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HYPERSONIC TURBULENT EXPANSION-CORNER 
FLOW WITH SHOCK IMPINGEMENT 

ICung-Ming Chung* and Frank IC. L u t  
University of Texas at  Arlington, Arlington, Texas, 7F019-0018 

Mean and fluctuating surface prcssurc da ta  were ob- 
tained in a Mach 8, turbulent, cold flow p a d  a11 cxpan- 
sion corner subjected to shock impingemcnt,. The  ex- 
pansion corner of 2.5 or  4.25 deg wras located at 0.77 m 
(30.25 in.) from the leading edge of a sharp-edged flat 
plate while an  external shock, generated hy cithcr a 2- 
or 4-deg sharp wedge, impinged at the corncr, or at one 
boundary layer thickness ahead or behind tlic corner. 
The  mean pressure distribution was strongly influenced 
by the mutual interaction between the shock and the 
expansion. For example, the upstream infliiencc dc- 
creased when the shock impinged downst,ream of the 
corner. Also, the unsteadiness of the interactions was 
characterized by an intermittent region and a local rms 
pressure peak near thc upstream influencc line. The  
peak rms pressure fluctuations increased with a larger 
overall interaction strength. Shock impingenient down- 
stream of the corner resulted in lower peaks and also in 
a shorter region of reduced fluctuation levels. Thcsc fea- 
tures may be exploited in inlet design by impinging thc 
cowl shock downstream of an expansion corner instcad 
of at the corner. In addition, a limited Pilot pressurc 
survey showed a thinning of the boundary layer down- " stream of the corner. 

N0MENCLATUR.E 

M = Mach number 
P = pressure 
pdf = probability distribution function 
UT = friction velocity, 
X = distance mcasurcd from corner 

along test surface, Fig. 1 
= distance normal to the test surface 

surface 
= standardizcd pdf variable, p ' / n p  
= corner angle, Fig. 1 
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6 = boundary layer thickness 
0 
UP 

Subscripts 

e = boundary layer edge 
F 

inc ip  = incipient 
max 

0 = undisturbed boundary layer 

pit = Pitot 
sh = shock 
U = upstream influcnce 
W = mean wall value 
1, 2, 2', 3, 4 
00 

= cxtcrnal wedge angle, Fig. 1 
= standard deviation of pressure 

fluctuat,ions 

= inviscid conditions downstream of 
shock-expansion 

= maximum in rms surface pressure 
distribution 

conditions at the corner location 

= inviscid regions, Fig. 1 
= incoming frecstream or incoming 

static value 

Superscripts 

= fluctuating value 
= normalizcd by 6, 

INTRODUCTION 

Shock wave boundary-layer iutcractions have been the 
suhject of considcrablc research.' Recently, renewed in- 
tcrcst in supersonic and hypersonic flight vehicles has 
necessitated a better physical understanding of such in- 
teractions than previously achieved. One reason for this 
necessity is the increased accuracy required in design- 
ing thcsc vehicles using computational methods. Un- 
fortunately, complex shock boundary-layer interactions 
are amongst a number of flow phenomena which are 
barely understood at hypersonic Mach numbcrs.2 The  
motivatioii of the present study is, therefore, to further 
the understanding of shock boundary-layer interactions 
through basic experimental research, 

Spccifically, the present study examines t,he hyper- 
sonic interaction that  exists when a shock impinges near 
an  expansion corner as depicted in Fig. 1. This is an  
idealized, building block interaction tha t  models the 
impingement of a cowl shock near an expansion corner 
in a11 inlet at off-design conditions. Although the ulti- 



(a) Shock rcflcction ahead of cxpansim comer 
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(b) Shock rcflcction at expansion comr.  
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( c )  Shock reflcction behind expansion comcr. 

Figure 1: Schematic of test configurations. 

mate  goal is to support scranijet inlet design pcrtaiuing 
t o  hypersonic vehicles such as the National AcroSpace 
Plane, the present study is of a smaller scope hccaiisc 
the shock-expansion interaction has been rarcly stntl- 
ied. Hence, the present study involves small corucr and 
wedge angles giving rise t o  unseparated interactioiis. 
Before discussing the results of the study, bricf details 
of the experiment are outlined next. 

EXPERIMENT 

Shock Tunnel 

The  UTA shock tunnel is of conventional dcsigii and 
consists of a shock tube connectcd t o  a nozzle, test 
section, diffuser and dump tank. The  driver scct,ion 
of the shock tube was connected to the driven section 
via a double-diaphragm section. Flow was init,iatetl hy 
rupturing the diaphragms which initially scparatrxl the 
driver and driven gases. The  double-diaphragni ar- 
rangement provided precise control of the driver and 
driven pressures which in turn ensured repeatable shg- 
nation conditions and unit Reynolds number. 

A secondary diaphragm of thin Mylar@ or alu- 
minum foil was used t o  separate the driven trihr and 
the nozzle. Once the secondary diaphragm was r i p  
tured, the test gas in the driven tube was cxpmdcd 
by a conical nozzle with a 7.5-deg half-angle rspmsion 
t o  Mach 8 in a semi frec-jet test section 0.54 ni (21 

in.) long and 0.44 m (12 in.) in diameter 

Test hlodel 

A stainless steel, flat plate 203 m m  (8 in.) wide by 0.96 
in (37.75 in.) long with a sharp convex corner 768 rnrn 
(30.25 in.) from its leading edge was used t o  develop 
a boundary layer. Fences under the plate were used 
to prevent crossflows. In the test region, starting a t  
about 750 m m  (29.5 in.) from the flat-plate leading 
edge, the surface pressure without the corner showed 
an extremely slight, favorable longitudinal pressure gra- 
dient which can be i g n ~ r e d . ~  Within experimental ac- 
curacy, the undisturbed surface pressure was assumed 
uniform. 

T w o  instrumentation plates with 2.5 and 4.25 
f 0 . 1  deg expansion angles were fabricated for surface 
pressure measurements. Taps for flush-mounted trans- 
ducers were drilled perpendicularly onto the test surface 
from 38.1 m m  (1.5 in.) upstream t o  60.3 m m  (2.375 
in.) downstream of tlie corner location. The  taps were 
ofrset from the centerline by 3.18 m m  (0.125 in.) and 
were spaced 6.35 m m  (0.25 in.) or 0.56, apart .  

An impinging shock was generated by a sharp 
wcdgc. This wedge consisted of a sharp-edged plate 
aud an angle-of-attack adapter. T h e  plate was made of 
aluminum and it was 130 m m  (5.25 in.) long and 180 
nini (7 in.)  wide which enabled it to span the test region 
while its length ensured that  expansion waves from the 
trailing edge impinged on the test surface downstream 
of the region of interest. The  plate was tightened t o  
an adapter t o  obtain tlie desired wedge angle of 2 or 
4i0.1 deg. T h e  wedge assembly was mounted toas t ing  
and t,he shock impingement position was adjusted t o  be 
a t  the expansion corner, or one boundary layer thick- 
ness itpstream and downstream of the corner as shown 
i n  Fig. 1. This figure also shows the inviscid wave pat- 
tern. Although Figs. l b  and c depict a reflected shock, 
other possibilities, depending on the valucs of a and 
0 ,  include a reflected expansion fan or a shock cancel- 
lation. Moreover, for consistency, the inviscid region 
downstrcam of the shock boundary-layer interaction is 
dcnot,ed as region 4 in Figs. la-c. 

Da ta  Acquisition and Instrnmcnt a t '  .ion 

For dynamic surface pressure measurements, Kulite 
hlodcl XCS-093-5A and XCS-093-15A pressure trans- 
dnccrs were flush mounted t o  be better than 0.0056, 
i n  order to minimize interferencc with the flow.4 Data 
from tlie pressure transducers were pre-conditioned by 
Lcyli Model 29 amplifier and anti-aliasing filter cornbi- 
nations with a gain of 500 and a roll-off frequency of 
100 kIIz before bcing sent to two LeCroy Model 6810 
four-channel, twelve-bit waveform recorders. Built-in 
programmable amplifiers were used t o  further condition 
the signals which were then digitized a t  1 Megasam- 
plcs/sec/channel and stored within the recorders. The  
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data  were subsequently transferred to an Evcrcs Step 
286 host computer which also controlled the data ac- 
quisition system. T h e  limited number of channcls 
meant that  a detailed pressure distrihot,ion was ob- 
tained through a number of runs. 

The  transducer models used have natural frcqnen- 
cies of 100 kIIz and 150 kIIz respectively as quoted by 
the manufacturer while the diameter of tlicir sensing 
surfaces is 0.97 m m  (0.038 in.). These charact,erist.ics 
have a bearing on tlie ability of the transdiiccrs to re- 
solve pressure fluctuations. Accordiug to Corcos,s the 
maximum measurable frequency for t,ransduccrs of this 
size in the present test conditions is about 280 k I I z  
which cannot be attained due to the lower natl~ral fre- 
quencies that  these transducers possess. To ohtain rcli- 
able dynamic data ,  the data were digitally filtered wil,h 
a cutoff at 100 kIIz before aiialysis was pcrformcd on 
them. Moreover, the limited spatial resolution of the 
present transducers resulted in these transdriccrs c a p  
turing only 60 percent of the rms compared to a n  ideal 
transducer.6 Further details on tlie resolritior of snrfacc 
pressure fluctuations in the present experiments can be 
found in Ref. 7. 

Even though the transducers were i iscd for dy- 
namic measurements, a static calibration sufficed in 
determining the calibration coefkicnts.' In addit,ioii, 
the signal-to-noise ratio of the transducers was esti- 
mated to be about 20 dB (10:l) for p < 0.3 kPa 
(0.05 psia). However, the magiiitiidc of the pressure 
signals increased substantially with shock impingement 
which consequently improved the signal-to-noise ratio 
to about 40 dB.' 

Pitot pressure surveys were made with a boutidary 
layer rake. T h e  rake consisted of four Pitot pr01)cs 
with Kulite pressure transducers sniigglcd at 18 m m  
(0.7 in.)  from the tip t o  ensure a fast response. The 
inside dimensions of the flattened intake wcrc a height 
of 1.9 m m  (0.075 in.) and a widtli of 0.25 mm (0.01 
in.) high and the small height minimized displaccmcnt 
effects. A Pitot pressure profile wa? hoilt up i n  al)out 
4-5 runs. 

Test Conditions 

- 

U 

to be 2.15 with a run-to-run variation of less than f 5  
percent,; t,lie low shock Mach number ensured that  real 
gas effects were negligibly small. From the shock Mach 
number and the initial driver and driven conditions, the 
stagnatioii pressure and temperature were estimated 
as 5.38 MPa (780 psia) and 800 I< (1440 "R) respec- 
tively while tlie unit Rcynolds numbcr was estimated 
as 10.2 x 106in- '  (3.1 x 106/ft). The  flat plate was 
at room temperature (T, o 290 K ,  522 OR) and thus 
the cxperimcnts were performed under cold-wall condi- 
tions (TWITo x 0.35). Further, the undisturbed bound- 
ary layer developed naturally on the flat plate and the 
boundary layer thickness at t,lic corner location was de- 
tcrmincd to be 12.7 f 2 m m  (0.50 + 0.08 in.).3 Through 
the test region, tlic low Reynolds number of 1800-2300 
based on the momentum thickness produced a turbu- 
lcut boundary layer with a negligible wake in the test 
region Finally, the useful test t ime was about 0.5 ms 
a n d  it provided the lower cutoff frcqiiency to the test 
data  of about 2 kIIz. 

RESULTS AND DISCUSSION 

Mean Surface Pressure 

Siirface pressures are normalized by the incoming 
freestream static pressure p ,  and arc plotted in Figs. 2 
and 3 respcctively. In each figure, the surface pressure 
distribution for the three shock impingement locations 
of E,,,  = xs,h/60 = -1, 0 and 1 are presented. The  
inviscid pressure distributions are also shown as solid 
I i nes. 

Wit11 the incident shock upstream of the expansion 
corner, Figs. 2a and 3a show that  the surface pressure 
gradually increases from the upstream influence of the 
shock but i t  does not reach tlic downstream, inviscid, 
reflected sliock value p3/plr see Fig. 1 for inviscid flow 
nomenclature. Unlike shock reflection off a flat surface, 
the close proximityof the expansion corner prevents the 
surface pressure from attaining the downstream inviscid 
shock value. Moreover, the surface pressure maxima 
is reduced with a stronger expansion. For example, 
for 0 = 4 deg. the vcak pressure p, , r . /p ,  o 3.4 when 
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Figrrrc 3: Shock impingement near 4.25-deg expansion 
cornrr. 

The  upstream surface pressure distribution when 
the shock impinges right at the corner appears simi- 
lar to that when the shock impinges ahead of the corner 
cxccpt for a small reduction in upstream influence, com- 
pare Figs. 2b and 3b with Figs. 2a and 3a. (This will 
be t4ahorated later.) Under certain conditions in which 
p p / p ~  xz 1, the reflected shock wave at the corner is 
nearly “neutralized” by the Prandtl-Meyer expansion, 
M ohscrved previously by Chew.” 

\!‘lien the shock impinges downstream of the corner, 
Figs. 2c and 3c, the surface pressure distribution shows 
a smaller upstream influence as compared to the other 
configurations. This decrease in the upstream influence 
sliows that  the expansion corner plays an  important 
role in the shock boundary-layer interaction through 
modifying the incoming boundary layer characteristics, 
According to Elfstrom,” the upstream propagation of 

Figure 2: Shock impingement near 2.5-deg expatision 
corner. 

prcssrrre at incipient separation depends on the incom- 4 
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ing Mach number arid on the Reynolds mitiibcr hascd 
on wall conditions Re, = lJT6/u,. The upstream inflri- 
encc decrcascs with an  increase in Re, and tliis Iiehav- 
ior may be expected to hold for attached interactions as 
wcll. For small cxpansion corners in hypersonic, high 
Reynolds number flow, the friction velocity a n d  1.llc dy- 
namic viscosity at the wall do  not differ greatly from 
incoming Itowever, the expansion produrcs a 
thickening of the boundary layer9 and thereby an in- 
crease in Re,. Consequently, the upstream inflncncc is 
decreased based on Elfstrom’s analysis. 

Figs. 2c and 3c also show that  alt,liongh the invis- 
cid pressure distribution consists of a prcssrirc drop fol- 
lowed by a prcssure rise, the actnal pressura distrihii- 
tion for all four cases does not show any sigllificaul 
pressure decrease due to the expansion. This is u~ililic 
Chew’s observation” in a supersonic flow i i i  wl i ich  the 
separate effcctk of the shock and expansion f;nl c im he 
distinguished clcarly when these waves were separntcd 
by about 1.5~-2.56,. In a hypersonic flow, t,hc surface 
pressure decreases in a more uniform fashion due to the 
highly-swept expansion fan.  The  separate wave struc- 
ture due to the expansion and the shock i n  a hypcrsonic 
flow may perhaps be achieved only when t,lie shock im- 
pingcs upon the corner further downstrcarn. 

The  surface pressnre with a 4.25-dcg cxpansion for 
both impinging shocks shows an ovcrslioot, coinpared 
with inviscid pressure levels.” The prcssnre dist .r ih~~- 
tions arising from the same shocks impinging a flat 
plateg or the wcakcr expansion corucr, Iiowcvcr, do ” not exhibit the overshoot. This overshoot appcars 
to he a uniqne feature arising from the mri t ,ua l  intcr- 
actions of the incident shock and the expansion fan. 
The  suggcstion t.hat the ovcrslioot is due to three- 
dimensional effects arising from tunnel side-wall inter- 
actions does not appear feasible i i i  the prcscut nnscp- 
aratcd interactions.” N o  explanations, nnforti~natcly, 
are forthcoming at the moment for this phcnomcnon. 

To  quantify thc above observations on the ripstream 
influence, the normalized upstream inflnence 2“ F 216, 
is plott,cd against ita,L in Fig. 4 .  T h e  iipst,ream influ- 
ence is larger for a higher shock strength as expccted. 
For the same shock strength, when the shock impinges 
downstream, the upstream influence dccrcascs. The 
decrease of upstream influcncc for thc wcakcr incident 
shock is, however, cxtrcmely slight. The cxpansion cor- 
ner affects the upstream inflnence in two ways. First 
is the proximity of tlie corticr; as the shock impinges 
from ahcad to bchind the corner, the upstream influ- 
ence dccreascs. Secondly, thc stronger the expansion, 
the smaller the upstream influence. 

Surface Pressurc Fluctuations 

The  rms distribntion of pressure fluctuations are sliown 
in Figs. 5 and 6. T h e  rms distribution of prcssiirc fluc- 
tuations up is normalized by the local surface pressure 
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Is’ignre 4. Ilpslrcam inflnence doe to shock impinge- 
ment near rxpansion corners. 

p .  The normalized rms distrihntion with shock imping- 
merit a t  x,h = -1 show some sirniliar features with one 
another, c.g., tlie “peak” rms pressure fluctuation asso- 
ciated with the strong intermittent behavior of the in- 
tcraction, a damping downstrcam of the expansion cor- 
ncr and a11 increase at 2 = 3.3-4.2. This downstream 
increase of the surface pressure fluctuations may he due 
to a change of the boundary layer state,  from one that  
is “rclaminariaing” due to the favorable prcssure gra- 
dient to one that is “retransitioning” as the bonndary 
layer re-develops to a new cqoilihrium turbulent state.  
Ilic downstream peak in up also appears related to the 
downstream peak in mcan pressure. 

Whcn the shock impingcs right at the expansion 
corner, the characteristic shape of the rms pressure dis- 
tribntion is hnsically the same as t h a t  of shock impinge- 
ment upstream of thc expansion corner. IIowever, the 
“ncutralizat~ion” of tlic shock by the expansion fan re- 
duces the rms peak. For a = 4.25 deg and 0 = 2 deg, 
(up/p),,,az is about 20 percent below the peak value 
achieved when tlie shock impinges upstream of the cor- 
ner. The rms pressure distribution when the shock im- 
pinges downstream of the corner shows the cffect of 
the expansion i n  att,enuating the peak rms valuc and, 
fnrthcr, rcsults in a morc severe damping of thc fluctu- 
at,ions throughout the downstream region. 

The peak r i m  value (ul,/p)mar is plotted against 
Z s h  in Fig. 7. The figure shows that  the peak rms value 
dccrcases as the impinging shock moves downstream. 
This feature, i n  addition to the lower mean pressure 
Icvcls, may be exploited in inlet design where the cowl 
shock is allowed to impingcdownstream of an  cxpansion 
corner under on-design conditions. Also, the peak rms 
valnes for Ilie 4.25-dcg expansion for both wedge angles 
appear to be more attenuated compared with those of 

,. 

5 



0.1 

0.1 I L  
c -I 

0.1 
OJP I 

0.1 

Figure 5: Root-mean-square pressure distrilirit,ion duc 
to shock impingement near 2.5-deg expansion corncr. 
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Figure 6: Root-mean-square pressure distribution due 
l o  shock impingement near 4.25-dcg expansion corner. 
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Figure 7: Peak values of rms pressiire 

which is associated with reflected compression waves, is 
smeared tlirougli the boundary layer and is less distinct 
compared with those found in Pitot  surveys of flat plate 
flow with shock inipingement.gJ5 

the 2.5-dcg expansion which reveals the inflnence of es- 
pansion corner on the surface pressure fluctuations. 

The  increase in surface pressure fluctuations is 
thought to be due to shock m ~ t i o n ’ ~  and can be further 
understood through examining the probability density 
functions. Examples of pdfs normalized by the mean 
local pressure are plotted in Figs. 8 and 9 against the 
normalized coordinate Z = p ’ j o , .  Tlie normalized 
Gaussian distribution is plotted as a solid linc i n  these 
figures. The  pdfs show a departure from [.lie Gans- 
sian downstream of the interaction onset in which a 
highly skewed distribution is obtained followed by a bi- 
modal one. These features indicate the presence of an 
intermittent pressure distribution in which the pressure 
“switches” from an upstream, lower value, t o  a dowtl- 
stream, higher value.14 Also, a comparison of Figs. 8 
and 9 reveals that  the upstream propagation of distnr- 
bances due t o  the 4-deg wedgc is further than t.hat due 
to the 2-deg wedge. Thus  the pdfs show a larger np- 
stream inflnence due t o  the stronger shock intcraction. 
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0.3 W 

0.2 

(,J$-LX 
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Pitot Pressure Surveys 

Pitot pressure surveys were performed for only two test 
conditions, namely, where tlie oblique shock impinges 
a t  tlie 2.5-deg expansion corner. Tlie inviscid solution 
provides for a shock reflection in both cases. Tlic Pitot  
pressure, normalized by the value a t  the boundary laycr 
edge are plotted against tlie perpendicular dis- 
tance from the wall, normalized by tlic local bound- 
ary layer thickness, in Fig. IO. The  profiles wcre ob- 
tained from 2: = 0.75-2.75 (4.8-35 m m  or 0.375-1.375 
in.) downstream of thc corner. Tlic profilcs for both 
wedge angles show a fairly similiar shape. A distortion, 
whose limits are indicated by a pair of arrowheads in 
the first profile of Fig. loa, is observcd. This distortion, v 

I I I Further, tlic boundary layer thickness extracted 
from the Pitot pressure profiles is shown in Fig. IO. 

boundary layer thickens more rapidly than that  past a 

- - tion of density through the expansion fan.16 However, 

- 
The  boundary layer thickness decrcases downstream of 
t,he corner. For flow past an expansion corner only, the 

flat plate.” The  more rapid increase is due t o  a reduc- 

when a shock impinges on the corner, the downstream 
boundary layer thickncss is reduced. This resembles 

- - 

. . : : t 
t 

: I 

- 

1 I I that  of a weak shock impinging a flat plate.’ 

CONCLUSIONS 

A complicated interaction exists when a shock impinges 
near an expansion corner. The  favorable pressure gra- 
dient set np by tlie expansion, e.g., attenuates the up- 
stream inflnence and limits the snrface pressure from 
reaching the downstream inviscid shock value. The  ex- 
pansion also reduces the unsteadiness inherent in shock, 
turbulent boundary-layer intcractions, including unsep- 
arated ones. Moreover, even when the mean surface 
pressure shows shock cancellation by thc expansion fan, 
a peak still exists i n  the rms distribution. I t  appears 
that  tlie expansion corner has the largest effect on the 
shock boundary-layer interaction if the shock impinges 
behind thc corner. Finally, the shock is rcflected a t  a 
shallow angle and remains embedded within the bound- 
ary layer even a t  36, from the corner. 
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