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ABSTRACT 

An experimental investigation of the interaction between a turbulent 

boundary layer and a shock wave generated by a sharp f i n  with leading 

edge sweepbeck was performed. The inooming flow was at Mach 2.96 and 

at a unit Reynolds n m h r  of 63 x lo6 rn-'. The approximate incoming 

boundary layer th i ckness  was either 4 m or 17 nun. The fins used were 

at SO, 9' and 1~~ incidence and had leading edge sweepback from o0 to 

€is0. The t c s t s  consisted of surface kerosene-lampblack streak v i s u a l i -  

z a t i o n ,  surface pressure mcasurerncnts, shock wave shape determination 

by shadowgraphs, and l o c a l i z e d  vapor-screen visualization. The up- 

stream i n f l u c n c c  Xcngths  of t h e  fin interactions were correlated u s i n g  

viscous and i n \* i sc id  flow parameters. The parameters a f f e c t i n g  the 

s u r f a c e  features close to t h e  f i n  and away from the fin were also 

identified. Essentially, t h e  surface features in the f a r f i e l d  were 

found to bc con ica l .  
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t. 
1 ncep 

length measured along the inviseid shock wave 
location on the t e s t  surface for inception of 
conical (or cyl indrica.1)  surface features 

length measuxed along the inviscid shock wave 
on the test surface 

upstream influence length measwed from the 
inviscid shock wave location on the test sur- 
fbce in the  freestream direction 

upstream i n f l u e n c e  length measured from the 
inviscid shock wave location on the test sur- 
face normal  to the shock wave 

normal upstream influence length at the incep- 
tion to conical s ~ m c t r y  

incoming freestream Mach number 

con~ponent of the incoming frccstream b:ach numher 
normal to the inviscid shock wave location on 
t h c  t e s t  surface 

static pressure 

stagnation pressure of the i n c o m i n g  flaw 

s t a t i c  pressure on t h e  t e s t  surface 

static pressure of t h c  incuninq frecstream flow 

i n v i s c i  d pressure ri sc acrcss the shock  wave 

u n i t  Reynolds numLxr 

Reynolds number hascd on ttrc avcragc undisturbed 
h o u n d a q  layer thickness t h r n u g h  the interaction 
region 

Reynolds number based on tllc incoming boundary 
layer thickness 

Cartesian coordinate system for  fins (see 
Figure 21) and delta w i n g s  (see Figure 20) 
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x, = x - y cot f3, 

haf = la,' - a,) 

abscissa measured from #e inviscid shack wave 
Location on the t e s t  surface 

fin or ramp angle of attack 

fin angle measured perpendicular to t h e  leading 
edge 

effective f i n  angle 

ramp angle measured perpenrlicular to the leading 
edge 

inviscid shock wa i.2 ;.\ngle from the freestream 
direction on the ,zest  sri:.'face 

measured invisc:icl s'l:oc)- wave angle on the test 
surf ace 

inviscid shock wave angle an calculated from the 
perfect gas shock tables 

boundary layer thickness 

boundary layer thickness at the beginning of the 
interaction 

boundary layer thickness averaged over the free- 
stream ex tent  of the interaction 

local boundary l a y e r  thickness 

boundary layer displacement thickness 

difference between the effective fin angle of 
attack and t h e  measured fin angle of attack 

difference between the  inv i sc id  shock wave angle  
and t h e  calculated inviscid shock wave angle 

correction to t h e  ordinate to locate the  apparent 
origin fox correlating quasi-conical surface flow 
features 

angle made betweer. the y-axis and the shock wave 
on the t e s t  surface 

sweepback angle  

f i n  sweepback angle 
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ramp sweepback angle 

Mach angle 

streamwise direction measured from W e  nozzle 
throat of the wind tunnel 

angle made by the surface lampblack streaks with 
the freestream direction 

angle made by an inclined planar shock wave w i t h  
the freestream direction 
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Chapter 1 

INTRODUCTION 

The interaction of a shock wave with a boundary layer was first ob- 

served more than forty years  ago. Subsequently, a large number of 

experiments have been done to  stutly such an interaction. Examples 

of such interactions are those occurring at wing-fuselage junctions 

and deflected control surfaces of supersonic aircraft, those in 

supersonic engine inlets, and those on trar.sonic wings and turbo- 

machinery b l a d e s .  These interactions can cause intense local heat- 

ing and increased dxag, or undesirable control and stability 

characteristics. Heace, t h e s e  interactions need to be understood so 

t h a t  they can be predicted r o u t i n e l y  and controlled. but there  i s  

yet no comprehensive theory to relate all aspects of the problem. 

The analytical methods and empirical rules that are available cannot 

even predict the interaction between a boundary l a y e r  and the shock 

wave generated by a simple geometry accurately, Therefore, research 

into shock wave boundary layer i n t e r a c t i o n s  is necessary for practi- 

cal purposes and for understanding the underlying physical processes. 

Shock wave boundary layer interacticns are usually classified as 

two-dimensional and three-dimensional types in analytical and 

experimental s t u d i e s  although two-dimensional types can hardly be 

expected in reality. In experiments on two-dimensional interactions, 

the three-dime~:sional e f f e c t s  are found at the edges of the interact- 

- 1 - 
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ion region. In instances encountered in aviation, three-dimensional 

effects occur at junctions or ends. An important exceptiarj to this 

is the shock wave interacting with the boundary layer on the uFper 

surface of a transonic wing. In flowfield modeling, it is often as- 

sumed that a region exists between the root and the tip of the wing 

where the flowfield is two-dimensional in a plane normal to the 

7% illinrr .9ge. 

1.1 lWO-I?IPLENSTONAL INTERACTIONS 

More s t u d i e s  have been done on two-dimensional interactions than on 

three-dimension??. ones and there is now a good understnnding of the 

two-dimensional problem. Two-difncnsional experiments have covered a 

wide range of parameters including the large keynolds numbers app- 

roaching full-scale flight values. Recent experiments, making use of 

imsrovcd instrumentation techniques and data acquisition systems, 

have examined these interactions in detail and provided data to test 

analytical and numerical studies. The latest developments in analg- 

tical and numerical model ing  have been reviewed receri t lp by Adamson 

and Plessitcr (1980) and NacCormack and Lomax (1979) . 

Previous studies of two-dimensional interactions have identified 

some features which arc relevant to the present study of a three- 

dimensional inskraction. These features will now be discussed. In 

i n v i s c i d  two-dl.mcnsiona1 flow, an incident shock wave on a solid 

wall or a shock wave due to a disturbance on the wall produces a dis- 
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continuity in pressure a t  the surface. But in a viscous flow, the 

boundary layer interacts with the shock wave to spread odk the pres- 

sure discontinuity. The wall static pressure starts to rise up- 

stream of the theoretical location of the inviscid shock wave on the 

well, e-~entually reaching the inviscid v a l u e  sane distance downstream 

of ̂ he shock wave locatior.. The cause of the upstream effect is the 

self-sustaining interaction between the viscaus layer close to the 

wall and the inviscid outer stream, according to Lighthill's theory 

( L i g h t h i l l  (1953) and Stewartson and Williams ( 1 9 6 9 ) ) .  

The poin t  upstreair of the shock wave where t h e  prcssure rise is 

first detected is called the upstream influence of the shock wave. 

It is normally measured from the location of the shock wave at the  

w a l l  assuming an i n v i s c i d  flow, Since t h e  interaction starts at the 

upstream i n f l u e n c e ,  t h e  upstream influence is an important quantity 

to be measured. Tfie usual method of determining this is to f i n d  the 

intercept of the tangent to the m a x i m u m  pressure gradient with t h e  

freestream pressure (Figure 1). me upstream i n f l u e n c e  can be 

determined from surface o i l  flow patterns a s  well. An o i l  flow pat- 

tern is formed when an oil-pigment mixture (such as kerosene- 

lampblack) which is painted on' the t e s t  surface is driven by the  

wind t u n n e l  flow. The upstream influence can be i d e n t i f i t i d  on the 

pat te rn  as the first occurrence of disturbances from the i n t e s n c t i o n  

to the  incoming oil flow. 

By i n c r e a s i n g  the strength of the shock wave, the adverse pressure 
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gradient eventually causes the flow near the surface to stop. The 

boundary layer  is then on the verge of separation when tMs happens 

and further increase of the shock wave strength causes the boundary 

layex to separate. A separat ion bubble is formed where the mean 

flow close to the surface is presumed .to be reversed to  the  incoming 

freestream flm. Significant pressure losses and high heat transfer 

rates may occur in such a separated region. Therefore, there is 

practical interest i n  preventing separation. But prediction techni- 

ques which soinetimes work w e l l  for attached flows cannot usually cope 

with separation. This is  because, in general, the boundary layer 

equations are no longer valid i n  the  region of the separation bubble 

since the assumptionr in deriv ing  these equations no longer apply. 

There are many experimental  technityes to detect incipient separa- 

tion and the separation point .  One t h a t  is c m o n L y  used is due to 

Kuehn (1959): separation occurs when a kink is observed in the sur- 

face stat ic  pressure distribution. An example is shown for a ramp at 

an incoming freestream Mach nunber, M,, of 2 . 9 5  i n  Figure 2 (Settles 

(1975)). With a small ramp angle (for example, 10'1, the shock wave 

was found to be weak and the boundary layer remained attached; t h e  

interaction region was small aha localized. Using Kuehn's criterion, 

Settles found that incipient rcparation occurred when the ramp angle  

was between 1s0 and la0. W i t h  larger ramp a n g l e s ,  for example, 20", 

the increased shock wave strength resulted in the formation of a 

separation bubble. There was  then a kink i n  G.he surface pressure 
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distribution. Figure 2 also gives an indication of the effect  of the 

shock wave strength on a two-dimensional interaction. me, the nor- 
malized upstream influence length, L~/&*, had increased from O(0.1) 

f o r  a weak shock interaction to 0(1) for a strong shock interaction. 

1.2 THREE-DIMENSIONRL INTERACTIONS 

Compared with  two-dimensional interactions, present knowledge of 

three-dimensional interactions is minimal. Only within the last 

decade were such studies performed in earnest. A difficulty in these 

s t u d i e s  is the variety of interactions that can occur in three- 

dimensional flow. *Therefore, attempts to c las s i fy  these  interactions 

or to search systematically for the key parameters that govern them 

are d i f f i c u l t .  

The l a c k  of attention on three-dimensional interactions is not due 

to their unimportance but rather due to t h e i r  supposed intractability, 

Most investigators pursued the traditional approach of first studying 

two-dimensional interacti~ns under the presumption that an under- 

s t a n d i n g  of two-dimensional interactions must precede and w i l l  enhance 

the understanding of three-dimensional ones. Such attempts may be 

successful if the  inviscid flowfield is geometrically degenerate, for 

example, if it is conical. In t h i s  case, the  number of spatial di- 

mensions is reduced from three to two so that the inviscid flowfield 

is two-dimensional. 

An example cf a three-dimensional  interaction i s  one that is in- 
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duced by a sharp vertical fin (Oskam ( 1 9 7 6 ) ) .  Figure 3 sbows the  sur- 

face pressure dis tr ibut ions  a t  a spanwise distance of 57 rim (2.25 in) 

from the apex of the f i n  for d i f f e r e n t  f i n  angles of attack.  Although 

the incoming freestream conditions were similar to those of the two- 

dimensional ramp experiments of Settles (1975), this pressure distri- 

bution differed from that of Figure 2.  The normalized upstream in- 

fluence length,  LU/6, was approximately O(10) and remained almost con- 

stant with increasing fin angle of attack (or, equivalently, with in- 

creasing shock strength) .  Dolling and Bogdonoff (1981) found that an 

appropriate scaling parameter for the upstream influence in such a 

swept i n t e r a c t i o n  was the normal component of the incoming freestream 

P:ach nurnber to the f rees t ream shock wave.* In addition, an important 

step i n  understanding three-dimensional interact ions  i s  the choice of 

a suitable coordinate system for p l o t t i n g  the d a t a .  Tkius, Dolling and 

Bogdonoff measured the upstream influence normal to the inv i sc id  shock 

wave extrapolated t o  the test surface. 

1.2.1 Swe7-t Shock Wave Boundary Layer Interactions 

nree-dimensional interactions can be broadly divided into geometrp- 

dominated interact ions  and non-geometry-dominated interact ions .  

Examples of the former include those induced by blunt protubtranccs in 

supersonic flow and are not considered in the present study. Non- 

- 
*The freestream shock wave locat ion could be either calculated from 
inviscid theory or determined experimentally by optical methods. For 
brevity, the shock wave determined by either of these methods w i l l  be 
called the inviscid shock wave.  
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geometry-dominated in terac t ions  have features which &re affected by 

flow parameters only. An example is the interaction cauhd by a sharp 

f i n  in supersonic flow where the f i n  dimensions arc  large compared to 

a s ignif icant  dimension of the i n t e r a c t i o n  such as i t s  boundary layer 

thickness. A non-geometry-dcnninated interaction w i l l  depend on, fox 

ins tance ,  incoming Mach number, shock wave strength and o r i e n t a t i o n ,  

Reynolds number and boundary layer thickness. The absence of geometr- 

ical parameters may affoxd some s i m p l i f i c a t i o n  to the non-geometry- 

doninated problem. 

Far some non-geometry-dminated i n t e r a c t i o n s ,  t h e  inviseid f l o w  is 

conical in nature,  tha t  is, the flow properties &re constant along a 

rap. The interaction region may also be c o n i c a l  so that t h e  interact-  

i o n  grows w i t h  span (Green (1970)). Green distinguished, in addition, 

the possibility of cylindrical interactions. In t h i s  case, the i n t e r -  

a c t i o n  is af fec ted  by flow parameters normal to the inviscid shock wave 

on ly  and t h e  i n t e r a c t i o n  remairrr; constant elong the span of the inter- 

ackion. Further simplification i n  the t h e o r e t i c a l  analysis m y  then 

bc possible. 

1.3 SOME; STUDIES OF SWEPT SH&K WAVE INTEMCTZONS 

Soae previous studies of t h e  interaction between a swept shock wave and 

a turbulent boundary layer will now be discussed. These studies used 

geometries that induced inviscid flowfields which were e i t h e r  conical 

or cylindrical. A brief summary of t h e  earlier, m o s t l y  exploratory 
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s tud ies  will be made followed by a d e t a i l e d  discussion of recent 

studies done at Princeton University. 

Two points of caution need to be mentioned concerning the past 

studies. F i r s t ,  there w a s  a tendency by same early investigators to 

infer the whole flowfield from the surface phenomena without a dc- 

tailed flowfield exploration. For instance, based on the surface oi l  

f l o w  patterns of the shock wave boundaxy layer in t erac t ior ,  caused by a 

sharp fin, Korkegi (1976) inferred t h a t  (depending on the fin angle of 

attack) one or two vortices existed in the interaction Ion. Since 

the basic physical processes of shock wave boundary layer interactions 

were, and still are, poorly understood, this was t o o  general a conclu- 

sion to make. 

Secondly, the documentation of flow conditions and wind tunnel 

interference was poor in some of these studies. The flow conditions 

must be stated precisely to enable comparisons to be made w i t h  other 

experiments under different conditions. Various claims of the nature 

of t h e  i n t e r ac t i on ,  be it conical or cylindrical, were suspect upon 

examining the data because of the l i m i t e d  width of the test section 

and the consequent tunnel wall interference. In part icular ,  for fin- 

induced interactions, there wdre contradictory reports on whether the 

upstream influence ox t h e  en t i r e  interaction r e g i o n  grew w i t h  in-  

creasing distance measured along the inviscid shock wave location on 

the test surface. In same cases, the  l imited tunnel dimensions pre- 

vented the interaction region frcm developing sufficiently to deter- 
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mine if the interaction was conical or cylindrical. 

Figure 4 summarizes some of the relevant detai l s  of w e e  studies 

to illustrate this point. Stanbrook (1961) euggested that the inter- 

action was still spreading at a spanwise distance of 106 frm the 

fin. But he also assumed (without evidence) that at further distances 

from the fin, the interaction approached a cylindrical Form. Famabe 

(19661 found t h a t  the interaction tended towards cylindrical symmetry 

after 196 along the shock. With the fin mounted at the centerline of 

a tunnel t h a t  was only  100 mm ( 4  in) or 286 wide, tunnel wall inter- 

ference had probably marred McCabe's results. Finally, Law's (1975) 

experiments with an incoming flow at Mach 5.9 showed that the inter- 

action was conical as far as 306 measured along the shock wave. Thus, 

based on these studies, no d e c i n i t e  conclusions can be nade on the  

f a r f i e l d  naturt  of t h e  i n t e r a c t i o n .  

An early study of a three-dimensional interaction was performed by 

Stanbrook (1961) who investigated interactions between a sharp fin- 

induced shock wave with a turbulent boundary layer at Kach numbers from 

1.6 to 2.0. The experiments showed that there was a :panwise spread 

of t h e  interaction and that, throughout most of the region, the inter- 

action started further ahead of the freestream shock wave i n  contrast 

with a two-dimensional interaction with the same shock wave. The 

l a rge  upstream influence was assumed by Stanbrook to be partly due to 

disturbances propagating along the local Mach cones from the apex. 

These Mach cones became more obtuse close to the t e s t  surface as the 
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Mach number approached one. Therefore, the disturbances cfosest  to the 

test surface would propagate inore i n  the spanwise d i r e c t i w  than those 

above. In addition, part of the cause was attributed to the propagat- 

i on  of disturbances within  the subsonic portion of the boundary layer. 

Stanbrook noted that the in terac t ion  w a s  three-dimensional up to 106 

from the shock genzrator. However, Stanbrook did not distinguish i f  

the region s tudied was close to  the f i n  where geometrical parameters 

were important or if the xegion was i n  the f a r f i e l d  where f l o w  para- 

meters were important. The d i s t i n c t i o n  of a near field (geometry- 

dominated) and a f a r f i e l d  (non-geometry-dominated) i s  relevant in the 

study of three-dimensional interactions (Teng and S e t t l e s  11982)). 

From the surface o i l  flow, Stanbrml; also found t h a t  when t h e  free- 

0 0 
stream was d e f l e c t e d  between 7 . 5  and 8 , the  maximum d e f l e c t i o n  ang le  

of the surface streak pattern was equal to  the i n v i s c i d  shock wave 

angle. Stanbrook def ined t h i s  tt, be separation. At sepaxation, the 

inviscid pressure ratio across the shock wave was found to lx about 

1 . 5 .  

Zubin and Ostapenko (1979) placed surface pressure tappings in arcs 

centered at the t i p  of a fin mounted vertically on a flat plate. The 

8 0 
fin angles varied from 5 to 22.5 . A t  an incoming freestream Mach 

nttnber of 2 . 9 5  and a unit Reynolds number of 0.16 x 10' m-I (4 .0  x 

106/in), t h e  surface pressure along a ray from the apex was found to 

be constant except for a reg ion  near the apex. Zubin and Ostapenko 

considered that the size of the non-coniczl apex region depended on 
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the unit Reynolds nmiber: w i t h  a large unit Reynolds number, this re- 

gion was found to be small. 

Zulin and Oskapenko also examined three-dbnensianal separation using 

Stanbrook's (1960) separation criterion. Sepaxatior. was found to occur 

a t  a fin angle of attack of 6 .so. This was camparable to the value of 

6O t h a t  McCabe (1963) obtained w i t h  an incoming flow at a Mach number 

of 2 . 9 6 .  A t  these angles, the inviscid pressure ratio across the  shock 

wave was approximately 1.6. A t  larger f i n  angles (above 12.5~) , a 

secondary separation line was observed which disappeared when the fin 

angle of attack reached 2 2 . 5 O .  Zubin and Ostapegko mentioned t h a t  this 

was also observed by Zheltovodov (1976) who, in addition, found that 

the secondary separation region reappeared a t  a higher s trength  (incom- 

ing Mach n&,lber = 3, fin angle of attack = 30°) . A t  the moment, t h e  

features associated with the  secondary separat ion  fine are n o t  well 

~ ~ i Z ~ r q t m d .  

Integral boundary layer methods, which assumed inviscid two- 

dimensional flow, have k e n  formulated by Causteix and Houdeville 

(1976) and Mgring (1977) to analyze swept interactions. These authors 

assumed an inviscid two-dimensional flow to  simplify t h e  theoret ical  

analysis. Integral methods are adequate as a means of characterizing 

t h e  gross aspects of  a boundary layer .  The usual limitation of such 

methods is the lack of detail, especially when changes are occurring 

rapidly. On the o t h e r  hand, they are simple and do not require the 

solution of a large s e t  of equations. 
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In deriving the integral relationships, Cousteix and Houdeville 

(1976) assumed that the wall pressure distribution was datemined 

beforehand by experiment. The continuity and momentum equations and a 

three-dimensional mixing length scheme (in which the effective turbu- 

lent stress was assumed to be in the name direction as the laminar 

stress) were used in the ealculatians. The coordinate system that was 

used for the momentm equations consisted of an axis in the shock wave 

direction and another in the freestream direction. Cousteix and 

Houdeville first verified their analysis with a two-dimensional inter- 

action using experiments that they performed with an incident oblique 

shock wave at Rm = 1.92. Good agreement was found between the ealcu-  

l a t e d  and measured momentum thicknesses as long as the shock wave was 

not s t r o n g  enough to cause (two-dimensional) separation. To apply the 

method to t'nree-dimensional i n t e r a c t i o n s ,  the derivat ives  parallel to 

the shock wave were assumed to be zero -- this is a two-dimensional 
assumption. Cousteix and Houdeville compared t h e i r  three-dimensional 

analysis w i t h  experiments t h a t  they performed a t  Hm = 2 . 3  using s 

sharp fin as a s h o c k  generator. The predictions of the longitudinal 

and transverse momentum thicknesses and the  form fac tor  were good a t  

small fin angles of attack, &coming worse when the angle of attack was 

6O. A t  this angle, the flow was close t o  separa t ing .  Separation was 

d e f i n e d  as  a convergence of surface streak l i n e s  i n  the surface o i l  

flow patterns and not as an occurrence of a l i n e  of zero shear stress. 

Cousteix and Houdeville found tha t  separation occurxed when the  f i n  
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0 
angle of attack was 7 at which angle  the incoming Mach number nonnal  

to the freestream shock wave was 1.2. 

In another study using integral m e t h o d s ,  Myrina (1977) analyzed the 

c y l i n c l r i c a l l p  spnetxic interaction of an infinitely long swept shock 

wave w i t h  a boundary layer. A separation line was assumed to form 

which was parallel to the shock wave. The surface shear stress st the 

s e p a r a t i o n  l i n e  was also assumed to be p a r a l l e l  t o  t.he shock wave. By 

taking advantage of the simplification afforded through the two- 

dincnsional form of the interaction, Myring derived i n t e g r a l  relations 

to  predict the occurrence of separation. The a n a l y s i s  showed t h a t ,  for 

interactions involving swept normal shocks, there was a relationship 

between t h e  shock  s t r e n g t h  required to provoke separation and the shock 

sweep. Thus w i t h  a Yach 2 incoming flow, Myrihg agreed witb the corre- 

lation rroposed by K0rkeg.i (1973) that  separation occurred when the  i n -  

viscid prcssure rise  through the shock wave was about 1.4. In other 

words, this was t h e  same as the normal incoming freestream Mach numbcr 

of 1.2 obtained by Cousteix and Houdeville. 

A t  P r i n c e t o n  U n i v e r s i t y ,  research i s  c o n t i n u i n g  on non-gcometq-  

dcmina tcd  interactions caused by swept ramps and fins. The original 

experiments of Settles (1975) using two-dimensional ramps wcre cxtcnded 

to i n c l u d e  sweepback (Settles and Perkins (1980) and Settles et al. 

(1980 and 1981)). Settles et a 1 . ( 1 9 8 0 )  performed some prelirninaq stu- 

dies on interactions at E:m * 3 using swept compression ramps. From 

surface flow visualization, the interaction region away from the up- 
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s t r e a m  end of the  corne; was found to be cylindrical at small sweepback 

0 
angles (A, < 30 ). Settles et a l .  (1900)  also presented durface pres- 

sure distributions for a ramp w i t h  a streamwise compression angle of 

16O. The pressure distributions showed that the interaction was c y l i n -  

drical for corners that were swept back less than 40°. S e t t l e s  and 

Perkins (1981) took additional surface pressure distributions of var- 

ious swept ramps; some examples for a ramp a t  an angle of 24O to the 

0 
incoming freestream direction (5 = 24 ) are shown in Figure 5 .  The 

r 

pressure distributions took on a different form (similar to  that of 

three-dimensional interactions generated by f i n s )  when the sweepback 

of the ramp increased.  !i%us, a t  a spanwise distance of 95 mm (3.75 in1 

from the tip of the ramp, the normalized upstream influence l e n g t h ,  

L 1 6 ,  was less than unity when the ramp was swept back from o0 to 20°. 
U 

0 
But LU/6 = 3 when the ramp w a s  swept back to 60 . These d i f f e r e n c e s  

had been studied by Settles et al. (1980) who found that, away from 

the incipient region of the upstream edge of the ramp, either a c y l i n -  

drical or a conical interaction region could arise depending on the 

ramp sweepback. Later experiments of Settles et a l .  (1981) were done 

with a boundary layer either 2.5 mm (0.1 in) or 15 m (0.6 in) thick, 

and at two unit Reynolds numbe'zs of 63 x lo6 m-' (1.7 x 106/in) and 

187 x 1c6 m-' (4 .75 x 106/in). For fixed corner and sweepback angles 

(a, and 1,) and a t  a given incoming Mach number (M, = 3 1 ,  the upstseam 

in f luence  length measured from the l eading  edge of the ramp, L,, was 

found to depend on the unit Reynolds n-r, R e ,  and the boundary layer 
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thickness, 60, only. Xn the f irst  part of their study, Settles et sl. 

found by dimensional analysis that for a two-dimensional $nteraction, 

1/3 
f;, Re (two-dimensional; 

M, = 3, a, f ixed) (la) 
2/3 

6, 
r 0.9 exp (0.23 a r 1 ,  

They mentioned that the accuracy of this relation dropped w i t h  in- 

creasing ar because the powers of Re and 6, should not be constants 

in reality but should be weak functions OF a,. The values of the 

powers used were t h e  averages obtained from experiments a t  Mach 3 and 

were n o t  tested through a range of Mach numbers. 

By similar dimensional arguments,  Settles et a.1. found that for 

swept conpression ramps, 

L Re l I 3  1/3 
U 

? a ? A*, M, 
2/3 

2/3 r 

6 1 0 c a ~  local 

where y was the distance frm the tip of the ramp in the  spanwise 

direction. S i n c e  the i n t e r a c t i o n  c o v e r e d  a large stream~ise distance, 

the local undisturbed boundary'layer t h i c k n e s s ,  6 , was used in- 
local 

stead of a constant incoming u n d i s t u r b e d  boundary layer thickness, 

6 Equation ( 2 )  thus s ca l ed  the  upstream influence l eng th  in both 

the streamwise and the spanwise directions for fixed a=, A, and &. 

Prior to studies of interactions caused by swept ramps, Oskam 
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(1976) carried out extensive and detailod flovfield measuromento of 

t.he three-dimc?ns.ional interaction caused by ~ h s r p  fine at'&, - 3 .  

Oakam'r ntudy ahwed  that  the interaction axtended for & large vert i -  

cal distance measured frau the t e s t  s u f s c e  w i t h  the affects of vis- 

c o , i t y  confined close to the rurfaca.~ Further, O s k ~  was unnble to 

detccp, MY vortices in h i s  fluwfield surveys. AB mentioned pre- 

viously, models based on the rolling up of a shear layer into one cr 

more vortices had bee-, proposed by ocnne investigators. Based on his 

observations, O g k m  concluded that mast of the interaction region 

consisted of wavc interference with only a t h i n  layer of high ly  dc- 

flectcd scccndarj flw close to the wall. O s k m  proposed, thcteforc, 

a flovfield rn~adel w i t h  four regions .  The first rcgion consisted of 

the incoming uniform flow and t h e  two-dimensional bowldary layer. 

The next rogion, which fnrmod the major portion of the intcraction, 

consisted of the upstream compression waves and the wave in tcrac t ion  

w i t h  the oblique shock. This rcg ion  was thought to be inviscid and 

ro ta t iona l  m d  to extend downstream of the oblique shock wavc. The 

flow dcflcction in thi; rcgion was n o t  excessive w i t h  t h c  deflection 

a n g l c  k i n g  less t h a n  tht: s h o c k  gcnt:rator angle. The tt i ird rcgion 

was xc.lati\rely t h i n  and cloces't to the  wall; the f l o w  here was de- 

f l e c t ed  spanwise to angles above the  shock qcncrntor angle rcsul t -  

ing in a strong cross flow. Qskam found a a t  v i s c o s i t y  was import- 

ant in t h i s  region. Finally, the last region, which was a h v c  the 

main interaction, encompassed the  weak waves generated ky the intrr- 
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action: t h i s  region then merged into the freestream flow. 

Dolling and Bogdonoff (1901) considered shock sweepback, Ed,, 6 

and Re effects on sharp fin interactioas and devised a correlation 

scheme for the upstream influence lengths. The effect of the shock 

s t rength  on the upstream influence was accounted for by using a co- 

ordinate system tha t  changed with the. sweepback of the shock wave and 

by measuring the upstream infl~ence normal to the shock wave locat- 

ion,  LUn. The upstream influence was assumed to be affected by t h e  

component of the pressure gradient  n0-7na3 to the  shock wave. The 

correlation obtained by Dolling and Bogdonoff was 

where Ls was t h e  di . ,~;tance measured along the  inviscid shock wave lo- 

cation on t h e  t e s t  surface from the  apex of the f i n .  Equation ( 3 )  

was used to correlate the upstream influence lengths of a large number 

of fins for  an M m r  2.95 incoming flow. B u t  the correlation of l a w ' s  

(1575) data at M, = .5.9 was not good because there were insufficient 

data points a t  the  upstream in f luence .  

Besides sweepback and shock s trength,  Dolling and Bogdonoff also 

considered unit Reynolds n d r  and boundary layer e f fec t s  along the  

same lines as  Set t l e s  et al. (1981). The upstream i n f l u e n c e  was 

correlated by 

Lun Re 

-273- 6 local local 
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This correlation scheme was slightly different from that of Set t l e s  e t  

al. Dolling and Bogdonoff measured L (the upstream influence normal un 

to the shock wave location) instead of LU (the upstream influence mea- 

sured parallel to the x-axis),  and 5 instead of y .  These differences 

may not be significant at the small sweep angles (say, X < 30°) in 
r 

the experiments of Settles  st al. since at those angles, LU, m d  1, 

were about the same, and so were Ls and y .  

Although these schemes appeared to correlate the upstream influence 

data, some shortcomings need to be adckessed if further efforts to re- 

l a t e  the disparate swept interactions are ta be undertaken. The up- 

stream influence length used by Settles et a l .  (1981) was measured from 

t ? c  corner. T h i s  was suitable so long as the inviscid shock wave was 

a t t ached .  When this shock wave became detached, the upstream influence 

length measurements of Settles et al. could not be directly compared 

with the upstream i n f l u e n c e  l e n g t h s  of other swept interactions because 

a portion of the measurements was then within the "downstream influence" 

of the shock wave. The upstream influence measurements have to be 

t a k e n  from the inviscid shack wave location as well and t h i , s  has re- 

c e n t l y  been done (Teng and Settles (1982)). 

Limiting a t t e n t i o n  to cases'where t h e  inviscid solutiorl y i e l d e d  

attached shock  waves, the upstream inf luence  data obtained by Settles 

et el. (3981) showed differences arising from the sweepback of the 

shack wave. The spanwise growth of the upstream influence for h i g h l y  

0 0 swept interactions ( e . g . ,  that  due to an car = 10 , A, = 50 ramp) was 
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large and ttrere was a tendency towards conical eymroetry. On the other 

hand, the upstroam in f luence  data from less swept interactions showed 

a tendency towards cylindrical symmetry. These di f ferences  are also 

discussed by Teng and Settles (1982).  

1.4 FEATURES IN THE SURFACE FLOW -- 
Since the present study uses snrface flow visualization, sme of the 

featurns that. have heen observed in the  surface flow will now be men- 

t i o n e d .  As an i l l u s t r a t i o n ,  Figure 6 is a sketch of the pattern due 

to the i n t e r ac t i on  of a turbulent boundary layer with a shock wave 

0 
gcncrated by a sharp fin of relatively large, say, 15 , angle of 

attack. T h e  upstream influence line marks the. first disturbance to 

tile inccuning two-dimtlnsional surface flow. Ttle surface flow is then  

swcpt away from the fin and appears to converge at a line. In the 

l i t c i -a ture ,  this is called the separation line; note t h a t  this i s  un- 

l i k e  t h e  definition for a two-dimensional separation since it is not 

knom if the surface she= stress is zero along this line. Feather- 

like lines appcnr in the sur facc  flow dovnstxcam of the separation 

l.ini: and closcr towards thl: fin, there is a f a i n t  delineation w l l i c l ~  

is oftcn called the rcattacbmc'nt line. For t h i s  interaction, a l i n e .  

(cosurronly csrllcd tllc secondary s c p a a t i o h  line) occurs in the reuion 

dowt.rlstrcm of: the first separation line. The secondary separation 

l i n c  is usun1,ly not found at: smaller f i n  angles of attack.  Besides, 

in a turbulent intcraction, a secondary reattachment linc is normally 
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not seen although it is visible in a laminar one (Cooper and Hankey 

(19741 and Zubin and Ostapenko (1979) ) . According to ~ o r k e ~ i  (1976) 

and Zubin and Ostapenko (1979) ,  the secondary reattachment l ine i s  

close to the secondary separation line. Although these "separated" 

regions are seen in surface flow visualization, not much is known at  

present  of their nature. 

1 .  SCOPE OF FIE PRESENT INVEST1 GATXON 

The present investigation is an experimental study of the interaction 

&tween a shock wave generated by a sharp fin w i t h  leading edge sweep- 

back and a turbulent  boundary layer. In the case of supexsonic flow 

past a fin of theoretically infinite height with leading edge sweep- 

back, attached, inviscid, planar shock waves can exist for certain fin 

angles of attack (~igure ?a). Figure 7a S ~ O W S  that such a shock wave 

can be loca ted  using two ang le s ,  the sweepback ang le ,  9 ,  measured from 

the y-axis ,  and the t i l t b a c k  ang le ,  $ r  measured from the x-axis. In 

some in s tances ,  the  same shock wave orientation can be obtained with a 

swept ramp of theoretically infinite span (Figure 7b). The planar 

shock wave o r i e n t a t i o n s  of e i the r  f i n s  or ramps can be obtained frm 

two-dimensional theory and t h e ' r e s u l t s  of these calculations are shown 

in Figure  8 for an incoming flow at Mach 2.95. The f igure shows how 

0 and $ change when a fin at a given angle of attack, a , has its lead- 
f 

ing edge swept back. Detached shock waves (which are curved) cannot 

he plotted in this figure. The figure also shows how 8 and @ change 
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when the leading edge of a ramp at a fixed angle of attack, a=, is 

swept back. By attaching a fin with l eading  edge sweepback to a f l a t  

plate (figure 9 ) ,  the  mas^ continuity condition on the plate requires 

that the inviscid shock wave curves and impinges perpendicularly at 

t h e  surface, For the  mament this is fgnored and it is simply assumed 

that the planar shock in the two-dimensional region can be extrapolat- 

ed ta the flat plate. Eventually, a better determination of the shock 

wave location on t h e  f l a t  plate  will be necessary since this location 

is important in c o n s t r u c t i n g  an appropriate coordinate system (McCabe 

(1963) , Peakc (1975) and Dolling and Bogdonoff (1981) ) : Figure 8 is 

used o n l y  as a guide for t h e  present investigation. 

The present s tudy  builds on the recent work a t  P r i n c e t o n  University 

on swept interactions by examining a region in Figure 8 that  was 

scarcely  s t u d i e d .  The aims are: 

1. Extend t h e  study of the interaction between a turbulent bound- 

ary layer and a fin-generated shock wave by covering t h e  tange 

0 
50' C 0 < 70° and 20' < $ < 90 (shown in solid lines in 

Figure  8 ) .  The s t u d y  i n c l u d e s  a determination of the inviscid 

shock wave location, the use of the upstream influence correla- 

tion of D o l l i n g  and Bogdonoff (1981), and a study of the sur- 

face  phcnon~ena through surface flow visualization and surface 

pressure measurements. 

2 .  Conduct  a preliminary investigation of the scaling of the up- 

stream i n f l u e n c e  of sharp f i n  interactions and the upstream 
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influence of swept ramp interactions in the range 8 - 9 , @f = f r 

0, ( s h a m  shaded in Figure 8 ) .  With the same h c & i n g  boundary 

layer, freestream and farf ield conditions, the only differences 

axe the local orientation of the shock wave at the test surface 

and the geometry of the fin and the ramp. 



Chapter 2 

FXfERUlZENTAL METHODS 

2.1 PROCEDURE 

The present study was done w i t h  the same incorn!-ng conditions as those 

oi settles (19751, ~ s k a n  11976), se t t lbs  ma Perkins (19Hl1, settles 

ef a l .  (1980 and 1981) and Dolling and Bogdonoff (1981). Thus it co- 

i n c i d e d  w i t h  the parametric ranges that these authors considered. The 

procedure t h a t  was followed by the present study is summarized in 

Figure 10. The present study examined sane of the  surface phenanena 

of the interaction and the effect  that sweeping back the  fin leading 

edge had on the interaction. Incorporated were some of Oskarn's 

suggestions, such  as t h e  use of a large interaction region (spanwise 

distance greater than 3061 and the use of tracer injection into the 

i n t e r a c t i o n  to examine the flowfield structure. A surface flow 

visualization was done first since this enabled the main features of 

t h e  surface flow to be revealed conveniently. The shock wave loca- 

t i o n  on t h e  flat surface assuming an inviscid flow was determined 

next in order to cGnstruct  the coordinate system used by Dolling and 

Bogdonoff (1981). To l o ca t e  tfie shock wave, d e l t a  uings with half 

planforms s in i lar  to the f i n s  and at the same angles of attack were 

placed in t h e  same incoming flow. From the shadowgraphs obtained for 

each wing, the shape of the shock wave envelope f x m  the plane of slm- 

m e w  of the wing to one of the wing t i p s  could be determined. The 



OCIEINAL PAGE IS 
POOR Ql lA t lTY  

shock wave envelope at the plane of synunekry of the wing will be called 

the centerline shock wave for short. The part of the shckk wave enve- 

lope around a wing from the  plane of symmetry to one of the wing tips 

was presumed to be similar to that around a f i n  (of similar half  plan- 

form as the wing) mounted on a flat sur?ace assuming that the boundary 

layer on the surface was absent. Pressure measurements provided addi- 

tional information on the interaction and were also used for compaxison 

w i t h  some of the features fattnd i n  surface flow visualization. Finally, 

optical studies cf the shock wave boundary layer interaction using vapor 

i n j e c t i o n  gave information on the interaction above the test surface. 

Although of a qualitative nature, these f i n a l  studies nevertheless fur- 

nished insight into the behavior of a boundary layer interacting with a 

swept shock wave. 

2.2 APPARATUS AM3 EQUIPMENT 

2.2.1 Wind Tunnel and T e s t  Section 

The experiments were done in the high Reynolds nun-tber supersonic blow- 

down tunnel at the Gas Dynamics Laboratory of Princeton University. 

Tanks with a t o t a l  capacity of 5 6 . 6  m3 (2,000 ft" stored d r i e d  air at 

pressures up to 22 MN rnm2 (3,200 psia). The stagnation pressure  of the 

air entering the wind tunnel could be adjusted by a regulator fxm 0.4  

MN m-2 (60 psia) to 3 .4  MN m-2 (500 psia) . A supersonic nozzle accel- 

erated  he air from t h e  settling chamber upstream of the nozzle to a 

nminal value of Mach 2.95 in the test section which was just down- 
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stream of t h e  nozzle. The air was then exhausted from' the rear to the 

atmosphere. The test section, 0 . 2  m (5  in) square and 0.'9 m (35.5 in) 

long ,  had two 230 ~raa (9 in) diameter windows in the walls for observa- 

t ion .  There were also locations in the ceiling and the floor to accom- 

modate instruments and the  t e s t  model.. A sting mechanism from the rear 

of the tunnel was used for mounting the fins. For a more detai lea des- 

scription of the wind tunnel, see t h e  report by Vas and Evdonof f  (1971). 

2.2.2 Fin Configurations 

A number of sharp fins w i t h  vertex angles were made out of 12.7 m 

( 0 . 5  i n )  t h i c k  aluminum plste. These f i n s  had different leading edge 

sveepSack angles,  hf, from o0 to 65'. The lengths of the  fins, 1 ,  were 

e i the r  305 mm (12 in) or 254 mm (10 in), and the h e i g h t s ,  h ,  were 

either 127 m (5 in) or 100 mm ( 4  in) (Figure 12). Thtse dimensions 

ensured t h a t  a large interact ion region (y/6 30) could be obtained 

without  the tunnel stalling. Each of the fins could be connected to 

the sting from the rear of the  wind tunnel by an adapter. Three adap- 

ters  were available to s e t  t h e  angle of attack of the fin, a , at 5O, 
f 

or 15'. This fin-adapter arrangement allowed t h e  f i n s  and the 

adapters to be changed q u i c k l y .  Some of t h e  fins and adapters used 

are  shown in Figure 1 2 .  

Figure 13 is a schematic view of a fin mounted on a f l a t  plate. The 

f i n  and a6apter could be cranked backward.so that the kerosene- 

lampblack t races  could be l i f t e d  off the test surface by transparent 
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adhesive tape easily. Since accurate measurements had to be taken 

from these traces, an airtight see1 to prevent leakage between the 

f i n  and the  t e s t  surface must be formed. The seal wao obtained by ap- 

ply ing glue at the location of the fin on the t es t  surface bfore the 

f i n  was cranked into position. 

Care was taken to ensure that  the apex of the  f i n  was always at 

the same spot i n  order that t h e  incming undisturbed boundary layer 

conditicns were the same for every t e s t .  That spot was 230 nun (9 in) 

from the leading edge of the  f l a t  plate and 20 uuu (0 .75 in) from the 

sidewall of t h e  tunnel and was sufficiently far from the sidewall 

boundary layer. In experiments done w i t h  t h e  floor boundary layer, 

the apex of t h e  fin was also 20 nun froon the sidewall of the tunnel. 

Its streamwise location was referred to a known reference spot on the 

tunnel floor which was either 1.19 m (47 in) or 1.5 m (59  in) from 

the  nozzle throat.  Since the f i n s  were all shorter  than the tunnel 

h e i g h t ,  each fin had a bolt on top which was tightened against the 

tunnel c e i l i n g  once the fin was in position. T h i s  ensured a t i g h t  

sea l  a t  t h e  base and also reduced vibrations. A t  a = 15', t h e  aero- 
f 

dynamic  force was able to deflect the fin but this was prevented by a 

brass rod driven from the s idewal l .  

2.2.3 Test Conditions - 
The incoming freestream f l o w  a t  t h e  test section was nominally at Mach 

2 . 9 5  and had a stagnation temperature whir*., depending on the ambient 



temperature, varied £ran 250 K ( 4 5 0 ~  R) to 270 K (485' R) , The experi- 

ments  were mostly done a t  a stagnation pressure of 0.69 MN m-a (100 

ps ia )  which corresponded to a 'mi t  Reynolds number of 63  x 10' fn" 

(1,7 x lo6 /in). Some experiments were also done at a stagnation pres- 

sure of 2.07 MN m-' (300 psia) which aorresponded to a unit Reynolds 

number of 187 x lo6 mn' ( 5 . 0 5  x 10' /in). All tests were made under 

approximately ad iabat i c  wall conditions. Typically,  each run lasted 

less than one minute. 

The experiments were done either on a f l a t  plate or on the tunnel 

f loor .  ?he boundary layers over these test sur faces  were surveyed by 

settles (1975) and Oskam (197G). !Fhe undisturbed boundary layer on 

Ule flat p l a t e  at the fin location was considered by these  authors to 

have a fully developed turbulent profile f rm f i t t i n g  the ve loc i ty  

profile by the modified wall-wake similarity law of Sun and Chi lds  

(1973). The local boundary layer thickness was obtained by a curve- 

fit through the  measured boundary l a y e r  thicknesses at  di.fferent 

s t r e m w i s e  s tat ions .  For an incoming flow w i t h  a unit Reynolds n h r  

of 63 x 10" m-', 

where d and x were in m m . '  The velocity profile of the boundary 
loca l  

layer on the t unne l  floor at the t e s t  section a l s o  obeyed the wall- 

wake law of Sun and Chi . lds .  Again, curvefits through the measured 

bundar) .  layer thicknesses were made to obtain 61,,,1. For an incom- 

ing flow w i t h  a unit. Reynolds number af 63 x lo6 m-I, 
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where 6 was in nun and I; was the streamwise distance, .in nun, mea- 
local 

s u e d  frcm the nozzle throat of t h e  wind tunnel. For an incoming f l o w  

w i t h  a u n i t  Reynolds n-r of 187 x lo6 me', 

where GJOcaland 5 were also in nan. 

2 . 2 . 4  Delta Wing  onf figurations 

The inviscid shock wave location i s  a reference l ine  not only for two- 

dimensional interactions but for swept i n t e r a c t i o n s  as w e l l .  (McCabe 

(1966), Peake (1975) and Dolling and Bogdonoff (1981)). In the pre- 

sent study, t h e  shock wave l o c a t i o n  of the f i n  was determined from 

shadowgraphs of t h e  shock wave formed on the windward side of del ta  

winas  at inc idence .  Each of the wings used had a span of 127 m (5 in) 

and a l e n g t h  of 152 mm (6 in) so that the h a l f  planform was similar to 

t h e  f i n s .  Five sweepback angles of oO, 20°, 40°, 55O and 65O were 

chosen to match the range of sweepback angles in the main experiment. 

0 
Figure 14 is a photograph of a del ta  wing w i t h  a 40 leading edge 

sweep and a lsO incidence.  The photograph shows how the wings were 

mounted in t h e  wind tunnel. Each wing was mounted through an adapter 

on a vertical support i n  the same t e s t  section as the main experiment. 

The a n g l e  of attack of the wing could be changed by changing t h e  adapt- 

er giving anqles of attack of 5 0 ,  90 and IS0. 

One of the l eading edges of every wing had twelve notches 0 .8  mrn 
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(1/32 in) deep spaced 4.76 rn (3/16 in) apart spanwise. These notches 

created wavelets which could be clear1,y seen in a shadw$aph. ~ r o m  

the wavelets, the curved shock wave envelope could lae traced. 

2 . 3  EXPERIMENTAL MEASUREMENTS 

2 .3 .1  Shock Wave Location 

To obtain the shadowgraphs of the shock wave envelope around a delta 

wing, an optical  system w a s  set up which consisted of an intense spark 

source a t  the focus of a concave mirror. The beam of light from the 

.nirror then passed through the windows of the t e s t  section to expose a 

sheet of photographic film on the other s ide .  The l i g h t  beam was ad- 

justed to be perpendicular to the windows in  order that the shadow of 

the model was of the  same shape as the  model i t s e l f .  

Figure 15 is a sketch showing how light rays propagated through the  

t e s t  section when the tunnel was in operation; the view is along the 

upper surface of the  wing towards the trailing edge. A ray such as 

my A, away from the shock wave envelope and through a uniform density 

field, would propagate in a straight l i n e ,  The ray which was closest 

to  the shock wave envelope and which just succeeded in propagating 

through i n  a straight l i n e  w a s ' h y  8. Within the shock wave envelope, 

t h e  density of the flow (and thus the refractive index) decreased to- 

wards the wing surface. Consequently, light rays propagating through 

this nonunif~rm density field were refracted. For example, Rays C and 

D -- slightly nearer towards the wing surface than Ray B -- were 
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refracted through the n o ~ u n i f o m  density f i e l d  whieh resulted i n  the ir  

being d e f l e c t e d  towards the wing surface as they emerged &rough the 

shock wave envelops. The refracted light rays were recorded on photo- 

graphic f i lm a8 a dark l i n e  followed by a bright Pine hcauee of the 

di f ferent  amounts by whieh these rays-were d e f l e c t e d .  The different  

amounts of d e f l e ~ t i o n ,  which meant thit Rays C and D were no longer 

parallel after ernergir.3 from the  shock wave envelope, resulted in a d i s -  

placement of the  dark and bright l i n e s  from the t rue  position of the  

shock. Therefoxe, the thicknesses of the dark and bright l ines  depended 

on the location of the photographic film and could not be used to deter- 

mine the  centerl ine  shock wave location. Only Ray B (which j u s t  s k i n n e d  

the shock wave envelope at its centerline) would pass through parallel  

and unrefracted t o  mark the true location of the centerline shock wave. 

Closex to  the  w i n g  surface, Ray E propagated through the nonunifn-m 

density field but did not undergo any ov~rall deflect ion.  Next, Ray F 

was the  ray furthest from the euxfacs that just underwent refraction. 

Any ray closer t o  the wing surface, such as Ray G ,  would r e f l e c t  off  the 

surface. Since the surface was not a perfect reflector, the reflection 

was di f fu :ed .  The net effect of the refraction of t h e  l i g h t  rays close 

to the wing suxface w a s  a displacement of the  apparent suxface towards 

the light beam. To locate the  true surface of the d e l t a  wing, a shadow- 

graph of t h e  t e s t  sect ion without the  wind tunnel running had to be taken 

for each of the wings tested. The true surface was then marked on the  

corresponding shadowgraphs obtained w i t h  the tunnel running. 
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2.3.2 - Surface Oi 1 F L m  Patterns 

The kerosene-lampblack surface flow visualization lcchnipue &at was 

used i n  the p r e s e n t  study evolved from s tud ies  by Settles (1975). This 

t e c h i q u e  is part i cu lar ly  suited for supersonic flaw because the kero- 

sene vaporizes rapidly leaving only drieh lampblack deposits. Hence, 

there is no smearing of the pattern when the tunnel is shut down. A 411 

mixture  of kerosene-lampblack was used in the p r e s e n t  study to obtain 

the surface flow patterns. A t h i n  coat was applied in a swath ahead of 

t h e  fin and along its base. When the tunnel was started,  the mixture 

was driven downstream and dark streaks of lampbLack were deposited on 

the test surface. After t h e  tunnel was stopped, the surface f lm pat- 

tern was removed by using a large piece of transparent adhesive tape. 

Full-sized images c o u l d ,  therefore, be obtained in t h i s  manner. 

The surface streak p a t t e r n  provided a c o n v e n i e n t  way of determining 

the size of t h e  i n t e r a c t i a n  region and of l o c a t i n g  features of interest, 

By choosing l a m p b l a c k  streaks t h a t  were n o t  broken up as they curved 

past  t h e  fin, measurements were made of the upstream influence. The up- 

stream i n f l u e n c e  was determined to be the location of the first detect- 

able deflection of the  lampblack streaks due to the i n t e r a c t i o n .  A l s o  

measured was t h e  surface streak deflection a n g l e  from the incoming free- 

stream d i r e c t i o n ,  O .  
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2.3.3 Surface Pressure Dfstxibutions 

The floor section used by Oskam (1976) for surface meaaure- 

ments was used in t h e  present study as  well. The present murfaca pres- 

sure distributions were taken parallel to the incoming freestream direct- 

i o n  from upstream of t h e  interaction rearwards for a l l  f i n s  except  those 

with 65' sweepback. Pressure taps were located at three spanwiee d i s t -  

ances from the  apex: 31.8 mm ( 1 . 2 5  in), 57.2 mm (2 .25  in) and 82.6 m 

(3.25 in). 

The data were recorded automatically by a computerized system. W o  

46-port Model 4854 Scanivalves rend t h e  pressures alternately w i t h  each 

Scanivalve reading a t  a rste of four readings a second. Druck Model 

PnCR 22 s t r a i n  gauge transducers converted these pressure readings  i n t o  

e lec t r ica l ,  signals which were digitized by a Preston GMAD-4 analog- 

digital converter and then  stored in a HP-1000 minicomputer for further 

analysis. Wicn the surface pressures were being read, the  t o t a l  pres- 

sure and the total temperature in the settling chamber of the  wind 

tunnel were also recorded. These were measured each time the pAir of 

Scanivalves  was stepped. 

2.3.4 Optical Studies Using VBpos Injection 

Flow visualization using  an acetone vapor tracer was done with f i n s  

mounted on the floor. for these studies, the f i n  surfaces were pa in t -  

e d  matt black to reduce reflections. Acetone was introduced e i t h e r  

through a tube near t h e  apex of the fin or #rough a static pressure 



tap upstream of the interaction (Figure 16). The fib passed through 

a hole of 3.2 lam (1/8 in) diameter j u a t  to the rear of the apex of the  

f i n  and protruded only elightly from the fin tauriace to minimire dia-  

turbmces to the interaction. To determine the effect of the acetone 

t d ,  kerosene-lampblack traces of the interaction were obtained folL 

fins without eveepback a t  of - so, 9' and 15'. In a11 cases, the  dis- 

turbances from the tube were confined to a distance of less than 25 nun 

(1 i n )  o u t h a r d  from the fin. When the tap on the floor was used, it 

was u s u a l l y  at the centcrline of the tuxanel. But for tests with the 

0 
o - 5 O ,  XI - 0 fin, this tap (which was offset. 19 rmn (0.75 in) from 
f 

the center of a 50 mm ( 2  in) diameter plug) was rotated so as to be 

closcr to the f i n .  This was done to ensure that t h e  interaction of  the 

ncctanc-filled incoming bundary  l a y e r  and the shock wave occurred w i t h -  

i,n v iew.  The acetone was sucked into the wind tunnel naturally from a 

bttlr! opcncd t o  +he. atmosphere because the s t a t i . c  pressure in the test. 

section during a run was lower than atmospheric. The acetone f low rate 

was contrallcd by a manually operated valve to achieve optimum seeding 

of tllr boundary layer. As the acetanc entered the wind tunncl, it was 

vaporized h c n u s o  i t s  s a t u r h t i o n  vapor pressure was near the s t a t i c  

pressure. 

Thc light sources used we,re a l i g h t  sheet and a stroboscope (Figure 

16). The light s h e e t ,  which was about 2 m (0.1 in) thick, was oh- 

ta irrcd  by refracting a pencil of light from an argon-i.on laser through 

a cylindrical l e n s  on the c e i l i n g  of the  wind tunnel. The light sheet 
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was parallel to the freestream direction and could be s h i f t e d  i n  the 
- 

spanwise direction. It extended 150 um~ I6 in), from ups&eam of the - 
interaction region rearwards, t o  cover the region of i n t e r e s t .  Usually, 

the light sheet was beamed 25 mm (1 in) away from the  tunnel c e n t e r l i n e  

and away from the  fin. The stroboscope, which was the other light 

source, aided i n  the visual  inspec t ion  of t h e  f l o w  and provided adequate 

illumination of the whale flowfield for stereo photography. The l i g h t  

from the stroboscope was shone into the test section from one of the 

windows of t he  wind tunnel. 

The photographs were usually made on Polaroid High Speed film. When 

the  laser sheet was used, the camera was al igned just above the floor 

and focused upon the light sheet w i t h  minimum depth of f i e l d  to examine 

the "local" interaction. But when stroboscopic l i g h t i n g  was used, 

stereo photographs were taken w i t h  a s  large a depth of f i e l d  as possible 

to record informat ion  on the whole i n t e r a c t i o n  region.  

2 .4  ACCURRCY 

2 . 4 . 1  Egui?ment Accuracies 

The f i n  angle of attack, af, was determined by adapters machined to the 

prerequisite angles. The leading edge sweepbck,  Xf, was also machined 

precisely. The tolerance for both these angles was ? O.lO. Similarly, 

the sweepback angles of the delta wings and t h e  angles of incidence of 

their adapters were machined to 2 0 .  lo tolerance. 

The transducers and t h e  thermocouple were calibrated a y t h e  start of 
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the daily test program. A Pace strain-gauge transducer wrs used to - 
measure the stagnation pressure. This transducer was calibrated by a 

Heise pressure gauge which was accurate to 0.2 percent of 3.45 KtJ rnm2 

(500 psia)  full-scr,!e deflection. The transducers measuring the s t a t i c  

pressures were calibrated by a Wallace m d  Tiornan pressure gauge which 

was accurate to 0.1 percent of  0.24 MN rnl' (35 psia) full-scale deflect- 

ion.  The chromel-alumel thenaocouple was calibrated by feeding voltages 

corresponding to temperatures into a high-impedance Date1 linear 

amplifier. The voltage-temperature correlation had been determined from 

tables issued by the U.S. National Bureau of Staqdards for chrumel- 

alumel junctions. The calibrations were done through sr automated data 

acquisition system and t h e  calibration constants were stored in a compu- 

ter. These constants were not determined for the full range of the 

transducers but were generally determined for ranges larger than those 

expected in the experiments. Thus, t h e  static pressure transducers were 

calibrated from 13.8 k.N mm2 (2 psia) to 366 WJ m-2 (24 psfa) w i t h  an rms 

error of less than one percent. The stagnation pressure transducer was 

calibrated fxom 0.55 MN mm2 (80  psia) to 0.83  MN rn-l  (120 psia) w i t h  an 

rms error of less than cne percent as w e l l .  Although the stagnation 

pressure transducer was not calibrated to 2.07 MEJ rnm2 (300 psia), it 

measured that pressure w i t h  an rms error of less than one percent. The 

thermocouple was calibrate& frcm 230 K ( 4 1 4 O  R) to 290 K (522' R) w i t h  

an rms error of 0.2 percent. 



2.4.2 Measurement Accuracies 

The freestream Mach n-r of the  flow w a s  calculated using the i s en -  

tropic perfect gas relationships for a compressible gas. An xms error 

estimate was made as well (Holman (1978)). For an incoming flow at a 

stagnation pressure of 0.69 KN rn-2 (100 psia), & = 2.95 f 0.5 percent 

whilst at a stagnation pressure of 2.07 MN m-2 (300 psia) , & = 2.96 2 

0 . 5  percent. The Mach number in t h i ~  study was therefore taken to be 

M, = 2.95 with an error of one percent. The error of the computed value 

of the Nach number normal to the  direction of the inviscid shock wave on 

the t e s t  surf ace, 

H,, = N= s1n eat (8) 

was estimated to be 1.7 percent. The average s tagnat ion  temperature was 

measured as 260 f 0 .5  K and the static temperature was calculated to be 

95 + 0.6 K. The unit Reynolds n w h r  was then calculated knowing the 

properties of air a t  the s t a t i c  temperature and the inconing freestream 

Mach number. A t  po - 0.69 MN m - l ,  Re - 63.6 x 10' me' 2 1.2 percent and 

at p,  = 2 -07 )(N rn-2,  Re 189 x 10' mwl * 1.6 percent. 

The c e n t e r l i n e  of t h e  shock wave envelope was examined by looking at 

the negatives of t h e  shadowgraphs in e comparator. In all cases, the 

centerline was found to be s t r a i g h t  h r r i n g  small "wiggles" that could be 

attributed to weak disturbances from the c e i l i n g  of the tunnel. The 
h 

angle made by the centerline shock wave with  the freestream, Do, was 

estimated by t r igonmetry  (from t h e  negatives of the shadowgraphs) to 

an accuracy of f 0 .  lo when af = and af = go, and ? 0 .zP when af = 



lsO, corresponding to a fractional error of h a l f  a p a r C e r k t ,  'Ihc values - 
of $ arc plotted i n  Figure 17. Ilris figure shows ~ s a s i  squares f i t  

0 

through the estimated points at each of the three angles of attack. 

 he curve-fit values of the  centerline shock wave are called B,. 

Interpolation gave the centerline s h w k  angle for wings that were cot 

tested, In Figure 18 is a summary of the sst;imated and the interpolated 
n 

data. The mxitnm difference between Bo and B, for the cases where act- 

ual tests were made was found t o  be one half percent. Since this di f -  

ference was small, for consistency,  only the curve fitted data were 

used in t h e  main ex~eriments .  In addition, for the f ins  without sweep- 

back (that is, Af = UO), the perfect gas shock tables gave calculated 

values of the shock wave angle, Po1. Figure 18 shows that 8, is larger 

than fro' by about one percent (A$/B,' U(0.011). The s l i g h t l y  larger 

e s t i m a t e d  values could k~ attributed to the  boundary layer displacement, 

so t h a t  the flow was a c t u a l l y  turning through an angle larger than that 

0 obtained assuming an inviscid flow. For example, at of - lsO, Af - 0 , 
experiment gave B, = 33.1° while inv i sc id  theory gave 8,' r 32.62O. In 

other words, 0, = 33 .lo vauld correspond to a value of a = 15 .4b0 from 
f 

inviscid theory,  giv ing a toundary layer correction of 0.46' when cif 

was noninally 15O. 

m e  bundary  layer correction for af of the f i n s  should be approxi- 

mately the same as that for the wings. But the correction was not made 

because 6, and not af was important in the analysis. An accurate esti- 

- 
mate of 6 was necessary whereas only nominal values of af s u f f i c e d .  

0 
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Thus, for the fin-generated shock waves, t h e  inviscid s h ~ k  wave angle6 

from the freestream direction on the t es t  surface were Mren to be the 

same as Bo listed in Figure 16. 

The deflection of the lampblack streaks £ran the incoming flow dir-  

ection, u ,  and the upstream inflursnee.were measured from the kerosene- 

lampblack traces, The streak d e f l e c t i o n  angle was measured by protractor 

to an accuracy of f 0 . 5 ~ .  Tie upstream influence was determined visually 

and a curve was fitted through the data paints. The upstream influence 

was then recorded i n  (x, y) coordinates. The scatter of the measurements 

about the c31rve-fit gave an estimate of the error. This error depended 

g r e a t l y  on the curvature of t h e  lampblack streaks. A t  the s m a l l e s t  fin 

angle (a, = 5 O )  , the cwvature  of these streaks decreased as the leading  
* 

edge of the f i n  was swept back making the upstream influence measurement 

difficult. The r e s o l u t i o n  improved when the kerosene-lampblack traces 

obtained with fins at larger angles of attack were used. Similar pro- 

blems beset the upstream i n f l u e n c e  measurement using surface pressure 

distributions because, when the shock strength was mall, the initial 

pressure rise was g e n t l e .  This made it d i f f i c u l t  to locate the tangent 

to t h e  pressure gradient.  By e i t h e r  method of determining the upstream 

influence, at af = 5 O ,  the measurements of x and y had a s i x  percent  

error. A t  af = 15O, this error decreased to two p e r c e n t .  Llso, and 

especially for the af = 5* f i n s ,  data toward the  rear of the interaction 

r eg ion  were difficult to  measure and were not  taken.  

From the  above angular and length measurements, sane oQler lengths 
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were calculated (Section 3.2).  The accuracies of these cplcvlated 

lengths were c s t h t e d  by an error analysis as follows: - 
1. x, -- i 0 . 2  mm at a f =  15O and k 0.3 wn at af = SO; and 

2. L,, L ,  and L, -- f 0.1 rmn throughout the range of 8,. 
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Chapter 2 

DISCUSSION AND ANALYSIS 

3 . 1  SHlXX WAVE ENITEWPE 

ln examples of shadowgraphs obtained of 'the flow past  delta wings 

(Figure 19) the c e n t e r l i n e  shock wave could be seen as a b o l d  black 

line followcd by a white l i n e .  The wavelets caused by notches appear- 

ed as fainter l ine s  s ince  the notches were weaker disturbances. Each 

notch, i n  fact ,  cawed a pair of dark and bright lines. Che pair of 

dark and b r i g h t  l i n e s  originated from the front of the notch and the 

o t h e r  from t he  rear. The upstream edge of the dark l i n e  of the wavelet 

thrown off from t h e  f r o n t  of the  notch was t h e  true loca t ion  of the 

shock wave envelope and was used to locate it .  The cross section, nor- 

m a l  to t h e  wing surface, of the  shock wave envelope i s  p l o t t e d  i n  

Figure 20. A l l  d is tances  are normalized by the sernispan of the wing. 

mis flow v i s u a l i z a t i o n  could n o t  be performed when the l e a d i n g  edges of 

the wing were subsonic. The only such case i n  these exprriments was 

0 0 
a f = 1 5 ,  h = 6 5 .  

f 
0 0 

A t  af = 5 and h = 20 (Figure 20a.i.), the shock wave envelope 
f 

arched g e n t l y  over the d e l t a  wing and reached a maximum of 0.13s, where 

s is the semispan of t h e  de l ta  wing. mis  sh=k wave envelope was 

shallow near the c e n t e r l i n e ,  being closely parallel to the wing  surPace. 

In normalized coordi~tes, sweeping back the leading edge reeulted 
- 

in the shock wave envelope becoming progressively fuller. Thus, 
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at af = 5O. Af - 65O, the  shock wave envelope at the ten-rline was a t  a - 
normalized distance, y/s, of 0.64 above the surface. ~ h $ i c a l l ~ ,  of 

course, the shack wave would be closer to the f i n  as the rweepback 

increased (Figure 17). The present plots in normalized coordinates 

(Figure 20a) can be interpreted to mean tha t  the shock wave envelope 

took on a moxe "conical" form as the fin became more swept back. 

The same changes of the shock wave envelope w i t h  changes in hf when 

" f - and uf = 1 5 O  were also observed (Figures 20b MU 20.3. 01 the 

other hand, at a fixed Xf, the envelope became more arched at smaller 

of. This was because the  reduction of a by a factor of three (from 
f 

15O to 5O)  d i d  not result in a corresponding decrease of (8, - v ) .  In 

f a c t ,  t h e  decrease of t h i s  d i f f e r e n e ~  was a b u t  3 . 4  times (from 13.6~ 

0 to 4 . 1  1. In normalized coordinates, this means that  the shock wave en- 

velope became closer to  the wing surface with increasing u The s i g n i -  f' 

ficance of these changes i n  attempting to construct a coordinate system 

for  the main study will be discussed  next. 

Figure 21 shows the  coordinate system that were used i n  the discussion. 

Data were recorded in a three-dimensional ( x ,  g ,  z) Cartesian coordinate 

system w i t h  its o r i g i n  at the apex of the fin. Some measurements, such 

as surface stat ic  pressure, were taken from the inviscid shock wave lo- 

c a t i o n  on the f l a t  surface parallel to the upstream flow direction. The 

a b s c i s s a  was then xs, where 
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us Y - y cot BO. (9) 

Figure 21 also shows an intrinsic system t h a t  Dolling &ad Bogdonoff 

(1981) used W correlate upstream influence data. The upstream i n f l u -  

ence l e n g t h  normal to the inviscid shock wave location on the  t e s t  

surface, Lun, was measured at a distance L, along the shock wave from 

the  fin apex. Another upstream influence length, LU, was measured in 

t h e  incoming freestream direction from the shock wave location. This 

i n t r i n s i c  coordinate system correlated the upstream influence data of 

Dol l ing  and Bogdonoff because, by taking i n t o  account of the chi lges  

of the shock wave location, the  number of parameters was reduced. Thus, 

the inviscid shock wave o r i en t a t i on  was relevant but n o t  the shock 

genera tor  angle. To use the intrinsic system of Dolling and Bogdonoff 

in t h e  present study, the raw upstream i n f l u e n c e  data were transformed 

by the following equations: 

Ls = x cos Bo + y s in  Bo, 

EU = x - y cot B,, 

L, = - x sin Po + y cos 8,. 

3 . 3  SURFACE KEROSENE-UVWBLACK PATTERNS 

3.3.1 Description 

Examples of the kerosene-lampblack patterns on the flat plate are shown 

in Figure 22 while other examples of the kerosene-lampblack petterns on 

t h e  tunnel floor are shown in Figure 23.  The s ize of the interaction 

on the  t e s t  surface was about x = 200 arm (10 in) and y = 150 m (6  in). 
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The overall s i z e  of the interaction (normalized by an avvage boundaxy 

layer thickness) was larger than t h o ~ e  in the  experhenti of Oskam - 
(1976) or Dolling and Bogdonoff (1981) as can Be seen in Figure  24 .  

Thus, th i s  stuay could be used to determine if sane of the observat- 

i o n s  of those investigators were a l so .va l id  i n  an interact:-n region 

t h a t  extended further from the f i n  i n  non-dimensional terms. 

Some spurious details (for example, pressure taps m d  sealed plugs) 

from past experiments could be seen i n  t h e  kerosene-lampblack patterns 

(Figures 22 and 23) .  The effects of these detai ls  seemed localized ,mad 

d i d  not affect the i n t e r p r e t a t i o n  of t h e  surface flow patterns. The 

main features seen i n  these patterns ~ 1 . 7 :  3% be discussed usiny thosc 

formed on the f l a t  plate as primary examples. Since the patterns 

formed on the  tunnel floor were qualitatively similar, only  important 

differences w i l l  ke highl ighted.  

Figure 22a shows the streak pattern obtained with an af = SO, hf = 

40° f i n .  The streaks approached the interaction region parallel t o  t h e  

x-direction but became def lected laterally from the f in  within t h e  in -  

t e r a c t i o n  region. The first detectable deflection *-- t h e  upstream 

i n f l u e n c e  -- was a key feature that,cou:d be identified. 

I n  t h e  streak p a t t e r n  obtained wi th  an  of = go, hf = 10" f i n  (Figure 

22b), another feature, called the separation l i n e ,  could be seen dokn- 

stream of the upstream influence.  While performing the experiment, the 

surface flow upstream oE the separation line was observed to approach 

that Pine before being swept @.way laterally. Similarly, t h e  kerosene- 



lampblack mixture painted at the base of the f i n  vaB .swept laterally to - 
form r pattern bou;8sd uprtrsam by the aopar~tion l i n e .  jn affect ,  

thereforct, the separation l i n e  aaparrtod the l imit ing surface flow. 

But whether the  incodrag boundary layar was separated i n  the conven- 

tional (two-dimensional) esnae is sti31 a subject of current study 

Closer to the f in ,  a faint delineation between the parallel flov close 

to the  fin 'and the featherlike pattern in the interaction region could 

be seen. This is commonly called the reattachme::t line. 

Figure 22c show. the streak pattern obtained with u, af lsO, if - 
IGO f i n .  Under a stronger curd less awcpt shock wave than the previous 

example, the interaction region *ias less swept and t h e  lampblack s t r e w a  

stood o u t  mnsc distinctly. O t h e r  than thc features mentioned previously, 

arrothcr: l i n e  (cammanly callee the secondary separation line) could be 

sken t r twcen  the (primary) separation line and t h e  reattachment l i n e .  

'he same overall  features as those obta ined  on the  flat plate could 

be seen in the patterns obrained on the tunne l  floor. Figure 23a shows 

0 
the pattern obtained w i t h  an af - 5 , If - 30° fin. The incoming 

streaks could be seen t*.o deflect g e n t l y  to angles below t h e  ang le  of the 

i h v i . s c i d  sliock vave on t h e  t e s t  surface. An important feature of this 

pattern WEE the upstream i n f l u e n c e .  Next ,  i n  t h e  streak pattern obtained 

wi Ltl an af - 9'. A = o0 f i n  (Figure 23b), the streaks were def lected 

above, the  shock  wave angle on t h a t  in addition to the upstream i n f l i ~ e n c e ,  

a pronihent separation line was formed. F i n a l l y ,  Figurz 23c shows t h e  .. 
strcdr p a t t e r n  obtained using an u - 15O.  A t  55O f i n .  -Like the pre- 

f '  



vious example, a prominent separation l i n t  was seen. But &ikc Figure 

22c, there was no sseonbry separation l i n e ,  In fact, in iiteractions 

with the thicker boundary layer, the secondary sepaxatiun l i n e  was found 

to be faint even for a - 15O f i n s  a t  smaller f i n  leading-edge sweepback. 
f 

3.3.2 - The Upstream Influence 

The upstream influence was de . i n e d  by kerosene-lampblack v i sua l i za t ion .  

A cross-check with the  upstream influence measurements using surface 

pressure d i s tr ibut ions  showed that theee two methods were equivalent and 

of t h e  same order of accuracy. The present study was used t o  test the 

v a l i d i t y  of the upstream inf luence  correlation of D o l l i n g  and Bugdonof f 

(19811 by using a larger interact ion region (y/d > 30) and by changing 

the shape of the impinging shock wave through sweeping back the fin lead- 

i n g  edge (Figure 2 4 ) .  Discussion of the present measurements w i l l  be 

based mainly on f i n s  w i t h  go angle of attack w i t h  illustrative examples 

from fins with 5O and 15O angles  of attack.  

In Figure 25.. the raw upstream inf luence  &ta of af = go f i n s  at var- 

ious leading-edge sweepback are plotted in a Cartesian coordinate system. 

The upstream influence Pine ,  and the inviscid shock wave reference line, 

became more swept back w i t h  fin leading-edge sweep. In addition, except 

for an incepLion region close to the f i n  -- xs ,f 40 mm (1.6 in) -- the 
- 
-upstream i n f l u e n c e  line appeared to  be straight and to intercept the  f i n  

surface upstream of the apex under extrapolation. The fact *at the up- 
- 

stxeam i n f luence  line and the inviscid shock wave location were s tra ight  
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but not parallel suggested that: the region betveen the upstiearn influence 

and the shock wave m y  be conical .  The upetream inf luence  hat. for af 

9' f i n s  mounted on the tunnel floor are also plotted in Figure 2Sa. The 

overall trend of t h e  upstream in f luence  becoming mare swept w i t h  sweep- 

back of t hc  f i n  l eading  edge can be seen'here as well. But, at a given 

X f ,  the upstream in f luence  line obtained w i t h  the f i n  mounted on the 

f loor  was less swept than that obtained w i t h  the fin mounted on the f l a t  

p la te .  In c d d i t i o n ,  in experiments done w i t h  f i n s  maunted on the tunnel 

floor, the upstream in f luence  l i n e s  were found to ke more swept at a lax- 

ger u n i t  Reynolds  number (107 x lo6 m-' ) compared to those a t  a smller 

u n i t  Reynolds number of 63 x lo6  m". 

The upstream influence d a t a  fo r  a = 15O and (1 = fins (Figures 25h 
f f 

and 2 5 c )  showed the same trends as those for a = 9" f i n s .  The sweep of 
f 

the upstream inf luence  was observed to change more r e a d i l y  w i t h  f i n  

sweepback for  o = 15" f i n s  than f o r  a = 5O fins. The sweep of the  up- 
f f 

stream i n f l u e n c e  a l s o  changed with the fin angle of c t t a c k ,  Ci becoming 
f' 

more swept back as a decreased. 
f 

The funct ional  dependence of the upstream inf luence  on f l o w  puameters 

-- Equat i .onc  ( 3 )  and ( 4 )  -- c o u l d  be combined so t h a t  
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me upstream i n f l u e n c e  dsta were corre la ted  by Equstion (11c regardlam 

of whether the l e a d i n g  edges of the f i n s  were swept or not ( . ~ i ~ u r e  2 6 ) .  

The upstream i n f l u e n c e  l ines  obtained by experiments perfonned on the 

flat plate  extended further  i n  normalized coordinates than those obtain-  

ed  by experimnts performed on the tunneS floor. In additicm, the up- 

stream influencrl- i n  n o m l i z e d  coordinates  ex tended  further as the  u n i t  

Reynolds number i n c r e a s e d .  

Except possibly a t  l a r g e  f i n  leading-edge sweep, the data showed tha t  

t h e  l ead ing-edge  sweep did not  affect the upstream s c a l i n g  of Equation 

(11). The reason may be because the i n v i s c i d  shock wave envelope i m -  

pinged perpendicularly onto the t e s t  sllrface. Near the surface, the 

shock wave would appear to be t h a t  generated by a f i n  wi thout  sweepback 

but  a t  a smal l er  angle of at tack .  Although this hypothesis w a s  not 

c h e c k e d  e ~ ~ l i c i t l y  , t h e  upstream influence data from Dol l ing  (1982) for 

an a = ldO, 
f 

= f i n  were used to compare with the  upstream i n f l u e n c e  

0 0 d a t a  for an o = 15O, Af - 20 f i n .  The angle, B,, f was 31.69 and 31.59' 

respectively. The data ,  plotted i n  Cartesian coordinates  (Figure 27a) , 

showed that t h e  upstream i n f l u e n c e  of i n t e r a c t i o n s  caused by these t w o  

fins fe l l  c lose ly  together. When plotted i n  normal ized ccmrdina tes 

(Figure Z i ' b ) ,  the upstream i n f l u e n c e  data for the two cases a l so  fell 

closely together.  With t h e  same incoming conditions, the upstream i n -  

fluence line did no t  appear t o  depend so much on a and A as on 0,. 
f f 

For h i  g h l g  swept f i n - g e n e r a t e d  interactions, therefore, the i n v i s c i d  

s h o c k  wave a n g l e  on t h e  t e s t  surface, E,, w a s  impor t an t  for correlating 
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- 
upstream i n f l u e n c e  data; sweeping back the leading edge of &c fins did  

- 
not appear t o  a f f w t  the upstream influence correlation e lgn i f i cant ly .  

3 - 4  SURFACE PRESSURE DISTIUBUTIONS - 
3 . 4 . 1  General Description 

B e s i d e s  o i l  flow visualization, s u r f a c e  s t a t i c  pressure readings were 

taken w i t h  f i n s  mounted on the tunnel floor l o  further study the surface 

phenomena. Most of the t e s t s  were at a u n i t  Reynolds number of 63 x 10' 

- 1 m . For unswept f i n s ,  these experiments included one example at af = 

15O which  was a t  a h i g h e r  angle of attack than those  achieved by O s k m  

et a l  . (1975) under the same incoming candi t icms .  

The data from the present experiments for unswept f i n s  at a = so, 
f 

0 
and 15 were compared w i t h  those obtained by Oskam et e l .  {Figure 28) .  

Al though  the  pressure readings of Oskam et e l .  were m o s t l y  taken 6.3 nun 

(0.25 in) f u r t h e r  isboard than the present data, the general trend with 

increasing a was the same in lwth sets of exper iments .  Thus, the pres- 
f 

sure gradient became steeper with increasing af. 

Sweeping back the leading edges of ci = 15' fins resu l ted  in a s l i g h t  
f 

reduction of the upstream i n f l u e n c e  length measured from the i n v i s c i d  

s h o c k  wave location. The surface pressure l e v e l s  a t t a i n e d  through the  i n -  

. teraction were diminished (Figure 29a) with leading edge sweep. For all - 
: . the  fins, the p r e s s u r e  rose r a p i d l y  downstream of the upstream influence. 

Pat  ~g 70 mm ( 2 . 8  in) the surface pressure r a t io  for the fSns with lo0 
- 

and 30° sweepback reached the level  of 2.8 a t t a i n e d  far the unswept fin 
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The data at: these two Reynolds numbers enabled the f~eynolds number - 
effect to be studied. The Reynolds number effect appearul to be notice- 

able mostly downstream of the inviscid shack wave location on the t e s t  

surface. For the a = go, h = o0 f i n ,  t h e  surface pressure distributions 
f f 

at the  f irs t  spanwise row, y = 31.8 mu (1.25 in), showed that the pres- 

sure r a t i o  was higher at the dawnstream region for the higher Reynolds 

numbex flow (Figure 30a). A t  the second and third rows, the  increased 

surface pressure ratio of the higher Reynolds number flow began at about 

x = - 25 mm I- 1 in) (Figures 30b and 30c). Also clearly seen in these 
S 

two figures was the slight reduction i n  the upstream influence as the 

Iieynolds number increased. This was the same as in results obtained 

w i t h  the kerosene-lampblack surface visualization, 

The same Reynolds number trend was observed when the fin l ead ing  edge 

was swept back t o  30° (Figure 31)  and to 55' ( F i g u r e  32). Tfie ultimte 

downstream pressure ratios were, of cmrse, smallex fox these two cases 

since the interactions were weaker. But, once again, the pressure ratio 

for -the higher Reynolds number flow was higher downstream of the i n v i s c i d  

s h c ~ k  wave and there was a s l i g h t  decrease i n  the upstream inf luence  as 

well when campareZ. with the resuits for the lower ~ e y n a l d s  number flow. 

Tnus, the surface pressure d i s t r i b u t i o n  approached the downstream invis- 

c i d  ~ l u e  faster for the flow at the larger Reynolds number. 

The surface pressure d i s t r i b u t i o n  for an Cli = lsO, lf = 30O fin at the 

three spanwise stat ions d id  not  xeveal a discernible Reyncld~number 

e f fec t  (Figure 3 3 ) .  On the other hand, the surface pressuxe d i s t r i b u t i o n  
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0 

of the uf 6 5 , Af = 30° f i n  (Figure 341 shoved the same ~e$nolds number 
- 

effect as the a = 9' f i n s ,  that  is, there was a higher pressure ratio 
f 

dawnstream of the inviscid shock wave location for the  higher Reynolds 

number flaw. Rrom these, the Reynolds number effect was seen to be more 

pronounced at  smaller fin angles of attack,  or, i n  other words, w i t h  

weakera interactions.  Therefore, changes i n  the Reynolds number changes 

the upstream influence location and the pressure ratio (especially dpwn- 

stream of the i n v i s c i d  shock wave location). The effect of the Reynolds 

number appear t o  be more important for f i n s  w i t h  snaller angles of attack. 

3 . 5  THE INTERACTTON REGION 

The previous d i s c u s s i o n  on the upstream i n f l u e n c e  scaling and the SIX- 

face pressure distribution showed t h a t  although the upstream inf luence  

length  could ke measured accurately, the "downstream" influence of t h e  

shock wave could not be defined precisely. This was because the flow 

variables usually required a substantial di s tance  t o  reach values pre- 

d i c t e d  by i n v i s c i d  theory. Past experiments shcwed that the surface 

pressure l e v e l  rose t o  the i n v i s c i d  ~ l u e  after about 506 downstream of 

t h e  inviseid shock wave location (Oskam et a l .  (1975) 1 .  The whole i n t e r -  

a c t i o n  region,  comprising the upstream st,ivsn and the poorly def ined 

downstream reg ion ,  could  be subdivided into f ive  reginns according t o  
- 
.:Ten9 and S e t t l e s  (1982). Figure 35 shows this for two cases of special 

in t ere s t  i n  the present study: conical  and c y l i n d x i c a l  i n t s a c t i o n s .  - 
Region I was the incoming freestream region i n  both conical and c y l i n d r i -  
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eal i n t e r a c t i o n s .  The part of the surface flow affected byithe apex of 
- 

the f i n  was Region X I .  This was  a fully th ree-d imens ional  e g i o n .  

Further out spanwise, Region XI1 could be e i t h e r  conical or c y l i n d r i c a l .  

This  was t h e  upstream in f luence  of the shcck wave. By such a elassifi- 

c a t i o n ,  two-dimensional and c y l i n d r i c a l  P l o w s  were considered to be spec- 

i a l  ca ses .  Perfectly con ica l  flow, which developed r i g h t  f r o m  the apex, 

w a s  a l s o  a special case. Some parameters ccruld be defined to character- 

i z e  Region 111 (Teng and S e t t l e s  (1982)) .  F i r s t ,  t h i s  r e g i o n  had a 

c h a r a c t e r i s t i c  i n c e p t i o n  l e n g t h ,  L , measured from the  apex. Next, 
incep  

t h e  norm1 upstream i n f luence  a t  Lincep was fL-) . For the case  of 
incep 

a conical i n t e r a c t i o n ,  the i n t e r c e p t  in the spanwise d i r e c t i o n  of the 

i n v i s c i d  shock wave and t h e  upstream i n f l u e n c e  l i n e  w a s  by. In other 

words, for a c o n i c a l  flow in Region 111, the apex of the f i n  was d i s -  

placed t o  an "apparent o r i g i n "  by a d i s t a n c e  Ay. To the rear of  Region 

I f 1  was Region I V  which was downstream of the shock wave. Region I V  

then merged i n t o  Region V, the recovery r eg ion .  Regions I V  and V formed 

the downstream i n f l u e n c e  of the  shock wave and are p r e s e n t l y  pbor ly  

d e f i n ~ d .  The emphasis of this d i s c u s s i o n  w i l l ,  t h e r e f o r e ,  be on t h e  up- 

stream influence r e g i o n  in s t ead ,  

The lamblack streak deflection ang le s  and the surface pressure d i s -  

t r i b u t i o n s  supparted the hypothes is  that the upstream region of fin- 
- 
..generated i n t e r a c t i o n s  was quas i -conica l .  To a v o i d  a lengthy d i s c u s s i o n ,  

examples w i l l  be drawn from t h e  three f i n  angles of attack w i t h  A f  = 0' 
- 

0 
5 5 O  o n l y .  The s t r e a k  d e f l e c t i o n  a n g l e ,  0, for the af = 1 5  , Af = o0 fin 
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- 
at three spanwise xows (Figure 36a) shared that there was a panwise 

growth of the i n t e r a c t i o n .  For this fin mounted on the f l a t - ~ l a t e ,  the 

upstream influenace increased f r o m  xs = - 2 5 ' m m  a t  y = 21.8 nrm to xs = 

- 50 mrn at y + 82.5 mm. Other examples also showed a spanwise growth of 

the upstream influence and the upstream h t e r a c t i o n  reg ion (Figure 36b 

to Figure 36f). 

If the i n t e r a c t i o n  region possessed c y l i n d r i c a l  symmetry, there would 

not  be a spanwise growLh of the  upstream inf luence  measured fran khe in- 

~ i s c i d  shock wave l o c a t i o n .  On t h e  other  hand, i f  t h i s  r eg ion  was per- 

fectly conical, t hen  the surface oil f l o w  angles would be the same along 

rays subtended from the apex. Or, s i m i l a r l y ,  by dividing x, by y,  the 

d a t a  for d i f f e r e n t  spanwise s t a t i o n s  would collapse together. This pro- 

cedure was done for m af = 15'. If = o0 f i n  (Figure 37) .  Although the 

streak angles were closer together ,  the agreemant was s t i l l  not good. By 

examining t h e  kerosene-lampblack trace i t s e l f ,  the upstxeam in terac t ion  

region w a s  seen to be n o t  t ru ly  conical but o n l y  quas i - con ica l ,  that i s ,  

Ay > 0. Thus, by including an appropriate correction, by, t h e  streak 

angles for  the three spanwise s t a t i o n s  could k collapsed satisfactorily. 

For example, A y  = 1 4  rnm ( 0 . 5 5  i n )  for an a = 15O, h = 0O fin (Figure 
f f 

3 8 a ) .  See Figure 38b t o  Figure 38f  for other examples. 

F u r t h e r  evidence of the quas i -conica l  nature of the upstream i n t e r -  

action reg ion  w a s  provided by surface pressure distributions. For af = 

0 
15 , the respective by values required to collapse the  spanwi:se pressure 

- 
d i s t r i b u t i o n s  for  t h e  Xf = 0' and t h e  ?tf = 5 5 O  f i n s  were l4 nun (0 .55  i n )  
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and 16 mm (0.63 in) (Figures 3% and 39b). These were the same Values 

as those found using surface streak angles. Similarly, the- Ay correct- 

Pons to  the spqnwise distances for the surface pressure distributions 

for the af = and of - 5O fins were farnd to be the same as those used 

for the streak angler; (Figures 39c through 39f ) .  

TO summ\rize, the  var iat ion of by w i t h  af and Af (F igure  40) showed 

t h a t  for upright f i n s ,  hy was not greatly affected by the four-fold 

change of the  boundary layer thickness. But, Ay was affected mare by 

t h e  fin geometry, changing with a and if. me c h a n g ~  of by was lesser 
f 

at af = 15' than at af = 5'. This may be because the interaction tended 

towards conical  symmetry at larger angles of attack. Thus, fox the pre- 

sent s t d y ,  the quasi-conical nature of the upstrearc in terac t ion  region 

implied that there was a region near the apex of the fin that was affected 

predominant ly  by the fin geometry. fn addition, t h e r e  was a region fur- 

ther out where the geometry was unimportant. 

3.6 - OPTICAL STUDIES 

3 . 6 . 1  Stereoscopic Photography 

The three-dimensional interac tiofi region was examined qualitatively by 

0 
stereoscopic photographs (Figure (la) for an a = 15'. If = 0 f i n .  me f 

acetone that was fed in through a tube at the apex of the f i n  emerged as 

.a white fog downstream of the so-called separation l i n e  (marked by white 

dots froin the f i n  apex along the tunnel flor:-1 . Some large -f urbu len t  
- 

structures in ths form of strands were also visible. Through a stereo- 



scope, these were seen to be above the tunnel floor and appsred - to ori- 

gir.ate from the separation line. The separation l ine  itself-.was ragged 

when observed under stxoboscopic lighting due to the unsteadiness of the  

flaw* 

Xn contrast to the  above, the stereo&opic photograph of acetone in- 

0 
j e c t i o n  through the apex of an ai = 5 , )if = o0 fin (Figure 41b) d i d  n o t  

show the same f ea tures .  There was little spanwise streaming of the 

vapor which remained in s t ead  confined to the j unc t ion  of the fin and t h e  

flaor except  far some diffusion downstream. 

r\o determine i f  there was s i g n i f i c a n t  spanw.ise flw of the atvetone 

vapor fur ther  away from the f i n ,  acetone was injected through a s t a t i c  

pressure or i f ice  j u s t  upstream of the i n t e r a c t i o n  (Figure 41c) . This 

o r i f i c e  was 63 mm ( 2 . 5  in) spanwise from the  fin. In the photograph, 

the white dots m r k e d  the i n v i s c i d  shock wave on the f l o o r  whereas i n  

Figure Cla, they rnarked the separation l i n e .  The view thrt'iugh the stereo- 

scope s h w e d  t h a t  the acetone vapor was d i f f u s e d  and was deflected 

slightly through the interaction, The stre-ise growth of the vapor- 

f i l l e d  r e g i o n  w, s l i g h t ,  being mostly due to t h e  turbulent d i f f u s i o n .  

There was a l so  l i t t l e  upward diffusion of the vapor. 

The behavior  of the boundary layer appeared different depending on 

t h e  angle, ED;- of t h e  shock wave t h a t  t h e  boundary layer was interacting 

w i t h .  When BD was large, say 3 3 .  due to the o = 15*, Xf = oD f i n ,  
f 

the t h i n  layer of f l u i d  c lose to the t e s t  surface was def l ec ted  to anqles 
- 

larger than Bo. There a l so  appeared to be an in tense  level of turbulence 
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w i t h  large turbulent structuses spewing out i n t o  the main fl-&. But when 

BO 
was small, the boundary layer was def lected only slightlyt 

3.6.2 f;i.;, t Sheet Photography 

The photograph of acetme injected throubh the apex of an a = lsO, = 
f f 

0' fin and illuminated by a light sheet (Figure d2a) was  obtained w i t h  

t h e  light sheet incident perpendicular to the test surface and parallel 

to the freestream direction. The l i gh t  sheet was 25 uun (1 in) off the 

tunnel c e n t e r l i n e  on 7:Jw far s i d e  of the fin. The tunnel floar appeared 

as e t h i n  white horizontal line. Reflections o f f  the surface could  be 

seen as well. The acetone vapor spewed rap id ly  spanwise and remained in 

a l a y e r  adjacent  to the surface behind the separation l i n e  (marked by 

5 ) .  T h i s  secondary flow was below that comhg from upstream. 

To visualize the incoming boundary layer, it was seeded with acetone 

through an orifice a t  t h e  c e n t e r l i n e  of the tunnel (Figure 42bl. me 

acetone vaporized and quickly f i l l e d  up the depth of !.-F.:: buundary layer. 

This vapar-filled layer was def lec ted  upwards at the separation l i n e .  

Figure 42b, together w i t h  F i g u r e  42a, showed t b r , +  !;he i n t e r a c t i m  caused 

the  uptream boundary layer to rise over a seccndary flow region.  

F l w  visualization using an a = go,  Af 
f 

= f i n  (Figure 4 3 )  also 

showed a secondary flow region downstream of the separation line and a 

ver t i ca l  def lect ion of t h e  incoming boundary layer. The separation l i n e  

was clearly visible; i t  was mxked un in ten t iona l ly  by a bright spot of 
- 

l i g h t  arising from imperfect ions i n  t h e  optical system. Ibmpared to the 
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0 
- 

a - 15 , hi 
f 

- o0 fin, mere was a stmller d e f l e c t i o n  of the incoming 

boundary l a y e r  and a smal ler  secondary flow xegion. 

The ~ u r f a c c  kerosene-lnmpblack flw pat tern  did  n o t  show'& separation. 

line for the af - 5'. Af - 0' fFn and the stereoscopic photograph. showed 

that  the hundary layer  w a s  not  d e f l e c t e d  above Be through the interact- 

ion. Therefore, only acetone i n j e c t i o n  th:cr?eS:.:-1 a tap on the c e n t e r l i n e  

of t h e  tunnel f l o o r  was done fat t h i s  fin. The l i g h t  sheet was moved to 

the  centerline of the tunnel for t h i s  test. The photograph (Figure 44) 

showed that the vapor - f i l l ed  boundary layer  remained atbched to the 

floor without l i f t ing  off a s  i n  the previous examples. 

Based on the above observat ions  for unswept fins, extra t e s t s  using 

0 
light sheets w i t h  leading-edge sweepback of the of = 9 fin were done to 

invest igate  the behavior of the boundary layer in terac t ins  with the 

generated shock  wave. The l i g h t  s h e e t  was retunled to its original po- 

ritian, 25 rmn (1 in) from the tunnel  c e n t e r l i n e  on the far s i d e  of the 

fin and parallel to  the freestream. A t  hf = 5s0 sweepback, the 

kerosene-lampblack visualization showed that the separation l i n e  was very 

f a i n t ,  if a t  a l l  present .  For t h i s  geometry, Figure 45a shows t h a t  the 

acetone injected thxough the fin apex streamed spanwise past the plane of 

the  l i g h t  sheet .  Acetone injected through t h e  center l ine  orifice showed 

the vapor-filled boundary layer moving downstream (Figure 45b). It is 
- 
.not possible to  determine c l e a r l y  from these photographs i f  the boundary 

layer had lifted o f f  the surface. Tbe two photographs showetj that the - 
vapor-filled reqions were n o t  mutually exclusive regions as compared 
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- 
0 

with, for example, photographs of the regions obtained with tpe af - 9 , 
0 

cXf - 0 fin or the af = 15O, ;Li - o0 fin. 
0 me qxperiment. was repeated for an a( 9 , Xf = 30* fin which had a 

8,. -ation l i n e  i n  the surface flaw pattern. Acetone in jec t ion  

through the r.,rx af the fin a l s o  showed the vapar-filled region confined 

very close t o  the floor with none flowing upstream of the separatim 

l i n e  (Figure 4 6 a ) .  By injecting acetan@ through the centexline orifice 

(Figure 46b1, the vapor-fi l led in!>oming boundary layer was seen to be 

deflected upwards more than the d e f l e c t i o n  obtained with an interact ion 

c a k e d  by an of = 9'. h f t  r > f  .n and less than the d e f l e c t i o n  obtained 

0 
w i t h  an i n t e r ac t i on  caused by an o = go, hi = 0 f i n .  There appeared to f 

be a more d i s t i n c t  l i f t - o f f  (or "separation") of the incoming boundary 

layer than the photographs in Fiwzc  45. 

These experiments showed t h a t  the separation l i n e  d id  indeed separate 

t h e  i n c a n i n g  boundary layer from the secondary flow a r i s i n g  frnm a swept 

shock wave interaction. nJo distinct f lm regions could be seen in the 

photographs and a "separation line" could be identified. But these 

photographs d i d  not shuw two-dimensional separation, In t h e  acetone 

i n j e c t i o n  experiments, the secondary flow region, far from being a re- 

c i r c u l a t i n g  bubble, f lawed  vigorously i r  the spanwise d irec t ion .  

3'. 7 ADDITIONAL aMMENTS a !FIB CONTCa REGf QJ 

The evidence frm kerosene-lampblack and surface pressure dis - ibut ions  
- 

suggested t h a t ,  except for t h e  apex region, the  surface phenomena upstream 
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of the inviscid shock wave location behaved in a conical mannw. Tire apex 

zegion was not conical and w a s  governed chiefly by the  geomew which in - 
the present investigation could be characterized by af and hf .  B u t  t h e  

conical region was characterized by Ay m d  Lincep. The length by was only  

weakly dependent on ~e and 6 although it varied significantly with Uf and 

hf. The length  was obtained from the corre la ted  upstream influence 

plots o f  Figure 26. This length was the value of L, where the data 

started to follow a straight l ine and from those plots,  

In  the conical  flowfield, the important parameters were those of the 

flow i t s e l f ,  these being Kn, Re and 6, where Mn = Mm s i n  B,. S i n c e  B, 

was t h e  arrgle of the inviscid  shock wave from Vie freestream direc t ion  on 

t h e  t e s t  surface, the plot of the o r i e n t a t i o n  angles of planar shock waves 

( F i g u r e  8 )  had to be revised for the present experiments and this is s h m  

in F i g u r e  47. The angle 6 was t h e n  Vie sweepback angle of t h e  inviscid 

shock wave on the  flat surface and was the  complement of BO. 

Conpared to t h e  s i m p l i f i e d  diagram of Figure 8 which showed a l u g e  

region of overlap between swrlpt fins and swept ramps producing the same 
- 

interact ion,  t h e  present diagram shows e smaller region. me.. !-rl:esent 

experiments showed t h a t  t h e  surface features were quasi-conic& for 57' < 
- 

8 < 70° and > 2 5 O .  In contrast, t h e  experiments of Settles et a l .  (1981) 
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d i d  n o t  l i e  i n  t h i s  range; particularly, they were less swept$ The swept 

,compression ramps d i d  not ,  i n  general, prodwe attached invisdid shock 
- 
yaves at 0 > 57', . 6 c 25'. Thus at e = oO, the intersctim was two- 

dimensional and was therefore  c y l i n d r i c a l .  As 8 increased, the interact ion 

took on a quasi - c y l i n d r i c a l  f o r m  and eventually became quasi-conical . 
The upstream influence data of Settles et a l .  (1981) for highly swept 

r q s  and with a t t a c h e d  shock waves were re-plotted according to the  scheme 

of Dol l ing  and Bogdonoff (1981). The measured upstream influence (~ igure  

I & )  showed t h a t  the moot swept back data were due to t h e  q - loo, lr = 

50° ramp and the least swept back data were due to the (I, - 2d0, A+ - 30° 
0 

ramp. Also measured was t h e  upstream i n f l u e n c e  for an ar = l€iO, Ar - 20 

ramp. Cursory inspec t ion  of the data s h m e d  t h a t  for  the highly  swept 

models, t h e  upstream i n f l u e n c e  was growing relative to the i n v i s c i d  shock 

wave locat ion (or, e q u i v a l e n t l y ,  the ramp leading edge). But for the less 

swept case, the upstream influence remained approximately cons tan t .  

The scaled ramp data were p lo t ted  together w i t h  t h e  scaled fin data 

~gure 48b). The i n t e r a c t i l n  due to the ax = lbO,  1 = 20O ramp was 
r 

q u a s i - c y l i n d r i c a l  in na tu re  since the  correlated upstream in f luence  length 

w a s  paral le l  to the shock wave l o c a t i o n  an2 d i d  not increase  w i t h  span. 

But t h e  cosrelated upstream in f luence  lengths for the h igh ly  swept ramps 

grew w i t h  span a l though not  as fast  as the correlated upstream inf luence  
- 

lengths of the f i n s .  In these eumples, t h e  inception length to a conical 

f i e l d  for swept ramps w i t h  attached shock waves was also given -*y Equation 
- 

12. From these  observations, both 8 and $ would be needed to determine if 
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the ramp interaction was quasi-conical or quasi-cylindri cal 5 2  nature. - 
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Chapter 4 

CON CLUS I QNS 

The present study is one of the f irst  systematic approaches t o  examine 

interactions g e n e r a t e d  by f i n s  w i t h  leading edge sweepback. The paucity 

of s t u d i e s  using such c o n f i g u r a t i o n s  prevented comparison except, with 

interactions generated by upright f i n s  that were e x t e n s i v e l y  s tud ied  a t  

the Gas Dynamics Laboratory of Princeton University.  'Ihe main parameters 

c o n t r o l l i n g  the surface features i n  the apex region and i n  the farf ie ld 

conical i n t e r a c t i o n  r e g i a n  have been isolated for a range of incoming 

flow conditions and shock wave orientations. 

4 . 1 . 1  Main Parameters Affectinq the Interaction 

The sur face  flow patterns of sharp f i n  i n t e r a c t i o n s  can be div ided i n  a 

similar  way as that of swept ramp in terac t ions  (Teng and Settles (1982)). 

From surface  flow v i s u a l i z a t i o n  and surface pressure measurements, sharp 

fin interactions can be seen to prcduce quasi-conical  surface features. 

The present study , .  which concen t r a t ed  on the  region upstream of the i n -  

viscid s h o c k  wave l o c a t i o n ,  shows t h a t  i n  t h i s  p o r t i o n  of the surface 

flow, two regions can be i d e n t i f i e d .  These axe the apex region which is 

close t o  t h e  f i n  and t h e  conical r e g i o n  further away. The apex r e g i o n  

is a£ fected by the  geometry which can be characterized by a - and c Afm 

The f a r f i e l d  r e g i o n  is a conical r e g i o n  affected by f l o w  parameters such 
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as M , Re and 6. 
n 

4 .  - The Upstream I n f l u e n c e  

The upstream influence of sharp fins determined by kerosene-lampblack 

surface f l a w  v i s u a l i z a t i o n  are found to  :be the same as those determined 

by surface pressure distributions within expeximental accuracy. The 

kerosene-lampblack technique i s  perhaps the more versatile one for  this 

purpose because whi l e  the upstream inf luence  measurements from surface 

pressure readings are limited to s p e c i f i c  points i n  the i n t e r a c t i o n  re- 

g i o n ,  those from surface flow v i s u a l i z a t i o n  can reveal the whole upstream 

i n f l u e n c e  l i n e .  

This study shows that for a f i x e d  fin geometry, the upstream i n f l u e n c e  

scales by ReU "3/62'3. But, if t h e  leading-edges of the f i n s  are swept 

back, the upstream inf luence then scales by En. Therefore, the upstream 

in f luence  l i n e  moves with the i n v i s c i d  shock wave location. As the  invis- 

c i d  shoek wave l o c a t i o n  on the test surface moves closer to the f i n  w i t h  

i n c r e a s i n g  1 a t  a f ixed  a so does the upstream influence l i n e .  Thus, 
f f' 

the same scaling laws apply f o r  fins with leading-edge sweep as those  for 

u p r i g h t  fins. The success  i n  us ing  the same scaling laws as those pro- 

posed by Dol l ing  and Bogdonoff (19821 appears to arise from t h e  small 

chatlges in t h e  i n v i s c i d  shock wave l oca t ion  near the test surface when 1 
f 

changes, that  is, large changes i n  X cause only  small changes i n  B . 
f 0 

Based on the limited data of the present  experiments and those of Dolling - 
(19821, the upstream influence can be scaled by En, Re and 6 according to 
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Equation (11) regardless of whether the f i n  leading-edge Ss:swept or not. - 

4.1.1.b. The surface S t a t i c  Pressure and the Fteynolds Nrmrber Effect 

The surface pressure d i s t r i b u t i o n s  through the in terac t ion  reg ion show 

that the pressure starts to r i s e  upstreG of the i n v i s c i d  shock wave lo- 

ca t ion  on the t e s t  surface. For particular examples where the leading- 

edges of the f i n s  were unswept, the downstream pressure ratio can be 

r e a d i l y  obtained from the  perfect gas shock tables. The present r e s u l t s  

show that the pressure takes more than 75 m (3  in) or S bav downstxeam 

of the i n v i s c i d  shock wave l o c a t i o n  before even reaching those i n v i s c i d  

pressure levels. These results axe the same as those obtained by Oskam 

0 
et a l .  (1975) rho t es ted  upr igh t  fins f ron 2 t o  14O angle of at tack .  

Wnen t he  l ead ing  edge of the f i n  is  swept back a t  a constant  a the 
f' 

pressure r i s e  tends to be less a s  X increases. In a d d i t i o n ,  the up- 
f 

stream location tends t o  be closer to the i n v i s c i d  shock wave location. 

These changes are because the interaction becomes weaker as the l eading-  

edge i s  swept back. 

I n  experiments to determine t h e  changes of t h e  pressure distribution 

with changes  i n  the Reynolds number, the present  study found that  an in- 

crease in the Reynolds number results i n  a decrease in the downstream 

pressure levels and a movement of the upstream in f luence  c l o s e r  t o  the 

i n v i s c i d  sltock wave location. These changes are more important with 

weaker in te rac t ions ,  for example, those generated by a = S~ f i n s .  
f - 
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4 .1 .2 .  Experimental Techniques 

The wel l - tested kerosene-lampblack technique used i n  th is  r ; ~ ' ~ ~ ~  enables e 

general qual i ta t ive  picture of the surface features found in 6uEh a shock 

wave boundary layer interactinn t o  be obtained quickly. In addit ion,  it 

can be used to obtain the upstream influence. This has besn val idated here 

by a comparisr~ with the  usual technique using surface pressure distributions. 

Both the surface streak pattern and the surface pressuxe distributions 

have been found in this study to exhibit the same quasi-conical behavior. 

They provide l imited evidence a t  the present that highly  swept f i n  in -  

teractions are quasi-conical in nature. 

The interaction was studied by a localized vapor-screen visualization 

in an attempt to l ink  surface features w i t h  features above the  surface. 

There appears to be a change in the behavior of the boundary layer when 

it interactions w i t h  the shock wave depending on whether a "separation 

l i n e "  appeared or not .  When a separation l i n e  is not seen i n  the 

0 
kerosene-lampblack traces, for example, when a is 5 , the incoming 

f 

boundary layer undergoes a mild spanwise deflection. But when a sepa- 

rat ion l i n e  i s  seen i n  the kerosene-lampblack traces ,  t h e  incoming 

boundary layer undergoes a spanw,ise and an upward deflection. The evi- 

dence suggests that when "separation" occurs, the incoming boundary layer 

lies above another layer of fluid which is moving rapidly i n  the s p a -  

wise direction. The most upstream extent of this bottom layer is the 

separation l i n e .  
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4 .2  SUGGEST1 ONS l W R  F U m R  STUDY 

TO determine i f  not only the surface features in the farf ie ld are conical 

but i f  the flowfield i t s e l f  i s  conical as w e l l ,  f l o w f i e l d  measurements 

must be done a t  different spanwise distances and then correlated. Whether 

the  f lowfie ld  is  quasi-conical i s  an im&rkant piece of information to- 

wards understanding swept interact ions .  

In addition, a comprehensive set of data for interact ions  a t  !a differ- 

ent (preferably lower) Mach number is needed to  compare the Mach number 

and the sweep effects with those of the present experiments. The inter- 

ac t ions  a t  a lower Mach number flow w i l l  generally be less swept than 

those i n  the present experiments. A n o t h e r  way of obtainining less swept 

interactions a t  Mach 3 i s  by using f in s  w i t h  a 15' .  Hence, Mach 
f 

number and s h o c k  sweepback effects can be checked through tho correla- 

t i o n s  used i n  the  present study. 

An in teres t ing  study of 'highly swept interactions is to use half- 

cones as shock generators (a r e a l i s t i c  problem i n  engine i n l e t s ) .  Such a 

study w i l l  complement the present study and those studies  using swept 

ramps. An advantage of this geometry is t h a t  the i n v i s c i d  s o l u t i o n  for 

attached shocks is known. Together with f i n  and ramp s tudies ,  these 

s t u d i e s  map out a large region of three-dimensional shock wave turbulent 

boundary l a y e r  i n t e r ac t i ons .  
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b .  Pressure 
d i s t r i b u t i o n  

c .  Surface flow 
p a t t e r n  

Figure 1. Sketch showing the upstream influence l ength  determined from 
pressure distributions and fram surface flow pa t te rns  for 
a ramp. 



x /  60 
Figure 2. Pamp surface pressure d i s tr ibut ions ,  Settles (1975) . 
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~ P S T R E A ~ /  INvIscID 
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L 1 I , ; O C A T I O N  , 

Figure 3.  Surface static pressure distributions for a three-dimensional 
shock wave boundary layer interaction due to a f i n ,  Oskam (1976). 



Figure 4. Som observations on highly swept interactions. 

1 

REMARKS 

Three-dimens iona 1 (con- 
i c a l )  up to 106 spanwi se 
from f i n ;  a r t i f i c i a l  
t ransi t ion.  model on 
cen te r l ine  o f  wind tunnel. 

tendency l o  cy l i ndr  i ca 1 
sypnetry a f t e r  706*, d i s -  
tance measured p a r a l l e l  
to the shock; m d e l  on 
tunnel center1 ine. 

Conical up to 306, mea- 
sured para 1 1 e 1 to the 
shock; mdel o f fse t  from 
tunnel center1 ine.  

TUNNEL 
CROSS- 
SECTION 

100 rnm x 
1 0 0 m  

( 4  i n  x 
4 i n )  

100 m W 
x 125 mrn H 

(4 i n  W 
x 5 i n  H) 

254 mm W 
(10 i n  W)  

REFERENCES 

Stanbrook 
(1961) 

McCabe 
( 1966) 

Law 
(1975) 

EXPERIMENTAL CONDITIONS 

FIN ANGLE 
OF ATTACK 

2 ° t 0 1 2 0  

2.5O to 

20° 

~ - 5 ~  to 

1 o0 

, 
b0 to 20° 

, 

l N t O M  l NG 
BOUNDARY 
LAY E R 
TH I CKNESS 

3 .56  mrn 
(0.14 i n )  

3.56 mm 
(0 .14  i n )  

3.55 mt-n 
(0.14 in )  

3.56 mm 
(0.1h in )  

5.84 mm 
(0.23 i n )  

3 .3  ml 
(0.13 in )  

MACH 
NUMBER 

1.6 

1 .8  

2 .o 

1.96 

2.94 

5.85 

UNIT REYNOLOS 
NUMBER 

1.5 x l o 7 / m  
(0~37 x 106/ in)  

1 - 4  l ~ ~ / ~  
(0.35 x 10"/i) 

1 . 3  x lo'/rn 
(0.33 x 1 0 6 / i n )  

1 . 3 5  lo'/rn 
(3.44 x 10 / i n )  

8.1 x 106/m 
(2.06 x 105/ in)  

3 . 3  
(107 / f t )  

9 . 8  x 10'/rn 
(3 x r o 7 / f t )  
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Figure 5 .  Surface pressure distributions from swept ramp intgract ions ,  
(Settles and Perkins, 198 1) . 

- 7 4 -  



UN l FORM 
l NCOM l NG 
FLOW 

UPSTREAM PR t MARY FEATHER-L I KE SECONDARY REATTACHMENT 
l NFLUENCE SEPARATION PATTERN SEPARATION LlNE 

Figure 6. Sketch i l l u s t r a t i n g  features in the surface o i l  flow past a 
swept shock wave. 



b. I n f i n i t e l y  l o n g  ramp. 

F i q r r e  7 .  Geometries fo r  producing swept planar shock waves. 
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SHARP VERTICAL 

0 ,  degrees 

Figure 8. The orientat ion of planar shock waves attached to i n f i n i t e l y  
lonq ramps and f in s  at M o o =  2.95. 



I I 
Figure 9 .  Schematic diagram of the test geometry. 



A ,  EXPERIMENTAL PROCEDURE 
I I - - - I I I C - L - - - - I - - d - - - - - - - - -  

1, KEROSENE-LAMPBLACK SURFACE 
FLOW VISUALIZATION , 

2, LOCATION OF THE I N V I S C I D  SHOCK WAVE 

3 SURFACE S T A T I C  PRESSURE MEASUREMENTS 

4,  VAPOR INJECTION 

B N  DATA ANALYSIS . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 I UPSTREAM 1 NFLUENCE S C A L I N G  

2, SURFACE PRESSURE GISTRlBUTlON 

3 ,  NATURE OF THE UPSTREAM R E G I O N  

4 COMPAR I SON WITH RAMP I NTERACT I ONS 

5 ,  EXAMINATION OF FLOW VISUALIZATION 
RESULTS 

6t EFFECT OF SWEEPING BACK THE 
FIN LEADING EDGE 

7 ,  EFFECT OF THE SWEEPBACK OF THE 
SHOCK WAVE 

Figure 30. Summary of the experimental program. 
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DIMENSIONS I N  m m  ( i n c h e s ) .  

Figwre 11. Swept fin t e s t  geometry. 
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Figure 12. Photograph of sme of the fins and 
adapters used in the experiments. 
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Figure 14. Photograph of a delta wing mounted in the test section. 



Figure 15. Deflection of l i g h t  rays through a conical density f i e l d .  
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STROBOSCOPE 

CAMERA 
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Figq&-c IG, SchematSc diagram of the local vapor-screen apparatus. 
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LERST SQUnRES F I T  

i o ; i  
0 

EXPERIMENIFlL POINTS 

I m , C~MPUTEO POINTS 
0.. - 1 I I I 

10 20 30 40 s b. 60 

LEADING EDGE SWEEPBACK, X ,  degrees 

Figul:? 17. Experimental and interpolated shock wave angles at the centerl ine  
of delta wings at M w = 2.95. 
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Figure 18. S w r y  of experirncntal and interpolated values of B . - 0 
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Figure 20. ( conc luded ) .  
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a. Rcetane injection'through ariffre on the  centerline of the tunnel floax?. a - 









Figure 45, cancluded. 







Figuse $ 7 ,  The. i n v i s c i d  shock wave orientetlon due to siseptback f i n s  
and rmps a k  li:w - 2 - 2 5 .  





b, ComeLatlsn scheme of Dalling m d  Bogdensff 119811 fox swept f a n s  m d  
sWe;)b ram s . 


