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SULURY

An experimental stu&y hus been made of the effect of the inter=
action of varying strength shock waves with a turbulent boundary layer at
a Mach number of about 2,9, It was not possible to obtain two-dimensional

interactions with shook generators which did not completely span the tunnel
or for shook strengths less than a pressure ratio of about 1,5. Below an
inocident shock pressure ratio of 1,7, the interaction is similar to the
theoretical invisocid c;u. The incident shock is reflected as a single

compression, no separation exists and the pressure rise on the wall is
smooth and occurs in about two to t.l'n'u boundary layer thicknesses, Above
an inoident shock pressure ratio of 1.7, separation is evidenced by a
"bump" in the wall static pressure curves and bifurecation of the incident ..i
shock wave, The reflected system now consists of a ocompression-expansion~
ocompression region. There is some indicution that the inoident shock pres-

sure ratio for separation appears to be independent of Mach number, 80pnu-‘
tion ocours about two boundary layer thicknesses frou the beginning of the
interaction at a wall static pressure rutio of ubout 2, This phenomena is
independent of shock pressure ratio over the range tested, For high strength
shocks, pressure ratios of the order of 3, increases in shock strength

ochange the scale of '1nt.oraction repion without changing its structure,

In this rerion the various parts of the interaction are sufficiently

separated for individual detailed aiudiee. There are considerable discrep-
ancies betwoen the data presunted hercin and those prevented by Gadd, liolder,
and lleran, Thls may be due in part to the wedyw spans usod by thege

investirators,
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A STUDY OF SHOCK WAVE TURBULENT BOUNDARY LAYER
INTERACTION AT K u 3

ANTRODUCTION

During the past few years, tlie interaction of a shock wave with

a boundary layer has deen the subject of considerable theorstical and
experimental investigation. The large deviations from the theoretical
inviscid reflection of & shock wave from a solid wall are of considerable
practical importance in supersonic diffusers, deflected control surfaces
on supersonic wings, and other applications. The work of Leipmann! and
others? has provided a considerable body of experimental data on the
interaction of a shook wave with laminar layers. Several authore3r4»5,6
have made considerable progress with theoretical studies of both laminar
and turbulent interactions. All of these theories, however, depend on
obtaining certain factors from the experimental results., Several studies

of the interaction of shock waves with turbulent boundary layer have

also been made. 7,8,9,10 However, the duta available is still insufficient
to provide a detailed model of thie interaction phenomena.

As part of a broad prosram qr research on viscous sffects in
supersonics beiny conducted by the Gas Dynamics Luboratory, Aeronautiocal |
Engineering Depurtment of Princeton University, an attempt is being made
to obtain data on shock wave boundary laysr interactions over a very wide
range of Mach numbers, Reynolis numbers, and shock strensths., Such a

detailed experimontal analysis is required as a prelininary to a complete
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thooretical solution of this couplicated problew. The results prevonted
hurvin ure u part of bﬁis over=all pro;ruw and tiave vedl restricted to
regulty at a Mach nuasber of 3 for orig Lurbudent boundary layer with vary-
ing shock strongtuis, Tho study has conuisted of examining the interaction
problen bgql) measuring the stutic pressure distribution on the wall, 2)
making total head surveys through the inteructions, and 3) using optical
techniques to obtain photogr-phsvpr the flow., These techniques include
conventional shadowgraph and Schilieren techniques and the use of some
special color Schlieren techniquas described more fully later in the
report. The main purpose of this series of tests was to examine, in
detail, the structure of the interaction region and how it is affected
by varying shock strengths, Some errors in Reference 9 are also corrested
herein, This work was carried out under the joint sponsorship of the
0ffice of Naval Research, Mechianics Branch, and the 0ffice of Scientifio
Research, Air Research and Development Command, U.S. Air Force, Contract
Number Né=onr-270,
KXPRRIMENTAL EQUIPMENT AND TRCHNIQUIS

The experiments were performed in the Princeton iUniversity
Pilot supersonic tunnelll at a Mach number of approximately 2,92. The
wind tunnel is the "blow-down" variety utilising air stored at 3000 pai
in tanks of a total capacity of 170 cubic feet. A regulator between the
tanks and the tunnel permits operation at any desirsd stainution pressure
between 75 psi and 900 psi; but for the tests herein reported it wao oper=
ated at a pressure level of about 100 psi. Runnuing times were of the order

of five minutes with a test cection 2" wide and 23" high,
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A wedge, spanning the tunnel, was used for a shock generating
device, and the boundary layer on the flat section of the tunnel wall
was utilised for the measurements. The static pressure on the wall was
measured by a .030% orifice on the tunnel centerline. At this station
the undisturbed boundary layer thicimess was approximately .17 inches,
The wall stutic pressure data presented was taken using the single orifioe
a8 the interaction was passed over it. Thus, errors in using numerous
static pressure holes were eliminated, and the data points could be spaced
a8 closely as desired, In some cases, additional wall static pressure
orifices 3/4" to the front and rear of the main (aforementioned) one were
used to check the interaction at different stations in the tumel, Addi-
tional spanwise static pressure orifices wers used to check the two=
dimensionality of the interaction. These were located 3/8"; 1/2%; 5/8%;
and 3/4* off axis, but at the sare station as the main orifice,

Several shook generators (wedges) were used, sach held in the
free stresa by a supporting frame driven by a micrometer, (See FPigures
1 and 2). The micrometer drive permitted closely controlled movement of
the wedge in the tunnel, Three variable angle wedges were \ind covering
nominal deflection angles of 0° to 7°, 6° to 120, and 9° to 15°, Each
of these spamned the tunnel to within 010" of the side walls., To check
the effect of end gap, two 10° (fixed nominal angle) shook producing wedges
were employed which differed in width, the narrower one being 1 1/4" wide
and the other nearly 2" wide (a full span wedge), Wedzes were provided
with a static pressure orifice drilled on centerline 1/2" frows the ludu;‘
edge, In addition, the medium angle wedge (6° to 129) and the fwl span .
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10° fixed angle wedge had & sinilar oriticgﬂlocawd 1" frou the londmg
edge, The pressure ratio of the generatod shock was deteruined by using
this static pressure rather than the peometrical wodge angle, thus taking
into account any effect of the boundury layer on the wedge, inaccuracies
in setting, and irregularities in the tunnel flows,

Total pressure surveys were made parallel and normal to the
tunnel wall employing a total head tube constructed of ,065" 0.D, steel
t.ubin;o flattened at the end and honed on the bottom surface to allow a
olose approach to the wall, The orifice was 004" high by 060" wide
and the bottom surface was 002" thiock. Thus, readings to within ,004"
of the surface wers obtainuble, The total head probe was set in an
insulated mount so an electrical oonﬁct. could determine when the total

head tubc .as just touching the surface. The micrometer drive on whish

the probe was mounted permitted displacements perpendicular to the wall )
acourate to within ,001%, For every survey the *tht touching” position
was established with the tunnel running since pre-setting of the probe

might be erroneous due to deflection of the probe during the run or the
start,

All static pressures were meacured with differential pressure

gages; calibrated and accurate to within ,5 inches of water., In some
inastances two such gages were connected in series to ombic readings over

wider pressure ranges. 3ince thie ntatic pressures encountered were the
order of 100 inches of water, the accuracy is within 13, All total pres-
sure measuremdnts were made witn absclute preusure gages, calibrated and

accurate to within ,2 inchas of arcury. with a resulting acouracy of 14
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for the pressures measured. Stagnation pressure wus measure with a high

precision bourdon gage also accurate to within lx,

Difficulty was encountered starting the tunnel with the wedge
set at high angles. This was oircumvented by: 1) starting with the wedge
set at & relatively low angle and adjusting to the desired flow deflection
angle with the tunnel running and, 2) cut-outs in the downstream end of
the nossle blooks to relieve dlookage caused by the wedge angle changing
mechanisa, The step (cut-out) on the bottom wall was several inches
downstrean from the wall static pressure orifice. It was used also to
check the effect of a downstream disturbance (expansion) on the interaction,
(See section Checks on Yalidity of Data.)

Optical techniques, supplementing the pressure measuremmts,
were used to study the phencmena. The conventional skewed bi-parebolioc
mirror Schlieren system was used and adapted for shadowgraph pictures as
well, Thus, Schlieren pictures, both horisontal and vertical out off,
a8 well as shodowgraph picturvs, were taken for each oondition. The
1ight source was a high pressure spark resulting in exposures of the
order of & microsecond, In addition, Schlieren photographs were also
taken in color. Basically, the system consisted of inserting a priem in
the light path after the source which effectively changes the point source
to a spectral line. The knife edge at the second focal point is then
replaced by a slit which can be adjusted to permit any of the spectral
colors for the base (no flow) condition. In such a system, regions with
the rame density gradient will exhiibit the same color,”contrasting to the

conventional black and white system in which such regions would be of the

e e % e e e— e+
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same gray scalv, Colored Scilieren photosruphs are not new, but the
techniques used here (described in detail in Ajpendix A and B) permitted
excellent resolution with a microsecond exposure. The combination of
color and the short exposure time permitted an analysis of the structure
of the interaction region not heretofor pousible by optical means.

x distance along tunnel wall, inches

b 4 distance normal to tunnel wall, inches

P static pressure measured on tunnel wall

Po chamber pressure

Py static pressure ahead of interaction

P2 stutic preusure behind generated shook (as measured on shock
generator)

P3 static pressure after interaction

N Mach number ’

(] nominal wedge angle (flow deflection angls, degrees)

8 boundary layer thiciness, in;:hoo

GHRCK3 ON THS VALIDITY OF THK PATA

A study of the results available on shook wave boundary layer
interactions showed that many investigations had beven made using shock
generators which did not fully span the tunnel. This was usually done
to obtain Scilieren and shadow photogrsphs which were sharper than those
obtained with a wider wod;e whose shock wave interacted with the side
wall boundary layers, No data was available, nowever, to determine the
of f¢>te of thess side wall gaps which, in most casos, were of the order

of a bourdary luyer thickuoss, Preliminary studies? of the shock wave
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» boundary layer interaction were first carried out using nominal 10° wedges,
of 13" and full 2% span, Fijure 3 presents the wall static pressure
variation on centerline using the "narrow" wedge in juxtaposition with
a sketch of the interaction. It can be seen here that the pressure
peaks and then falls to a value after the interaction which is much less
than the theoretical value. The overall pressure rise as messured is
about 2.5,whereas, the theoretical rise (based on the static pressure
a0 measured vy the orifice on the wedye) should be about 3,8. The span-
wise static pressure orifices in the tunnel were used to check the two=

dimensionality of the flow., The results shown in Figure 4 gahibit. a

N

oonsiderable deviation from two-dimensional flow and indicate a relieving

—

effect due to the presence of spanwise flows, The tests were repeated,

JRUSISNE §

. udnj the full span wedge (1.e., clearance to within ,01%) and resulted
J in the statio pressure distribution shown in Figure 5. The final pressure
. . is quite close to the theoretical value and the pressure distribution ie
L of a considerably different shape than that obtained for the narrow wedge.
‘ The spanwise pressure surveys, Figure 6, show that two-dimensional flow
has been achieved, All subsequent tests herein reported were, therefore,

made with full span wedges and the results were cheoked for two-dimension-
ality,

Studies of weak shook interactions (flow deflection from O° to
6°) resulted in wall static pressure distributions along centerline which
exhibited a definite pu:k. There wus no constant pressure region after
the interaction, similar t» the distribution shown in Figure 3 for a 100

A A B ¥t 2 8 KT O R A o St T e i Pt g - SO -

shock using a narrow wedre, Checks for two-dimensionality, using the
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spanwise orifices, indicated cross-flows piling up on one side of the tunnel

or the other. This pattern differs from the nonetwo-dimensional flow found
using the narrow wedge in which the spanwive distribution of preusures

' tended to be symmetrical about the centerline, Further attempts to make

the flow two=dimensional, such as completely sealing the mnall end gaps
of the shook generator, did not yield satisfactory results. It appears
as if the effects of tunnel disturbance such as interaction of the
boundary layer on ths walls and floors of the tunnel, and interaction of
the shodk with the side wall layers, are of the same order of magnitude
a8 the disturbance caused by the studied interaction. This would, in the
whole, probably depend on the exact experiuent set-up and would vary from
tumel to tunnel, These phenomena in the shoock wuve boundary layer

interaction have not been noted by previous investigators due to the
absence of a stringent test for two-dimensionality and the results ob-
tained are open to some question in light of the possible existence of
such oross flows., The above results restricted the study reported herein
to shock strengths above 6° where two-dimensional flows could be obtained,
Examination of a typical strong intersction ( for example,
Figure 5) introduced another doubt as to the validity of the data, The
pressure rise now spreads over a consideruble distance, and the proximity
of the interaction region to the expansion fan from the rear corner of
the wedge prompted an investigation to detemine the offect of such a down-

streum dicturbance., A step cut in the tunnel wall was utiliszed for this
study, ushlieren photo.raphs we.'s taken as thie intersction wus moved

downstream over the step., 1In all cusus, the step disturbance had to be -

R

 siiiwe oSl T ©

RO P ‘.«J» .

i S IR b DA™ Sl i AR LTI G s S LA 1 AP - 5 i 5 e S S a8 w




S

{
:
!‘,
|

9

located at least two boundary laysr thicknousses ahoad of the iupingement
point of the expansion fan before an effect was felt. All high anyle
data was checked by the aforexenticned maethod umi althzugh, for angles
11° through 15°, the expansion fan intersected the boundary layer .
before the full pressure rise was realised, the position of its impinge-
ment was always after the station where the step first produced a notice-
able change. Since the flow over such a step results in a pressure
gradient far stronger than thut sncountered in the expansion from the
\mﬁo, its effect sliould be greater, and hence it is felt that the expan-
sion fan has 1little effect upstream of its intersection point,

The steadiness of the flow was chiecked by taking high speed
Schlieren motion pictures with a "Fastax" camera operating at 8000 frames

per seocond, An examinution of these photographs showed very slight oscille~
tions of the first reflected shook which appeared to be of the order of

less than 1/10 of the boundury layer thiciness, i.e., less than 0,02 inches,
The rest of the phenonena appears completely it.udy. 8ince the pressure
measurenents essertially represent "long time averages" these slight oscilla-
tions of the first reflected shock wave do not appear in the results, This
examination was carried out only for a nwinal shock strength of 13°,
RESULTS AND DISCUSSION
Wall gtatic Pressure Distribution and QOptical Studiep

The wall static pressure distributions through the interactions
of varying strength shock waves with a turbulent boundary layer are shown
in Pisures 7 through 15. In Figure 16, the curves for all the interactions

are superi.posed usin, the same zero point, 'Tiuis zero point was picked

-
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. . from Schlieren and shadow photographs as the point of impingement of the
experimental incident shock with the wall if no boundary layer were

a present. PFor the high angles, (6 = 11° through 15°) the vertical line

i at the top of the pressure curve indicates the position at which the

¥ expansion fan from the rear of the wedge strikes the doundary layer,

{ In Pigure 18, the corresponding Uohlieren and shadow photographs are

presented, A comparable color Schlieren photograph is shown in Figure

| 29.

For ease of identification, tests are designated by the nominal
shook deflection angle, §. A more truly represuntative quantity is the :
pressure ratio across the incident siiock which was measured directly by i
the static pressure orifice on the wedge. The actual shock pressure

o retios are tabulated below, !
e PRy o |
' !
(ad 1.60 , 3
8° 1.70 ’ f
9° 1.78 1
10° 1.90 |
n° 2,27
12° 2,37
13° 2,51
' 14° 2,90
15° 3,10
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For shock strengths through 109, the proucure rutios noted are oconstant
within 2% for the entire interuction. For stronger utrength shocks,
inoreased movenent of the wed.e was necessury to survey the spread out
interaction region. Due to axial variation of Mach number in the tunnel,
the acourcsy of the pressure ratio decreased and for the highest angle

(159), was only 104, Portunately, for strong shooks, these variastions
had little effect on the wall pressure distributions.

An examination of the pressure curves reveals that, for weak
shocks ( O~7°), the static pressure rise is smooth and rapid and the
entire phenomena ocours within two to throee boundary layer thicinesses.
A study of the photographs shows that the incident shook penetrates deep
into the boundary layer from whence the reflected compression wave
originates, As expected, the boundary layer is thinner after the inter-
action than before, The phencmena, with the exception of the bending of
the shocks in the boundary layer, is quite analogous to the theoretical
reflection of a shook from a solid wall,

As the shock strength is inoreased to 6 A/99, the interaction

is spresd to four or five boun:iary layer thicknesses. IFrom the pressure
ourves one can first experimentally verify the presence of a "bump" or
inflection point at 6a” 849, (incident shook pressure ratio ofad,75),
The initial slope is still very steep, the inflection region accounts for
the increased length of the interaction, Ol'i'cm the photographs, at these
angles, one first sees the "bifurcated foot" of the interaction, The
reflected wave and the incident wave cross within the boundary fiyoi-,

exhibiting ' sopagation forward of the interaction, The incident wave
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reflects as from a free jet (constant pressure boundary) causing an
expansion region which turns the flow back towards the wall, This is
followed by a region of slow compression. There is a dark region at the
foot of the interection indicating separation. Color Schlieren photographs
show olearly the change of the phenomena from a single reflested ocompression
for the weak shook interaction to the compression~expansion-compression
region for the stronger interection. Such photogrephs also show the very
weak normal density gradients in the small region below the intersction, '
The boundary layer is still thinner after the interaction. For these
shock strengths, the phenomena has changed oconsiderably from the theore-
tical non-viscous model, |

Further increase in lhoci: strength to @ ~11°, spreads the intere
ut#on still further Lo seven or eight boundary layer thicinesses, The
bump in the pressure ourve is more pronounced and the intersection of

" the inoident and reflected shocks occurs at the edge of the boundary
“layer, The expansion fan after the first reflected shook and the region

of slow compression are spresd a considerable distance downstream. The
dark region below the intersction is quite pronounced and color Schlieren
photographs indicate a sero vertical gradient in this region, i.e,,
separeted flow, which will be shown conclusively later. Through this .
interaction the losses have increased such that the boundary layer thiok-
ness downstream is about equal to that before the interaction in spite of
the highly incressed pressure level, For strong shocks ( & ~13°), the
interaction is spread to twelve or more boundary layer thicknesses; the
"bump", now quite pronounced, comprises half of the interaction, The
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reflected compression now extends a considerable distance out of the
boundary layer before it intersects with the incident shock and the height
of the interaction is two or more boundary layer thicknesses. These is a
large separated region at the foot of the interaction,
Separetion and Reattashoent

To determine the point of separation and the extent of the
uplntod' region, total head surveys were made less than 1/10 of a
boundary layer thickness from the wall (y w .0l4"). Using the wall
static pressure distribution and the conventional pitot-statio relation-
ship, the Mach mmber distribution along the wall was obtained. For
@ ~ 99, separation was not detected, Although, the "bump® in the pres-
sure ourve for ® A~ 9° indiocated separation, the region is probiuy too

small to pick up by this crude method. The distributions for shook

~ strengths of 10°, 12° and 14° (Figures 20, 21, and 22) show s definite

separated region, The pressure ratio for separation (static pressure at
separation/ static pressure before interaction) in all three cases is about
2,0. This point corresponds, on the pressure ocurvas, to the beginning of
the®bump* in which the steop initial slope gives way to a much reduced
81~00 in the separated region. As the shock strength is increased, the
separated region grows rapidly; for the 10° case its length is of the order
of a boundary layer thickness, for a 12° shock the order of three boundary

layer thicinesses, for the 140 shock its extent is roughly seven boundary
layer thicknesses,

Tre aforementioned results checking the effect of a downstream

disturbance led to the findin; of a "throat" in the interaction after

"y
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which no expansive disturbance had an effect on the upstream reiion of
the interaction. This'throat" closely follows the point of reattachment
of the separated flow, For the 10° and 12° case, the "throal" is of the
order of one boundary layer thickness behind the roattuchment point, and
for the 14° case even closer. The closencss of the "throat" and the
reattachment point indicates very high mixin, rates in this region,

The proximity of the "throat" and the separated repgion also explains the

sudden collapse of the interaction for strong shocks once the step preceded
the throat, In Figure 17, the strong shock cuse of © A7 15° was picked |
to exemplify this sudden collapse. For wuaker strength shock the collapse
of the intersotion was not so sudden and the throat was not so clearly

defined.

Inkeraction Models
Models of the interaction phenomena with varying strength

inocident shocks are shown in Fipure 23, These are based on the combined
knowledge obtained from the wall stutio pressure distribution, the Schlieren
and shadow photographs, and the total heud survey along the wall,

The interaction can be divided into three bisic regimes: 1) A
weak inoident shook regime, shook strengths below 6 A~ 70 (pressure ratio
less than approxinutely 1.70) where the phenomena is quite similar to the
theoretical inviscid case, Here an analysis 1ike Lighthill%:5 seems quite
applicable. The interaction region is of the order of two to three bound-
ary layer thickneuses and no separation occurs., 2) A moderate incident

shock regime, shock strenyths 8%¢ & € 120 (pressure ratios between 1,75
and 2,30) characterized by a small separated rerion and the interaction

of tho incident and reflected shock within the boundury layer, Theoretical
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analysis of this rerime seeus to be quite difficult because of the very
strong normmal gradients within the Loundiry layer and the small sise of
the separated region. 3) A strong incident shook regime, shock strengths
above @ u 120 (pressure rutios above approxiuately 2.3) where the pheno-
mena has spread out to more than ten boundary layer thicknesses and there
is an appreciable separated region.

A more detailed model for the 14° shock interaction was obtained
in an attempt to shed some additional light on the mechanisms involved
for the strong shook ﬁtouotion with a turbulent boundary layer. Additional
total head surveys were made at various distances from the wall and the
Mach number distribution throupghout the interaction was computed on the
basis of constant pressure normal to the wall., These computations are
good only near the wall and in the "bifurcated” region where the color
S8chlieren pictures chow little or no normal density gredient, In Figure
24 1s presented s schematic drawing of the interaction for the 14° case
together with the Mach number contours in tho;oub-onio region, The maxi~
mm height of the subsonic and separsted regions ococur where the incident
shocks reflects as from a free jet, At this station the subsonic region
is thicker than the boundary layer before the interaction and the height
of the upar;tod region is of the order of 1/3 the boundary layer thick;
ness, For thiis strong shock case, the interaction can be divided into
four basic regions for analysis:

(1) The baoginning of the interaction, a strong compression
region decelersting the flow_ rapidly and rasulting 1n a doubling of the
pressure within a Jdistance of approximately two boundary layer thicknesses,

x
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The flow has rot yet separated, mixing probubly plays a minor 1ole, and
thus this phenomena will probably not be suseptible to the methods of

Reference 6.

(2) The sturt of the separated region and its growth to maxi-

ma thickness defines the next region in which mixing probably predominates.
The positive but shiallow slope of the wall statio pressure curve indicated
that the mixing rate is inoreasing over this portion.

(3) The decrease of the separuted and subsonioc region to the '
reattachnent of the boundary layer ococurs in a region of relatively strong
adverse pressure gradient. Its slope, as obtained from the wall pressure
curve, is roughly four times that of region (2) although only one half
as steep as that experienced in ngio; (1). Bvidently the concavity of
the flow field, the associated centrifugal foroce, and most probably, a
greatly increased mixing rate cuused by the shock interaction accounts
for this gredient,

(4) Pollowing the reattachaent of the boundary layer 1s a
region of slow compression in which the pressure would approach asymtotically

the theoretical overall pressure rise if allowed to extend far enough

downstrean, iWere the geometry of the experiment large enough, one would
expect the first reflectod shock, the following expansion, and the region
of slow compression to coalesce to form the single bheor;ticd reflected
shock as predicted from inviscid theory,

Regions 2,3, and 4 scen to be quite cleurly dominated by the
mixing phenomena and should bo predictable by an analysis such as

Crocco-Lues, The affucts of shocks and strong advsrse gradients on

i
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mixing rates are, as yet, quite unpredictable and will have to be studied
in the various rigion-.
Sorrected Roundary jayoer Erofiles

In Pigure 25 are preserted the Mach number profiles at various
stations through the 10° interaction. The data utilised for these pro-
files were the same as presented in Reference 9, It was found that an
error had been made in the previous computations. The present computations
are based upon the measured wall static pressure assuming oonstant static
pressure normal to the wall, The Mach nuwsber distribution shown are,
therefore, not correct near the edge of the boundary layer where the
presence of shocks and strong normal pressure gradients invalidate the
computation, From the profile at stution x = =,7, the boundary layer ahead
of the intersction was found to be fully turbulent in nature, its thiciness
being approximately ,17 inches, the -dinphcmnt thiciness 049 inches,
" and the momentum thickness ,009, The profiles now exhibit a separated
region near the sero station substantiating the results found from the
total head survey along the wall, In the region of slow compression behind
the interection, (stations x m .4 to +1.6) the profiles are typical of
those in an adverse pressure gradient and, although the wall pressure has
- rosched its maximum and is essentially constant from X g 4,6 to 1,6, the
profiles have not yet filled out to the normal turbulent shape, This seems
to indicate that, once ro&ttachm;nt occurs, the mixing rates are roughly

those experienced for normal turbulent boundary layers,

-
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GENERAL, DISCUSSION

A summary of the wall stutic prescure distributions are shown
in Pigure 26, Althoujh the separation duta (Figures 20=22) shows an
independence of shock strength, the slope of the fore part of the inter=
action continually decreases from the unseparated case up to a shock
strength of @ & 13° (pressure ratio of A& 2,6). Although data at higher
shock strengths is not conclusive, the slope sppears to be approaching a
constant vdtii. The slope of the increausing separated region approaches
a oonstant value for high shock strengths and the reattachment phenomena
seems to be relatively Swensitive to shock strength, These results lend
some weight to the idea of the three regimes previously described,

It has been previously pointed out the the "bump" in the pressure
ourve and bifurcation of the foot were evidenced oinly for indident shock
strengths of @ > 68}° (pressure ratic above 1.7). Fage and Sargant8 in
their tests at Mach numbers of 1,2 to 1,6 found that bifurcation of normal
and oblique shocks always ocourred when the incident shock pressure ratios
were greater than 1,65, An examination of the results of Bardsley & Mair’
show a similar result at a Mach number of about 2, It therefore appears
that the peginning of the bifurcation (forward propagation of the intere
sction by separation) is not a strong function of Mach number, indicating
that the supersonic portion of the boundary layer is not playing a signi-
ficant part in the phenomena, The effect of thickness of the subsonio
region can also be elininated since the relative oxtent of the subsonio
region varies considerably over the range of Mach numbers examined, 1,2

to 3000 2
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" The effuct of incident shook pressure ratio on the length of

the interaction und separatid ro ions is swwnarized in Figpuro 27, These
results were comparoed to those of Uadd, Holder, and Roaan]'o and show
disturbing discreparcies. The influence region, defined as the distance

from the sero point to the atart of the interauction expressed in nondimen-
sional units, was found to be only hulf that of Reference 9, In addition,
the shape of the curve was oonsiderably different, cppnm some
oconstant value rather than increasing precipitously, Reference 9 prediots
a wall static pressure ratio of approximately 2.4 at separation and is
checked by their experiuents. The results reported herein give a value

of 2,0, The discrepancies are far outside the exporimental accuracy but

may be explainable by the fact that full span shock generators were not
used in the work of Reference 9,

The results of the present investigation may be summarised as
follows:

1. It is quite important that all experinments on shock wave

boundary layer interactions be carefully checked for two-dimensionality,
S8hook generators which do not completely span the tunnel and weak shook
interactions may exhibit serious cross flow phenomena, These may explain
some of the discrepancies in existing data,

2, Below an incident shock pressure ratio of ~1,7, the inter-
action is similar to the theoretital inviscid cuse, The incident shock s
reflected as a single compresision, no separstion exists, and the pressure

rise on the wall is suooth and complated in about two to three boundary '

layer thicknesses, : —_
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3. 8lipghtly above an incideut shock preseure rutio of 1.7,
the wall statio prufouru oxhibit a "buwup", bifurcation of tho incident
shock ocours, and the reflection changes to a compression, expansion,
compression region. This indicates tlie onsut of uburut.ion. The
incident shock pressure ratio for separution appears to be practically
independent of Mach number of the busis of the results presented herein
and those of Bardsley and Mair and Fage and Sargant,

ke Por incident shock strengths above 1.75, sepuration oocours
lbo\}t two boundary layer thicknesses frou the beginning of the interaction
at a wall static pressure ratio of ~ 2,0. This phenomena is independent

Ml

of shook pressure ratio over the range tested,

5. Between inocident shock pressure ratios of 1.75 to 2,30, the
interaction is characterized by a small separated region, and the inter-
action of the inocident and raflected shock within the boundary layer,

6. Por incident shocks of pressure ratios above 2,3, the
interaction spreads to more than Len boundary layer thicimesses and
there 1s a large separated region. To the first order, inoreased shock
strength changes the soale of the interaction region without changing its
structure, The various resion of the interaction are separated sufficiently
for detailed study.

7« There are considerable discrepancies between the data pre-
sented herein and those presented in Heference 10, This may bs due in
part to the span of the wedges uscd by the latter investigators,
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. AFPENDIX A
CoLO SCHLLGNEN SYSTRH
Sohlieren photozraphy hias proven to be one of the major tools of the
experimental engineer. Although the Schlieren system ic unlitiyo to

density gradients, it provides only a qualitative piocture., Some efforte
have been made to get quantitative dats, but with little success. One
of the drawbacks has been the fact that the eye is not very sensitive to
the gray uoale, Por acourate matching of grays in differeat parts of a

single photograph, photo~electronic techniques must be used,

In an attempt to get a photograph which was easier to exsnine in
detail ~:by eye, and perhaps adaptable w‘ quantitative studies, a oolor
Schlieren system was set up. The use of oolor Schlieren is not new and
several aolor photographs have been published over the yoars. To the
best of the authors' inosledge, all these pictures were taken with

- pelatively long exposures because of the slowness of the color film,

These long exposures, while producing the desired colorful pictmo. nade
the method unusable as a research tool Lecuass of tlie “emearing out® of

the fine detail caused by slight oscillations., With the rather oconventional
system used in the present investigation and the special mi processing
desoribed in Appendix B, high quality color Sehlieren photographs have

been taken with rxposure time of the order of one microsecond,

The final photoyraph is one in which a density ggad}cnt is distinguished

by a particular color and the system can be so adjusted to aﬁo cilorﬁ“i‘f ““”‘:—-

of the spectrum for any desirud range of gradients, For exanple, & boundary
layer can be made to be seen as roin; from preen at the outer edge, through

yellow and oranye to red at the wall,
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The color technique has beon particuluarly useful when tliere are strong

interactions of compression and expansion waves, boundary layers and

separated rexions, For such canes, the oystem provides high sensitivity

without overloading troubles, ‘
’rho optical apparatus used wus an adaptation of the conventional
two mirror system (see fiyure bolow). Tho chunies consisted of,1) the

use of a "line" spoctrum of iight. instead of a point source at the focal

point of mirror A, and 2) the replacement of the knife edge at the fooal
point of mirror B with one adjustable slit to peruit the selection of

background color and sensitivity,

B L LR S,

e A .Hf..—.qQ_w‘««w
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The two spherical, concave mirrors, A wd U, had a focal lenith of 100
inches and a diameter of 12 inches. 'The objective lens, D, is an achromat !
of 9 3/k inches loccl lensth. Thin resulted in an imuge approximately 1/10

the size of the objoct wiilcli wus necoasury to obtain a strong enough

concentration of lirht to evyoue tie film,
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The 1light aqu}co was & Lidsh presiure upurk consisting of two stoel
conical vlectroies suparatad by a lucito spacer, Maximum 1irht wau obtained
by using a 3/32" orifice in one electiode und « 3/32" hole throurh the
lucite spucer, Tho diuchai:ie of a .25 .ik'd odl filled condonsor, charied
to approximately 15 KV, acrosu the ubove upark guve a satisfactory film
exposure in about one microsecond, Condenser lense L) wuy used to produce
parallel light which was pavsed through a direct view prism, and lens Ly

oconverged tiie 1i,ht to produce the line spectrum,

15 kv
"‘i direct viow prisa line spectrum
source
S 7
spark

L, L,

The diveryence of Lhe prism and the focal length of lense L, deter-
mined the opread of the lire spectrum, In the apparatus used, the spread
of the spectrum vas approximately 3/4 i/chus, It should not be felt that
use of a direct view prism is mandatory. A regular prism, a constant
deviation prism, or a course diffraction grating could be used equally well
to obtain the desired line apectrws, Depending on the tunnel size, density
lavel, and phicnomena to he studied, the len;th of tho spectral line and

+.dth of the slit cun be adjusted to sive the full uneel.al cproud,
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- Once a eatiérhtqw color phot.ogrhph or transparency hay boun obtained,
it soems quite possidble to obtuin som¢ quantitative data, 1f the color
transparency is printed on a single sheot of ordinary developing paper

(black and white) by successively exposing through a series of narrow color

filters, & pattern of lines will be obtained. Luch line is mude by the
light of s particular narrow frequency range (color) determined by the

. filter. The resulting photograph would be similar to an interferogram except

that its lines would be of constant gradient ruther than constant density,
t An undisturbed boundary layer or a lense in the optical field could provide ‘
3 a calibration curve, These possibilities are presently being investigated.
t‘ They include, however, the small optical difficulties of being integrating
machines and suseptible to diffraction and non two=dimensionality errors,
: The corrections appliod to interferogrums must also be used here,
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APPEDIX B
Sylvester Hight

In working with a color Uchilieren system, one is imuediutely confronted
with the problem of lisht, both as to quality aud quantity, In its use for
investigating the boundary layer phenomena under consideration, the exposure
tine muct be of the order of one to two uicroseconds. In order to obtain
exposures of this short duration, a spark is the logical choice.(Appendix A)
Although this source did not produce enough light to give a properly

‘exposed picture, it at least was close enough so that further manipulation

of the photographic phase was able to produce the desired results,

There are available several films which can be used to produce color
transparencies. They are ikxtachrome, \nsco=Color, and Kodachrome.
Kodachrome would be the ideal cholce were it not for the fact that the
1llumination was of threshold value. This would require special developing
techniques which could not easily be applied by the Kastman Kodak process-
ing plants, This, plus the ddsy that would be involved in the treansporta-
tion of the exposed materials to and from the processing laboratory, dictated
the choice of Extachrome sheets which ocould be processed immediately in

the uvailable darkroom, This particulur film shows a very long scale with
good gradations of color and fairly wide latitude,

The film is available in both ddyligm and indoor balance. On first
assumption, it would suvem that daylirht film would be the logical choice

since the spark source used emits a 1irht that is visually quite blue and

approaching daylipht in quality, Actual experimunt, however, indicated
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that indoor type film, with its greater blue sensitivity, gpave the desired
results without the concomnitant durkening and degradation of the blues

in the picture. This is, apparently, a manifestation of the reciprocity
law fallure, One would expect the effect to be greater on the panchromatic
sensitised layer which is ultinmately the producer of the ocyan dye image,
It should also be a function of the color of the original 1light source,

This is due to the fact that the blue in the spectium is spread out more

then the othor colors, theredby reducing the intensity per unit area,

In the ocourse of trying to increase the sensitivity of the system,
several systems were tried to increase the speed of the film. Hyper-
sensitisation with mercury vapor was used along with inoreased dmlopm
time, Both methods can be used, but caution must be exercised to see that
they are not overdone. Hypersensitisation produced the greater inonm

'4n speed but had to be carefully controlled since it also produced the

undesirable result of desaturating the blacks and the colors, It was
found that hypersensitiszation for a period of 12 hours was about maximum
and even for such a short period there wus marked desaturation present,

Much longer periods in the mercury vapor gave results that were entirely

unusable, o o

Longer developing times, intlie long run, proved to be the most profit-
able course to follow, In normal usaye, lktachrome film can be developed
in about an hour. The first step would be to develop in the first devel-
oper for about ten minutes, This results in a black and white neyative

image, The film is then rinsed and placed in the hardener bath for three
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to ten minutes, After three minutos in the hardener, which also acts
as a stopbath, the room 11, hte cun bo turned on. The balance of the pro=
cedure is then carried on under full illumination. The fils, at this
point, is exposed to the light of a photoflood luump for five seconds per
side at a distance of one foot., This is to completely expose any remain-
ing undeveloped silver halide in the three layers. From this point the
color developing is continued as per instructions.

With the spark and optical set-up used, first developer times had to
be inocreased to the order of 13 to 2 minutos. Tiues of this order did

not appreciably alter the color balmgo of the picture and maintained good
background saturation. This was the only time that had to be changed,
since the increased developin at this stage resulted in increased contrast
density of the original negative image. This gave a positive which was
lighter and more normal in aﬁponrmco. If still more increase in speed
were necessary, it would be possible to decrease the tiue of the reversal

exposure and continue the proceiving in the dark. The result of this would

be to give a fairly normal appearing positive despite the very weak negative

image on the film, It was felt, lLiowever, that since perfect results could

be obtained merely by increusiny development time slightly, any resulting

benefit from decreasing re-exposure tine would be more than offset by the
difficulty of maintaining proper temperatures and manipulating films in
the dark.

The films were all developed in a tray by shuffling constantly in

el

all of the solutions, During the development procedure, cach film was

lifted complutely out of the developinr solution in order to perumit aerial
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oxidation each time it wus nondled, This resulted in an appreciable increase

in density (in tlie negative inage) without a correspondingly great increase
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in developing time.
It should be mentioned in pausing that one will encounter quite a
bit a variution in producing color pictures for several reasons. First,

color film is not oconstant in response from one batch to another, It
would be advantageous to purchase enough film of the same emulsion number
to oomplete a series of photographs, Seoondly; the spark does not deliver
a constant output from day to day or from pict.uu_to picture dus partly
to atmospheric conditions. The variations within s pnrt.iculu sequence
are usually not great enough to ruin the set, This instability of the
spaxk 1s accentuated by increasing the glovolcpin; time, which raises the

e*.ne of the film's characteristic 'curyo. For these reasons, it was

-found oconvenient to make several dumamy pictures right after the regular

urtu'wn completed, These dumanies were developed for varying times and
from these results, the best tiie was determined for the developing of
the test set. With a good deal of experisnce, a skilled operator might
be able to judge proper thiu from the density of the negative image
Just before re-exposure, lb\;\)ovor, the determination of final color
balance cannot be made this way. Once a satisfactory black and white
negative has been obtained, the remainder of the color developing proced-

ure is nomal,
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Pgure 2 Shock Generators
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Figure 3 Sketch of Interaction and Wall Static Fressure
Distribution for Narrow Wedge
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Spanwise Static Pressure Distribution for Several
Shook Positions for Narrow Wedge




THEORETICAL
A T T !

Mgure 5 Sketch of Interaction and Wall Static Pressure
Distribution for Mull Span Wedge
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Fgure 6 Spanwise Static Fressure Distribution for Several
Shock Positions for Mull Span Wedge
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Figure 7 Wall Static Pressure Distribution for 7° Shock
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Figure 8 Wall Static Pressure Distribution for 89 Shock
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Pigure 9 Wall Static Pressure Distribution for 9° Shock
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Pigure 10  Wall Static Pressure Distribution for 10° Shook
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Plgure 11  Wall Static Pressure Distribution for 11° Shook o
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Pigure 12  VWall Static Pressure Distribution for 120 Shock
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Mgure 13 Wall Static Pressure Distribution for 13° Shock




Fgure 14  Wall Static Pressure Distribution Jor 14° Shock
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Pigure 16 :ilmmcuc Pressure Distribution for Ald Strength
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Pigure 17 Effect of Downstrean Disturbances on Intersstion
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Pi,rure 18 Optical Studies of the Interaction of Varying
Strength Shock Waves with Turbulent Boundary layer
Sellieren Photoyraphs (Horisontal Cut-off)




Figure 18 Continued Schlieren Photographs (Horisontal Cut-off)
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Pigure 18 Continued Schlieren Photographs (Horisontal Cuteoff)
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- Mgure 19 Colored Schlieren Photograph of Interaction for
139 Shock
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Pgure 25

Mach Nuamber Profile Throu;h the Doundary Layer at

Various Stations
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