, is solved by requiring the pressure and direc-
tion of the jet flow to equal those in the subsonic flow region
below the jet. The remainder of the flow is solved using charac-
teristics up to the normal shock in the jet. The flow in this
embedded jet is thus compressed through many weak shock waves and,

therefore, as noted by Hains and Keyes (Ref. 33), '"the total

‘Similar profile, integral equations deriveu by Wilbur Hankey,
Aerospace Research Laboratories, September 1971, private
comnunication.
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pressure remains bigh right up to the hody surface."” This becomes
increasingly i=mpertant for higher Mach number flows.

Hains and Keyes alsc point out that the peak pressure and
heating rate depend strongly on the entire bow shock pattern. The
nuzber of oblique shocks in the jet flow, and hence the peak:pres-
stre experienced onthe fin leading edge, depend on the location of
the point "Q" (Fig. 5), and this location is indeterminate (cf.
page 6). An upper limit to the peak pressure can be calculated
by assuming isentropic compression of the jet flow downstream of
the shock wave emanating from point "Q". However, this can be
considerably larger than the total pressure downstream of a normal
shock wave in the jet flcw, particularly at higher Mach numbers.
The iocation of this normal shock wave, the location of the point
"Q", and an accurate determination of the jet flow deflection at
the triple point, are still required before this problem can be
considered solwved. Further, Reynolds number effects are expected

to be important for the shear layers bounding the embedded jet flow.

Probe Generated Shock Impingement

As mentioned on page 21, the probe generated shock impingement
led to particularly large peak pressures on the fin leading edge,
and a substantially different interaction flow field than that re-
sulting from shock impingement caused by boundary layer separation
(cf. Figs. 29 and 30). The probe shock wave impinges on the fin
bow shock, and the reflected shock wave apparently impinges on the
fin leading edge. No btow shock is visible ahead of the lower por-
tion of the fin (the portion behind the probe shock) for these
cases (Fig. 3C). The flow is similar, in some aspects, to the
flows over blunt axisymmetric bodies with spikes protruding from

ctheir leading edges, which were investigated many years ago by
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Bogdonoff and Vas (Ref. 64) and several others. They observed that
the flow separated from the leading edge of the spike, for spike
lengths comparable to the body diameter, and reattached near the
shoulder of the blunt body. This effectively streamlined the blunt
body and greatly reduced its drag (Ref. 64). They also observed an
instability of the flow, similar to that shown in Fig. 2\.

Comparable to the spike-body results, we postulate that the
flow separated from the probe leading edge, formed a conical region
of reverse flow, and reattached on the fin leading edge. Part of
the flow above this conical "dead air" region passes through the
strong shock wave emanating from the triple point and stagnates on
the fin leading edge. 1Im Fig. 30, it appears that the jets that
form behind the triple point are deflected slightly upward in these
cases. The probe shock wave angles were measured and oblique shock
relacions were used te calculate flow field parameters in the
vicinity of the triple point, similar to the flow field calculations
described above. For these cases, the calculated maximum pitot
pressures in the jet flows vary from 1.7 P, to 1.9 Pyo- Al-
though these approximate the maximum pressures meassured on the fin
leading edge (cf. Fig. 30), the interaction flow does not match
any of those categorized by Edney et al. (Refs. 34-36), and only
very limited data were obtained for these "off-design" cases. No
further conclusions should be drawn concerning probe-generated
shock impingement without a more thorough analysis of this type

of interac ion flow field.
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CONCLUSIONS AND RECGMMENDATIONS

"Self-induced" shock impingement, caused by turbulent boundary
layer separation ahead of blunt fins, results in a complex, three
dimensional, viscous~inviscid interaction flow field. The pressure
rise across the fin bow shock causes the boundary layer to separate
from the adjacent surface ahead of the fin. The separated flow re-
gion is composed of horseshoe shzped vortices that scavenge part of
the oncoming stream flow and spiral downstream very rapidly. Shock
waves emanate from the separation location and impinge on the I:in
bow shock, resulting in a lambda-type shock interaction pattern in
the plane of symmetry ahead of the fin. A small jet of relatively
high energy flow is formed where the two shocks intersect, and im-

pinges on the fin leading edge.

The major effects c¢f the interaction are an increased load on
the surface and intense pressures and heating rates in small re-
gions on the fin leading edge and on the surface in the immediate
vicinity of the fir leading edge. The extent of separated flow
aliead of the fin is proportional to the fin diameter for fins that
are thicker than the local undisturbed boundary layer. Turbulent
boundary layer separation occurs approximately two diameters ahead
of the fin and is insensitive to Mach number, Reynolds number, and
boundary layer thickness for a very wide range of test conditions
(Mach numbers from 1.2 to 21). Laminar boundary layer separa-
tion is considerably more extensive than turbulent separation, and
depends on Mach number and Keynolds number. The pressure rises
are similar to those ahead of forward facing steps and approach
the two dimensional laminar plateau or turbulent peak pressure

values.
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Although the extent of separation and pressure distributions
on the plate surface have been obtained from many experiments, no
systematic force measurements or calculations have been made to
determine the over-all increased load on the plate caused by the
interaction. For turbulent separation, this increased load is ex-~

ected to scale with fin diameter (for d > &) and simply be a
function of Mach number. Limited force tests would serve as a
comparison for integrating existing pressure distributions, and
thus be most useful in determining a relationship for the increased
load.

The separated flow ahead of the fin is highly unstable. The
oscillation of the separation point about its mean position, and
the fluctuating pressures ahead of the fin, are an crder of magni-
tude greater rhan for two dimensional separated flows. The ampli-
tude of the oscillation of the separatiom point is particularly
large when separation occurs in the vicinity of tramsition for the

undisturbed boundary layer.

The vortices bring high energy stream flows into proximity
with the surface, resulting in extremely high pressures and heat-
ing rates on the surface in the immediate vicinity of the fin foot.
In this small region, surface pressures approaching the pitot pres-
sure of the free stream flow, and heating rates exceeding 10 times
the undisturbed surface values, have b en measured. Because of the
extreme gradients, more detailed presst . and heat transfer mea-
surements are required to determine the naximum peak pressures and

heating rates that can occur in this »zgion.

Shock impingement caused by turbulent boundary layer separa-
tion ahead of unswept fins generally recults in the type of inter-

action that leads to the greatest pressure and heat transfer rate
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amplifications on the fin leading edge. It is important to in-
clude the convex shape of the dividing streamline, which results
in an expansion of the separated flow, in calculating the direc~
tion of the slip line emanating from the triple point. In the
present Mach 3 experiments, the measured slip line was displaced

2 degrees from its inviscidly caiculated position. This displace-~
mert was just sufficient to resul: in a strong shock wave from the
triple point with attendant large pressure losses in the embedded
jet flow. It would be extremely valuable to repeat the experiments
at a higher free stream Mach number to ensure having an attached,

weak shock emanating from the triple point, and hence, an initially
supersonic embedded jet flow.

Although features of the interaction are understood fairiy
well, and upper limits for the maximum attainable pressures can be
ascribed using an inviscid analysis, the measured peak pressures
are substantially less than these calculated values. The reduction
has been attributed to viscous effects, but as yet there is no
rational theory that adequately accounts for these effects. The
experiments recommended in this section, along with a carzful re-
view of existing data from other sources, are suggested as an ap-
proach to developing empirical corrections to the inviscid analy~-
sis. The resulting engineering method could be used reliably to
predict accurately the peak pressures and heating rates caused by

self-induced shock impingement resulting from turbulent boundary
layer separation.
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a) Over-all View

b) Closeup of Region Near Fin Foot
4, d = 3/8

]

Fig. 2 0il Film Flow Photographs; M

48

R




- - o e e s e R X e

W e

i

¥ -

{

2.

i
a) Schlieren Photograph
PR ’@ﬁ.t;‘ N Y Indb w3
ES £ ,Q.’:é * o F Al

;

B

.
tion ; )
b) Shadowgraph Photograph

Fig. 3 Profile Flow Photographs, One Millisecond Exposure,
M =3,d=1
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b) Photograph Taken a Few Seconds After That Shown in a) Above

Fig. 4 Schlieren Flow Pliotographs Taken a Few Seconds Apart During
Same Tunnel Ruun; One Microsecond Exposure, M, = 3, d = 3/4,
Fin L.E. 5.73 inches Downstream of Plate L.E.
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b) Furthest Forward Separation Location Photographed

Fig. 12 Schlieren Flow Photographs Showing Variation of Separation
Length During Same Tunnel Run: M =3,d=1

Rey, .. = 800,000
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Fig. 17 Schlieren Flow Photographs Showing Extreme Variation of
Separation Length During Same Tunnel Run for Transitional
Separation; M,_ = 4, d = 3/4, Reyinch = 470,000
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a) Rey, . = 400,000

"; ™

b) Rey,

ioep = 530,000

Fig. 18 Schlieren Flow Photographs Showing Variation of Separation
Length with Reynolds Number; M, = 3, d = 3/4 (sheet 1 of 2)
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b, .
d) Rey, . = 800,000

Fig. 18 Schlieren Flow Photographs Showing Variation of Separation
Length with Reynolds Number; M_= 3, d = 3/4 (shcet 2 of 2)




b) Rey, . = 270,000

Fig. 19 Schlieren Flow Photographs Showing Variation of Separation
Length with Reynolds Number; M =3, d=1 (sheet 1 of 3)
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d) Reyinch = 530,000

Fig. 19 Schlieren Flow Photographs Showing Variation of Separation
Length with Reynolds Number: M, =3, d=1 (sheet 2 of 3)
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£) Revinch = 800,000

Fig. 19 Schlieren Fiow Photographs Showing Variation of Separation
Lengch with Reynolds Number; M, = 3, d = 1 (sheet 3 of 3
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a) M =2.5,d= 3/8, Rey  ch ™ 800,000

c) M =3.0,d=1, Reyinch = 800,000

Fig. 21 0il Film Flow Photographs
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Fig. 27 Prcve Total Pressure Measurements (Sheet 1 of 4)
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a) (x/d)probe = -1.00, 1little interference

IR R ‘
b) (x/d)probe = -0.78, severe interference

Fig. 29 Schlieren Flow Photographs Shawing Unstable Probe
Interference Effects; M = 3, d = 1, Rey, b 800,000
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a) CALCULATED FOR 14.2° FLOW DEFLEC 113"

M =153
p=102p,
pnp T1; 002

b} CALCULATED FOR 105° FLOW DEFLECTION

c) MEASURED

Fig. 34 Flow Field in the Vicinity of the Triple Point
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