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Abstract

Shock wave boundary layer interaction (SWBLI) is a classigah#ple of viscous-inviscid in-
teractions. Occurrence of SWBLI, in hypersonic flowfield, isremely adverse for the space
missions and needs thorough investigations. Enhancedcgutfeating, alteration in aerody-
namic coefficients, vortex shedding etc. are the possilaigares for this consideration. In view
of this numerical studies are planned to enhance the uahelisy about this interaction. How-
ever these investigations demand an efficient and accuvbter suitable for high speed flow
analysis. Hence an in-house 2D-axisymmetric viscous cessile flow solver "USHAS” (Un-
structured Solver for Hypersonic Aerothermodynamic Satiahs) is developed to achieve the
proposed goals. This solver is then validated and verifiegthube literature reported numerical
or experimental test cases. During these studies, it has ha&ed that the AUSM family of
schemes form a better compromise among convergence,itgtaloill accuracy for hypersonic
applications. Thus these schemes are preferred onwar@\ei | studies.

The higher order accurate solver, USHAS, is then implentefde ramp induced SWBLI
(R-SWBLI) studies. Initial efforts are invested to quantifetéffect of various governing pa-
rameters such as ramp angle, freestream Mach numberéaesstagnation enthalpy, leading
edge bluntness and wall temperature on the interaction. lReshtained from these simula-
tions are compared with qualitative predictions in literat It is shown that increase in Mach
number as well as bluntness of the leading edge reduces gheam influence resulting in a
decrease in the extent of separation. Contrarily, increaseall temperature and decrease in
stagnation enthalpy enhance the separation size. Pdagsdiiturbulent reattachment is also
confirmed for leading edge bluntness case through the greseunlations upon comparison of
the results with the reported experimental data. Numesitalies also illustrate that the total to
wall temperature ratio is a better indicator of SWBLI rathertlhe individual quantities them-
selves. Subsequently, using the same simulation datausliterature reported correlations to
predict incipient separation condition, extent of upstmaafluence, separation bubble length,
plateau pressure and separation pressure, have beeallgrieviewed and assessed. It has been
noted that the correlation for incipient condition shouldydbe used for ‘well separated flows’.
Successful modifications are suggested in other corratmwiden their range of applicability.

The widely accepted control technique, provision of legdidge bluntness, is investigated to
assess its capability to delay or avoid the separation.oMardependent parameters like sonic
height, boundary layer edge Mach number, entropy layemdary layer thicknesses etc. are
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considered for this evaluation. These studies revealedxiséence of two critical radii of lead-
ing bluntness associated with R-SWBLI. The reference separatibble size, corresponding
to sharp leading edge plate, is seen to be widened withlimitaease in leading edge radius,
till the first critical radius. This critical radius is termes inversion radius and it corresponds
to maximum separation bubble size. Entropy layer swallgwias been accounted for this en-
hancement in separation bubble size. Increase in leadyg rediius beyond the second critical
radius is found to decrease the size of separation zone ipaagon with sharp leading edge
case. This second critical radius is termed as equivaleiniisand it signifies the equal sepa-
ration zone as that for reference sharp leading edge casendion of the over pressure region
beyond the reference upstream influence location is cektbtehis separation zone decrement.
In view of this, current studies are found to be very usefudetecting the leading edge blunt-
ness radius for delaying the separation. Subsequently meahstudies are extended to analyse
the parametric influence of freestream and geometric dondibn the critical radii of SWBLI.
The critical radii of R-SWBLI are observed to be increasing vdétrease in freestream Mach
number and total enthalpy. However their magnitude in@gagth increase in wall tempera-
ture. Moreover the flowfield equivalence has been noticesidoy small and large leading edge
radii for two different total enthalpy streams, upon maimitag constant wall to freestream total
temperature ratidl(, /7,). These studies are found very useful in devising mechafosmsti-
mation of critical radii and as well for incorporating the @ndment in the same due to change
in governing parameters. Finally shock wave boundary layeraction for axisymmetric con-
figurations is also studied by considering its importancepace vehicle design. Influence of
leading edge bluntness on two R-SWBLI parameters viz. separhtibble size and surface
heatflux distribution are revealed through this study. Bothdritical radii are observed during
the two dimensional simulations while single critical naglhas been observed for the axisym-
metric computations for the range of radii under considenatLower entropy layer thickness
due to decreased shock stand-off distance in the presemiceeefdimensional reliving effect is
reasoned for this disparity.
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Chapter 1

Introduction

Overview

Shock wave boundary layer interaction (SWBLI) is the topigpfesent investigations. In view
of this, initial part of the chapter describes various tenmiogies and characteristic features
of SWBLI. It is then followed by the experimental, theorétzcal numerical contributions of
several researchers in this field. Short comings or limitasi of the literature reported finding
are mentioned while defining the objectives of present stud@é&ucture of the thesis is finally

discussed in this chapter

1.1 Introduction

Bird flight has always provided inspiration to the mankindgossessing the desire of flying and
designing associated objects. Therefore feather liketstres were the outcome of the initial
efforts based on this stimulus. However such failure attsndverted the impetus towards
lighter than air flight. As a result of which, first succesdfight of a hot air balloon took off in
1783. Gliders were the successors of these balloons. Sig&&tayley was the brain behind
the thought of connecting propulsive system to such fixedywiirders. This perception about
flying had sowed the invention of heavier than air flight. Capsmntly, world had experienced
the first successful flight of Wright Brothers in December of 3.98ereafter development of
aeronautics and space flights took a leap and as an afterimsttiupersonic flight was possible
in 1947 and destination moon was achieved in 1969.
1
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FIGURE 1.1: Important physical features of hypersonic flows.

Desire of flying faster and higher has disclosed various flla@ regimes ahead the fluid
dynamics research fraternity. Among those, hypersoniocdyeramics needs special attention
for design of planetary space vehicles, satellite laundficles, intercontinental missiles etc.
Fundamental understanding of the fluid flow is essential &gighing these vehicles which
would experience the hypersonic atmosphere. This flow regsnconventionally defined if the
flow Mach number is greater than five or the flow velocity is mibian five times of local speed
of sound. However hypersonic flows are characterized by moghenomenon as described
in figure 1.1 (Anderson [1]). Presence of these special fl@tures constitutes the hypersonic
flow. Deceleration of flow in the shock layer transforms theekic energy into heat energy
which in turn triggers these distinct flow features. Amongsth special features, interaction of
shock wave with thick boundary layer is of immense intereghe hypersonic community. In

view of this, SWBLI is planned for investigations during presstudies.
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1.2 Shock wave boundary layer interaction

Shock wave is an inviscid flow feature which can be encoudteteenever supersonic or hyper-
sonic flow needs inward turning (figure 1.2). Shock wavesidediscontinuity for most of the
flow properties among which pressure, temperature andtgieénsirease across it. Strength of
the shock or increase in these flow properties depends uparidtaing angle and freestream
Mach number. Contrarily, boundary layer is invariantly gmtsin the viscous flows, in the
vicinity of the wall, for smoothening the velocity gradidmtween freestream and wall (figure
1.3). Importantly, some part of the boundary layer flow remeaubsonic although freestream is
supersonic or hypersonic. Streamwise growth of such bayrdger depends upon freestream
Reynolds number, Mach number and the pressure gradient sathe direction. The interac-
tion of shock wave and boundary layer is therefore a visdowiseid type. Such situations are
prominent in external flows like flow over control surface amernal flows like scramjet intake
flow. At lower strength of this interaction, flow retains stay but gets disturbed in the pres-
ence of interaction. However if the strength of the intdmacincreases then flow separation,
turbulent transition, enhancement in wall heat transfeas;avortex shedding etc., are expected.
As a result of this, performance of control surface and engets affected. Thus it is essential
to study the shock wave boundary layer interaction. Thiratdtion can be broadly classified in
two types as, oblique shock based interactions and norroakdiased interactions. The oblique
shock based interactions can be further classified as irapiegt based SWBLI (I-SWBLI) and
ramp induced SWBLI (R-SWBLI).

1.2.1 Shock impingement based SWBLI (I-SWBLI)

This interaction takes place when an oblique shock pemsttatough the boundary layer de-
veloping over the surface of space vehicle and reflects brack it as shown in figure 1.4(a).
Here, the oncoming supersonic or hypersonic flow undergeesticcessive deflections in the
presence of primary and reflected shocks, depending on gheaghing Mach numben\(;) of
the flow. These deflections may lead to separation of the ayridyer in the vicinity of the

shock impingement location. Such type of interaction isygreent in scramjet intakes.
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FIGURE 1.2: Inviscid shock generation in the presence of compression cfpivture from
Anderson[1].
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FIGURE 1.3: Boundary layer growth and associated velocity vectors (pictare 8chlichting

[2])
1.2.2 Ramp induced SWBLI (R-SWBLI)

This interaction generally occurs due to the presence ofpcession surfaces or discontinuous
change in the surface inclination. Such compression cemoat the oblique shock at the foot
and provide adverse pressure gradient to the oncoming boytad/er. Therefore thickness of
the boundary layer increases in the presence of imposedsadveessure gradient which in turn
may lead to flow separation at the ramp foot. Typical R-SWBLI ipicked in figure 1.4(b).
Various space vehicle components or subsystems like widg jumctions, engine inlet, control

surfaces etc., get affected by this type of shock wave bayrdger interactions.

1.2.3 Interaction of normal shock and boundary layer

Interaction between normal shock and boundary layer cambeuatered in supersonic dif-

fusers, wind tunnels, shock tubes, transonic aerofoils®te important feature of this SWBLI
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FIGURE 1.4: Important types of two dimensional shock wave boundary layeictiens.
is that the flow remains subsonic downstream of the inteyactrlow pattern near the wall for
such interaction is given in figure 1.4(c). Since this typ@&tdraction creates subsonic flow re-
gion behind the interaction, the downstream flow alteratimay influence the interaction zone.
Hence complex unsteady phenomenon can also be expected this interaction. Presence of
forward facing step in supersonic or hypersonic flowfield atgluces interaction of this kind as

shown in figure 1.4(d).

1.3 Flowfield in the presence of SWBLI

It had been observed that response of the SWBLI is independléattgpe and remains almost

similar in all those cases. Therefore typical flowfield inecasR-SWBLI is discussed herewith.
Ramp like shapes are very common in the design of space velaicteengine inlets. Abrupt

deflection of flow in the presence of ramp leads to the gemeraif shock wave emanating

from the compression corner. Flow deceleration takes maocess this shock wave as a result

TH-1295_BJohn



Introduction 6

Leading edge shock
Shear layer

Slip line

Tripple point

Hypersonic
freestream Separation @ 4

shock

1
Laminar

boundary layer

Recirculation region \ Centred expansion
fan
Reattachment
shock

FIGURE 1.5: Schematic diagram representing, the 2D high speed flow over a essigr
corner with SWBLI.

of which pressure in the downstream region increases. Sstlrloance propagates upstream
of the compression corner through the subsonic part of tpbeoaghing boundary layer. This
upstream propagation of disturbance leads to boundary taikening which in turn may end

in separation.

Compression corner based adverse pressure gradient iregenpe of oblique shock remains
one of the driving parameters for the possible separatiarage of R-SWBLI. However, such
local flow separation is not always guaranteed. Separafitimeedlow in the presence of ramp
induced adverse pressure gradient depends on many paraiietevlach number, Reynolds
number, ramp angle, wall temperature, boundary layer Igtakic. For a given freestream
conditions the minimum ramp angle required to initiate tepagation is known as incipient
separation angle [3]. If the deflection angle is higher thanihcipient separation angle, then
boundary layer separation takes place at station ‘S’ (shiowfigure 1.5), well ahead of the
compression corner, depending on the viscous interacaoanpeter. In such a case, the thick-
ened separated boundary layer locally deflects the inviseebtream over the boundary layer.
Deflection of inviscid flow forms an oblique shock wave knovatlae separation shock. Reat-

tachment of the separated flow takes place at station ‘R’ diveenrs of the compression corner.
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Such reattachment raises pressure and local heat flux. ©eedckeparated region with sub-
sonic recirculation remains isolated from the approxityateviscid supersonic flow above it by
a thin mixing layer, called as shear layer. The supersonic &loove the shear layer and below
the separation shock gets deflected by the reattachmerk.shberefore prediction of various

features of SWBLI becomes a challenging task in the presensaobfa complicated flowfield.

1.4 Shock wave boundary layer interaction terminologies

The intensity of SWBLI and its dependence on various parametar be well understood using
different SWBLI features. These characteristic featuresWwB&I are clearly shown in figure

1.6. Prior quantification of these SWBLI parameters is exttgmecessary for the success-
ful design of hypersonic systems involving shock wave baupdayer interactions. Therefore

definitions of important SWBLI parameters are discussed hederu

1.4.1 Upstream influence

Presence of ramp can leads to considerable flow alteragors, without separation, in the re-
gion, upstream of the interaction. Such upstream flow dlteras generally termed as upstream
influence. In case of R-SWBLI, extent/length of upstream infteeis defined as the distance
from the ramp-foot to the most upstream location, which epees the influence of ramp
based disturbance. Higher the value of extent of upstrefioeirce, higher is the intensity of
SWBLI.

1.4.2 Separation bubble size

Separation bubble size is another important terminoldgyeéds consideration only when flow
is separated due to R-SWBLI. However, separation depends gm aagle, freestream con-
ditions and wall specifications. Therefore separation miblze is also function of these pa-
rameters. Here, separation bubble size is defined as tlee limestreamwise distance between
the separation and reattachment points for the well segghfftw. Higher value of separation

bubble size indicates high intensity of shock-boundargitagteraction.
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1.4.3 Separation and Plateau pressure

Separation and plateau pressures are important SWBLI pagesnebtained from wall pressure
distribution. As their names represent, these two are thesprre values corresponding to sepa-
ration point and plateau region of a typical wall pressusgritiution in the presence of SWBLI.
Here, plateau pressure is the nearly constant pressure iseparation zone. This pressure

remains a clear indicator of separated flowfield.

1.4.4 Peak Stanton number

Peak Stanton number is the non-dimensional value of maximmeatflux on the ramp surface.

Here peak Stanton number is expressed as,

qmaa:

Poo []ooC’poo (TO - Tw)

Stpeak -

This parameter is important for R-SWBLI with separation. Infsoases, the reattached bound-
ary layer attains minimum thickness downstream of the aehthent point which leads to max-
imum local surface heatflux. Beyond this location the Stamamber decreases due to further
thickening of the boundary layer. Hence, this parametgosh& quantify the strength of the

interaction.

1.5 Literature review

In the past, SWBLI has been investigated by several researoleng to its growing signifi-
cance. Research in this field has been started early in 1966 fhis time, many investigations
and parametric studies are reported for high speed lamihtuabulent flows. Some of these
studies are related to understanding of the SWBLI and its dbpere on various influencing
parameters. Few researchers have also concentrated dopieeat of correlations for predic-
tion of characteristic features of interaction using ftessm and geometry conditions. Some
findings are related with the control of SWBLI. Experimentaimputational and theoretical

efforts in this field are summarised in following subsecsion
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FIGURE 1.6: Typical pressure distribution along the wall for ramp based SWBLI.

1.5.1 Experimental studies

The studies of Chapman et al. [4] can be considered as the olt@among the available studies
related to SWBLIs in high speed flows. Chapman et al. first praptisefree-interaction theory
through experimental and theoretical studies. His freerattion concept is worth noticeable
due to its prime importance in explaining the basic physicSWBLI. This theory has showed
the independency of separation point pressure, plateasymeand extent of first part of sepa-
ration on downstream parameters. Subsequently Kuehn fijneeed the shock wave boundary
layer interaction studies and focused on identificatiomofgient separation condition. Here,
incipient separation condition was defined as a situatioaraslsome portion of the surface skin
friction distribution becomes exactly zero. However by sidering the difficulty involved in
experimental measurement of skin friction distributiomelin proposed an alternative method
to predict incipient separation from surface pressure oreasents. According to this revised
proposition, incipient separation should coincide witk first appearance of three inflection
points in the surface pressure distribution. Followed bty Needham [6] proposed another
methodology to estimate the incipient separation. Thi®eadn was based on the heat transfer
measurements, which identifies incipient separation freouaded minimum heatflux near the

interaction region. However both Kuehn’s and Needham’sowt were observed to be failing
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in predicting very small separation bubble sizes. Lateedden and stollery [3] established a
correlation to predict incipient separation angle basetheir experimental pressure measure-
ments. An elaborated review of most of the such investigatabout SWBLIs is summarized
by Green [7].

Research in the field of both laminar and turbulent SWBLI wasinaet in the next decade
where focus was mainly on the identification of parametrituence of various freestream and
geometric conditions on intensity of SWBLI. The experimestadies of Holden [8] and Han-
key and Holden [9] were most appreciated on such aspected@WBLIs. In those studies,
interaction of shock wave with both laminar and turbulenifmary layers were investigated in
high speed flows ranging from supersonic to hypersonic flginme. Parametric influence of
various flow and geometric quantities like, Mach number, Ré&snumbers, wedge angle and
the leading edge bluntness on the interaction were inastilg Those studies were especially
conclusive in strong as well as weak interaction flows abloietffects of governing parameters
on the upstream influence, separation extent and peak bedtinally authors reported that,
upstream influence increases with ramp angle and decreatteMach number while it gets
weakly affected by the Reynolds number in case of turbuldetaction. The increasing nature
of upstream influence and separation bubble size with emmagict of ramp angle had been
confirmed experimentally by Bloy and Georgeff [10]. Few reskars [11, 12] investigated the
effect of wall temperatures on SWBLI phenomenon. Back and C{&fHl| presented the ex-
perimental studies about effect of surface cooling andaserheating on the impingement kind
interaction for an impinging shock 6f4° shock angle. Two wall conditions viz. a cooled wall
with total temperature ratid{,/7;) of 0.44 and heated wall correspondingig/7; of 1.1, were
considered during those experiments. Significant vanatidhe shock interaction structure and
size of the separation bubble were observed for those wallitons. The size of the separa-
tion region was found to be decreased with surface coolintlaereby steeper pressure rise in
the interaction region was noticed as compared to the heafdondition. Coet and Chanetz
[12] conducted experiments for understanding the influefeeall temperature on the SWBLI,
especially for the separation zone. These studies whenucted for R-SWBLI, authors no-

ticed that, the wall to interaction zone-upstream tempeeatatio (,,/7}) has significant effect
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on R-SWBLI and the intensity of interaction increases with @se in this temperature ratio.
Hayakawa and Squire [13] experimentally investigated sgrec SWBLI for compression cor-
ners and focused on the effect of upstream boundary layeoamstream interaction region.
The verification of earlier reported correlations for upatn influence and incipient separation
was also carried out in that reporting. Dependency of ugstraafluence on ramp angle was
observed in this study. It had also been shown that the nmestBionalized extent of upstream
influence varies linearly with the inviscid pressure jumperéiboundary layer thickness at a
location, immediately upstream of interaction stationswansidered as the reference length
scale for non-dimensionalization. Additionally, invepm®portionality of the non-dimensional

extent of upstream influence with the local skin-frictioretfecient was also confirmed.

The shock wave boundary layer interaction in case of nonpsbreblunt leading edge config-
urations had also been experimentally studied by many relses. Townsend [14] investigated
bluntness effect on two dimensional flowfields, while Gray][@arried out studies for the sim-
ilar objective for axisymmetric flowfields. Townsend obsshdecrease in separation bubble
size with increase in leading edge bluntness, while Graicaedtopposite trend of increase in
separation zone with increase in bluntness. Later studlidslden [8] revealed the existence of
a critical leading edge bluntness beyond which separatoe shrinks for R-SWBLIs. During
these experimental studies, it was observed that init@eimse in leading edge bluntness led
to increased separation zone and a decrease of the same vealpected beyond a critical
radius. The later was referred here as the bluntness daedizane while the former was called
as the displacement dominated zone. Decrease in boungaryddge Mach number has been
accounted for separation zone widening while bluntnessded favourable pressure gradient
has been attributed for decrease in separation zone sizeé.eCale [16], during their studies,
also focused on the effect of leading edge bluntness andiagsd entropy layer on the ramp
induced shock wave boundary layer interaction. Conclusidnisese studies were also in-line
with Townsend’s observation. Among the limited investigas in laminar region, recent shock
tunnel based studies of Neuenhahn and Olivier [17] on R-SWBL$éoamjet intake flow with

leading edge bluntness portrayed that relative thicknébsundary layer and entropy layer is
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responsible for variation in separation bubble size. Thiestigation of combined effect of lead-
ing edge bluntness and real gas behaviour on R-SWBLIs was asosdied through rigorous
experimentation by Mallinson et al. [18]. Similar to the j@et gas studies, the intensity of
SWBLI was observed to be reducing with increase in leading étlggness for high enthalpy

reacting flows as well. However the difference between tlaeshnd blunt leading edge flow-

fields was observed to be less pronounced for high enthalyg #is compared perfect gas flows.
Reduction in shock stand-off distance in the presence oficegacin the flow was reasoned for

this observation.

Besides the above discussed SWBLI studies, there are few nteratlire that presented
experimental measurements of shock wave boundary intenaan laminar high speed flows.
Investigations of Hakkinen et al. [19], Needham [20], Kaafirand Johnson [21], Holden [22],
Marrini [23] are also part of experimental studies in thedief 2D laminar SWBLI. Most
of such earlier experimental studies are reviewed by Dpl|#d]. Apart from these, Chanetz
[25], Holden [26] and Dieudonne et al. [27] conducted expents in case of SWBLI for
axisymmetric flows to validate the computational resultseSe experimental measurements are
useful to other researchers as well for the same purposeaings of Tutty et al. [28] is the
latest one which dealt with SWBLI. Hypersonic flow of freestrellach number 6.7 over a
fin-body junction was considered in this study. Almost temets increase in surface heating was
observed in the presence of SWBLI as compared to undisturb@udaoy layer. In addition to
this, Borovoy et al. [29] recently conducted experimenthibiunt flat plates to investigate the
effect of leading edge bluntness on the surface heatingatieetinteraction of an impinging
shock with boundary layer. It was concluded that the plabmtoless significantly reduces the
heat transfer in the shock interference region. The enmaaceof separation zone size and the
reduction of gas density in the high-entropy layer were fgairout as the possible reasons for
such heatflux reduction in the presence of bluntness. Thedes also explored the existence

of a threshold leading edge radius for heat transfer reolu.cti

1.5.2 Theoretical studies

The theoretical treatment for SWBLI was initially startednfronviscid perspective with the

assumption that the prorogation of the disturbance baseshook wave interaction in the
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boundary layer is governed by inviscid flow governing equati On this ground, Howarth
[30] had first theoretically explained the shock wave boupdiyer interaction. It was argued
that, SWBLI based flowfield changes are so rapid that the visciesof secondary importance
for this phenomenon. However, later Lighthil [31], discaddhis pure inviscid theory using the
strong justification of inadequacy of this theory in explaghcomplete phenomenon. There-
fore subsequent studies were carried out by various rdssarasing the integral form of the
boundary-layer equations to explain the interaction. He®tetical study of Crocco and Lees
[32] is found to be the first of such kind that provided agreetméth the experimental measure-
ments. Through their studies they showed that upstreanagetgion of disturbances is possible
if an inviscid outer stream is coupled to the displacemestrepm of separation. Subsequently,
Lighthill [33] introduced an inner boundary layer to his learstudy and produced a coherent
self-consistent theory. However this theory was incap&bkeccount for boundary layer sepa-
ration. But through this theory Lighthill could hint abouttipossibility of separation. Based
on the Lighthill’s theory, Stewartson and Williams [34] aNdiland [35] later introduced super-
sonic triple-deck theory which included nonlinear effeatsl provided a theoretical explanation
for the upstream influence, as well as for self-induced sejmer of a boundary layer in super-
sonic flow. These investigations were useful to presentffeetae use of triple-deck theory for
laminar SWBLI. Further extension of triple-deck theory tostgonic and hypersonic flowfields
can be seen through the explorations of Neiland [36], Stsear[37, 38] and Messiter[39].
Rizetta et al. [40] applied triple-deck theory specificalycompression and expansion corner
based boundary layer interactions using the idea of afplityeof triple deck solution to entire
shock interaction region in case of small disturbancesebtderze=%. Comparison of theoret-
ical results with experimental measurements for wide rarig@rner angles was also discussed
to show the accuracy of the theoretical model. Later Kat&} ¢arried out numerical investi-
gations of I-SWBLI in supersonic laminar flowfield to verify ttrgple deck predictions and also
to analyse the length scales involved in the SWBLI. Katzeroeotian encouraging match in the
numerically predicted separation and plateau pressureimyparing with theoretical scaling
laws of Chapman et al. [4], and Stewartson [37]. Among the emgth parameters of SWBLI,
the non-dimensional free interaction length scale witlenafice boundary layer displacement

thickness was found to be independent of shock strengthewgize of separation zone showed
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linearity with shock strength. Katzer proposed a new sgdbmv for SWBLI based separation
bubble size based on the understanding of numerical datamparison with triple deck theory.
Theoretical studies of SWBLI involving blunt leading edge wasried out by Holden [42] us-
ing solutions of integral form of boundary layer equationserning both attached and separated
flows near the compression ramps with highly cooled wallse fdguirement of a jump condi-
tion to join the supercritical boundary layer at the begngnof the interaction to the subcritical
boundary layer at separation was noticed through this sieyides, Sobey [43], Dechaume et
al.[44] and Inger [45] presented their recent theoretitalies related to SWBLI.

1.5.3 Numerical studies

The history of numerical studies for SWBLI dates back to laté0L I he work of Carter [46] can
be considered as the earliest numerical studies of lam&L3 phenomenon. Finite differ-
ence technique was used in this study to obtain steady stiat&os. In 1975, Maccormack and
Baldwin [47] presented an article describing the methodptfgolving unsteady Navier-Stokes
equation to obtain solution for strong shock wave boundayet interaction phenomenon. As
its extension, Hung and Maccormack [48] investigated bogessonic and hypersonic compres-
sion corner flows. Three wedge angles, \iz?, 18° and24° were considered in this study. Rea-
sonably good agreement, among numerical and experimee@dunements, was observed. A
correlation between the leading edge shock strength ardipéaatflux and peak wall pressure
was also noticed through this study. Later Balleur et al. pt8fented two numerical approaches
to analyse supersonic high Reynolds number flows with SWBLIs&hechniques were named
as global approach and coupling approach. In global appraaenplete Navier-Stokes equa-
tions were solved in the physical domain without differatitig the inviscid and viscous portion
of the flowfield. Whereas in coupling approach, solutions #oitiviscid and viscous portion of
the flowfield were obtained simultaneously by solving Euledt &lavier-Stokes equations in the
respective domains. Both R-SWBLI and I-SWBLI were analysed by eyl these numerical
techniques. Subsequent numerical investigations of cessjon corner induced SWBLI in lam-
inar high speed flows were carried out by Fay and Sambam&®hi Rudy et al. [51], Garsso
et al. [52], Grasso and Marini [53] and Layland [54]. Compami®f accuracy of four differ-

ent Navier-Stokes solvers, in simulating the two dimersiét:SWBLI in hypersonic flowfield,
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was presented by Rudy et al. [51]. In this study three dimeasieffects of the flowfield were
also accounted. Grasso et al. [52] discussed extensiwtatiain procedure for hypersonic flow
solvers by studying compression corner flows. Through thidys authors also extended Eck-
ert’'s results [55] to determine the skin-friction and Stamhumber distributions in the region
upstream of the interaction zone. Such analytical valueskiof friction and Stanton number at
the reference upstream influence starting location can bsidered in proposing or modifying
the scaling laws for laminar SWBLI. Following to it, Grasso avidrrini [53] later performed
computations employing various experimental freestreanditions. Influence of flow deflec-
tion angle, leading edge state, viscous interaction paeame¢c., was critically assessed in this
study. Based on the numerical understanding and theoretcasiderations, Grasso and Mar-
rini proposed simple scaling laws for upstream influencemxand aerodynamic coefficients.
Further by using the peak heating correlation of Hung and &&aifb6], it was also showed
that the peak heating can be correlated to length of upstrefuence. Katzer [41] conducted
simulations for two dimensional I-SWBLI and associated scplaws. Lately Marini [57] con-
solidated the ramp induced SWBLI interaction in the lamingvdrgonic flow regime. In this
review, the effects of different freestream and wall candg on the SWBLI based flow separa-
tion were discussed. Comparison of numerical data, in the d§earlier reported scaling laws
for SWBLI, was also summarised. Inconsistency of scaling lavesaling SWBLI parameters
for different wall and freestream conditions (especiallgivtemperature) was noticed through
this work. Effect of high enthalpy non-equilibrium flow on SWBhad also been accounted by
Davis and Sturtevant [58]. During these studies, compartativere carried out for high enthalpy
flowfield over two dimensional double ramp model. A new sagalew for separation bubble
size of R-SWBLI was proposed. It was also conclusively poined the proposed scaling law
can be extended for varying wall temperature conditionsmbiical studies of SWBLI in the
presence of leading edge bluntness was reported by NeuemmahOlivier [59]. Combined
effect of leading edge bluntness and wall temperatures walered in this study. On simi-
lar line, Savino and Paterna [60] presented the wall tentiper@ffect on blunted double cone
model. Apart from these studies, SWBLI on axisymmetric dowblee and/or hollow cylinder
fare was numerically investigated by many researchersg®163, 64, 65, 66]. These computa-

tional studies include both Direct Simulation Monte Carl&(BC) [61, 62] solver and Navier
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Stokes solver [63, 64, 65, 66]. Most of these findings focusathly on the code validation.
Detailed review, discussing the capability of CFD technigupredicting such complex hyper-
sonic SWBLI on axisymmetric models, can be found in the recabtighed article by Knight

et al. [67]

Numerous reporting about SWBLI in turbulent flowfields are kalde in open literature.
In summary, such studies employed different turbulent &tman techniques, such as direct
numerical simulation (DNS), large-eddy simulation (LE&»d hybrid large-eddy simulation/
Reynolds-averaged Navier-Stokes (LES-RANS) methods. Rgc&might [68] and Edwards
[69] reviewed such findings. Present studies are plannethfoinar flows; therefore SWBLI
studies in only laminar hypersonic flows has been presenteétail. Based on this literature

review following objectives are set for current investigas.

1.6 Obijectives of present research

Shock wave boundary layer interaction has attracted vaniesearchers to contribute in terms
of experimental, computational and theoretical studiefes€ investigations are very much
useful for prediction of SWBLI parameters like upstream infices location, separation bubble
size, separation and reattachment locations, wall pamsietc. Thus the information about the
control surface performance, scramjet intake efficienogspbility of transition, vortex shedding
and noise remains with the hypersonic system designer.d&te&base helps for optimizing the
performance of associated object through aerodynamicatities and for silent operation of
systems and subsystems through separation and noiselcdntieew of this, there exists lot
of scope for further studies in the area of SWBLI. Some of theomtgpics undertaken as

objectives for present studies are discussed in this sectio

Current investigations are planned through computatioraima. Hence, there is an immedi-
ate need of development of higher order accurate viscoupiassible flow solver. Validation
and verification of this solver using the literature repotiest cases is the prime requirement be-

fore employing this solver to study the sensitive topice IBVBLI. The proposed finite volume
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solver needs to be equipped with various flux computing selseimbroaden its range of appli-
cations. Studies for the best suited scheme for hypersawicrégime are extremely essential
so as to implement the same for SWBLI explorations. Computatismulations are planned
to compliment the experimental results and also to exthectiaita which is difficult to measure
during experiments. Measurement of wall shear stress in-$gped facilities is a prominent
example for this. Apart from this, arriving at the field infoation is costly through the well-
established flow visualization techniques. However eximamf data about entropy layer and
boundary layer is also difficult from such experiments. Hetie higher order accurate solver
provides a robust means to get the wall parameters and fieddedaential to study the SWBLI

phenomenon.

In view of the literature reported studies about interactdshock wave and laminar bound-
ary layer, limited number of findings [8, 23] are availableethdeal with the effect of freestream
Mach number and stagnation enthalpy. Most of these theaftethd empirical methodologies,
about finding the incipient separation condition, were olee to be derived out of pressure
measurements. Moreover it is highly essential to get thé fwetion coefficient data to pre-
cisely predict the separation and reattachment locatiehhemce the separation bubble size.
Thus applicability of such methods needs to be assessaagthcomputational studies. There-
fore this goal demands to revisit the results of separatogth from pressure measurements
in order to quantify these qualitative observations thfobmgh-resolution computations. Such

simulations would then also be useful to resolve qualm frapeamental outcome.

It has been noticed that, limited number of findings, whidieofuantitative measure of sep-
aration bubble size and extent of upstream influence, ing@frgeometrical and freestream pa-
rameters, provide correlations to predict these chanatitefeatures of the SWBLI. The prime
advantage of such simple correlations lies in the ease ofapplicability in understanding the
basics of R-SWBLI, without costly experimental investigai@r complex computational sim-
ulations. The correlations proposed by Needam and StdiBgnd Katzer [41] are important
in such aspects. Recently Davis and Sturtevant [58] havepatgmosed a new correlation for

separation bubble size based on the classical triple-aepkulation of Stewartson and Williams
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[34]. However it has been observed that the scaling lawsgs®g by various researchers are
not unique in nature. Hence it is extremely important to ss$ieese correlations to check their
suitability for various wall and freestream conditions.fdefs are also required to extend the

envelop of the widely accepted correlations by suggestiitglsie scaling parameters.

Provision of leading edge bluntness has been considereskfmration control in some of
the reported studies [14, 16]. However some researchet§[§rovide cautious remark about
the same since it does not always decrease the separatible heibgth. Among those limited
studies as well, diversity has been noticed for reasoniagatiomaly of this control technique
[8, 17]. It has also been noticed that, all those findings $oomi relative change in separation
bubble size with increase in leading edge radius. Thereforghasis of their studies has been
limited to only one critical radius after which separatiarbble size decreases. However, such
relative decrement should not just be accounted since aeera separation bubble size in com-
parison with the sharp leading edge case is essential fdemgntation of this technique as the
separation control technique. Hence, this fact portragsettistence of second critical radius
beyond which separation control can be guaranteed. Thusuéstigations for R-SWBLI, in
the presence of leading edge bluntness, are required tednspe flowfield and to analyse the
wall data to understand the flow physics near the critical.ridaddition to this, the parametric
influence of freestream and surface conditions on theseatniadii for R-SWBLI also needs to
be visited. Another important observation from the litaratis the opposing effect of leading
edge bluntness on two dimensional and axisymmetric coraiguns [15]. Thus, reasoning for
the same and understanding the flow physics for such anombé&haviour remains as the goal

of current investigations.

Thus the major objectives of present studies are,

1. Development of 2D-axisymmetric unstructured finite wokucompressible flow Navier-

Stokes solver for investigations of SWBLI.

2. Validation of Euler part of the solver and investigati@m $uitability of various upwind

schemes for different high speed flow applications

3. Validation of complete Navier-Stokes solver for both 22l axisymmetric simulations
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4. Shock wave boundary Layer Interaction studies to unaedsthe effect of Mach number,
wall temperature, ramp angle and total temperature onegustinfluence, boundary layer

separation and wall heat transfer rate.

5. Quantitative prediction of various SWBLI parameters, regmbin the literature, from the

gualitative examination using pressure measurements

6. Assessment of the literature reported correlations fediption of extent of upstream

influence, separation bubble size, peak heating and platehseparation point pressure.

7. Suggestion of suitable modifications in these corratatio extend their envelop of appli-

cation.

8. Investigations for blunt leading edge based SWBLI contradientify the critical radii of

bluntness and understand flow physics around them.
9. Studies on effect of various freestream and wall conaltion critical radii of R-SWBLI.

10. Examine the leading edge effect on axisymmetric shosleWwaundary layer interactions

in comparison with the two dimensional counterpart of theesa

1.7 Structure of the Thesis

This section is devoted to outline of the present thesis. @n&ppresents the detailed numerical
frame work of the in-house developed solver, ‘USHAS'. Tiere governing equations, bound-
ary conditions, flux splitting schemes, gradient calcolatstrategy, implementation of higher
order spatial and temporal accuracy, convergence actielethrough implicitization etc., are
explained in detail over there. In Chapter-3, extensivededion studies of different aspects of
the in-house developed solver are described. Validatiodies employing both inviscid and
viscous flow test cases are discussed in this chapter. \@idfiicand validation of higher order
spatial accuracy and equilibrium chemistry model are ata@ied there. Investigations about
applicability of different convective flux splitting sches for hypersonic flow simulations are
discussed in Chapter-4. Important conclusions about efticise of different convective flux
schemes are summarized in this chapter. Effects of varieestream and geometric parame-

ters on R-SWBLI are presented in Chapter-5. Multiple experialezgnditions are employed
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in the numerical studies discussed there. Numerical coafiom of experimental observation
about SWBLI of blunt leading edge domain can also be found sxdhapter. Numerical assess-
ment of correlations for SWBLI is the topic of discussion of Ctegy. Useful modifications in

existing correlations to extend their applicability forieaus flowfield situations are explained
in this Chapter. Chapter-7 is devoted to the explorationsaififegy edge bluntness effect on R-
SWBLI. Existence of two critical radii, and the predictionag&gy of those radii are explained
in detail in this chapter. Effect of freestream and georogidrameters on the critical radii of
R-SWBLI is discussed in Chpater-8. Influence of bluntness oryaxisetric flowfield is inves-

tigated in Chapter-9. Finally the present research worknasarized in chapter-10 by pointing

out various important findings of present work and hintingwttihe scope of future work.
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Chapter 2

Numerical formulation of “USHAS”

Overview

This chapter initially deals with the discussion about goweg equations for the compressible
flow. Detailed information about the cell centered finitewoé formaulation adopted for the

present solver is also provided herein. The various indi$ltix computation schemes and im-
plementation of higher order accuracy for the same is pathef chapter. Implementation of

equilibrium gas model along with the perfect gas one is algs@nted. Viscous flux calculation

and various time integration techniques are also discussed

2.1 Governing equations

The overwhelming growth of computer technology has placedputational fluid dynamics in
such a position to use it as an effective tool for the desigaiwif aircrafts and hypersonic air-
planes. In this scenario, the physical and numerical probl® be solved cover a wide range
of the fluid flow regimes. Essentially CFD is a numerical methddch seeks the solution of
complex flows using corresponding governing equationsceSinis method solves complete set
of governing equations with the assistance of advanced otanfechnology, it provides solu-
tion for complex flows at relatively less cost in comparisathvexperiments. In the hypersonic
continuum flow regime, Euler and Navier-Stokes (N-S) equmtiare the governing equations.
These equations are based on the principles of consenaftiorass (continuity), momentum
(Newton’s law of motion) and energy (first law of thermodynes). Detailed understanding of
viscous effects necessitate complete solution of N-S @nstvith proper implementation of
physical boundary conditions.
21
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Here in the present research, investigation of both plabaa2d axisymmetric flowfields
are planned. Hence the 2D-axisymmetric compressible flovergng N-S equations are con-
sidered for solver development. The vector form of 2D-axisetric N-S equation can be

expressed as,

oUu 0E; O0F; OFEy  OFy
et Tl G, =V TV
ot " or oy TN T o T oy
whereU is the conservative variable vect@r; andF; are convective fluxes in andy directions

+ OéSV (21)

respectively, whileS; represents inviscid axisymmetric source term. Simil&lyand F,, are
the viscous fluxes im andy directions, where as,, is the axisymmetric viscous source term.
Additionally « = 0 presents two dimensional planar flow governing equatiortscan= 1
represents two dimensional axisymmetric flow governingagiqus. These flux vectors are given

as,

v=|™ 2.2)

pU
pE

pU
pu® +p

E; = (2.3)
puv

pv

puv

F (2.4)

pv* +p
p

pv(E + =)

: p

pv

puv

5y =1 (2.5)

pu(E + =
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0
7-.1}1‘
Ey = (2.6)
Ty
UTzz + VUTypy — Qg
0
Ty
Fy = 2.7
Tyy
| UTay + UTyy — Qy
0
2 0
Tay = gy%(/w/y)
Sy = 2 v, 2 4 (2.8)
Tyy — T — ;M(;) - gya—y(uv/y)
2 pv 2 2
4Ty 0Ty = Gy = 37 = Yy (102 ) = gy%(/ﬂw/y)_
The shear stress and heatflux components in the above veatob® written as,
40u 20v
N 2.
A u<3m 3ay) (2.9)
40v 20u
— 1 | 222 2.10
yy = M (3 8y 3 81“) ( )
ou Ov
oy = — + — 2.11
2 (Ou Ov 4v
=pul—=(=—+—=— — 2.12
v M( 3(3y+0x) 3y) (2.12)
orT oT
= —k—, ¢y = —k— 2.13
q e 3y (2.13)

TH-1295_BJohn



Governing equations

24

Sl.No. Variable Reference scale Normalized variable

1 Length ;) Lycy ;" = x;/Lyey

3 Time (t) Lref/UOO = (tUOO)/LTef

4 Density ) Poo p* = p/poo

5 Dynamic viscosity /) Lo 1=/ o

6 Pressurer) PooUso’ P* = p/pocUso’

7 Temperaturé() Ty T =T/Ty

8 Total specific EnergyK) U% E*=E/U%

TABLE 2.1: Normalization scales and the normalized variables

2.1.1 Normalized (non-dimensional) form of the governing equations

Non-dimensional form of governing equations are used teldgvhe present solver. In view of
this development the non-dimensional variables are defimgdreference to freestream values.

The typical non-dimensionalisation strategy of presehtesas given in table 2.1.

Thus obtained non-dimensional N-S equations are againieadéito their dimensional form.
However the elements of vector are non-dimensional paemheAlthough the non-dimensional
variables of modified N-S equations differ from earlier dima®nal values, here onwards, while
mentioning the governing equations th€ ‘tistinguishing the non-dimensional variables are
omitted, for the sake of clarity. The non-dimensionals@atmainly modifies the viscous source
vector in equation (2.8) along with the definitions of sheaesses and heatflux components.

Therefore only those modified terms are redefined bellow.

wo (40u  20v
"= Re (3 ox 383/) (2.14)
w o (40v  20u
- S 2.15
' Res (383/ 38%) (2.19)
_m (0w, Oy
" Rew (8y 8x> e
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L (e (U
T%_Reoo( 3(8y+ax)+3y) 2.17)

B i or 1 orT
o= o = ReP.(y — 1)M2 Oy

" RewP(y — 1)MZ O (2:18)

The modified viscous source vector is now defined as,

0
2y
Ty — g@a%(/w/y)
Sy = 0 P2 2 Y (2.19)
Tyy — To0 3Reoo(y) 3Remay(uv/y)

2
—
2 Re., 2y 2y .
70+ 0T =y = 5~ SR oY)~ 5B (/)

where Re, is Reynolds numberKe., = pocUscLres/lioo), P is Prandtl number defined as,
(Pr=1100CPoo [ ko) aNd M, is the Mach numberM ., = U /o).

In order to close the N-S equations described above, it isgsacy to construct the relation-
ships between the thermodynamic variabjes( 7" as well as to relate the transport properties
(1, k) to these thermodynamic variables. Since the presentrsobresiders non-dimensional
form of the equations, the Prandtl number value is necesstagach cell centroid instead of
thermal conductivityc. Thus the requirement of closedness of N-S equations igesthin the
present solver by make use of two different gas models, ttelslef which would be discussed

in later section of this chapter.

2.2 Finite volume method

Finite volume method (FVM) is the most versatile method agibre standard techniques since
it is highly successful in approximating the solution of widariety systems. It is very much
suitable for compressible flows since it is based on intemradf conservation equations. It

can also be easily implemented on structured as well as amughsed grids and hence is
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particularly suitable for treatment of flows in complex gesiries. However, it is necessary to
mesh the domain using non overlapping control volumes wpéimits the smooth integration

of the conservation equations for each small control volume

(a) (b)

FIGURE 2.1: Representation of FVM approaches a) cell centered schem#b v@rtex scheme

There are different frameworks established in FVM to areatig finite control volumes in
a given grid. The basic approaches among those are cetireeinand cell-vertex as shown in
figure 2.1(a) and figure 2.1(b) respectively. In cell-ceedeapproach, the flow quantities are
stored at the centroid of the grid cells. Thus, the contralm®s are identical to the grid cells.
In this approach, we have to compute the fluxes at the celsfdoecell-vertex scheme the flow
variables are stored at the grid points. The control voluare @ther be the union of all cells
sharing the grid point, or some volume centered around tidepgint. The former case is re-
ferred as overlapping control volume, while the second trmed as dual control volumes.
Although the truncation error analysis has shown diffetettavior for the different arrange-
ments of control volumes, sufficient accurate results weheezed with both the approaches. In

present formulation, cell centered scheme is used becditsesomplicity in formulation.

The present solver is written in unstructured data formdter&fore the solver can handle
both structured and unstructured grids irrespective dabjgslogy. Compared to structured grids
unstructured grids are easier to generate for any complemegy. Moreover in case of un-
structured grids, grid cells and grid points have no paldicardering. Therefore neighbouring
cells or grid points cannot be directly identified by thedices. However in the present solver,
both structured and unstructured grid informations aratéck in unstructured data format. In
view of this grid connectivity information is the prime raggment for this solver. Face based
algorithm is implemented in order to reduce the computaliime and also for ease of future

parallelization.
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2.3 Theoretical formulation of cell centered FVM

The Integral form of the 2D- axisymmetric Navier-Stokesa&tpns discussed in section 2.1 can

be written as,

/ (aU O~ By) | O(F ~ Fy)
Q

This equation can be rearranged as,

oU O(Er— By)  O(Fy — Fy)
—dQ = — — Q 2.21
S /Q ( Gt g, talSi—5v))d (2.21)

Left hand side of equation (2.21) can be written as,

aU a/
240 =2 [vudo
o Ot ot Jo

d

— a(

_ iU (2.22)
dt

UQ)

where
T — fQ UdQ

[, d@

For the right hand side of equation (2.21) we have,

/Q(a(EI@; Ey) N 8(F18; Fy)

_ / (V.(Hy — Hy) + a(S; — Sy)) d9 (2.23)

+al(S; — SV)) o

where,
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Let,
H=H; - Hy (2.24)

According to Gauss Divergence theorem,

/V.H a0 = /H.ﬁ s (2.25)
Q S

where,
A= [nm ny} (2.26)

where,n unit normal pointing outward the control volume, andn,, are thex andy component

of the unit vectorm.

/H.fz dS =) H; i AS; =) Hi AS, (2.27)
S

JeQ JeQ

where() is the area of control volume in 2D anllS; is the length of the face of a control
volume. Wheread  is the total normal flux of a face, which include both viscond aviscid

contributions. Thus,

H, =H; — Hy, (2.28)

where,

puL
puly + Py
pUUL + pny,

| (e +pu |

0

NgTex T NyTay
Hy, =

i
Ny Ty + Ny Tyy

N0z + ny O,
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where the contravariant velocity, given as,

UL = UNg + V.1 (2.29)

In energy equation the terms dealing with work done by visdouce and heat transfer by heat

conduction can be written as,

®z = UTyzz + UTypy — Qx

(2.30)
Oy = UTyy + UTyy — Gy
Similar to equation (2.22),
/a(SI — Sy)dQ = aS (2.31)
Q
where,
S =8-Sy (2.32)

Therefore from equation (2.22), (2.27) and (2.31) the irgkefiprm of the governing Equation

(2.21) can be rewritten as,

dU; -
dt +Z HJ_JASJ+()CQiSi:0

Jei

Q

dU;
dt

1 — r
=—— Y Hy, ASy —aS; = R(T)) (2.33)
v Je

This is the semi-discrete finite volume update. The conskvaeable vector and source vector

in the equations are derived out of cell-centered quastitie

2.4 Spatial discretization

Having written the semi-discrete form of the governing eaumes for each control volume as in
equation (2.33), the residu@(U;) needs to be evaluated to perform time marching. In finite
volume method this cell centroid residual calculation iszgievaluation of inviscid and viscous
fluxes at each face of the control volume. Hence the solutiethadology employed for the
calculation of face fluxes has vital role in deciding the aacy of the final result. The convective

and viscous flux calculation methodologies adopted in teegnt solver are discussed below.

TH-1295_BJohn



Spatial discretization 30

2.4.1 Calculation of convective fluxes

The unsteady compressible inviscid flow governing equatare hyperbolic in nature. The
property of nonlinear hyperbolic system of equations afl@iscontinuities in the solution even
if the initial condition is smooth. Therefore concerned ruital discretization schemes, based
on the information propagation direction, are known as moWgchemes. Here in the present
study seven different upwind schemes, which belong to edhée following two categories

are considered.
e Flux-vector splitting

e Flux difference splitting

The flux-vector splitting methods can be viewed as the firgllef upwind schemes, since
they only account for the direction of wave propagation. Tlbe-vector splitting schemes de-
compose the vector of the convective fluxes into two parteraicg to the sign of characteristic
variables. The second category, flux-difference splitsobemes is based on the solution of
the local the Riemann (shock tube) problem. The upwind scheha are incorporated in the
present solver along with their references and flux fornmatare given in Appendix A. Each
of these schemes have advantages and limitations, whiexpl@ed through various numerical

studies in next chapter.

2.4.2 Reconstruction and implementation of second order spatial accu-
racy

Upwind schemes require flow variables to be computed on tiheresides of the faces of a
control volume. These states can be assigned by extrappledil centroid values directly to
the control volume faces, if only first order accuracy in galiscretization is expected. But for
enhancing the accuracy of results one should implemenghigtder extrapolation techniques
in the solver. In the present solver second order accuragpatial discretization is achieved by
implementing piecewise linear reconstruction method satgyl by Barth and Jespersen [70]. In

this reconstruction technique, it is assumed that soluignecewise linearly distributed in the
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control volume. For a cell-centered scheme, Barth and Jespexalculated the left and right

states for a control surface using the following relations,

Up = U + ¢ (VU;-17)
- - (2.34)
Ur = Ui+ ¢ (VU;-1R)

whereVU; is the gradient of any flow variablé at the cell centerf , which is given by,

(2.35)

T
VU, = {3U 8U}

Az’ By
The termy is the limiter function. Here;;, andry; are the vectors pointing from the cell-centroid

to the face centroid as shown in the figure 2.2.

ULBR/”'j
lr

FIGURE 2.2: Linear reconstruction for the cell centered scheme

Another important fact in this contest is that without a flumiter, solution of second or higher
order schemes suffers from oscillations in the neighbadhafodiscontinuities. This situation
is generally referred to as monotonicity lose. So care medaken in the implementation of
reconstruction to ensure the monotonicity while, recartsing left and right variable values.
This is achieved by the use of limiters. At strong discoritieg, limiter will reduce the slope to
zero to prevent the generation of a new extremum, thus aetfienr of discontinuity, solution
becomes first order accurate in order to ensure monotonidigrefore popular Venkatakrishnan

limiter [71, 72] implementation is used in the present solwenkatakrishnan’s limiter offers
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monotonic solution as well as better convergence to steatly. sAccording to this methodology

the limiter function is calculated as follows.

. - ;
1 A1 maz’ DA + 2A° A1 maw .
RO +€ZQ+ 2 L if Ay>0
A2 A%,mam + 2A2 + Al,maacAZ + g2
=9 L | Bumin’ +)8 + 285N s | A, <0 (2.36)
Ay | A} e + 200 + A jnae Do + €2
L 1 if Ay =0 )
where,
Al,ma,w — Umam — Uz
(2.37)

Al,min = Umzn - Uz

wherel,,.., andU,,;, are the maximum and minimum values of all surrounding cglisclud-

ing the celli itself, and are given by;

Unmaz = max (U;, max;U;)

Unpin = min (U;, min;U;)

AQ = VUZ 7’2
For avoiding the division by zerd), is generally specified as,
AQ = |A2| +w

where,w is approximate machine accurac¢ygdenotes the vector from the cell centroid to the

corresponding face centroid. The parametes evaluated as,

e? = (KAh)®
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whereK is a constant of order one (generally taken as 2)ahds square root of area in 2D and
cube root of volume in 3D. The solution accuracy and convezg®btained with Venkatakrish-
nan'’s limiter largely depends on tlié value. Setting the value df = 0, results in full limiting,
which in turn leads to poor convergence. Whereas the useg# lawvalues leads to no-limiting
condition, thereby offers spurious solutions. So fine ngrof the K is required to maintain op-
timum trade off between convergence and solution accuraltiyough the Venkatakrishanan’s
limiter offers substantial improvement in solution acayrand convergence, the computational
cost for the calculation of this limiter function is relagly high. The additional computations of
the parameters involved in this limiter function necessigdditional time and storage. These

pitfalls of the Venkatakrishnan’s are tolerated to aim thkeitson accuracy and convergence.

2.5 Calculation of viscous fluxes

Evaluation of the viscous fluxes at the faces of the contrblme requires flow quantities and
their first derivatives at the faces. For the execution dhi¢, control volume definition consid-
ered for the viscous flux calculation is the same as that densi for inviscid flux computa-
tions. Such usage of unique control volume for both inviseid viscous flux calculations helps
in simplifying the data structure. Hence in the presentcetitered formulation, the values of
a particular flow variable at the face is achieved by avetie values of same quantity at the

left and right cell of that particular face.

1

where,U; ; represents the flow variable value at the face.

The next requirement is the evaluation of first derivativiegetocity components and temper-
ature at the face centroids. Therefore the derivativesiofifive variables are first calculated at

the cell centroid using discrete version of the Gauss tme¢r8] given as,

/ VUdQ = / UndsS (2.39)
Q S
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whereU is any scalar function; is outward-pointing surface normal vector of control vokim
2. With the assumption of constant nature\dt/ over the control volume the Green-Gauss

theorem can be rearranged as,

VU = / UndS =Y U;.5; (2.40)
o J

hereJ represents the face index.

Therefore,

1 L
VU=2=) U;.S, (2.41)

Thus evaluated gradients are used to calculate the samédex sbaring the cell. Thus obtained

nodal gradients are used to calculate the same at faces.

2.6 Implementation of boundary conditions

The imposition of precise boundary conditions is of extresigmificance in obtaining an accu-
rate numerical solution. In order to retain the generabradf present solver ‘USHAS’, various

boundary conditions are employed and the formulation fentlis discussed here.

2.6.1 Inviscid wall (free slip) or symmetry boundary condition

In case of inviscid flow, fluid is allowed to slip over the suareely. That means the frictional
forces at the inviscid wall are assumed to be zero. This alithve specification of non-zero
tangential velocity at this boundary. However the inviseall must be treated as impermeable,

therefore the normal component of velocity must be assigisezkro.i.e,

7= 0 (2.42)

Further more if a flow is symmetric about any plane then net floxnal to the boundary is

zero. Therefore, although the physics of inviscid wall apchsetry boundary conditions are
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different, their implementation is same. The constraintha$ boundary condition is that, the
velocity must be tangent to this boundary and normal compioog velocity must be zero.
Numerical implementation of these boundary conditionscisieved by one of the following

way.

1. Mirror or Ghost cell approach: In this approach velocity in ghost cell is taken as shown

in figure 2.3

FIGURE 2.3: Mirror cell approach

Ulgy, = UL, U, = U, s Pg = Pi Pg = Pi

where, 4’ and ‘i’ refer to ghost state and interior state respectively. Tilessript, w
represents the values on the boundary. The main advantagierof boundary-condition
is that it permits the use of interior scheme on the wall beupand thus it takes into
account direction of propagation waves. The drawback tsittdoes not take into account
the effect of curvature and it is dissipative. The varialdtger than the normal velocity
such as the tangential velocity and thermodynamic pragsedie to be obtained from the
interior flow. Pressure at the boundary can be obtained lygplhe momentum equation

or by extrapolating from the interior points.

TH-1295_BJohn



Implementation of boundary conditions 36

2. Pressure extrapolation boundary condition: This is an alternative way of assigning
inviscid wall boundary condition using the fact that, thisrao flow normal to the inviscid
wall,

V.ii=0 atthe surface,

Hence the contravariant velocity is zero at the wall. Consatljy, the elements of flux

vector reduces to pressure term alone, i.e.,

HLw = Pw

Both the approaches are implemented in ‘USHAS’. This solsaraipable of switching

between either of these two implementations

2.6.2 No slip boundary or viscous wall

No slip condition has been implemented for wall faces throomyror cell approach. Here this
approach confirms zero value of tangential as well as norelatity at the wall. The pressure
values at the wall faces are extrapolated from the immedigggor cell. Temperature boundary
conditions for the wall differ for isothermal and adiabatases. For isothermal boundary, the
wall temperature is set with a known constant value, whefi@aadiabatic condition, the gradi-
ents of temperature are set as zero.

Hence by referring to figure 2.3, for an adiabatic wall, theraricell approach gives,

Ui, = —Ul, U, = U, Pg = Pi,Pg = Pi» g = E;

For isothermal wall boundary,the velocity components &itkereversed as in the case of adia-
batic wall. Pressure is again calculated using the mirrdrapgroach with the consideration of

zero pressure gradient normal to the wall boundary. The ¢eatpre at the boundary face is set
with given constant value and the density and total energythan evaluated using the known

wall temperature and pressure.
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2.6.3 Inflow/Outflow boundary conditions

The number of variables need to be imposed at the inflow orawutibundary for a well-posed
problem varies depending on whether the flow is locally solesor supersonic and is deter-
mined from the characteristic theory [74]. In this work mgisupersonic inflow and outflow

conditions are considered.
1. Supersonic inflow boundary

According to characteristic theory, for supersonic inflal,eigenvalues values have the
same sign. Therefore at the supersonic inflow boundaryhalflow variables are set to
the freestream values corresponding to typical hyperdbght conditions or ground test

conditions.
2. Supersonic outflow boundary

In this case most of the flowfield is assumed to be supersortiteadvutflow boundary

where it leaves the computational domain. Again this sibmadlso gives all eigenvalues
of same sign. Therefore with the consideration of zero epstrinfluence of supersonic
flow, the flow variables at the supersonic outflow boundaryeateapolated from the inte-

rior cell. In the present study, a zeroth order extrapotaisaused.

2.7 Gas models

It has been mention earlier in section 2.1 that, to ensureltisedness of compressible flow gov-
erning N-S equations, it is necessary to construct theioekttips between the thermodynamic
variables 0, p, T') as well as to relate the transport propertigsk{ to these thermodynamic

variables. This section deals with two different gas motlaisugh which these objectives are

accomplished.
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2.7.1 Perfect gas model

This gas model assumes thermally and calorically perfeireaf the flowfield, therfore the

ideal gas equation of state can be used to correlate the ddgmamic properties as,

p = pRT (2.43)

where R is the characteristic gas constant. Further the specifiggre enthalpyh, and the

speed of sound can be correlated as,

S A £ L T2 (2.44)
(y—1) (vy—1) p

where~ is the specific heat ratio for the gas of interest, considerdx 7/5 = 1.4 for air.

After correlating the thermodynamic properties, now letlagk in to the calculation of
transport propertiesk(and i) under this gas model. Since the equations are solved in non-
dimensional format, it is not necessary to explicitly céte the thermal conductivity of the
fluid. Instead of that, the Prandtl number needs to be spédaifithe present solver frame work.
For the perfect gas model the Prandtl number of the fluid isidemed as constant. for air as

working fluid it is used as 0.71.
Viscosity model

The present solver considers Sutherland’s viscosity mptigl for calculation of coefficient
of dynamic viscosity under perfect gas model. The fluid (srassumed to be an ideal gas.

Therefore the Sutherland’s model correlates the dynarsimogity of air with temperature as,
T \*? (T + S
= lper [ — —rel = 2.45
a “f(nd) (T+S> (2.45)

where, T, is the reference temperature, which is taken as 273.15 Kéopttesent study, while
rer 1S the viscosity of air at reference temperature (6 x 10-°Ns/m?). In equation (2.45),

the Sutherland’s constantfor air is taken as, 110.56.
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2.7.2 Equilibrium flow model

At high speed flows, particularly at hypersonic high entidlpws, the perfect gas assumption
may not be valid. Presence of dissociation or ionizatiootieas make this violation. Therefore
the chemical reactions involved in the flow field must be medeb get accurate results. Such

high speed chemically reacting flows can be mainly classifiexdthree.

1. Frozen flow: This is one of the extream conditions for the chemically tiegdlows. Here
the underlying assumption is that, the chemical reactioesateamily slow so that the
high speed flow passing the domain does not feel the effed¢teheal reactions. Lefy
be the time required for a fluid particle to pass the specifeedain at a specified velocity
and letT,. be the time required for the chemical reaction. Then fluid fldivbe in a state

of frozen flow, If T > T..

2. Equilibrium flow: In the flowfield, if reactions rate are extreamly high, theeroical
reactions take place instantaneously and the flow passengdmain will be in a state
of chemical equilibrium. Thus in case of a equilibrium fld < 7,. For a chemical
equilibrium flow, the specific heats are the function of batssure and temperature. The

gas constant also vary because of the changes in molecugntvoé the mixture.

3. Non-equilibrium flow: The above mentioned flow situations are two extream congliton
of hypersonic flow. In reality both of them may not exist. Thaans the flow will be in
a state of reaction. This situation is termed as non-equihb flow. For non-equilibrium
flow, equation of state is valid, but the gas constant is aatéei due to continuously
changing molecular weight of the mixture. In order to analgen-equilibrium reacting
flows, one must take care of all the reactions involved in thes fhind they are to be

modeled accurately.

As an outcome of above discussions it should be noted thatguoiibrium reacting flow
models are to be considered in real hypersonic flows. It has bbserved that equilibrium flow
model can also give accurate results in many hypersonidgcapipins. The general approach
to include equilibrium chemistry model needs to solve theegoing equtions for the partial

pressures of the species. If we restrict our studies to flesiwmg only air, then we can make
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use of already developed various sets of tables and grapbgudibrium flow modeling. These
graphs and tables are based on the governing equtions fgattial pressures of air. One of
such well known tabular approch (Tannehil Muge curve fit) fid PH] is utilized in this present

solver to model equilibrium flows. The details of that impkemtation are discussed below.

2.7.2.1 Implementation of Tannehil Mugge curve fit

The thermodynamic properties of equilibrium air can be thaat from two known thermo-
dynamic variables. Here in this technique density and maleenergy are taken as two input

thermodynamic variables. Then the solution procedurellsvied as below.

1. An effectivey denoted ag is first calculated from following equation

¥ =a; + aY1 + azZy + a1 Zy + asY? + a6 Zi + arYa 27 + ag 7}
ag + a0Y1 +anZi + a12Y1 23
1+ exp [(a13 + a14Y1)(Z1 + a15Y1 + aq6)]

(2.46)

whereY; = log(p/1.292) andZ; = log(e/78408.4), p is the density inkg/m?* ande is internal
energy inm?/s?

2. Oncey is calculated, then the equation of state is used to find thespre.

p=pe(y—1), (2.47)

wherep is the pressure iV /m?

3. Next the temperature is computed from the following retat

T
log (151 78) = by + oYy + by Zo + baYaZo + b5 Y5 + b6 Z3 + brYaZ3 + bs 73

+bg + a19Ys + b11 22 + b1oYa Zo + +b1373
1+ exp [(b14Y2 + bi5)(Z2 + big)]

(2.48)

whereY; = log(p/1.225) , Xy = log(p/1.0314 x 10°), Zy = X, — Y,

4. Finally the exact expression for sound speed is calailifaben

TH-1295_BJohn



Temporal discretization 41

o5 04 v
a= [e{kl—i—(fy; ) 5+ ks (WQ)J + ks (alogep>e}] (2.49)

The coefficients used in above equations are taken fromemeder[JC and PH].

2.8 Temporal discretization

This section discusses about the time integaration metbg@s for the attainment of steady
state solution. Let us recall the semi-discrete form of theegning equations obtained in equa-
tion (2.33) and replace thg;, S; with U;, S;. ,

du; 1
=0 > Hy,AS;—aS; = R(U;) (2.50)
v Jei

The temporal discretization converts the ordinary diffitied equations obtained from the spatial
discretization to a system of algebraic equations. Thexarainly two types of time-marching
methods, viz. explicit and implicit. Explicit methods am&sg to implement, and their computa-
tional cost per time step are low. However the magnitude®fithe step for an explicit method
is restricted by the Courant-Friedrichs-Levy (CFL) conditio ensure the numerical stability.
This stability issue leads to higher computational timeeeggly in case of viscous flow simu-
lations. For steady flow problems, where the higher time i@msuis not essential, much bigger
time steps can be used with unconditionally stable impdicitemes. Although the conventional
implicit formulations have increased computational casttpne step, they can reduce the entire
computational time by order of magnitude through the useglidr time step as compared to
explicit formulation. At the early stages of present soldevelopment, explicit time marching
strategy has been adapted. The implicitisation of the stlae been performed after successful

implementation of explicit strategy.

In house solver ‘USHAS’ has two different explicit time igtation provisions. First one is
the simple explicit Euler scheme and second is the higharaccurate five stage Runge-Kutta

method. The details of these two methods are discussed below
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2.8.1 Simple explicit Euler time stepping

The simple explicit Euler scheme for time integration of &fipn (2.50), leads to the fully dis-

crete finite volume formulation for &" control volume as,

AU

— R(U" 2.51
o = R(UY) (2.51)
where
AU; = Ut — U
Hence,
UM = U™+ AtR(UY) (2.52)
At
Uttt =gn — o > Hi, AS; — altS; (2.53)

Jei

So with the known values of variables at ifé state,(n + 1)"", state can be explicitly calculated
and subsequent time marching can be done. However this sdsenly first order accurate in

time, therefore it is less preferable for unsteady time ddpat simulations.

2.8.2 Five stage Runge-Kutta scheme

Higher order temporal accuracy is inevitable for unsteawhe tdependent simulations. One of
the popular method of obtaining higher-order accuracy etidorm multiple computations per
step using Runge-Kutta methods. Therefore in the preseversah explicit five stage Runge-
Kutta scheme has been implemented to achieve higher onagotal accuracy. This scheme
is a modified version of classical fourth order Runge-Kuttdhoé [76]. The classical fourth

order Runge-Kutta method requires large storage due toai@tuof convective and viscous
fluxes for each stage (k=1, 2....no of stages). However thdifrad five stage Runge-Kutta
scheme [77], considered in the present solver developrdeas not have this limitation, since

its calculation for a'* control volume follows the strategy given as,

v — pyr

3 3
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At
um™ =v — a, {ﬁ > Hi,AS; - aAtSz} (m=1,2, .....5) (2.54)

) ;
Jei

y+D _ o)

1

The stage coefficients,, are tuned to improve stability and damping properties. Rafacient

five stage scheme these stage coefficients are given as,
o = 1/4, Oy = 1/6, 3 = 3/8, g = ]_/2, a5 = 1

2.8.3 Implicit time stepping

A matrix free implicit method is implemented in the in-howukeloped solver using Symmetric
Gauss-Seidel relaxation procedures in a finite volume fréonieto accelerate the convergence
rate to obtain steady state solution. This time marchirggegy follows the implicit formulation
given by Ganesh et al. [78] on the basis of implementationd3GS by Luo et al.[79]. Recall-
ing the semi-discrete form of the governing equation giveequation (2.50) and considering

solution vector update, we can write,

dUi —n+1

7 = RU)
AtUj —n-+1
= R(T, 2.55
~ =R (2.55)
AT, o dU;
A~ R(U+ ——At+hot) (2.56)

where

n

AT =T T

Neglecting the higher order terms and dropping the ovedgaesenting the cell averaged quan-

tity, this equation reduces to,
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AU
= R(U! + AU; 2.57
At ( i + t ) ( )
On expanding the right hand side of equation (2.57) emptpyaylor series,
AU 4 JR
AT~ R(UD + AU (2.58)
Rearranging the above equation,
I JR N
{E - %} AU; = R(UY) (2.59)
The implicit residual can be written as,
1
R(UI) = =5 > HL(UIH, U AS, (2.60)

i -
Jei

Treating the residual term implicitly will reduce it to mérenormal flux contributions of faces

bounding the control volume. Hence using the flux vectorttapd) method , the normal flux for

any interface J with in-cell and out-cell; can be written as
HLJ(UinHa U;“) = HL(U?H> + H1J<U§IH)
Linearising the split normal fluxes,
HT, (U = HI,(UF) + AF (U7, 1) A,

H 5 (UF) = Hi5(U7) + Ay (UF, ) AU

where,
OH™
A = =4I
! oU;
OHT
J an

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

On applying equations (2.62) and (2.63) in equation (2.6i) #en substituting in equation
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(2.60),

n n 1 n - n
R U +1 Q ZHJ‘J U U ASJ B 5 Z [A1+<U1 )AtUi + AJ' (UJ )AtUJ ASJ (266)
Jei L Je

From equation (2.55) we have,

AU,
Att = R(U") — ZA+ (UMAU; ASy — o ZA (UMAU; AS; (2.67)
1 Jei Jei

Rearranging the above equation we get,

I 1 ot 1 . :
Ao Z,: AF(UD)ASy | AU + o XJ: AT (UMAS;AL; = R(UY) (2.68)

Here it is to be noted that, the summation over ‘J’ impliesghexmation of flux contribution
of all ‘J’ faces of a control volume ‘i'. Therefore, the eqigat (2.68) can be written for all the

finite volumes in the matrix form as,

M AU = R* (2.69)

with F; as a set of face sharing neighbors of cell i,

1
Mij = EAJ_ASJ fOI'j € Fi

=0..forj¢F;

I 1
I
Mi=t g EJ:Al AS;

wherel;; and;; denote the diagonal and off-diagonal elements of matrix $peetively.

Following expression was adopted by Yoon and Jameson [8@héosplit normal flux Jacobian,

A* = % [A £ pal] (2.70)

wherep 4 represents the spectral radius of the normal flux jacobian A.
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1 .
Mij = 2_S)1(AJ — ijI)ASJ fOI'J € Fi
=0..forj¢F;
My = | 4+ > (Ai+pa)AS
P AT 20 A T AT

The matrix M is decomposed into three parts, a diagonal [kt &n upper triangular part

‘C’and a lower triangular part ‘E 'such that M = C + D + E where,

Mij) fori <J

Cy = (2.71)

0, fori>j

Mij, fori= J
Dy = (2.72)

0, fori#j

Mij7 fori > J
By = (2.73)

0, fori<j

So, equation (2.69) can be written as,

(C+D+E)AU=R" (2.74)

I 1 1
=t S oaASs | AU + o D (AHLy — pa, AUjAS,;
J JQB (275)
+ ! Z(AH — pa,AUr)ASy =R}
50, tHLf — PA; AU J =M

JeB

Source term appearing in the governing equations (paatilgufor axisymmetric studies in this
thesis) are treated explicitly and absorbed in to the extpésidue term ™) of equation (2.75).

Hence,
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R = ——ZHU Ur, UP)AS; — as; (2.76)

where, B represents boundary faces. The veddris calculated by explicit procedure. The
implicit formulation is extended to viscous flows by modifgithe spectral radius by addition

of a viscous velocity scale [73],
_ L ow
" Reo pl

2.77)

wherey is the viscosityRe,. is the Reynolds number, arids the viscous length.

2.8.4 Relaxation procedure

Symmetric Gauss Seidel (SGS) relaxation procedure sdieesduation (2.74) is in the follow-

ing way:

Forward sweep : (E + D)AU* =R" — C AUED
Reverse sweep : (D + C)AU* = R* — E AU* (2.78)
with : AJJ° =0

The forward and reverse sweeps are used to cancel the aatechumlumerical errors of an

iterative procedure. Therefore the equation solved,
In the forward sweep,

|
At 20

Z paASy | AU = RP — Z ATy — pa, AUTAS;
T (2.79)

Z(AtH ¢V — pa, AUK)AS,
J

j>i

26y

20

In the reverse sweep we have,

AS;| AU =R —

1 * *
Jii (2.80)
2Q Z AtH pA]AtUJk)ASJ

]>1

At
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No matrix inversion’s are involved for above equations. theserved variables at the next time
level are obtained from,
Ut = U 4 o AU (2.81)

whereq, is the relaxation parameter whose value lies in the rangelCatadk .. is the maxi-

mum number of sweeps involved.

2.8.5 Calculation of time step

The stability of explicit time marching scheme depends andppropriate selection of time
stepAt, that satisfies the Courant-Friedrichs-Lewy (CFL) criteFar the present solver, CFL-
limited appropriate time step is calculated at each contyilme as, .

AW

At = DV
Vil + ai

(2.82)
where, )\ is the Courant-Friedrichs-Lewy numbéf,anda are the flow velocity and sonic ve-
locity at the cell centroid respectively. It should be fentmoted that, for better stability of
time-dependent simulations, the time-step should be chmgealculating the time-step in each
computational cell, and further using the smallest of dibljgl minimum). The value of CFL

number is considered to be less than unity for all the explicis using present solver.

2.9 Summary

Conservative form of the N-S equations has been used for @f@ngl the algorithm for the
present solver. This algorithm adopts cell centered firotarme formulation and has provision
of seven inviscid flux computation schemes. Perfect gas hawakequilibrium flow models are
also available for choice. This solver is equipped with kigbrder time and spatial accuracy

along with explicit and implicit time integration strategi
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Chapter 3

Validation and verification of in-house
developed solver, “USHAS”

Overview

This chapter presents the detailed validation and veriftcadf in-house developed solver ‘USHAS'.
Validation for higher order spatial accuracy of the solverassential to ensure the accuracy of
simulation results obtained with present solver. Therefbeeorder of accuracy of the spatial
discretization is initially validated by solving supersowortex flow test case. Subsequently
the accuracy and applicability of equilibrium flow gas modgthe solver is verified through the
simulation of high Mach number flows through an axisymmetvierding nozzle. The validation
and verification of Euler sub-part and complete Navier-Ssaver follows the gas model com-
parison study. Hypersonic flow over a hemisphere is constdéar inviscid validation, while
supersonic flow over flat plate involving I-SWBLI is presdras viscous part validation study.
The efficiency and computational advantage of implicit tmaching scheme over explicit time
marching strategy for steady state simulations are alsaatad in both inviscid and viscous
validation studies. The presented validation studiesrtfeshow the accuracy and correctness

of in-house developed solver.

3.1 Background

An essential step in the CFD solver development is the vetitbicand validation process. In
this chapter, a qualitative and quantitative validatiowah as verification of the in-house devel-
oped solver against experimental and analytical resudtpaasented. Both inviscid and viscous
49
TH-1295 BJohn



Supersonic vortex flow test case 50

Inviscid
wall

Inviscid
wall

Outflow

FIGURE 3.1: Supersonic vortex flow domain

validation studies are separately carried out to ensunatiependent accuracy of Euler sub-part

and complete N-S solver.

3.2 Supersonic vortex flow test case

For steady flow problems such as those considered in thig,stud well known that at least

second order spatial accuracy is necessary for sharp tiesodd flow features. The second order
spatial accuracy of the unstructured solver has been a&ssassg the supersonic vortex flow
test case [81]. This is a non-trivial problem governed bydyecompressible Euler equations
for which a smooth analytical solution is known. The geomesed for this test case is shown

in figure 3.1.

The inviscid supersonic flow between concentric circulasgresents a flow where the ve-
locity varies inversely with radius. For the present tesiecthe inner radius is chosen as unity,
while the outer radius is taken as 1.384. This domain is nteshieg both triangular and quadri-
lateral meshes. In either case, a sequence of uniformlyeckfinds starting from an initial grid
of 31 x 6 in case of the quadrilateral meshes and 430 triangles inafasestructured meshes

are employed for the study (figure 3.2). The reference inlatiMnumber, set at inner radius
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(R;), is 2.25. The exact solution of this problem can be foundfeuitable isentropic relations

as,

1
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This exact solution is used as the initial condition for thegent analysis and steady state solu-
tions are obtained on all grids using the AUSM scheme. Thar @mrdensity is measured ib;

norm as,

nc
Z(pi,exact - /02',Num)2

i=1
pumy 3-2
||Ep||2 ne ( )

wherenc is the number of finite volumes of given domain. In the expgoesabove p; ... and
pi.num @re the exact (analytical) and numerical values of densitigéi*” cell. The variation of
error with the characteristic length scalg,(defined as = % is shown in figure 3.3 for the
cases with and without limiting on both grid topologies.dltobserved that the error decreases

with grid refinement at a rate around 2 in all cases. It dematest the nominal second order
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FIGURE 3.2: (a) Three mesh levels of triangular grid for supersonic vortexesut) Three
mesh levels of quadrilateral grid for supersonic vortex studies

accuracy of the solver. It must be emphasized that the linmiteeed leads to higher error levels
but does not drastically change the order of accuracy ofdhves All other numerical schemes
discussed in this work have also result in error decay at dagimate close to 2, although the

magnitude of errors would be expectedly larger for moreipizgse schemes.

3.3 Validation of the high temperature equilibrium flow model

The equilibrium flow gas model of present solver has beermatdd by solving quasi-one di-
mensional nozzle flow test case recommended by Hoffman anan@Gh82]. The quasi-1D

solver has same temporal and spatial discretization metbgy as considered for earlier test
case. The details about governing equations for the qusiate are given in Appendix B. A

diverging nozzle is considered in this test case, for whiglaaariation given by,
S(x) = 1.398 + 0.347 tanh(0.8z — 4) (3.3)

The nozzle inlet is situated at=1.2 cm and exit location is at =8.0 cm. Thus it provides an
inlet to exit area ratio of 1.65. The domain is meshed with §3adly spaced grid points. The

physical shape of the domain is shown in figure 3.4. The islebnsidered as supersonic inlet
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FIGURE 3.3: Order of accuracy with and without limiters on quadrilateral grid (dotie) and
triangular grid (dashed line)

with freestream conditions. The outlet boundary condii®get by imposing a back pressure
value, so as to get shockat=4.0 mm. Two different cases are studied in order to analyze th
difference in prediction of perfect gas model and equilibriflow model. The inlet parameters

for both the conditions are given in table 3.1. AUSM upwintlesme has been employed for the

convective flux calculation.

— outlet

Inlet I5ﬁ

X=1.2¢cm

X=8cm

FIGURE 3.4: Physical shape of nozzle considered for equilibrium flow gas hvadldation

The temperature distributions of Mach 4 and Mach 20 casesraat with two different gas
models of present solver are shown in figure 3.5 and figureeapectively. Solver results are
compared with the corresponding predictions of Hoffman @heéhng [82]. From the compari-

son, it has been observed that present solver results aiesmmatch with reported results. Itis
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Case P T M
(Pa) K
1 26500 230.44 4

1 26500 230.44 20

TABLE 3.1: Inlet conditions for equilibrium flow model validation

also evident from figure 3.5 that temperature predictionpdayect gas model and equilibrium
models are almost close. It is due to the fact that, statip&ature rise across the shock is less
at low Mach number condition, which does not trigger the cicahreactions in the shock layer.
In this case the perfect gas assumption predicts maximurpeeature rise within the domain
close to 950 K, consequently the chemistry effects are nahiim second case inlet Mach num-
ber is so high that the post shock temperature increaseghervalues which ensures chemical
reactions. Since the ideal gas model of the solver does msicder any chemistry effects, it
predicts around 18500 K behind the shock (figure 3.6). Howete endothermic reactions
tend to reduce the temperature in comparison with perfectcgae. Therefore the post shock
temperature in this case is around 8200 K. Thus presentasstwalidates the implementation
of different gas models in ‘USHAS’.

3.4 Hypersonic flow over hemisphere: an inviscid validation
study

Simulations are carried out for the hypersonic flow over lspimére to validate the axisymmetric
Euler sub-part of ‘USHAS'. In this test case, flow past a unanteter sphere has been consid-
ered with input Mach number\{..,) of 8.0. The computational domain used for the present
investigation marked with boundary conditions is shownguiffe 3.7 (a). This domain has been
meshed with 40000 unstructured triangular cells. Freastieressure of 89 Pa, and free stream
temperature of 113 K are used for this study. These freestpesameters correspond to typical
shock tunnel test conditions. Since it is a cold hypersoniw,fperfect gas model of the solver
is employed for this simulation. Van-Leer convective flukeme along with second order spa-

tial accuracy is used in the simulation. Initially simplepégit time marching is employed to
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FIGURE 3.7: (a) Computational domain for hemisphere with boundary conditionMézh
contours of hypersonid{,,=8) flow over hemisphere

achieve steady state. Later simulation is repeated withigithpme marching strategy to com-
pare the computational cost of two time marching schemestheoimplicit time marching, a
starting CFL number of 5 is considered. Further this CFL isdrheramped with iteration till
convergence criterion is achieved. The relaxation parant#t0.8 along with 16 inner sweeps
is employed in the implicit run. The steady state resultslaea used to validate the prediction

accuracy of present solver.

The Mach contours of hypersonic flow past hemisphere arershofigure 3.7 (b). The con-
tours obtained with both time marching schemes are oveglhppthe same figure to represent
their equivalent prediction accuracy. Prominent flow feaif this test case is presence of bow
shock ahead the hemisphere. The maximum property jumpsassv@d along the stagnation
stream line, which are equivalent to jump across a normatlsin@ve. The solver results are
initially validated by comparing the pressure distribataver the surface of the hemisphere with
the Newtonian theory [1] and Modified Newtonian theory [1lccarding to Newtonian theory

the pressure coefficient’() distribution over the sphere surface can be obtained as,

Cp = 2S5in*0 (3.4)
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FIGURE 3.8: Comparison of’p vs . for hemisphere

As per the modified Newtonian theory, same is,
Cp = Cp,,,,Sin*0 (3.5

where,Cp,,... IS the value ol”), at the stagnation point, which is given by,

P02 — Poo

CPaz = (3.6)

— ooU2
20 o0

Where py; is the total pressure behind a normal shock wave at a givestheam Mach number.

From figure 3.8, it is clear that the solver results are in gageceement with the modified
Newtonian theory. Further to demonstrate the computateaaantage of implicit time march-
ing over simple explicit scheme, the residual fall of these time marching strategies are
compared in figure 3.9(a). This figure shows that, the imificcimulation achieves convergence

just after 398 iterations, whereas the explicit time marghakes 5900 iterations to reach steady
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FIGURE 3.9: (a) Comparison of convergence histories of two time marching sch@n€sm-
parison of simulation time of different schemes

state. Clock time and iteration comparison for both caselaws in figure 3.9(b). This com-
parison clearly depicts that, the total computational ttaleen by implicit scheme (502 sec) is
much less as compared to the time taken by explicit formaiati825 sec). However the time
per iteration can be observed to be large for implicit foratioin. But, the implicit time march-
ing should be considered to reduce both computational timecast involved in steady flow
simulations. The efficiency of implicit formulation can bhether improved by fine tuning the

initial CFL value, CFL ramping strategy, relaxation parameted number of sweeps.

The studies are further extended to predict the variati@no€k stand-off distance with Mach
number. The shock detachment distance obtained from thierdwds been compared with Billig

correlation [83] for shock detachment distance given by,

% = 0.143 exp (3.24/ M .?) (3.7)

For this study the freestream Mach number is varied from 2Jdh interval of 1. The same
computational domain employed for Mach 8 study is consuiéreall these investigations. The
steady state results showed that, due to increase in eaestvlach number, the density behind

the shock also increases which in turn leads to decreaséumecof the shock layer. The clear
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evidence of this can be obtained from the comparison of nowiasional density distribution

along the stagnation streamline given in figure 3.10. Thig@also displays the change in den-
sity across normal shock for Mach number 4 case. The densitp js observed to be the same
for both numerical and theoretical predictions immediatiElwnstream of the shock. Moreover
the numerically obtained density ratio behind the shocleengo be further rising towards the
stagnation point. Apparently the distance between thipgny jump location and stagnation
point can be treated as the shock detachment or shock stidlidtance. Hence the shock stand-
off distances obtained from the steady state results ar@aad in figure 3.11. This comparison
shows an encouraging agreement between numerical predantid Billig correlation [83] for

the range of Mach numbers considered in this study.

In addition to the correlation for shock stand-off distanBélig has also proposed an em-
pirical correlation for shock shape [83]. Therefore the pugally obtained shock shape can
be compared with the correlation based shock shape. Foma §phere-cone model Billig’s

hyperbolic shock shape correlation [83] yields,

2t 2
2 =R+ — Rocot? 3 1+y;—§5—1 (3.8)

C

where,R is the nose radius of the spherg, is the radius of curvature of shock wave centered

on the vertex of the hyperbola, which is given by [83],

% = 1.143exp [0.54/(Ms — 1)*7] (3.9)

The termd in equation (3.8) stands for shock stand-off distance, eder andy are cartesian
coordinates with origin at centre of sphere. The artle the shock wave angle at an infinite
distance away from the stagnation point of the sphere. Apsamof g value as Mach angle
(¢ = sin"'(1/M,.)) of a given freestream can give reasonably good estimateozksshape in
case of hypersonic flow over sphere. Thus obtained shoclegbapach number 8.0 flowfield
is compared with corresponding numerical prediction inrigg8.12. Excellent agreement be-
tween two predictions can be evidenced from figure 3.12, vimdurn underline the accuracy

of present solver.
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3.5 Laminar supersonic flow with [-SWBLI

Importance of SWBLI has already been discussed in Chapter lrefine the experimental
investigation of Hakkinen et al. [19] for I-SWBLI in a supersofiowfield (M., = 2) is con-
sidered here as the validation case for ‘USHAS'. In the expental study, Hakkinen et al.
considered a situation of impingement of an oblique shocktreingth fs;/p;) 1.4 into the lam-
inar boundary layer over a flat plate. The same experimentaditions are considered in the

present study to assess the numerical prediction on thiedfgvailable experimental data.

The schematic of the physical situation of I-SWBLI is shown gufe 3.13. A flat plate of
length 88.9 mm with its leading edge at origin is conside@dliis study. The wedge which
generates the shock has been set to establish an obliquedftsbock anglef) 32.58° to hit the
bottom flat plate at x=49.6 mm. Care has been taken in the sglaftcomputational domain to
avoid the secondary interaction of reflected shock with thenary layer. The computational

domain considered in the present study is shown in figure. 3Hete the domain dimensions
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are scaled with flat plate length upstream of interactiomtion, ie. 49.6 mm. In the domain,
the first1/3" of the bottom wall is set as inviscid wall whereas rgst™ is set as viscous wall
to represent the flat plate. The various boundary conditadrtte computational domain are
marked in figure 3.14. The top inclined wall of the computasicdomain represents the inviscid
surface of the wedge (shock generator). The inclinatiorheftop wall has been selected to
match the flow deflection angle of a wedge that could genestieek at an angle ¢2.58°. The
domain is meshed with quadrilateral grids. Three meshes240 x 80, 360 x 120 and480 x 160
are used to obtain grid independent solution. Grid clusgeis carried out near the bottom wall
for capturing the boundary layer and other viscous wall patars for all meshes. Grid points
are again clustered along the span wise direction locallyaating edge region and interaction
location for better prediction of flow features. Explicing stepping has been chosen and CFL
of 0.2 is selected for this case. Time marching is perfornmilithe density residue falls to) ¢,
which is assumed as the steady state for this case. In adthtgimple explicit scheme, implicit
formulation has also been considered for simulation to s performance in viscous flow
simulation. For implicit simulation under relaxation faciof 0.6 along with starting CFL of
0.2 and linear CFL ramping is used. The number of sweeps arealep6 for this viscous
simulation. The residual falls of these two time marchingesnes are therefore compared in
figure 3.15. This comparison clearly portrays consider&otye computational cost for explicit
scheme based computations as compared to implicit forranlaExplicit formulation has taken
more than 400000 iterations to reach steady state, whergdisit formulation takes only 3350
iterations for steady state solution. For a grid leveb@d x 120, the implicit formulation took
1.45 sec per iteration, which results in total simulationgiof 4865 sec (around 1 hr 21 min).
On the other hand, explicit formulation took only 0.3534 geciteration. However with the rate
of 0.3534 sec/iteration, the total simulation time extehtte39 hrs. This is the clear evidence

of the computational efficiency of implicit scheme in stefldy simulations.

The pressure distributions obtained with three differemd pvels are compared along with
experimental measurements [19] in figure 3.16(a). The ngadgredictions are in good agree-
ment with experimental measurements. The present simnnatould predict almost all the

expected flow features of this particular case. Althoughdik&ibutions of different grid levels
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FIGURE 3.14: Meshed computational domain for shock impingement SWBLI study

have slight deviations, the difference between the digtioins 0of320 x 160 and480 x 160 is
very minor . Therefore results ai20 x 160 grid level is used for the further discussions. The

Mach contours of the present study obtained with this gritiésefore shown in figure 3.18.

The Mach contours of implicit simulation were observed tate same. Hence, for the sake
of brevity, those contours are not merged with Mach contofiexplicit scheme in this figure

3.18. Although the Mach contours show the interaction ofcquie shock emerging from the
compression corner with the lip shock before hitting theeotss wall, it is observed that this
interaction does not alter the strength and angle of intisleock considerably. The comparison
of predicted skin friction coefficient{;) distribution with reported experimental [19] as well

as numerical results [41, 84], given in figure 3.17(a), comfinis argument. The skin friction
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distributions of both explicit and implicit simulationsrcée observed to be the same in figure
3.17(a). It shows that, the accuracy is same for both thedtations. Moreover, it is clear from
the Mach contours and skin friction coefficient distributibat, the boundary layer thickens and
separates due to the impingement of shock wave on the boutadaar. This flow separation
leads to the formation of separation shock emanating fraséparation point. The separated
recirculating flow region extends from separation pointdattachment point. At the reattach-
ment point a re-compression shock can be seen. The sepapabble size is thus the distance
between separation point and reattachment point. Skitidniclistribution is being utilized for
this quantification. All numerical distributions are sliyhover predicting the separation bubble
size as compared to corresponding experimental value nfiermatch may be attributed to slight
variation in assumed shock impingement location in the expntal study or the uncertainties
in the skin friction measurements. The pressure distobuffigure 3.16(a)) have revealed that,
in the region of separation, pressure rises and attaingeapldefore the further increment asso-
ciated with reattachment. On the other h&rds observed to be reducing and attaining negative
values, which attribute to the flow separation and recitauta Although numerically obtained
C distributions has mismatch with experimental measuresgnthe separation region, the
pressure distribution predictions of both experimental anmerical are closely matching each
other. Since the present simulation results are observéeé falling very close to earlier nu-
merical and experimental measurements, the solver agcuracscous flow simulations is also

very clear.

3.6 Summary

An extensive validation of in-house developed solver haanbearried out. The assessment
of order of accuracy of present solver using supersoniexdiow test case showed that, the
present solver bears spatial accuracy of around 2. Thetigaésn focused on the validation
of gas models of present solver ensured the correct impletiem of two gas models. This
study also revealed the inaccuracy of perfect gas modelifdr Mlach number high enthalpy
flow simulations. The applicability of equilibrium flow molder such flow conditions is also

verified. Euler sub-part of the solver is validated througé simulation of a range of high
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speed flows over a hemisphere. The close agreement of nainerédictions with literature
reported analytical correlations for surface pressurgibligion, shock stand-off distance and
shock shape confirmed the accuracy of Euler solver. Finlalycomplete Navier-Stokes solver
is validated through the simulation for I-SWBLI in supersofimv. The solver results are in
good agreement with experimental as well as earlier regartenerical results for this test
case. Hence this study evidences the applicability of pites@ver in viscous flow simulations.
Additionally, the relative advantage of explicit and ingiitime marching strategies of present
solver is presented through the simulation of both invismd viscous flow test cases. It has
been noticed that, although the implicit scheme requirbdmgime per iteration, the use of this

scheme ensures significant saving in total simulation time.

TH-1295_BJohn



TH-1295_BJohn



Chapter 4

Performance comparison of flux schemes
for numerical simulation of high-speed
inviscid flows

Overview

Numerical investigations are carried out to assess the perémce of different inviscid flux
computations schemes for the spatial discretisation offhler equations. Since the present
solver is equipped with flux vector splitting, flux differerspditting and hybrid schemes, it is
essential to identify the applicability of a particular sshe for a particular situation. In view
of this, the solver is exposed to solve the problems rangorg fower supersonic to moderate
hypersonic speeds. These problems involve various flowrpattike shock reflection, shock-
shock interaction and interaction of shock with expansiandad slip line. As a result of these
studies, AUSM family of schemes are found to be the mostatecwhile the Rusanov scheme

is observed to be the most robust for the range of Mach nundegrsidered in the study.

4.1 Background

Design and development of aircrafts for civil or militarypigations and space capsules for
space missions require detailed knowledge of flow featufdheoflow regimes encountered
by these vehicles. The relevant flow features provide thessaey inputs needed for efficient
69
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aerodynamic design of these flight vehicles. In the high dpeenpressible flow regime, pre-
cise prediction of the flow features and its effect on aeradyic coefficients has been one of
the prominent issues faced by aerodynamicists. Prelimimdormation about this design data
can be achieved using the Euler solver for which consideratVancement in development of
schemes for computation of the inviscid fluxes has been dbtwest of those well established
schemes are part of the present solver. Although such ctiverdltix schemes were developed
for compressible flows with subsonic, transonic speeds welsupersonic speeds, some of
these schemes have been sparingly used in problems ingdiigher supersonic flows or even
in hypersonic flow regime. There has been very limited caedeeffort to analyse the suit-
ability and applicability of these schemes for such highezpflows. Supersonic and hypersonic
flows often involve several complex flow phenomena such asgtshocks and expansions, reg-
ular or Mach reflections, shock-shock interactions and lslexpansion interactions. A recent
study by Druguet et al. [85] demonstrated the effects of mosen computations in hypersonic
flows. Hence the focus of the present chapter is to evaluatedtformance of several numerical
flux computation schemes in predicting the complex physsseaated with high Mach num-
ber inviscid flows. Therefore the effect of numerical fluxddgamned using Van-Leer scheme
(FVS)[86], Roe scheme [87], Rusanov scheme [88], HLLE sch&®(FDS), AUSM [90] and
AUSM+ [91] (Hybrid) schemes on the solution will be analyZedvarious flow problems with
Mach numbers varying from 1 to 8. These studies would be beaktfo decide about the best
suited scheme for SWBLI studies. A comparative study of twtedght variants of the AUSM
family viz. AUSM+ [91] and a latter variant AUSMPW [92] aresal performed on two selected

test cases.

4.2 Numerical investigations

The efficiency of standard flux computation schemes for higttiMnumber predictions is in-
vestigated in this section by considering four test prolslem all the cases described below, a

constant Courant number of 0.5 is employed, unless othespiseified
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FIGURE 4.1: Domain and boundary conditions used for supersonic flow pagt ima channel

4.2.1 Testcase 1: Supersonic flow through a ramp in a channel

The suitability of different upwind schemes to capture tiseantinuities present in the flow field
is investigated using the Mach 2 flow past a ramp in a chanresiréd and Powell [93]). In the
presence of the supersonic flow and the ramp, an attachell shfmrmed at the compression
corner and reflects from the top wall, forming a small MachrsteThe reflected shock then
further reflects from the bottom wall before exiting the amaln A weak slip line emanating
from the triple point near the upper wall is also an integeat pf the flowfield. The dimensions
and boundary conditions for this test case are shown in figureA 180 x 90 structured mesh

is considered for the study.

This test case is simulated with all the seven schemes aadysitate results are obtained
for all simulations. Figure 4.2 and 4.3 show the pressureMadh number contours while
the surface pressure distribution is shown in figure 4.4aioktl using the Roe scheme. The
surface pressure distribution is in good agreement withrékalts of Ganesh et al. [78] where
unstructured adaptive meshing strategy was employed. Gantd flow quantities obtained
using other schemes are similar and are not shown here faityort was observed that while
Roe and AUSM family of schemes indicate a crisp shock, the Rivssacheme resulted in a

more dissipative shock structure.

A comparison of the seven numerical schemes has been cautial the pressure rise across
the Mach stem. Figure 4.5 shows the pressure rise acrossatie $fem computed with five dif-

ferent schemes. The AUSM family of schemes predict simitaw #tructure. Predictions from
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FIGURE 4.3: Mach contours of supersonic flow past ramp in a channel

the Van Leer scheme are not different from those using HLLEnd¢ Van-Leer scheme and
AUSM scheme are not included in this figure. It is evident fribiis comparison that the Roe
and HLLE schemes are quite accurate and show comparatif@mpance. The AUSM family
of schemes are as accurate as the Roe scheme, but the AUSMnesttisoduces overshoots
and undershoots and this numerical behavior has been eddwytother researchers as well. On
the other hand, the fluxes computed using the AUSMPW scheovessh smooth pressure rise
similar to the Roe scheme. The Rusanov scheme predicts a mueh poessure rise as com-
pared to all other schemes. The convergence history is shofigure 4.6 and it indicates that
there is little to separate between the seven schemes iig wfrthe computational cost, mea-
sured as time per iteration, although the Rusanov schemei@s/marginally earlier compared

to the remaining schemes.
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FIGURE 4.4: Wall pressure distribution for supersonic flow past ramp in a adann
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FIGURE 4.5: Comparison of pressure rise across Mach stem predicted byfferedt schemes
for test case 1 (enlarged view)
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FIGURE 4.6: Residual fall comparison for test case 1

4.2.2 Testcase 2: Mach reflection

Shock reflection has been a subject of intense researchlev/gears because of its importance
in high-speed flows. This test case deals with the shock tefteas Mach reflection from the
solid wall. As shown in figure 4.7, there exists a triple pdiff at some distance away from
the wall where the incident and reflected shocks intersdotrto a normal shock which anchors
itself to the wall. In the presence of three shock waves attphia slip line (SS) emanates to
separate the streams of different entropies. The occwgreinglach reflection and the resulting
Mach stem height (Hm) are strong functions of the freestréésmh number and the wedge

length (.,).

The configuration considered by Hornung and Robinson [94BerdDor [95] has been used
in the present study with an incident shock wave anglé0df® (3 ~ 40.7°). The domain and
associated boundary conditions are shown in figure 4.8. uetstred mesh having 20,000 cells
is employed for this simulation. Here, freestream Mach nemsb 2.84 while wedge length is
unity and throat height is 0.37. Such configuration has bemsidered by Azevedo and Liu

[96] during their experiments.
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FIGURE 4.7: Schematic diagram of Mach reflection
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FIGURE 4.8: Domain and boundary conditions used for Mach reflection test case

All the numerical schemes except AUSMPW are employed toiprrélae flowfield. A repre-
sentative density contour obtained using the Roe scheme\egnsim figure 4.9. The incident
and reflected shocks as well as Mach stem and the slip linaiapyccaptured. The remaining
flux schemes also capture these flow features but their gtieditoehaviour is similar to the ear-
lier test case, with the Rusanov scheme being more dissgpatitomparison with the Roe and
AUSM family of schemes. The comparison of the Mach stem hafthese studies is shown in
figure 4.10. It is observed that all numerical schemes owadiptthe height of the Mach stem as
compared to the analytical and experimental values. Sudvanprediction has been reported
earlier by Vuillon et al.[97]. As in the previous test cadeere is little evidence for choice of
a preferred scheme for the inviscid computations in thisdase as well, on a sufficiently fine

mesh.
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FIGURE 4.9: Non-dimensional density contours of Mach reflection test case
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FIGURE 4.10: Comparison of Mach-stem height predicted by different methada/#, =
2.84, Ht/lw = 0.37, f ~ 40.7

4.2.3 Test case 3: Hypersonic flow through SCRAMJET intake

In order to evaluate the feasibility of flux schemes for prattconfigurations encountered in
high-speed flows, Mach 5 flow through a SCRAMJET (Supersoniclfsgtion RAMjet) intake

has been considered here. The configuration for this teblgis same as that proposed by
Kumar [98] and is shown in figure 4.11. This test case provédesique platform to evaluate the

capabilities of different schemes to capture the compleanal flow hypersonic aerodynamics.
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FIGURE 4.11: Geometry of the two dimensional SCRAMJET intake

This test case involves several complex flow features tlchidie obligue shocks emerging from
various compression corners of domain, expansion fans dlilerent expansion corners, inter-
action of shocks at the symmetry line, reflection of shoc&mfwalls, interaction of shocks and

expansion waves and slip streams that separate differgopgrayers.

A quadrilateral mesh having 18,900 cells is employed forusation of this test case where
all schemes excluding AUSMPW have been studied. It has besereed that the Roe scheme
is unstable and no steady-state solution could be obtaimkith is attributed to the lack of
sufficient numerical dissipation. The convergence hisgoff five other schemes are similar and
only those corresponding to AUSM+ and Rusanov have beereglattfigure 4.12. table 4.1
compares the jump in fluid properties across the cowl shotkimméd using the AUSM+ scheme
with the analytical oblique shock relations. A good agreetigeseen which is testimonial to the
performance of the AUSM+ scheme for this test problem. Atleotschemes also predict these
jumps with comparable accuracy on this mesh, while the uéisol of shocks and expansions by
the schemes are qualitatively similar. Itis evident fronufegs 4.13 and 4.14 that, the dissipative
Rusanov scheme smears the weak slip streams as opposed tp aestwdution of these slip
lines by the AUSM+ and HLLE schemes. A similar observatioryralso be made from the
centreline density variation obtained with one of the lassidative scheme, AUSM+, and the

highly dissipative scheme Rusanov as shown in figure 4.15.
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FIGURE 4.12: Residual fall comparison for test case 3

FIGURE 4.13: Mach contours using AUSM+ for test case 3

FIGURE 4.14: Mach contours using Rusanov scheme for test case 3
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FIGURE 4.15: Comparison of centreline density variation obtained with AUSM+ arghRuov
schemes

M, B pa/p1 p2/p1 To)Th

Present solver result 3.75 2151 3825 243 1571

Oblique shock relations 3.76 21.72 3.828 2.44 1.569

TABLE 4.1: comparison of property jumps across oblique cowl shock

4.2.4 Test case 4: Hypersonic flow over double ellipse configuration

A good test problem to study the applicability of numericakfschemes for high-speed external
aerodynamics is the flow over a double ellipse configuratidns configuration represents the
nose portion of space capsules and is a very relevant telskepnan hypersonic aerodynam-
ics. The suitability of the numerical schemes is studiediierMach 8.15 flow past the double
ellipse configuration. This test problem and associatech@ary conditions are shown in fig-
ure 4.16. The proposed hypersonic stream is considerg@ @ngle of incidence for the test

configuration.

Unstructured mesh having 17,362 cells with sufficient @tsg in the shock location (figure
4.17) has been employed for the simulation to illustrategémeeric nature of the solver. All

schemes except the Roe scheme are able to obtain converggdrsoto steady-state. It can be

TH-1295_BJohn



Test case 4: hypersonic flow over double ellipse configumatio 80
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FIGURE 4.16: Geometry for hypersonic flow over double ellipse

FIGURE 4.17: Enlarged view of mesh used for hypersonic flow over double ellips

seen from the pressure and Mach contours obtained with tH&\MMJscheme (figures 4.18(a)
and 4.18(b)) that the detached bow shock and the weak cammok sire well resolved. All
schemes are found to behave in a qualitative similar mammegsolving the flowfield. It is
however reasonable, in the light of earlier investigatitmassume that the Rusanov scheme
would lead to a poorer resolution of the weaker canopy sheatoanpared to the AUSM and
HLLE schemes. The surface pressure distributions from AgS¥d AUSMPW schemes are

seen to agree well with each other as well as the numericaltsest Gustafsson et al. [99] and
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FIGURE4.19: Comparison of surface pressure predicted using AUSM+ withrteghnumerical
results for the hypersonic flow over a double ellipse case

Ganesh et al. [78], as shown in figure 4.19. The pressureldistons at the nose and canopy
shock regions are enlarged (figure 4.20) to clearly distslgthe salient differences in surface
pressure predictions of different schemes. As expectedjgrons of HLLE and AUSM family

of schemes are less dissipative when compared to the Rusemems.
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FIGURE 4.20: Comparison of surface pressure predicted by six differéetses for the hyper-
sonic flow over a double ellipse case

4.3 Summary

The performance of different numerical flux schemes has laeatysed for two dimensional
inviscid flows in supersonic and hypersonic regimes. Théasdies have been performed on
internal and external flow problems using structured andrucisired meshes in order to com-
prehensively assess the schemes for their ability to redbk flow physics. The Roe scheme
is found to work well for supersonic flows but fails for hypensc flows, which is attributed
to its low dissipation. On the contrary, the Rusanov schemetied to be the most dissipative
scheme but relaible for convergence to the steady solutioalftest problems. While the high
numerical dissipation lends to a robust scheme, it also mleav features such as shocks and
slip lines. The Van Leer scheme behaves similar to the Russst®me, but offeres lesser dissi-
pation in comparison. The HLLE and AUSM family of scheme®othe best tradeoff between
accuracy and dissipation. While some variants of the AUSMilfaof schemes, such as the
AUSM+ scheme, show overshoots in pressure jumps. The HLbEme and latter variants of
the AUSM family (such as AUSMPW as well as AUSMPW+) are as aateuand produce no
overshoots or undershoots. In summary, while all schemdsrpeequally well for supersonic
flows, the best schemes for hypersonic applications are tHeM\family and HLLE schemes.
This study also points to the fact that there is a need to balaccuracy and dissipation to
achieve robust and accurate solutions and therefore thessige for the development of flux

blended schemes for high speed fluid flow applications.
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Chapter 5

Numerical investigations of ramp induced
shock wave boundary layer interaction

Overview

The detailed numerical investigations about the physidR-&WBLI is discussed in this chap-
ter. Initially mesh independence study is presented folitéature reported configuration and
test conditions. It is followed by the discussions on the miwalesimulations of SWBLI about
the effect of various parameters such as ramp angle, fre@stiMach number, freestream stag-
nation enthalpy, wall temperature and leading edge radiushenseparation bubble dynamics
in hypersonic flows. Therefore the major thrust of present B\VERidies is to understand the
boundary layer separation due to the adverse pressure gradiffered by ramp induced shock
wave. Quantification and qualitative judgement of this ¢ffeguires an analysis of quantities

such as wall heat transfer, wall skin friction coefficient andlyweessure.

5.1 Background

It had been reported in the literature that the ramp induegamtion of laminar boundary
layer depends on several parameters like Mach number, Risynaimber, wall temperature,
ramp angle, etc. Amongst them incipient separation andi&twis the minimum required flow
deflection angle to ensure flow separation can be estimateg! tine relation given by Needham
and Stollery [3].
83
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Mo0;s = 80v/ X1, (5.2)

wherey, is the viscous interaction parameter at the flat plate-ramgtjon, and is given by,

Xr = M3VC//Rey (5.2)
Where,
,UWTOO
C =
NOOTW

If the deflection angle is higher than the incipient separasingle, then boundary layer separa-
tion takes place. Such ramp induced boundary layer sepanaiay lead to significant deterio-
ration of intended performance of various space vehiclepmrants. Therefore present chapter
deals with the effect of various governing parameters ondgmeamics of SWBLI. Literature
reported configurations and test conditions are choserhéset studies. Such computational
simulations for the experimentally studied configuratiamsl freestream conditions will also
demonstrate the capability of present solver to handle asdlve the particular flow features.
These efforts would also compliment the experimental tediyl providing specific information
about separation point, reattachment point, separatibblewsize and extent of upstream in-
fluence. Therefore such investigations are extremely &asémjustify the conclusions drawn
from experimental measurements which have constraintsoiugon due to sensor size, there-
fore may lack in providing specific information. Some experntal studies are based on pres-
sure measurement which as well bear same limitation. Thastdication of the experimental

gualitative observations can be achieved using such sironta

5.2 Configurations, test conditions and solver settings

Numerical investigations of R-SWBLI phenomenon are carriedogiemploying in-house de-

veloped flow solver, ‘USHAS’. Prominent experimental fingbrare considered to get the nec-
essary input for configuration and test conditions. These<are listed in table 5.1, while the
figure 5.1 demonstrates the necessary terminologies usengogmputational domain and asso-

ciated boundary conditions.
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Case Reference To Tw M Res/m 0
K K degree
Case A Holden [22] 1880.84 294.38 11.63 552116 15
Case B(1) Marini [23] 1080 300,400,500 6 (5,7 and 8)8 x 10°  10,12.5,15
Case B(2) Marini [23] 1800 300,400,500 6(5,7and8)8 x 10>  10,12.5,15
CaseC Grassoetal.[52] 1102.5 290 10 1.65 x 10> 15,20,25

TABLE 5.1: Details of investigated cases

Free slip

Outlet
Inlet —

(freestram) 3

o

Wall (No slip)

FIGURE 5.1: Schematic of computational domain
All of the above mentioned conditions belong to laminar floWherefore incipient condi-
tion analysis given by Needham and Stollery [3] can be peréal for these cases to analyse
the possibility of flow separation. Such incipient analysés shown that, some of the cases
are in separated region while others are in attached flownegiThis can be well understood
from figure 5.2. Moreover the total temperature of all of thewe mentioned conditions are
sufficiently low to consider the flowfield as ideal gas flow. enhe perfect gas model of the
‘USHAS’ is preferred for all the simulations. Inviscid fluxere computed using second or-
der AUSM scheme. The time integration for the present sitimula is achieved by employing

explicit Euler scheme.

5.3 Grid independence studies

This section deals with the methodology of grid independdast followed in present studies.
Two such tests, “Case A’ and “Case B”, are chosen for this dismuskie to large difference in
their freestream Mach numbers.

5.3.1 Grid independence study for Case A

The grid independence study for the present case has beedaart by employing three differ-

ent grid levels viz120 x 60, 190 x 80 and230 x 120, with sufficient clustering near the walls to
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I I
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FIGURE 5.2: Incipient separation condition analysis
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FIGURE 5.3: Sample mesh used for the simulation of Case A

resolve the boundary layer. Grid points are also clusterdtedeading edge and ramp-flat plate
junction for accurate prediction of flow features. Such grsed for the present study, marked

with boundary conditions, is shown in figure 5.3.

The steady state results in terms of surface pressure,o8tanimber and skin friction co-
efficient distribution are shown in figure 5.4 and 5.5 respebt It is clear from the surface
parameter distribution comparison that, a grid siz&30fx 80 is sufficient enough to reproduce
experimental measurements. Comparison of numerical sesiilt experimental measurements
shows a good agreement, which confirms the accuracy of greskeer in the prediction of such

complex flowfields. Thus all the flow features related to SWBIel seen to be captured. Ramp
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FIGURE 5.4: Stanton number and wall pressure distribution for Case A
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FIGURE 5.5: Skin friction distribution for Case A
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angle of15" is sufficiently above the incipient separation angle forchesen freestream condi-
tions. Therefore the flow separates well ahead of the ramip Tdw plateau pressure region of
surface pressure distribution and negative values in threfsktion distribution are accounted
for separation. From the Stanton number distribution asigli is observed that the heat flux
tends to reduce and reach a minimum value as the laminar boutayer on the flat plate sep-
arates well ahead of the ramp foot. Further reattachmeieofiow at the ramp surface, across
the strong reattachment, shock terminates the separajechrel he heat flux and skin friction
coefficient are observed to be increasing rapidly beyondd¢hdachment point due to the re-
compression of boundary layer. This increasing nature af fhex and skin friction coefficient
reach a peak value at a location where, the boundary layskn&ss reaches minimum, followed

by gradual decrease due to boundary layer thickening andaftoeleration.

5.3.2 Grid independence study for Case B

The present investigations are centered on the experimemnaditions of Marini [23] (Case
B). Therefore grid independence studies are presentedsdrséution for those experimental
test conditions. These experimental freestream conditaye later varied to understand the
parametric influence. Such variations are mentioned iret&ldl. Typical mesh independence
test discussed herewith is performed for a flat plate of ROg25 m attached with5° ramp and
exposed to freestream conditions/df, = 6.0 andRe., = 8 x 10°m~!. Four different meshes,
viz. 180 x 60, 180 x 90, 240 x 120 and360 x 180, with sufficient clustering near the wall to
resolve the boundary layers, are employed for the compuistiAlike Case A, here as well grid
points are clustered at the leading edge of flat plate and-feEanhplate junction. Details of the

grids employed for the present study are given in table 5.2.

The convergence histories of all four grid levels are alsewiin figure 5.6. It is clear from
this figure that, the cost involved in the computation enkamwith increase in number of cells.
Here figure 5.7 shows the variation of skin friction coeffiti¢C;) along the wall, obtained
using four grid levels. The skin friction coefficient valueagparticular, location 0.035 m away
from the leading edge, and separation bubble sizg ¢btained with different grid levels are

also compared in figure 5.8. It is evident from figures 5.7 ar@ltbat the180 x 90 mesh
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FIGURE 5.6: Convergence histories of different grid levels
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FIGURE 5.7: Grid independence study for a ramp based boundary layerasiepaiCase B)
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Overall Maximum  No. of grid Minimum Minimum Minimum
grid size  boundary pointsinthe elementsize elementsize element size
layer boundary  nearthewall attheleading atthe flat plate
thickness layer Aymin) edge Az,,,) -ramp junction
(Al'min,junc)
180 x 60 0.003 15 9 x 107° 7x 1074 6 x 10~%
180 x 90 0.003 20 5x 107° 5x107* 4 %107
240 x 120  0.003 25 3x107° 3x 1074 2 x 1074
360 x 180  0.003 35 1x107° 9x107° 8 x 107°

TABLE 5.2: Details of grids used for parametric studies of Marini’s test caseg(B¢, where
all dimensions are im.
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FIGURE 5.8: Comparison of’; value at x = 0.035 m and separation bubble sizg) pbtained
with different grid levels

gives almost grid-independent solution with lesser comujpartal cost. Such mesh independence
studies are performed for all the test cases to arrive at proppate mesh size. Thus obtained

mesh independent results are considered for understaotisiyBLI.

5.4 Effect of governing parameters on dynamics of SWBLI

5.4.1 Effect of ramp angle

Studies for the effect of ramp angle on SWBLI separation ameechout to verify the incipient

separation condition [3] and also to enumerate the obsensadf Marini [23] from the pressure
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FIGURE 5.9: Effect of ramp angle on pressure distribution

measurement experiments. The freestream conditionsdaresi for these simulations are Mach
number 6, Reynolds numbé&rx 105 m !, wall temperature 300 K and freestream stagnation
temperature 1080 K. These test conditions are same as irxflegiments of Marini [23] on
two test models. These configurations had same initial jeaigth () of 0.05 m but different
angles viz. 6 = 10° and® = 15° respectively (figure 1.5). In addition, a model with ramp
angle of12.5° has been considered to verify the effect of numerics on tbipient separation
angle ¢,,), which is13.5° for the chosen test conditions. The surface pressureldigin from
the present computations is compared with the experimesgalts of Marini [23] in figure 5.9.
Encouraging agreement between the experimental and catignél results can be noticed in
this figure. Pressure distribution for the ramp angl&sand12.5° exhibit same trend unlike for
the ramp anglé5° where marginal constant pressure region, upstream of thi, iadicates the

presence of a separation bubble.

The variation of heatflux along the plate and ramp for all tire¢ cases is as shown in figure
5.10. This distribution is seen to follow the typical V-sledurve in the vicinity of the ramp for

the two lower angled test models, whereas the heat flux loiigioin of ramp anglé5° follows a
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FIGURE 5.10: Effect of ramp angle on heatflux distribution
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FIGURE5.11: Effect of ramp angle on skin friction distribution
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diffused V or U shaped curve at the same location. Increaspstream influence, noted from
early rise in pressure and drop in heatflux values ahead o&thp, with increase in ramp angle
can be depicted from both figures 5.9 and 5.10. However it igpnssible to obtain further
information with regard to separation from these data whitterwise is evident from the skin
friction distribution on the wall (figure 5.11) obtained fnocomputations. The points at which
the skin friction curve crosses the zero line give the laratiof separation and reattachment
points. Details of numerical results obtained for ramp anglriations are given in table 5.3.
From the present simulations, it is seen that thé ramp does not lead to separation while
separation bubble of length 17.75 mm is observed for the rangde of15°. Interestingly,

a separation zone of length 9.2 mm is observed forith& ramp, in contrast to Needham
and Stollery’s correlation which predicts no separatianréanp angles below3.5°. Therefore
this correlation must be alluded to only for cases that arell“gseparated,” since the numerical
solutions are grid-independent and high-resolution. Hiteed flows are those for which there
exists a discernible plateau in the pressure measurenieiiier words, for ramp angles within
the range of incipient separation predicted by the coimelahumerical studies are necessary to

reveal the physics of the actual flow.

5.4.2 Effect of wall temperature

Numerical simulations are also carried out to understaredefifiect of wall temperature on
SWBLI. A 15° ramp has been considered for this study as it has the maxiraparation length
among configurations considered herein. The freestreamiitcmms are chosen a¥/,, = 6.0,
Reo, =8 x 10> m~! andT; = 1080 K along with two different wall temperatures viz. 300 K
and 500 K. In addition, the effect of an adiabatic wall as ggabto an isothermal wall is also
investigated. Surface variation of pressure coefficieagttiux and skin friction coefficient are

shown in figures 5.12- 5.14 respectively.

Numerical results for wall temperature variations are alsmmarized in table 5.3. From the
present studies, itis clear that the upstream influenceases with increase in wall temperature.
Hence the adiabatic wall boundary condition has the langestream influence. Wall heatflux

is seen to be decreased at all the locations for increasddengberature case. The reason for
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FIGURE 5.12: Effect of wall temperature on pressure distribution
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FIGURE5.13: Effect of wall temperature on surface heat flux distribution
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FIGURE 5.14: Effect of wall temperature on skin friction distribution

decrease in these wall properties lies in the fact that tbeeased wall temperature increases
the viscosity which in turn increases the hydrodynamic &aedmal boundary layer thicknesses.
Hence, decrease in near wall gradients leads to decreasatiitutix. However, thicker boundary
layer is more susceptible for separation, therefore eaparation at x = 0.03825 m can be
noticed for the increased wall temperature (500 K) case. tNMpstream separation can be
seen for adiabatic wall condition at x = 0.03225 m. Point @afttaechment exhibits a trend of
downstream shift with increase in wall temperature. Heheeseparation bubble length is seen
to be increased from 17.75 mm for 300 K case to 27 mm for 500 Ktealperature while the
same for the adiabatic wall case is 46.25 mm. Therefore cingelst separation bubble among
the three cases is for the adiabatic wall which is consistéhtthe results on upstream influence

as well.

5.4.3 Effect of variation of freestream total enthalpy

Investigations have been performed with flows having twaltigmperatures to explore the ef-
fect of freestream total enthalpy (or total temperaturé)e Tonditions corresponding to total
temperature 1080 K are referred here as low enthalpy testitomms while conditions corre-

sponding to total temperature 1800 K are referred here dsdnghalpy test conditions (table
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FIGURE 5.15: Effect of freestream enthalpy on pressure distribution

5.1). For these simulations, freestream Mach number andReynolds number are 6 and
8 x 10° m~1! respectively. Computations are carried out with two diffeéneall temperatures,
viz. 300 K and 500 K. The variation in freestream total terap@e affects the properties at the
edge of the boundary layer, while wall temperature contitedstemperature distribution within
the boundary layer. Therefore the focus herein is also tdystile combined effect of these
guantities on SWBLI. The surface variation of pressure caeffi¢ skin friction coefficient and
non-dimensional heatflux are shown in figures. 5.15-5.1Fe@s/ely. Here, non-dimensional
heat flux at a location has been obtained using referencenmaxisurface heat flux. For a
given wall temperature, increase in freestream stagnatitimalpy is seen to decrease upstream
influence and consequently the extent of separation. Ftanos, the separation length for 300
K wall temperature reduces from 17.75 mm at low enthalpy @ to 13.2 mm for high en-
thalpy conditions. The main reason for this observatiohas, tthe increased stagnation enthalpy
increases the kinetic energy of the fluid and provides greatestance to the adverse pressure
gradient. Similar observation can also be made for wall Enaoire of 500 K and is evident in

figure 5.16.
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FIGURE 5.16: Effect of freestream enthalpy on skin friction distribution

An interesting observation in this study is that the nonahsional heat flux distribution, sur-
face pressure distribution as well as the skin frictionrthstion are nearly identical for the con-
ditions of low stagnation enthalpy with low wall temperaas well as high stagnation enthalpy
with high wall temperature. It follows that in either cast® ratio of wall-to-total temperature
is the same and therefore this non-dimensional ratio caomh&dered as an important indicator
of SWBLI rather than the stagnation and/or the wall tempeestilemselves. Hence, from the
present limited investigations, it is hypothesized that plarametet’, /75 is the best indicator
to make a meaningful comparison of SWBLI. Summary of thesdtseisualso provided in table
5.3.

5.4.4 Effect of variation of freestream Mach number

Four Mach numbers viz. 5, 6, 7 and 8 have been used in the prEsely to explore the Mach
number effect on SWBLI. In this case, a fixed value of Reynoldsemg x 10° m~! has

been used along with constant freestream temperature of X3and wall temperature of 300
K. The incipient separation condition analysis shows ttheg critical angle is a direct function

of freestream Mach number and also it decreases with inelieddach number. However the
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FIGURE 5.17: Effect of freestream enthalpy on non-dimensional heatflux disioif
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FIGURE 5.18: Effect of freestream Mach number 6 distribution
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FIGURE 5.19: Effect of freestream Mach number O distribution

ramp angle under consideratiarb{) is sufficiently above the incipient separation angle fe th
lowest Mach number considered for present studies. Thiasgyeidentified from the plateau
in the pressure plot (figure 5.18) as well as the skin frictiastribution (figure 5.19). Effect
of freestream Mach number variation on the interaction ¥@miin table 5.3. The points of
separation and reattachment show that the longest sepatatbble occurs at Mach number 5
while at Mach number 8 the flow cannot be considered as “veglagated”. This observation is
along expected lines because a higher freestream Mach mumthe present case means higher
kinetic energy of the flow for same internal energy which imtleads to a smaller separation
bubble.

5.4.5 Effect of ramp angle variation (Case C)

An additional investigation of Case C has been performed néirco the ramp angle effect that
has been observed with Case B. In addition to two ramp angfésafd 25°) considered for
the experimental studies, an intermediate ramp angz)'bfs also considered in the present
numerical studies. The ramp length has been taken accotairgmp angle. That is fors°

and 25° ramp angle, similar to experimental cases, the total leoftine model is 235 mm
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FIGURE 5.20: Surface pressuré€’p) distribution (Case C)

and 269 mm respectively. An intermediate length of 250 mnaksm for20° ramp angle case.
Quadrilateral grids of sizex0 x 70, 225 x 70, and230 x 70 are used for the simulation of ramp

angle15°, 20° and25° respectively.

The simulation results plotted in terms of surface presskia friction coefficient and Stan-
ton number distributions are shown in figure 5.20, 5.21 a@#@ Eespectively. The wall pressure
distributions obtained with present simulations are diosgatching with experimental results.
However the Stanton number distributions (figure 5.22) sblagght under prediction in the reat-
tachment region. Apart from this the results obtained wittspnt case also show a very similar
trend of increasing separation zone with increase in ranggearmong the three ramp angles
considered in this study, two higher angles forced the flosejparate near the ramp junction.
This separated nature of flow can be recognized from the smoreding plateau in the pressure

distribution and negative values in the skin friction diaitions.
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FIGURE 5.21: Skin friction coefficient distribution (Case C)

10
= =~ =~ Present Study—angle 159
"""" Present study—angle 20"
10 — Present study—angle 259 o
* Grasso et al. [52] —angle15°
®  Grasso et al. [52]-angle 250
n 10_2’ E
10} :
10_4 1 1
0 0.5 1 15

x/L
p
FIGURE 5.22: Stanton number distribution (Case C)
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5.4.6 Effect of Leading edge bluntness

Hypersonic vehicles have blunt nosed configuration to redbe surface heating rate. From
a practical viewpoint, it is imperative to understand hoadi&g edge bluntness may affect
the SWBLI. Moreover, the entropy layer formation associatét detached bow shock in the
presence of blunt leading edge has significant effect onkdbaaendary layer interaction. Hence
exploration of the same is the objective of present studypeEirmental studies were performed
by Coet et al. [16] to investigate this effect through the poes and heat flux measurements
for Mach 10 flow overl5° ramps attached with flat plate having three leading edgeatums
viz. sharp,R,=2.5 mm andR,=5 mm. In the present study, computations are carried out to
reveal the effect of leading edge bluntness for the samegromafions that were experimentally
investigated by Coet et al. The computational domain for #ses of leading edge radius zero,
2.5 mm and 5mm are meshed with quadrilaterals and havesiaes90, 480 x 90 and470 x 90
respectively. The numerical investigations showed thatléfading edge shock is a detached
bow shock in case of blunted leading edge, where as it is antedtl oblique shock in case of
sharp leading edge. It should also be noticed here thathéosame freestream Mach number,
the ramp-approach Mach number reduces in the presence othogk. Studies in section
5.4.4 have shown that SWBLI would be prominent at lower Mach lbent However, the
presence of the bow shock for a blunted leading-edge rangtesr@n entropy gradient normal
to the flow behind the shock. This entropy gradient generatsgsong vortical activity just
outside of the boundary layer and provides a stabilizingatfivhich counters the destabilizing
effect of reduced Mach number. This explains the reductiothe intensity of SWBLI with
increased leading edge bluntness. The skin friction digtion shown in figure 5.23 illustrates
a reduction in separation bubble with increase in bluntaesssupports this conclusion (table

5.3). investigation is necessary to conclusively esthlthe nature of reattachment.

The surface pressure distributions predicted from contious are shown in figure 5.24
which agree well with experimental results. Interestinglgan be noticed that the peak pressure
downstream of the reattachment point, in the case of the ldading edge ramp, is nearly half
of its value as compared to a sharp leading edge ramp. Thisomaytributed to the stronger

separation shock in the latter case. Numerical predictadriie Stanton number (figure 5.25)
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are similar to the skin friction coefficient and show exceflagreement with the results of Coet
et al. for all cases except in the post-reattachment regibhe computations consistently un-
der predict the heat transfer rate downstream of the rdaitant point and this discrepancy
between the numerical and experimental results is more ipsrfor the sharp leading edge
ramp as compared to the blunted leading edge ramps. Thisgoithe fact that the assumption
of laminar flow considered in the computations is not valithie post-reattachment regions and
is consistent with the experimental observations of Coelt @tfeo have hinted at the possibility

of a turbulent reattachment. Furthermore, the heat tramates from experimental measure-
ments are higher than those from numerical predictionsghvliso add credence to the theory
of possible turbulent reattachment in the case of sharprigaatige ramp. The reattachment in
the case of blunted leading edge ramps could also be tutiieven transitional and a closer

investigation is necessary to conclusively establish #tane of reattachment.
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Parameter M, Reoo(m™!)  Tp(K) Tw(K) 9(°) R, (mm) Ly(mm) Inference
Ramp angle 6 8 x 10° 1080 300 10 0.0 0.0
8 x 10° 1080 300 125 0.0 9.2 01 Lyt
8 x 10° 1080 300 15 0.0 17.75
Wwall 6 8 x 10° 1080 300 15 0.0 17.75
temperature 6 8 x 10° 1080 500 15 0.0 27.0 To T Ly T
6 8 x 10° 1080 adiabatic 15 0.0 46.25
Freestream 6 8 x 10° 1800 300 15 0.0 13.2
enthalpy 6 8 % 107 1080 300 15 0.0 17.75 % + Lyt
6 8 x 10° 1800 500 15 0.0 18.2 ’
6 8 x 10° 1080 500 15 0.0 27.0
Mach 5 8 x 10° 790.2 300 15 0.0 23.0
number 6 8 x 10° 1080 300 15 0.0 17.75 My T Ly |
8 x 10° 1422.4 300 15 0.0 13.25
8 x 10° 1817.5 300 15 0.0 17.75
Leading 10 8.36 x 106 1100 300 15 0.0 97.2 R,1T Ly
edge radius 10 8.36 x 10 1100 300 15 2.5 55.5
10 8.36 x 10° 1100 300 15 5.0 38.3
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5.5 Summary

The effect of various flow and geometric parameters on the R-SVuBlaminar hypersonic
flows have been investigated using a high-resolution vis¢low solver. It has been shown that
pressure measurements only provide a qualitative pictuflews separation and reattachment.
Therefore wall shear stress distribution is necessaryduvige quantitative estimates of sepa-
ration bubble length and upstream influence. The use of latioes to predict the separation
is also critically analysed. Thus the numerical studies agstrate that the correlation may be
effectively employed only for “well-separated” flows. Theent of separation is shown to de-
crease with increased freestream stagnation enthalpy aath Wumber while it increases with
increase in wall temperature and ramp angle. It is obseivaudthe wall-to-total temperature
ratio is the correct indicator to compare the effect of SWBLIViariable wall temperature and
stagnation enthalpies. The effect of leading edge blustoeSWBLI has also been numerically
studied. Computational results for the limited range ofiremdiicate that bluntness reduces the
extent of separation but may lead to transitional or tunbufeattachment. However detailed

study about the effect of leading edge radius is discusskdenchapters.
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Chapter 6

Assessment of correlations of shock wave
boundary layer interactions

Overview

Shock wave boundary layer interaction is most attended resgheme in the high speed flow
regime for effective design of various parts of space vekidHence, investigations in this field
are invariantly carried out to estimate the extent of upastranfluence, length of separation bub-
ble, separation point pressure, plateau pressure and peaklx or Stanton number. Literature
reported correlations, for prediction of these featurestd interaction, are explored herewith
using the in-house solver. However, results of present sitioals for various freestream and

wall conditions portrayed their inabilities to incorporatbe variations of influencing param-

eters while retaining the linearity. In view of this, effodee extended either to modify these
widely appreciated correlations or to suggest a better amihregreported ones to improve the
estimates. The modifications suggested for prediction tehéxf upstream influence, separa-
tion bubble size and peak Stanton number are seen to impnevapplicability of the existing

correlations.

6.1 Background

The topic of SWBLI has gained inevitable significance in theaasehigh speed aerodynam-
ics. Hence it is essential to predict the features of thisradtion during the design phase of
107
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components or subcomponents. Simplest way of estimatitm device a correlation for the
corresponding feature in terms of governing parameteesftié&estream and configuration de-
tails. Few researchers have established such correldbonmediction of separation bubble
size, extent of upstream influence and peak heatflux. The bdsantage of such correlations
lies in the ease of their applicability in understandingftiredamentals of ramp induced SWBLI,
without costly experimental investigations or complex gonational simulations. The correla-
tions proposed by Needham and Stollery [3] and Katzer [4&]ianportant in such aspects.
Recently Davis and Sturtevant [58] have also proposed a newwlaton for separation bubble
size based on the classical triple-deck formulation of &tesen and Williams [34]. However
the choice of scales considered for developing these edivet has introduced limitations for
their applicability which reduces their envelop size. Eiere present investigations focus on
assessment for suitability of the literature reported artely accepted correlations for quanti-
tative prediction of SWBLI parameters. Efforts are also edezhto modify these correlations
to accommodate the available SWBLI data. Numerical datamddarom the studies presented

in the previous chapter are employed in this analysis.

6.2 Review of supplementary correlations

Prior to the detailed assessment of various scaling lanRf8WBLI parameters, it is very much
important to have a brief discussion of empirical correlasi applicable for the undisturbed
compressible laminar boundary layer over the flat plate éloédhe interaction region. The
importance of this discussion lies in the fact that, mosthef torrelations proposed for the
extent of upstream influence or separation bubble size len@dered the undisturbed upstream

boundary layer thickness or its representatives as scpéiragmeters.

In case of hypersonic flowfield the leading edge shock and@digtrong viscous interaction
cannot be neglected. Hence the effect of strong viscousartien due to the formation of
leading edge shock can be accounted by considering thedgperapproximated equation for

pressure rise [1] given by,
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Pe 14 Ay (6.1)

Poo

M3.VC
v Reg

parameter. The value of depends on nature of interactioA & 0.5 for Strong interaction,

wherey is the viscous interaction parameter givenby- , C'is the Chapman-Rubesin
whereasA ~ 0.078 for weak interaction). In the present case for laminar flowrdiat plate,
the Blasius boundary layer solution, corrected for compbéiyg effect along with Eckert’s
reference temperature method [55], can be applied to findKkimefriction and Stanton number
distribution ahead of the interaction zone. Those coimatare given by,

~0.664v'C* 1

f e St = §Pr_2/30f (6.2)

whereC* is the Chapman-Rubesin constant calculated based on reddmmperature given by,

ik T
— =1+4+0.032M? +0. 1 6.3
- +0.03 6+058<T ) (6.3)

€ €

In addition to these parameters, the calculation of othentary layer parameters like bound-
ary layer thickness, momentum and displacement thicksestse have been carried out using

Eckert's reference temperature method as mentioned [52].

6.3 Analysis of extent of upstream influence

Extent of upstream influence is generally considered asigtante measured from the ramp
foot to a location of flat plate where the usual pressureidigion of undisturbed flat plate
start rising in the presence of downstream located rampinBuhe numerical studies in last
chapter, it has been noted that, the extent of upstream nuiuimcreases with increase in wall
temperature and decreases with increase in freestream mmcher and freestream stagnation
enthalpy or total temperature. These numerical investigathave also proved that, upstream
influence is always present for any R-SWBLI case, irrespectivaagnitude of ramp angle.
Moreover, strength of interaction is found to increase wittrease in ramp angle. The results
of the simulations discussed in last chapter, for variosesaare analyzed using wall pressure
distribution to evaluate the extent of upstream influencehat particular case. Thus obtained

upstream influence distances are used to assess the vieoaisife reported correlations.
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The scaling law proposed by Needham and Stollery [3] caeslidne upstream influence with
the associated parameters as,
Ly; M, 6?

- -Fui —
do Xo

(6.4)

Boundary layer thicknesg() at the upstream influence locatian,) is considered here as the
length scale for non-dimensionalisation. For the presemtys such boundary layer thickness
has been calculated from the Blasius solution given by Mstiinet al.[18]. The parametgp

in equation (6.4) is the viscous interaction parameterattlticationz, which can be calculated

based on reference temperature. The required funétjpim equation (6.4) can be found out by

fitting the above correlation for different experimentahoimerical results.

Another important correlation for upstream influence, ka@e in literature, is the one pro-
posed by Grasso and Marini [53], through the findings of Hayakand Squire [13]. Here, the

upstream influence is expressed as,

Lyi e 002 1 P3

Plate length, is used here for non-dimensionalisation instead of thentary layer thickness.
The term (@ — 1) has been included to incorporate the effect of ramp angleodaction

of this termp\ivas based on the Hayakawa and Squire’s obsemvatidependency of upstream
influence on pressure rige; — p;) at the compression corner [13]. The influence of Reynolds
number, wall temperature and freestream temperaturergainted into the correlation in terms
of skin friction coefficient (', ) at a location £,) where upstream influence starts. Specific heat

ratio (y) is also considered in this correlation.

Outcome of the simulations discussed in last chapter are tasevaluate these two scaling
laws as shown in figure 6.1 and figure 6.2 respectively. Thegmtedata points fitted according
to Needham and Stollery’s correlation [3] (equation (6ah)l the correlation given by Grasso
and Marini [53] (equation (6.5)) show that, these correladirelate the upstream influence lin-
early with ramp angle for constant freestream and wall patara. According to these correla-

tions, variation of wall to total temperature ratio is seershift the curves vertically. Both the
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facts support the earlier observation of increase in exteapstream influence with increase in
wall temperature and ramp angle for given freestream camgit Though both the prediction
techniques support the inverse proportionality of upsir@g#luence with the freestream Mach
number, the strategy given by Needham Stollery [3] coreslatt linearly with positive slope
(figure 6.1) while the other technique [53] does the same nétative slope (figure 6.2). This
disparity in slopes of the corresponding lines is due to ttiimdi functions given by equation
(6.4) and equation (6.5). Lines corresponding to Mach nuraagation are also seen to shift
vertically upwards with increase in wall to freestream tenapure ratio in both the figures. An-
other important point noted about these correlations is the points corresponding to different
wall to total temperature ratios obtained for a particulaestream stagnation enthalpy condition
follow one path in vertical shift, whereas, the points fdfatient wall to total temperature ratios,
for another freestream stagnation enthalpy conditiogiodifferent path in upward shifting.
Figure 6.1 portrays prominence of this effect while it is mal in figure 6.2. Hence the cor-
relations given by equation (6.4) and equation (6.5) ar@dosuitable for predicting upstream
influence in case of ramp angle variation for a particulaf esadl freestream parameters. There-
fore need of a parameter which mainly accounts for the walbtal temperature ratio is felt to
modify these correlations to extend their applicabilityn view of the above discussed limita-
tion, efforts are made to modify the correlation given by dleem and Stollery [3] to improve
the prediction strategy. Initial attempts are made to esgtiee effect of ramp angle implicitly in
terms of pressure rise across the oblique shock for hypersohigh Mach number assumption

[1], M2 > 1. Hence the pressure ratio given by oblique shock theory fisidered for the

same,
‘ 2
Bs — 20 a2sin?B (6.6)
o v+l
Here? stands for the inviscid pressure jump across the attachiegbelshock. Sincef «
b1

, we can replace the termin above expression witthito achieve the following proportionality,

LERN. M26? . This leads to the modified Needham and Stollery correla®n
b1

ﬂ:F, Rem@

—— 6.7
do M3/ C*p1 (6.7)
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FIGURE 6.1: Data points fitted according to Needham and Stollery’s correlation
The above equation can be re-written as follows to meet zestr@am influence in the absence

of ramp,

5 "MV
Further modifications in the above expression are consideréncorporate the effect of wall

. /Re,
Lui _ p Vi, (@ . 1) (6.8)
b1

temperature and freestream total temperature. Therefoesvaerm,5*, has been introduced
for the same. Hence the final version of modified Needham asiteBt correlation for upstream

influence is as,

do "MEVCF \

. & m T;.O n
r= (T0> (To)

The present data points are again considered using thisdameglation form = 0.5 and

Lui _ Fu \V Rezo (pS 1) B* (69)

where,

n = 0.5. Excellent prediction with linear fit, for all the data pamwith variations such as ramp

angle, freestream total enthalpy, wall temperature etegén in the figure 6.3. A proportionality
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FIGURE 6.2: Data points fitted according to Grasso and Matrini’s correlation
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FIGURE 6.3: Data points fitted according to present modified correlation for egfergstream
influence
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constant £,;) of 6.15 has been obtained for the present data set. Theimqgrgal result of
Holden and Moselle [100], which was not considered eadigufes 6.1 and 6.2), is also plotted
in this figure to further evaluate the present correlatiamcdtiraging match can be experienced,
in this figure, for this result as well. Hence the equatio®)@an be treated as the generalized

correlation for prediction of upstream influence.

6.4 Analysis of separation bubble size

Separation bubble size is an important terminology of R-SWBlowever a specific combina-
tion of freestream and wall conditions which offer a coneaide amount of upstream influence,
does not always guarantee separation bubble. Hence theaaghp should be more than the
incipient separation anglé,() given in equation (5.1). Present studies have reassédréelit-t
erature reporting that separation bubble length increagbsncrease in wall temperature and
decreases with increase in freestream Mach number andr&assstagnation enthalpy or total
temperature. Various correlations, widely admired fordprton of separation bubble size, are

considered here with for their assessment.

There are four major correlations to predict the separdiidrble size. The first one is pro-
posed by Needham [20] through the experimental studiesyjoeisonic flowsT < M., < 14)

over compression ramp. The expression for the same is,

Ly v Ee (p3)2 (6.10)

To Mg \p2

For the present study, in equation (6.10) is assumed to be equal to incipient pregs.,
[58]. From this expression it is clear that, effect of walnigerature and freestream enthalpy
on separation bubble length is not incorporated in it. FerrtNeedham along with Stollery [3]
suggested that the correlation for extent of upstream inded€equation (6.4)) can also be used

to correlate the separation bubble size.
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Another important scaling law for separation bubble sizprigposed by Katzer [41]. This

correlation is as,

Lb V Rexo P3 — Pinep
o  MVC 2
Here, the required displacement thickness at locatioran be obtained through the correlation

proposed by Bertram and Blackstock [101]. The above equatieralso been expressed by the

authors as,

3 _n.
&MQ\/G x (p?) pmcp) (612)

06 /Reg, 2
These (equations (6.11) and (6.12)) correlations have teginally developed for I-SWBLI in
supersonic flow regime. Hence the applicability of the saoreetation for R-SWBLI, needs

thorough analysis.

Expression for the separation bubble size (equation (b also been recently devised by

Davis and Sturtevant [58] for which limited supporting igtigations are available.

Ly Ao D3 = Pinep 3/2
—b 6.13
To = 73/2M3 < P1 ( )

In this correlation, dependency of Mach number is expregseéde same way as that in the
previous correlations. Besides, the formulation of presserm is seen to be altered. The new
parameter)\, which appears in this correlation, stands for the effeckof &iction and wall to

edge temperature ratio. This parameter is given by,

A 11w T (T 1/2
o T, \ T,
Here, the terms with«’ are to be evaluated at reference temperature (equatio)).(6TBis
correlation has been proposed for high enthalpy hyperdtows, hence its applicability for

ideal gas flows needs to be evaluated. Apart from this, cadtas also been reported by the

authors that the correlation would have least quantitgtregliction capacity.
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Wall shear distribution obtained from the current numerstadies reported in Chapter-5 is
used to measure the size of separation bubble. Hence, casgsfall in the “separated flow”
region of figure 5.2 would only be useful. These cases incltdge A, combination of Mach
5, 6, and 7 with ramp angle df5° of Case B and ramp angz)° and25° of Case C (refer
table 5.1). In addition to these, ramp angt¢ and Mach 6 combination of Case B has also
been considered to reveal the effect of wall to total tempeeaatio. For this study, simulations
are repeated with all three wall temperatures and two gnghadnditions of Case B, so as to
get extra data points. Thus obtained separation bubble firevarious freestream and wall

conditions have been considered to assess the literapweed correlations.

In the present study, the incipient pressure risg.{/p;) has been calculated by making use
of triple deck solution proposed by Inger [45]. Thus obtdimata points fitted according to
equations (6.10) and (6.4) are shown in figures 6.4 and 6gecéisely. The points correspond-
ing to ramp angle and Mach variations are seen to follow firieend in both the cases with
different slopes. These expressions are also seen to expibard shifting of trend lines with
increasing wall to freestream temperature ratio. Moredberupward shift which is consistent
in figure 6.4 for variation of freestream stagnation enth@punseen in figure 6.5. Hence these
correlations are found suitable in predicting separatigiobte size for the cases with variation

in Mach number or ramp angle only.

Similar experience can be gained by fitting the data pointgusatzer’s correlation (equation
(6.11)) as shown in figure 6.6. From the figure, the currenfof the equation, proposed for
prediction of separation bubble length in case of shock mgg@ment separation, is examined to
be unsuitable to use for ramp induced separation. Howdwernther form given by equation
(6.12) is observed to offer improved trend, as shown in figure Marginal deviation noticed for
Mach number variation cases is the only limitation of thisretation. Hence, from the narrow
envelop of the present data sets, the equation (6.12) isierped to be a better prediction

method for length of separation bubble in case of R-SWBLI casestls

TH-1295_BJohn



Analysis of separation bubble size

117

1.8

1.6

14

12

FIGURE 6.4:

}-.lllr«

Present study Case A

Present Study Case B Mach variation (Twrrogz.zs)
Present study Case B Mach variation (Tw!To::i.I]S]
Present Study Case B Machvariation (T /T Q:3.?9]
Present Study Case C Anglevariation

Present Study Case BMach 6-different T [T,

* o 0O %

-------- Correlation — Case B Machvarniation (T /T =2.78)
————— Correlation — Case B Machvarniation (T /T =3.03)

Correlation —Case B Mach variation (T [T =3.79)

— Correlation —Case C Angle vanation

18

16

M; L p)

Present data points fitted according to Needham’s correlationti@y(é. 10))

Jr Present Sudy Case A
£\ Present Study Case B-Mach variation (T [T =2.28)
[ Present Study Case B-Mach avriation (T[T =3.03)
{y Present Study Cose B-Mach variation (T,/T =3.39)
77 Present Study Case C- Angle variation

9|(— Present Study Case B Mach 6-different Twnn
----- Correlation - Cas e B-Mach variation IT“{I';&:)B}

---------- Correlation - Cas e B-Mach variation |T“{I'm=3.03}
——— Correlation - Cas e B-Mach variation IT“{I';ZZBI
— Correlation - Case C-Angle variation

FIGURE 6.5: Present data points fitted according to Needham and Stollery&atoon (equa-

TH-1295_BJohn

tion (6.4)).



Analysis of separation bubble size 118

% W Present study Case A I I L
45)| £ PresentStuyCaseBMachvariation (T /T52.28) | I i----------,+“-'—f-—
[0 Present Study Case B Machhariation (T /T =3.03) ; R o
wl| ¢ Present Sty CaseB Machariation (T,T=379) | [ e i
{Z)  Presesnt Stucy Case C angle ariation ;
s  Present Study Case B Mach6-different T /T,
S | Correlation - Case B Mach variation (T, /T =2.28)
.......... Correlation - Case B Mach ariation (T, /T =3.03)
S| B Correlation ~ Case B Mach variation (T, /T =3.79)
L, g ||~ Coelation - Case C Angle variation
N ' ' r

JRe [ p.; ~Poy )

Jemil b )

FIGURE 6.6: Present data points fitted according to Katzer’s correlation (equ@ibl)).

70 , I
W Present Study Case A i i y
(> present Study Case BMach\ariation (T /T =2.28) | ! 5 T
. ' ! o’
&0 O  Present Study Case B Mach variation (Twﬂ';3.ll3] . _______________ . _'+f_’_ ______ i
2 Present Study Case B Machvariation (T [T =3.79) | | i
1 ~
#$ PresettMCaseBFu'hchﬁ-cifferertTwrru _’,#"
50l TF  Present Study Case CAnglevariation e L i
- 1 ts '
----- Correlation ":,.«-'
i : i o~ i
' 1 ' i 1 '
o A0 L R R, SN . . i
N ! : ot : :
=L : : & : :
8] : : "j : : :
. : : - : : :
o = 1 1 e 1 1 1
| 0—------miee-- PEmmmmmmmmmmme T ';"' """"" rmmmmmmmmmmmes AmTmmmmmmemmnes [ -
' i ' 1 '
: o ! : !
' L ' 1 '
] -~ 1 1 1 ]
: o : : :
| - ST R — R R S -
& : : : :
588 s | s |
o : : : :
) (1] S b doreeeeas s A b -
L : : : : :
0 i i i i i
0 5 10 15 20 25 30

' ™
| pi_pr}acp i
1 1

\ P2 A

FIGURE 6.7: Present data points fitted according to Katzer’s correlation (equ#ib2)).

TH-1295_BJohn



Analysis of separation bubble size 119

W Present Study Case A Y

{» Present Study Case B Mach 5-cifferent T /T, : e

O Present Study Case B Mach 6-cifferent T, /T, ; b

£y Present Study Case B Mach 7-chfferent T /T, o ,

T Present Sty CaseCdifferentrampangles | 1 7 A
— Carrdation — Case Cdifferent mmpangle J:..- H
———— Correlation — Case B Mach 7-different T T, < Lt .
P | [— Correlation — Case B Mach 6-different T /T, |47 _____ L R
..... Correlation — Case B Mach 5-cifferent T /T, | : L]
I a : g | et

32
A-:) [ps_p:'ncp\l'

N

FIGURE 6.8: Present data points fitted according to Davis and Sturtevant'dat@néequation
(6.13)).

The present data points are then fitted according to methagEbped by Davis and Sturtevant
(equation (6.13)). The trend lines fitted according to tligr@ation are shown in figure 6.8.
The argued advantage of suitability of this correlationdiffierent wall to total temperature ratio
cases has been observed with present data points as weltaaotother three correlations of
separation bubble size, this correlation offers lineandréor different wall to freestream total
temperature ratios. This observation supports the extedtmaling of the wall temperature and
freestream enthalpy, in this correlation, through the tdrniThe ramp angle variation is also
experienced to follow linear trend in this strategy. Howewes evident from this figure that,
the cases with Mach number variation deviate from linearty a part of this, the lines of

different wall to temperature ratio are seen to shift upwavith decreasing Mach number.

The four reported correlations assessed herewith arenigaki offering uniqueness in the
prediction of separation bubble size for various freestread geometric conditions. The suit-

ability of each of those correlations is restricted onlydw fparametric variation cases. Hence
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FIGURE 6.9: Present data points fitted according to modified Needham'’s corré&digation
(6.14)).

present efforts are extended to modify the Needham'’s @iioel (equation 6.10) in order to
fit the present data set into a narrow region. The main defigigrhich was noticed with this

correlation is its inaccuracy in scaling the wall and to&hperature variation. Therefore an
additional term has been introduced in equation 6.10 whaeelds to the modified Needham

correlation as,

L, M3 g
L M _p (?) B (6.14)
2

Zo \/ Rey,

where Fy, is the proportionality constant arit, is the scaling parameter for wall to total tem-

T, T, 1/2
o = (?) (?)

The present data points fitted according the modified cdioalare shown in figure 6.9. The

perature ratio and is given by,

rearrangement and introduction of an additional tempegagaaling in the Needham'’s corre-

lation is found to arrange the present data along a straiight IAdditionally considered data
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points corresponding to experimental studies of HoldenMasiselle [100] and numerical stud-
ies of Grasso and Marini [53] are also in agreement with teedidine obtained from modified

Needham'’s correlation. The value B, is observed as 0.13.

6.5 Studies for separation point pressure and plateau pres-
sure

Studies are also carried out to assess the prediction diipahof free interaction theory [4]
based correlations for separation point pressure coeffieied plateau pressure coefficient us-
ing present data points. According to this theory, pressoefficients at separation poirdtf,.,,)
and plateau region{p,;.;) can be expressed as a function of flow conditions immedgiatel
stream of the interaction locatiom(). The correlation for separation point and plateau pressur

coefficient can be expressed as,

Cpsep/plat = Fsep/plat\/2cfo/ (MU2 - 1)1/2 (615)

The present data points fitted according to this correlagi@shown in figure 6.10. In this
figure, open bubbles and dashed lines refer to separation p@ssure coefficient, while solid
line and dark bubbles refer to plateau pressure coeffici€his figure portrays that the trend
lines corresponding to separation and plateau pressuvesdifeerent slopes. For a given wall
to freestream temperature ratio, Mach number variatioas@und to be following the linear
trend. Moreover these data points are observed to be dayiatim the trend line with variation
in wall to total temperature ratio. Hence this observatiom{s the necessity of modification in
this correlation to properly scale the wall and total terapae effect and ramp angle influence.
The value of proportionality constants obtained for préseta set are agi,., = 1.04 andF},;,:
=1.84.

6.6 Correlation for peak heatflux

Peak heatflux, in the post reattachment region, is anothaoritant SWBLI parameter. Design

of appropriate thermal protection system remains a taska@mtesence of such higher surface
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FIGURE 6.10: Data points fitted according to separation point and plateau peesseificient
correlations.

heating rates due to SWBLI. Hence a simple relation is the prageirement to correlate the
peak heatflux with freestream or other SWBLI parameters. Irp#st, Hung and Barnett [56]
proposed a correlation for the peak heatifg,{.x/Sto ~ (P3/Fy)*'?) for laminar case which

has been later modified by Grasso and Marini [53] using exteapstream influence as,

Stpeak - (Luzz

1.13
M? 1 6.16
St() 50 2 oonO + ) ( )

Here St, stands for reference undisturbed Stanton number at arsiatimediately before up-
stream influence start location. This parameter can be lesédcliusing the methodology, men-

tioned by Grasso [52].

Efforts are initially extended to assess the applicabititythis correlation for wide range
of SWBLI conditions. Thus obtained trend lines are shown inregé.11. Clear evidence
of limitation of this correlation in fitting different dataomts into a single trend line can be

seen in this figure. As it has been observed in the case ofteaterpstream influence, this
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FIGURE 6.11: Present data points fitted according to Grasso and Marini'slaiborefor peak
Stanton number.

correlation as well fits almost linear trend for ramp angleateon cases. However, the nature
of trend is completely different in case of SWBLI with varyingagh numbers. Moreover both
the ramp angle and Mach number variation trends are difféoedifferent freestream and wall
temperatures. Hence the correlation for the peak Stantabeuwith upstream influence extent
is modified for accommodating variations in dependent Wem For this modification, the
presently proposed upstream influence correlation is dernsil instead of the one considered
by Grasso and Marini. The step followed in the formulatiomuddfied correlation for peak
heatflux is given under.

From equation (6.9), the; /po = p3/p1 can be written as,

Ly M3
ZE . ut 0 Cw +1
P1 60 6* Remo

Upon replacing the pressure ratio in Hung and Barnett’s tadrom from the above relation, the

present correlation for peak Stanton number is obtained as,
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1.13
As3
S;L;Of”“ o <[(;—ZA§] ];1:0 + 1) (6.17)
Better accuracy in prediction is expected for this correlatisince it has wall and freestream
temperature scaling terms as well. The present numeritalptants are first plotted according
to the proposed correlation, there after an average trefittad for these data points (figure
6.12). Thus obtained trend shows a linear variation of néim®a peak Stanton number for
different interaction cases. Here the nature of trend abthifor different ramp angle, Mach
number and wall and freestream temperature conditionsisstlsame. Therefore almost all the
present data points lie closer to the fitted line which cordithe enhanced prediction capability
of present correlation. Further to ensure this observatgmnadditional experimental data points
are also plotted in the same figure. This additional evidesupports the accuracy of present

peak heatflux correlation.

6.7 Summary

Literature reported correlations for various SWBLI parametge assessed in light of present
numerical results. It has been noticed that, none of the'teghgorrelations predict unique trend
for different parametric variations. Needham and Stolecgrrelation for upstream influence is
found to provide better trend for different flow and geonwparameters as compared to Grasso
and Marini’s correlation. However both correlations failthe prediction for different wall to
freestream temperature ratios. Therefore modificatiorbleas suggested in the Needham and
Stollery’s correlation with sufficient theoretical suppfor prediction of extent of upstream in-
fluence. This strategy is seen to have improved quantitatigdiction of upstream influence.
Reported correlations for separation bubble size, excepDtvis and Sturtevant’s correlation,
are found to fit linear trend for different Mach number and paamgle cases. However, their
prediction is seen to deviate from linearity for varying Italtotal temperature cases. The ex-
ceptional correlation is found to be reliable for predigtseparation bubble size for different
wall to total temperature ratio cases but fail to correlateying Mach number cases. There-

fore modification has been proposed in Needham'’s correlétiothe qualitative prediction of
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FIGURE 6.12: Data points fitted according to present correlation for peak Stantober.

separation bubble size. Such modified correlation has bbsereed to improve the estimate
and widen the range of applicability of the correlation. A@acy of free interaction theory for
the prediction of separation point and plateau pressuralsasbeen analyzed. These studies
portrayed the need for additional scaling parameters irexpeession for ramp angle and wall
temperature. Literature reported correlation, for pean@in number in the post reattachment
region, has been observed to have limitations for accomtimgp@ariations in freestream, ge-
ometric and wall conditions. The prediction capability bétsame correlation is seen to be
improved by incorporating the presently proposed extentpstream influence relation in the

same.
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Chapter 7

Effect of leading edge bluntness on ramp
Induced shock wave boundary layer
Interaction

Overview
This chapter deals with the studies related to R-SWBLI in teegnce of leading edge bluntness.
Boundary layer edge Mach number and temperature, sonichhdigundary layer thicknesses,
skin friction coefficient and pressure difference are cdesad for the close inspection. Present
studies revealed the existence of two critical radii of legdedge bluntness associated with
R-SWABLI. Increase in separation bubble size has been adxevith increase in leading edge
radius until the first critical radius called as ‘inversioradius’ which corresponds to maximum
extent of separation. Swallowing of the entropy layer by thendary layer is seen to increase
the separation zone size while the separation bubble lergthedses when the boundary layer
is covered by the entropy layer. The inversion radius is shtwhe associated with equal
thicknesses of the entropy and boundary layers. Increaseaiting edge radius beyond the
second critical radius, called as ‘equivalent radius’, @ihd to decrease the size of separation
zone in comparison with that of the sharp leading edge case.rétiuction is attributed mainly
to the existence of a wide over pressure region. Physicedpvedictive strategies, to determine
the critical radii for given geometry and freestream coradis, are derived successfully from
the present numerical simulations. Current studies on a 5dengplate with15° compression
127
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ramp for Mach number 6 and wall temperature of 300 K show thatitiversion radius lies

between 0.3 and 0. 6 mm while the equivalent radius lies betwaad 1.2 mm.

7.1 Background

Viscous-inviscid interaction is one of the characteri§datures of supersonic or hypersonic
flow regimes. Ramp induced shock wave and boundary layemaittien is the prominent ex-
ample of the same for laminar as well as turbulent flows. Tiisraction may leads to bound-
ary layer separation, turbulent transition and enhancetheei heating which in turn would
affect the performance of associated components. Therefarious control mechanisms are
reported in the open literature to reduce the intensity isfititeraction by delaying separation
[8, 8, 16, 102, 103]. Provision of leading edge bluntnes$fiésmost widely considered sepa-
ration control technique for R-SWBLI and I-SWBLI. Schematic af flowfield for R-SWBLI
with leading edge bluntness is as shown in figure 7.1. Dynsusiichock wave and boundary
layer interaction completely changes in the presence df kading edge bluntness. Primary
reason for this change is the replacement of attached shoakstronger detached bow shock.
Formation of strong entropy layer in the presence of bow slaod interaction of the same with
the boundary layer adds to the complexity for understandintpis interaction. Apart from
detachment of the shock, leading edge bluntness inducesealde pressure gradient which
accelerates the flow passing over the object of interestreftrve a high speed shear flow com-
prised of boundary layer and entropy layer approaches ting far sudden turning. Hence,
the upstream influence location, separation location,raéipa bubble size, incipient separation
angle and the re-attachment station change with respdw twotresponding reference values of
sharp leading edge case. In view of this, it is inevitablertdarstand the effect of leading edge
bluntness on these fundamental interaction parametessebghplementing it for separation

control.

Earlier studies [14, 16] reported that the leading edgethkss can act as the effective tech-
nique for separation control. However, this technique dudsgyuarantee separation control for

all radii as observed by some researchers [17, 42]. But diffgg in opinion has been noticed
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FIGURE 7.1: Schematic of R-SWBLI on a blunted leading edge flat plate-ramp model
among those particular studies [17, 42] for justifying titregular behavior of this control tech-
nique. Hence it is essential to develop a unifying theoryualedfect of leading edge bluntness.
Therefore understanding of the flowfield in the vicinity oitical radius is an immediate need.
Apart from this, earlier reportings focus on only one caticadius at which separation bubble
size is maximum. Moreover, control strategy demands foséparation size lower than the base
or reference value corresponding to the sharp leading ealgge dhus decrement of separation
size with increase in leading edge is important if and onitigf lower than that of sharp case in
order to implement it as a control technique. Thus two imgdrtadii exist which correspond
to maximum separation size and to the separation size egjtizt of sharp leading edge case.
Therefore present chapter initially deals with identificatof the critical radii and proceeds

further to reason for their identity using literature reedrreference sharp leading edge case.

7.2 Solver settings

Numerical investigations of R-SWBLI, in case of sharp and lgdrftat plate attached with a
ramp, are carried out using 2D version of ‘USHAS’. The stestdye of the solution is assumed
upon the density residual fall below)—%. Structured quadrilateral elements are used to mesh
the computational domain. The details of the computatidoahains employed for the present
study are discussed in the subsequent sections. HighlyatecAUSM+ [91] scheme has been

employed for the convective flux calculation in the preséndy By considering the steady flow
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nature of present cases, time integration is achieved wsimgle Euler explicit scheme. The
fluid (air) is assumed to as ideal gas. There fore Sutherlaisdssity model [75] is employed
for the calculation of coefficient of dynamic viscosity iretlpresent study. Additionally the

Prandtl number of the fluid is considered as 0.71 for all satioihs.

7.3 Numerical studies

7.3.1 Studies with sharp leading edge plate for R-SWBLI

The experimental conditions of Marini [23] are consideredehin the present computational
studies for sharp and blunt leading edge cases of R-SWBLI. Toesditions in terms of
freestream Mach numbend, ), freestream static temperatufE.(), freestream static pressure
(poo), freestream unit Reynolds numbétd,, /m) and wall temperaturel{,) are mentioned in
table 7.1. This test case of sharp leading edge flat platéased herewith as the reference test
case. Plate of 50 mm in length attached tharamp, employed by Marini [23], has been con-
sidered for all the simulations. The computational domaited for the simulation of the same,
marked with boundary conditions, is shown in figure 7.2. Qiagral elements are considered
for meshing the computational domain. Three levels of meahe employed for the simulation

to ensure the grid independency of the solution. Detailb@$e grids are provided in table 7.2.

Mo ke T. p. T, R,
Lira K N/m? K mm
6 8x10° 131.7 199.4345 300 0.1,0.3,0.5,0.6,0.8,
1.0,1.2,1.4,1.5,2.0

TABLE 7.1: Freestream and boundary conditions for the present simulations

Experimental pressure measurements are compared in figgulering the grid independence
studies. Excellent agreement with the experimental measemts can be seen for the mesh size
of 204 x 90 and above. Same fact can be revisited in figure 7.4 which coeasarface variation
of skin friction coefficient for different meshes along witie analytical skin friction variation

for hypersonic flow over flat plate portion [104].
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FIGURE 7.2: Computational domain of sharp leading edge case marked with bguratadi-

tions
Case Overall  Minimum element Minimum element Minimum elemen
grid size size near size at the size at the flat
the wall leading edge plate-ramp junction
(AYmin) (AZimin,, ) (AZminune)
Sharp 120 x 60 5x107° 5x 1071 4 x 1071
leading edge 240 x 90 2.5 x 1075 2 x 1074 1x1074
case 360 x 120 9 x 1076 8 x 107° 7x107°
0.5 mm blunt 200 x 80 5x 107° 9x 107° 4 x107*
leading edge 300 x 120 2.0 x 107° 2x107° 1x107*
case 450 x 180 8 x 107° qTH™ 6 x 107°

TABLE 7.2: Details of grids used for the present simulations

Hence various R-SWBLI parameters viz. upstream influenceitmtaeparation region pres-
sure, separation bubble size, separation location anthcbatent location are seen to be cor-
rectly captured. These parameters of sharp leading edgedtatare considered herewith as the
reference parameters. Comparison of the numerically addesnrface pressure variation from
weak and strong interaction theories [105] with the comfpartally obtained one for the flat

plate portion of the present configuration is as shown in &gub. This figure clearly depicts
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FIGURE 7.3: Surface pressure distribution for the reference case
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FIGURE 7.4: Skin friction distribution for the reference case
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that the present studies belong to the strong interactise.ca
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FIGURE 7.5: Comparison of wall pressure distribution on the plate portion of the hvatte
viscous interaction theories

7.3.2 Studies with blunt leading edge plate for R-SWBLI

The same sharp leading edge plate and ramp combinatiomaesarlier, is chosen to study the
effect of leading edge bluntness on R-SWBLI. Leading edge (&t}jj, considered for present
studies, vary from 0.1 mm to 2 mm as mentioned in table 7.1. @oatpnal domain selected
for the blunt leading edge case differs from the same coreidior sharp leading edge case.
A representative computational domain of 0.5 mm leadingedualgntness case, marked with
boundary conditions, is shown in figure 7.6. Typical vaaatof skin friction coefficient along
the surface of this configuration, for different mesh siz@shown in figure 7.7 to demonstrate
the grid independence test. Encouraging agreement canticechavith increase in mesh size.
Waviness has been observed in the post reattachment remgidhef skin friction distribution
in case of finest mesh. These are however small frequency@ndtdsignificantly impact the
physics of the problem. These oscillations may be attribiitethe high aspect ratio of the

element near the wall. Moreover, from this figure a grid leMe300 x 120 can be identified as
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an optimum grid level that offer grid independent soluti®@uch mesh independent results are
considered for analysis of R-SWBLI. Similar mesh refinementraedh independence studies
are carried out for all the radii under consideration. D#f& levels of quadrilateral meshes
are employed for these studies as well. The details of theoatational domains employed for

blunt leading edge studies are also given in table7.2

Supersonic

Supersonic inlet
; outlet

Freeslip
wall

\No slip wall

FIGURE 7.6: Computational domain of representative blunt leading edge@.5 mm) case
marked with boundary conditions

Grid independent Mach number contours for the reference aad leading edge bluntness
of 0.5 mm are as shown in figure 7.8. Completely different agnachics can be noticed with
leading edge radius, even at upstream of the ramp. The faterhange that can be evidenced
is the replacement of attached weak leading edge shockdaetarence test case by the strong
detached bow shock ahead of the blunt plate. Such a shoakmaiters the flow properties
where Mach number and flow velocity decrease while tempegand pressure increase in the
shock layer. Presence of entropy layer is also inevitablsdch blunted configurations. The
characteristic features of the shock layer are thus ladebendent on interaction of boundary

layer with this entropy layer. These changes affect the dtneam viscous-inviscid interaction.

The variation of pressure along the wall, for different liegdedge radii, is shown in figure 7.9.
Increase in favorable pressure gradient along the plath,imgrease in leading edge radius, is

evident from this figure. Besides, increase in upstream indegressure and decrease in peak
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FIGURE 7.7: Skin friction distribution for various mesh sizes in cas&@f0.5 mm
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FIGURE 7.8: Comparison of Mach contours for (a) blunt leading edge caséopastarp leading
edge reference case

pressure on the ramp, with increased leading edge bluntiseatso clear here. Distribution
of skin friction coefficient (';) and Stanton numberS() along the wall, shown in figure 7.10
and figure 7.11 respectively, confirms the observations e$sure plot. Sudden decrease in

surface heat flux beyond the upstream influence locationigest/from figure 7.11 for all
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bluntness radii. It can as well be observed that the redudtiqgpeak heat flux on the ramp
portion of the model exhibits same trend as that of the peakgare with increase in leading
edge radius. Furthermore, separation point and reattathpoint can be located from figure
7.10 as the points where distribution of skin friction cagéint crosses zero line. Variation of
these two locations for different leading edge radii is f@dtin figure 7.12. It can be noticed
here that, the separation point moves upstream with ilyitiacrease in leading edge radii,
whereas reattachment point shifts downstream for thealrgthange in radius. However, this
trend reverses betwedt),=0.3 mm and 0.6 mm of leading edge bluntness. Length of separa
bubble can be evaluated from these locations since it is etbf@s the stream-wise distance
between separation and reattachment point. Thus obtaepatation bubble size, for all the

radii under consideration, is plotted in figure 7.13.

8

—— Sharp
7 — Rn:O.lmm

T Rn:0.3mm

—&— R =0.5mm

—o— anl.Omm
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plp,,

0.02 004 006 008 01 012
x (m)

FIGURE 7.9: Comparison of surface pressure distributions for various leatigg radii
In this figure, separation bubble size is non-dimensioedlissing the reference length scale
as the distance between leading edge and upstream influantkeation ). Choice of this

length scale is mainly due to its direct correlation with fe@indary layer thickness at upstream

influence location [20]. Here the separation bubble sizess $een to increase with increase in
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FIGURE 7.10: Comparison of skin friction distributions for various leading edgé ra
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FIGURE 7.11: Comparison of Stanton number distributions for various leading redlije
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leading edge radius till the first critical radius. This ntalcan be termed as 'inversion radius’,
since it represents the maximum separation bubble sizevfen geometry and freestream con-
ditions. Although separation bubble size decreases befyenuhversion radius, its magnitude
is still greater than the reference separation bubble Bizbd leading edge radius reaches to a
second critical value. This critical radius can be termetkgsivalent radius’ for which sepa-
ration bubble size is same as that of the reference case gf Ezling edge plate. A smaller
separation zone in comparison with the reference case ewdisfor leading edge radii greater
than the equivalent radius and hence this range of radii imeishosen for implementation of

separation control.

0.075

—e— Separation poirt(xsep)

007} —¢— Reattachment point (x__) f

€
- 0055
o
5 005 | '
x” | |
0.045} | | 3
4 | |
0.04} | | .
0.035} | |
HAL<BL | HE-BL | HEL>BL
003 | 1 | 1 1
0 05 1 15 2x10°
R (M)

FIGURE 7.12: Variation of Separation and reattachment locations for variousteadge radii
(BL is boundary layer and HEL is high entropy layer)

7.4 Effect of governing parameters on R-SWBLI

Katzer’s functional relation [41] can be used to understiwedbehavior of separation bubble

size with increase in leading edge radius. Such a relatiorbeaexpressed as,

o0y (B Pinep 7.1
GO (2 - P (7.9
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FIGURE 7.13: Variation of separation bubble size for various leading edge(gldis boundary
layer and HEL is high entropy layer)

Here, L, is the separation bubble lengif, is displacement thickness @ which is upstream
influence,Re, is the Reynolds number at , C' is Chapman-Rubesin parametéf, is Mach
number atry, ps is pressure at the reattachment locatipnis pressure at, andp;,., is the
incipient pressure or pressure at separation locations filationship can be rearranged and
rewritten in terms of skin friction coefficient;) and boundary layer thicknes&) or sonic
height at upstream influence start location. Introductibthese parameters in the expression
is mainly due to the correlation among the existing indepandariables of equation (7.1) in
terms of above mentioned ones. In addition to these, depeed# wall temperaturei{,) and
boundary layer edge temperatufE)(can be incorporated in the same expression since this
ratio also governs the separation bubble size [16, 17]. &ibex the functional relationship of

separation bubble size with influencing parameters in maséal form is,

1 Tw —3 D3 DPinc
Ly = f(0g, — =2 p3 P8 _ Pincp 7.2
= J0 g g M, e - B (72

Detailed understanding about dependence of each term anediem bubble size would help in

defining significance of the two critical radii discussediear
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7.4.1 Boundary layer thickness and sonic height

Boundary layer thickness or its subsonic counterpart, Sogight, has functional relation with
the separation bubble size. Hence, boundary layer at aphantilocation should be selected
to examine the effect of interaction in the presence of legdidge bluntness. Moreover, it
can be seen from the surface pressure variation for difféeexing edge radii (figure 7.9) that
the extent of upstream influence follows the same trend dsoftidne separation bubble size
with increase in leading edge bluntness. Hence a représeni@cation (x=32 mm) which is

most upstream and undisturbed for all radii, is considerg@with to understand the effect of

bluntness on boundary layer thickness.

x10
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FIGURE 7.14: Velocity boundary layer at x=32 mm for different leading edgki ra

Velocity profile in the boundary layer for few selected ragicompared in figure 7.14. lden-
tification of the edge of this boundary layer is a challengiask in this case due to the non-
uniform flow in the shock layer. Therefore velocity profildstained from viscous and invis-
cid simulations are simultaneously plotted in figure 7.1#e Tocation where viscous velocity
profile (solid lines) asymptotically approaches the indselocity profile (dotted lines) is ac-
counted here as the edge of the boundary layer. Thus ewvdlbatendary layer thickness can
be seen to increase initially with increase in leading edgathess. This qualitative variation
of boundary layer can be seen to decreases between 0.3 mm&anm0 Further increase in
radius reduces the boundary layer thickness. Similar gh8en can be made from figure 7.15

which portrays the variation of subsonic part of boundagetacalled as ‘sonic height’, with
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leading edge bluntness. Since higher sonic height is thediglisturbed upstream boundary
layer flow, it hints for early separation of the boundary la@gesides, sonic height and boundary
layer thickness remain thickened than the reference casledfdighest bluntness radius (2 mm)
under consideration.

0.6

04 — ] = —

03 - — — L L =

02 — ] = —
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01 - — — L L =

D — —
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Heonic height 0.421 ‘ 0.455 0.505 | 0.513 0.5095 0.4206 ‘9.43475 0.4755 0.468 0.452
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FIGURE 7.15: Sonic height at x=32 mm for different leading edge radii

7.4.2 Skin friction coefficient

In equation (7.2), skin friction coefficient exhibits ingerproportionality with separation bubble
size. Hence after analyzing the velocity boundary layeskifiess, this sub-section deals with
the near wall velocity variation and in turn the local skiittion coefficient with leading edge
bluntness. Same upstream location (32 mm) is consideredasanell for discussing the effect
of leading edge bluntness on local skin friction coefficidfigure 7.16 re-confirms the inverse
relationship of skin friction coefficient with separationldble size. Hence initial decrease in
magnitude of the skin friction coefficient with increase@adiing edge radius can be correlated
to thicker boundary layer which is susceptible for separatiTherefore the observation from
figure 7.16 is consistent with that from figure7.15. Simitand inversion can be noted herewith
for skin friction coefficient between 0.3 mm and 0.5 mm of bhess radius. Thus it can be

clearly depicted from the boundary layer and near wall asialat, the separation prone thicker
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boundary layer with lower wall shear is the possible reasordrly separation for all the leading
edge radii till inversion radius. Moreover, skin frictionefficient at this station remains always

lower than the reference value for all radii under consitiena

x 10~
pir

Rn(mm)

FIGURE 7.16: Variation of skin friction coefficient at x=32 mm with leading edge bhess

7.4.3 Boundary layer edge Mach number

Shock wave boundary layer interaction largely depends erfrdestream Mach number. How-
ever equation (7.2) correlates boundary layer edge Macltbrums an influencing parameter
for deciding the separation bubble size. Present casesstand perfect example to justify this
fact since here boundary layer edge Mach number changeshatige in degree of bluntness
for same freestream Mach number. In view of this, Mach numaeiation in the direction

normal to the wall, at selected streamwise locations, fecsie leading edge radii, is shown
in figure 7.17. This figure clearly portrays the continuowduction of edge Mach number with
increase in leading edge radius. No trend reversal can berierged for this parameter as it
had been observed for boundary layer thickness or skindnatoefficient. Moreover, it has

already been observed in Chapter-5 that the intensity of R-SVdBtieases with increase in
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freestream Mach number. In line with this, strength of theraction should increase with in-
crease in leading edge bluntness due to reduction in boyhager edge Mach number for the
given freestream Mach number. As a result of which increasseparation bubble length is
expected for every incremental change in leading edgesa#iawever, such trend is prominent
for initial increase in radius till inversion radius. Henomly separation zone widening can be

accounted by reduction in boundary layer edge Mach numbeaased by Holden [8, 42].
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FIGURE 7.17: Mach number variation in the velocity boundary layer at differ&neamwise
locations for different leading edge radii

7.4.4 Wall to boundary layer edge temperature ratio

Wall temperature and freestream temperature independefilience the R-SWBLI. Higher
values of wall temperature alter the near wall propertiethefhydrodynamic boundary layer.
Among these alterations, vital one is the reduced densitheboundary layer flow which in
turn inflates the same. Widened separated zone for adiataticondition, in comparison with
the isothermal wall, supports the fact of forming separaioone boundary layer with increase
in wall temperature. Apart from this, change in boundaretagdge temperature can be asso-
ciated to change in freestream temperature or freestregnation enthalpy of the flow for the
same freestream Mach number. Therefore the elevated edgertature offers more resistance

against the separation for the reference test case. Heaedfétts of wall and boundary layer
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edge temperatures on the interaction counteract eachfothibie reference case of sharp lead-
ing edge plate. However, present studies are carried outdiostant wall temperature where
boundary layer edge temperature changes due to leadindpdgeess for the same freestream
Mach number and stagnation enthalpy. Therefore, the rativese temperatures, which forms
an independent variable in equation (7.2), helps to andheeffect of leading edge bluntness
on R-SWBLI. In view of this, it is essential to analyze the relatbetween the leading edge

bluntness and boundary layer edge temperature.
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FIGURE 7.18: Thermal boundary layer at x=32 mm from leading edge for @iffefeading
edge radii

Temperature distribution normal to the wall is plotted f@pecific streamwise location (x=32
mm) in figure 7.18 for different leading edge radii. It is estid from this figure that, the thermal
boundary layer edge temperature increases with increasading edge radius. Thus, there
exists no trend reversal for this parameter as well. More®teh variation of boundary layer
edge temperature is complementary with the boundary ladge ®ach number. Consequently,
the reduction in edge Mach number can be attributed to emltbedge temperature. Hence, in-
creased edge temperature can as well be accounted for galsasien zone widening like edge

Mach number. Therefore the static temperature boost, &dge of the thermal boundary layer,
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for the same stagnation enthalpy, is seen to hinder theaasis of the boundary layer against
separation. This observation contradicts the effect ohanbd edge temperature, for reference
test case, with increase in stagnation enthalpy. Besidéstenaf variation of maximum tem-
perature within the thermal boundary layer is also notitealncrease in leading edge radius,
till the ‘inversion radius’, is seen to increase the maximwemperature rapidly; beyond which

marginal enhancement in the same can be noticed.

7.4.5 Separation and reattachment pressures

The non-dimensional difference in reattachment and sé@parpoint pressures is a govern-
ing parameter for the separation bubble size (equatior))(718 case of the reference sharp
leading case, this pressure difference depends only onalwesiream ramp angle for given
freestream conditions. Nonetheless, the effect of leaddye bluntness has been studied here
for constant ramp angle at a given freestream conditiongréefbre, change in this indepen-
dent variable for present studies should be accounted dcigatoge in leading edge bluntness
radius with unaltered freestream conditions and ramp arngis fact justifies the importance
of non-dimensional pressure difference to study the R-SWBIthénpresence of leading edge
bluntness. Therefore, pressure at upstream influence @gntincipient pressurep(,.,) and
reattachment point pressurg;) are plotted in non-dimensional form against the leadingeed
radius in figure 7.19. Here, non-dimensionalization is dasiag freestream pressure as a refer-
ence pressure. Additionally, non-dimensionalizatiorhebe pressures using upstream influence
pressure is also plotted in figure 7.19. Apart from thesesathe non-dimensional pressure dif-
ference from equation (7.2) is also part of this figure. Hethefigure is useful to understand
the variation of absolute values of these pressures andrégpiired non-dimensional differ-
ence due to change in leading edge bluntness. It is very mudbare from this figure that, the
relative variation of the pressures with increase in ragnasides marginal variation in the non-
dimensional difference for smaller radii. However, thifetence decreases for larger radii due
to increase in upstream influence pressure and decreasatiachment pressure. Hence, it can
be depicted from this figure that the governing non-dimeradipressure difference has marginal
influence till the inversion radius. Moreover, decreasdig pressure difference beyond the in-

version radius leads to lessen the adverse pressure grami@e impending flow. This critical
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analysis supports the observation of decrease in sepafatioble size beyond the inversion
radius. Therefore the decrements in non-dimensional pressifference can be attributed for

reduction in separation zone size.
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FIGURE 7.19: Variation of vital pressures and their difference with leading &ligetness

7.5 Prediction methodology for “inversion radius”

Above discussed governing parameters exhibit certainggsmith increase in leading edge
bluntness, some of which can be reasoned for existence Ghtlersion radius”. But the under-
lying flow physics needs to be revealed for accountabilitthete ascribed changes in governing
variables for prediction of the “inversion radius”. Theyed, an attempt has been made herewith
to sum up all these reasons in terms of interaction of thepptiayer with the boundary layer.
Understanding of the proposed interaction of layers is padive quantification of relative thick-
nesses of these layers around the R-SWBLI station. If the gntayer thickness is smaller as
compared to the boundary layer thickness, then it is ternsedrdaropy layer swallowing’ by
the boundary layer. Completely swallowed entropy layer mgaafters flow properties within
the boundary layer. However, if the entropy layer thicknessufficiently higher so as to cover

the entire boundary layer, then the boundary layer growlsimthe entropy layer. Such thicker
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entropy layer then alters the properties both at the edgevethth the boundary layer. In order
to understand such interaction, it is very much essentatatuate the thickness of entropy layer

for different leading edge radii.

By the definition, complete shock layer should be treated ais@nlayer for hypersonic flow
over blunted configuration. But the region of strong entro@dgent is only responsible for its
interaction with the boundary layer. In view of this, intetian of boundary layer only with the
high entropy layer (HEL) as described by Borovoi et al. [29]considered in following discus-
sion. Thickness of such HEL at the leading edge is almostléqube leading edge bluntness
radius [29]. This point essentially corresponds to thetiooaon the bow shock beyond which
change in shock angle is negligible. Such point divides thve §hock into two parts viz. highly
curved and marginally curved or oblique shock. Downstredrthe shock, HEL had been
considered as the layer of constant thickness [17]. But septesentation does not account
for downstream alterations in the entropy layer thickneSsnilar to the bow shock dividing
point, HEL edge is responsible to segregate the uniform andumiform regions of entropy in
the shock layer. Hence HEL edge downstream of detached sbadnsidered herein as the
streamline passing through the point on the standing shawk at height equal to the bluntness
radius at the leading edge as shown in figures 7.20 and 7.g@ard~r.20 strongly supports such
representation by displaying high magnitude entropy béneee separating streamline. Sim-
ilarly, this HEL edge also divides the shock layer into asglg non-uniform flow which has
passed through the highly curved shock and weakly non-tmiftow which has passed through
the marginally curved or oblique shock. Figure 7.21 demaress the HEL edge and variation of
non-dimensional entropy normal to the wall at differenéatmwise locations for 1.5 mm lead-
ing edge radius case. This figure also shows that a majooparfithe entropy, by magnitude
and gradient at any streamwise location, is within the gyttayer which is consistent with the

definition of the HEL as considered herein.

This strategy of HEL definition can be used to study its irdtBoa with boundary layer. Ve-
locity variation in the boundary layer at some selectedastre@ise locations and the edge of

HEL are plotted in figure 7.22, figure 7.23 and figure 7.24 to diestrate the relative thickness
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FIGURE 7.20: Representation of the HEL edge together with entropy contourddirig edge
radius of 1.5 mm
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FIGURE 7.21: Representation of the HEL edge and non-dimensional variatiartrafpy in the
shock layer at selected streamwise location for leading edge radius of 1.5 mm
of both the layers for leading edge radii 0.1 mm, 0.5 mm andnin2 respectively. For lead-
ing edge radius of 0.1 mm, the entropy layer is very thin aspamed to boundary layer at all
representative locations. Therefore, entropy layer smatlg occurs quite close to the leading
edge at this radius. However, in the case of leading edgesaui0.5 mm, entropy layer is

seen to be thicker than the boundary layer until 0.035 m floenléading edge. Entropy layer
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swallowing station for this case is immediately upstreanthef reference upstream influence
location. Moreover, for leading edge radius of 1.2 mm, gutrayer is considerably thicker at

all the locations in comparison with the boundary layer. ¢¢grboundary layer is completely

immersed in the entropy layer for this case. This exercigéstior the conclusion that separa-
tion bubble size increases if the entropy layer gets swaitbahead of the reference upstream
influence location. The possible justification of this carsobn lies in the alterations caused
by the near wall presence of fluid from HEL. Such high tempegafluid, which has passed

across the stronger portion of the bow shock, increasesalewall viscosity and reduces the
density. These effects result in thickening of the boundaygr and reduced wall shear. Such
thickened boundary layer displaces the outer inviscid floereby increasing the strength of
marginally curved portion of the standing shock. This imtleads to decrease in the boundary
layer edge Mach number and increase in the edge temper&uich. physical analysis thus ac-
counts for the effects of all parameters, except the presditfierence, on the separation bubble
size. This inclusive analysis is thus helpful in undersiagdhe existence of ‘inversion radius’

in the presence of boundary layer and entropy layer interact
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FIGURE 7.22: Interaction of boundary layer and entropy layerRgr= 0.1 mm

It has been observed earlier that the boundary layer edgh Maunber and temperature varied
monotonically with increase in bluntness. Therefore, kenbther governing parameters, given

in equation (7.2), inversion radius can’t be evaluated ftberend of their variations. However,
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FIGURE 7.23: Interaction of boundary layer and entropy layerRar= 0.5 mm
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FIGURE 7.24: Interaction of boundary layer and entropy layer fgr=R_.2 mm

the reasons for this monotonic behavior, before and afesintrersion radius, are completely dif-
ferent. The background flow structure which alters theseve®for the monotonic change can
also be explained from the entropy layer analysis. Entrager swallowing clearly suggests
that there exists weak non-uniformity or almost uniformitythe flow properties at the edge of
the boundary layer with increase in radius till the invemsiadius for the upstream influence
location. In such cases, the fluid present at the edge of thedaoy layer, at any station down-

stream of the swallowing location, for any radius lower tlihe inversion radius, is the one
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which has passed through weakly curved portion of the stagnslhock. However, variation in
the edge parameters beyond the inversion radius shouldrli®ited to growth of the boundary
layer within the HEL. In such cases, no swallowing takes @laefore the reference upstream
influence location and boundary layer remains thinner tharentropy layer. Hence, the fluid
which has passed through the strongly curved portion of dve ¢hock remains at the edge of
the boundary layer for radii higher than ‘inversion radiu$hus low Mach number and high
temperature at the edge of the boundary layer are inevitaliteese cases. Therefore a close
examination of Mach number and temperature variationsarstiock layer at different stream-
wise locations for different bluntness can help to quatiidy predict the inversion radius. Itis
therefore easy to see that the inversion radius corresgoritie case where the hydrodynamic
boundary layer coincides with HEL at the reference upstredimence location. Such descrip-
tion of the ‘inversion radius’ is helpful to qualitativelyrgdict the same for given ramp angle,

freestream conditions and wall conditions.

For any radius higher than the ‘inversion radius’, entrogyelr remains thicker than the
boundary layer at all the locations on the plate. Thereforesence of non-uniform flow from
the HEL at the edge of the boundary layer acts as source otwptiy the virtue of an entropy
gradient in accordance with Crocco’s theorem. Same senseesotidn of the inviscid vorticity
in the HEL and the boundary layer based vorticity manage ttthke HEL act as the source.
Thus the vortical action in the HEL provides additional séence to the boundary layer against
separation which helps to reduce the separation size. HaveeNficient thickness of the HEL
is required above the boundary layer edge to delay the depata the extent where separation
bubble size decreases in comparison with the referenceatepabubble size. Therefore the
relative thicknesses of the boundary layer and the entraysgrIprovide a predictive tool to de-
termine the ‘inversion radius’ for given geometry and ftemsm conditions while hinting at the

existence of an ‘equivalent radius’.

7.6 Prediction methodology for “equivalent radius”

Increase in leading edge radius beyond the ‘inversion gadantinues to reduce the separation

bubble size and at ‘equivalent radius’ the separation zares l'ecomes equal to that of the
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reference. It had already been noticed that the pressusratite term from equation (7.2) is
responsible for the reduction in size of the separation zBssentially, increase in leading edge
radius increases the pressure at all locations upstreane abimpression corner which includes
the upstream influence location as well (figure 7.9). In aoldlito this, the reattachment pressure
increases initially with increase in radius till ‘inversiosadius’ and decreases beyond it (figure
7.19). Such counteracting changes in the incipient andadanent pressures decrease the
governing adverse pressure gradient which in turn reduedetiigth of separation zone after
‘inversion radius’. It can also be noticed from figure 7.18ttlthere is negligible increase in
maximum temperature within the thermal boundary layer asr#itlius increases beyond the
‘inversion radius’. This effect dampens the process of loauy layer thickening with increase
in leading edge bluntness. Thus the changes in governirggyre difference and maximum
temperature in boundary layer help to justify the relatieeréments in separation zone length.
But they do not suffice to construct a robust prediction medhagl/ for the'equivalent radius’.
Hence underlying flow physics needs to be inspected to devképrediction methodology for

the second critical radius.

Investigations carried out by Holden[8, 42] for SWBLI conatadwvith discriminating the ef-
fect of leading edge bluntness as being “displacement datexfi and ‘bluntness dominated’. In
view of these terminologies, wall pressure for the refeeerase is plotted along with the Blast
wave theory (BWT) based wall pressure for various leading eade[106] in figure 7.25. The
over pressure region or upstream favorable pressure reggen in this figure for sharp leading
edge plate, is the above mentioned ‘displacement effettiarpresence of strong viscous inter-
action. Blast wave theory renders similar pressure vandto blunted slabs which is termed
as the ‘bluntness effect’. Thus figure 7.25 describes tragivel strength of displacement and
bluntness effects for given freestream and geometric tiondi It is evident from this figure
that, the upstream over pressure region given by BWT for lgpéidge bluntness case widens
with increase in leading edge radius. For a particular mathis region extends till the reference

upstream influence location.

Pressure variation, shown in figure 7.9, for the blunt legéitige configurations with viscous in-

teraction, must be viewed as the integration of ‘displacah@nd ‘bluntness’ effects. Therefore
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FIGURE 7.25: Comparison of bluntness and viscous interaction based oveupeaggions

the integrated favorable pressure gradient tends to retleceparation bubble size by delaying
separation for all radii. However, it is conjectured that tBntropy layer swallowing’ effect
counters this reduction till the inversion radius. Nonéghs, it is hypothesized that, for blunt-
ness values greater than the inversion radius, the widevedpoessure region in conjunction
with the HEL above the boundary layer, decreased govermegspre difference and negligibly
increased maximum temperature in the boundary layer pes\ath integrated effect to decrease
the separation bubble size. The critical examination ofvila#f pressure variation shown in
figure 7.9 indicates that the ‘over pressure region’ sadgratell before the reference upstream
influence location for sufficiently small radii. It is posabed that the smallest leading edge
radius for which no such saturation of the over pressure $&ed would correspond to the
‘equivalent radius’. The ‘equivalent radius’ based on fhustulate is predicted to be between 1
mm and 1.2 mm for present simulations from figure 7.9. Thisligten is in excellent agree-
ment with the numerical simulations shown in figure 7.13. Sthe wall pressure distribution

offers a simple and elegant predictive strategy for prezhodf the ‘equivalent radius’.
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7.7 Summary

Ramp induced shock wave and boundary layer interaction rexs stedied successfully using
the in-house high resolution numerical solver. The effédeading edge bluntness on separa-
tion bubble dynamics is investigated using various leadidge radii. Characteristic features
of this interaction like boundary layer thickness or songight, boundary layer edge Mach
number and temperature, entropy layer and pressure ditferare evaluated in detail to under-
stand their effect on the separation bubble size. The presedies indicate the existence of
two critical radii namely ‘inversion radius’ and ‘equivaleradius’ associated with R-SWBLI.
The sonic height, wall friction coefficient and boundarydayhickness attain an extremum at
the ‘inversion radius’ which essentially corresponds toxmmam separation bubble size. The
existence of ‘inversion radius’ has been conclusively ax@d through the process of entropy
layer swallowing upstream of the reference upstream locatrurther increase in radius above
the inversion radius has been found to reduce the separation size due to prominence of
widened upstream over pressure region, presence of HELeahewoundary layer, reduction
in downstream adverse pressure gradient and negligibfease in maximum boundary layer
temperature. The separation bubble length is observecttease monotonically from its max-
imum at the ‘inversion radius’ and coincides with that ofttb&the reference test case at the
‘equivalent radius’. The relative thicknesses of the gntriayer and hydrodynamic boundary
layer provide a prediction strategy for the ‘inversion teliwhile the wall pressure distribu-
tion can be successfully employed to ascertain the ‘eqeitakdius’ for given geometry and
freestream conditions. Current studies indicate that tbatbéss greater than ‘equivalent ra-
dius’ can provide ‘sufficiently wide’ over pressure regiordaherefore may be implemented to

act as separation control mechanism.

TH-1295_BJohn



Chapter 8

Effect of freestream and wall boundary
conditions on critical radii of R-SWBLI

Overview

It has already been noticed that SWBLI changes in the presehleading edge bluntness. All
the characteristic features of this interaction like segtéon length, separation and reattachment
locations, upstream influence etc. are dependent on theedegrbluntness. The major reason
for this dependence is the change in upstream over pressgrerr and interaction of entropy
layer with boundary layer with change in leading edge radiuso Tritical radii have been ob-
served for this interaction during the previous numeridabées. Freestream Mach number, wall
temperature and freestream stagnation enthalpy are themavwg parameters for those critical
radii for given configuration. Therefore numerical simudets are carried out to understand
the effect of these parameters on the magnitude of thealriédlii. Entropy layer swallowing
by boundary layer and extension of over pressure region ecemsidered for this evaluation.
Present studies are found very useful in devising mechaimisestimation of critical radii and

as well for incorporating the amendment in the same due toghangoverning parameters.

8.1 Background

Considering the inevitable significance of SWBLI in hypersdiow regime, a passive control
technique of leading edge bluntness has been numericakbgtigated in previous chapter. It
155
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has been observed that, for a given freestream conditierg #xist two critical radii viz. inver-
sion radius and equivalent radius. A leading edge radiuszefsmaller than inversion radius
has shown to be offering counter effect of widening the s&par zone. Moreover a leading
edge radius of size above equivalent radius has been ndtidegreducing the separation zone
size below the sharp leading edge case value. Hence it hascbeeluded that, leading edge
bluntness of equivalent radius and above must be considerdgtie implementation of pas-
sive R-SWBLI control technique. In light of existence of twoticil radi, it is interesting to
investigate the alteration in numerical value of thesaaalitradii at different freestream and
wall conditions. Therefore computational investigatioreed further extension to quantify the

change in leading edge bluntness with varying freestreahwatl conditions.

8.2 Solver settings and freestream conditions

Simulations are performed for Marini’s [23] experimentadael with different levels of leading
edge bluntness. All the leading edge radii considered ipté@ous chapter are employed in the
present parametric study as well. The variants of freesti@nditions considered in the present
study are given in table 8.1. These simulations are caredith higher order spatial accuracy
and AUSM+ scheme based convective flux calculation. Steiady sesults are obtained through
implicit time marching. Such implicit time marching has bhestarted with initial CFL of 0.2 and
further the CFL has been linearly ramped with iterations twebarate the convergence. Perfect
gas model along with constant value of Prandtl number andeBland’s viscosity model has

been considered to ensure the closdeness of governingatgiat

Case M,  Rey Too Poo Ty

m~! K N/m? K
8 x 10° 131.7 199.4345 300,400,500
8 x 10° 219.5 406.63 300,400,500

O b~ WNPEF
~N o o1o o

8 x 10° 131.7 239.24 300
8 x 10° 131.7 199.4345 300
8 x 10° 131.7 170.885 300

TABLE 8.1: Freestream and boundary conditions of investigated cases
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8.3 Results and discussions

The parametric influence of freestream stagnation enthalpil temperature and freestream

Mach number on various critical radii of R-SWBLI are discussethe subsequent subsections.

8.3.1 Effect of freestream stagnation enthalpy

In order to investigate the influence freestream stagnatdmalpy on critical radii of R-SWBLI,
two freestream total enthalpy conditions have been coresidé flowfield with freestream en-
thalpy corresponding to stagnation temperature of 1080 ichvis referred as low enthalpy
conditions (Case 1), and an other flowfield of 1800 K total terapee, referred as high en-
thalpy condition (Case 2), are considered for this study. Silmlations are carried out for all
leading edge radii cases with these two freestream conditigarlier studies of R-SWBLI with
sharp leading edge geometry have showed that, the sepeavabble size and extent of upstream
influence decrease with increase in freestream stagnatibyalpy. Therefore the objective of
present study is to understand the effect of same on sepataibble dynamics for blunt lead-
ing edge geometry. It has been observed that, the preserieading edge bluntness offers
increased boundary layer edge static enthalpy for a giveesfream total enthalpy. Hence it is
interesting to study the combined effect of freestreani ttthalpy and leading edge bluntness
on downstream R-SWBLI.

The Mach contours of 0.5 mm blunt leading edge domain obdaivith two freestream stag-
nation enthalpies of present considerations are comparggure 8.1. This figure shows that,
the separation zone is wider for low enthalpy freestreanoagpared to high enthalpy case. This
again points towards the observation that has been madeshatip leading edge case. Higher
freestream enthalpy seems to be offering more stabilithedobundary layer, thus delaying the
separation. Figure 8.2 shows normal variation of various flooperties at representative loca-
tions for better understanding of separation dynamics$e of 0.5 mm leading edge bluntness.
Sharp leading edge case profiles are also been analyzedrie 8duto explore the relative ef-
fect of freestream enthalpy on blunt and sharp geometridisthése profile comparisons are
performed for a location of 32 mm away from the leading eddeickvis the most upstream

location of undisturbed boundary layer for all radii of prasconsideration.
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FIGURE 8.2: Comparison of boundary layer profiles for different freesiréatal enthalpies

The boundary layer profile comparison clearly demonstritieanfluence of freestream stag-
nation enthalpy on both hydrodynamic and thermal boundaygrl The streamwise velocity
profiles give qualitative picture of the boundary layer kmess obtained with different stagna-
tion enthalpies. It is very much clear from the velocity aathperature profiles that, thickness
of thermal and hydrodynamic boundary layers decrease nitfease in stagnation enthalpy for
sharp leading edge case. Besides, the temperature valuethahbide and outside the bound-
ary layer are observed to be higher for high enthalpy flowfeddcompared to low enthalpy

flow. Interestingly, maximum temperature in the thermalrmtary layer for blunted geometries
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FIGURE 8.3: Effect of freestream total enthalpy on critical radii of R-SWBLI

is higher in comparison with sharp leading edge case for bothalpies. This difference in
maximum temperature of sharp and blunt leading edge casesresprominent in case of high
enthalpy flowfield. The Mach number profile comparison forrptend bluntness cases clearly
displays the significant reduction of inside and edge Maahlyers of the boundary layer with
leading edge bluntness. This decrease in Mach number idynthig to increase in static tem-
perature owing to blunt leading edge. However no significliffgérence in the Mach profiles of
low and high enthalpy flowfields has been noticed in eitheegaseing same freestream Mach
number in both the flowfields. The bluntness based temperanost also leads to reduction in
boundary layer density. In the presence of such low densiigt flarticles, the boundary layer

thickens and separates early.

Separation bubble size obtained for different leading edde for two enthalpy conditions
are plotted against leading edge radius in figure 8.3. Asstlhieen mentioned earlier, the
separation zone widening can be noticed from this figure disforeall the leading edge radii
cases with reduction in freestream stagnation enthalpyreber the difference between the
separation bubble sizes of higher and lower enthalpy floddiéd observed to be increasing

with increase in leading edge radius till a radius just highan the inversion radius. Beyond
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this radius margin, the separation zone sizes of high ancelttalpy flowfield are seen to be
approaching close to each other. This observation is mamipent beyond the equivalent
radius zone. Interestingly the inversion and equivaledii gxe also noticed to be different for
two enthalpy cases. The inversion radius for high enthatpyfield can be seen to be lower as
compared to that of low enthalpy flowfield. The equivalentwadilso found to be increased
to higher value with reduction in freestream stagnatioralply. This observation can again
be correlated to boundary layer entropy layer interact®®ince both the freestream have same
Mach number, the entropy layer generated for a given dediglemtness will have almost same
structure and size for any stagnation enthalpy. Howevebthumdary layer size at all locations
of the forward flat plate is higher for low enthalpy flowstreascompared to high enthalpy.
Hence complete swallowing of the entropy layer by the boundayer would happen with
slightly higher leading edge bluntness for lower freestreanthalpy case. This is the reason
for the delayed reach of inversion radius in case of low dpth&eestream. Hence on the
same line, equivalent radius also increases in magnituttedeicrease in stagnation enthalpy.
Therefore increase in freestream total enthalpy effecbessummarized as the lowering of both
inversion and equivalent radii for a given flowfield of comgtilach number and for a given flow
deflection angle. Therefore the magnitude of leading edgetibéss required for the successful
implementation of this passive technique as a R-SWBLI contethaod reduces with increase

in freestream stagnation enthalpy.

8.3.2 Effect of wall temperature

This section deals with the effect of wall temperature orRH8WBLI in the presence of leading
edge bluntness. For this study the wall temperature has we@ed from 300-500 K in an

interval of 100 K. These wall temperature variation caseghseen considered for both the
freestream stagnation enthalpy conditions consideretarptevious section. The parametric
studies of wall temperature effect on R-SWBLI on a sharp leadage geometry have shown
that, the intensity of SWBLI, size of separation zone and epstr influence extent increase
with increase in wall temperature. Hence the objective ekent study is to understand the
wall temperature effect on the R-SWBLI on flat plate-ramp modéh won-zero leading edge

radius. The flowfied for all the leading edge radii domainsehsivown the local separation at
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the ramp foot region. Separation bubble size obtained fiwenskin friction distributions of
different leading edge radii domains are employed in thidto quantitatively assess the wall
temperature effect on R-SWBLIs. The separation and reattaghpmoats of each leading edge
radius cases are initially identified from the correspogdikin friction coefficient distributions.
Such identified separation and reattachment locationseferskelected leading edge cases are
compared in figure 8.4. Almost linear shift in both separaand reattachment locations with
increase in wall temperature can be seen in this figure. Merdbe separation and reattachment
locations are observed to be departing with initial incretme leading edge radius till the first
critical radius (inversion radius). Further increase afleg edge radius beyond inversion radius
has shown to be allowing these two points to come closer foval temperature cases. This in
turn leads to separation zone reduction for those leadigg ddmains. It can be clearly noticed
from the comparison of separation bubble sizes plottednagéeading edge radius for three
wall temperatures in figure 8.5. These comparisons areecbout for high enthalpy flowfield,
however the effects are qualitatively same although prentifior low enthalpy flowfield. In
figure 8.4, the separation point is observed to be extendiggrim the sharp case value at around
leading edge radius of 1.2 mm for all wall temperature casdiere as the upstream shift
of reattachment point ahead of the reference sharp case islobtained for 1.2 mm blunt
leading edge domain only when the wall temperature is 300tkigher wall temperatures the
reattachment points of this domain is still downstream efréference value. Thus the inversion

and equivalent radii increase with increase in wall temfoeeaas displayed in figure 8.5.

The discussed flowfield differences and disparities inaaitradii for different wall tempera-
tures can be well understood from boundary layer profilesrgim figure 8.6. Here in this figure
increase in both hydrodynamic and thermal boundary layekiless can be noticed with eleva-
tion in wall temperature. Such qualitative observationafifdary layer thickness enhancement
can again be correlated to boundary layer-entropy layeraction phenomenon. For a given
radius and freestream conditions, the shock layer develégreall the wall temperatures have
almost same magnitude. Although the boundary layer cantobs of shock layer displace-
ment is present, its effect is not much significant with wathperature enhancement. Hence

the shock structure and higher entropy layer size remainstisame for these wall temperature
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FIGURE 8.4: Comparison of separation and reattachment points under difigadirtempera-
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FIGURE 8.6: Comparison of boundary layer profiles of different wall tempeeatases
cases. This can be qualitatively read from entropy profitesrgin figure 8.6. Therefore in the
presence of nearly constant entropy layer, the case haighghboundary layer thickness will
swallow more entropy layer as compared to low boundary |&yiekness case. For this reason

the inversion and equivalent radii are seen to be increasitiigincrease in wall temperature.

Investigations about the combined effect of wall tempeeand stagnation temperature on
R-SWBLI based flow separation is also carried out. The param&tindies of freestream en-
thalpy together with wall temperature for sharp leadingeedgmains have showed that the wall
to freestream total temperature ratio can be treated as a R-S@BEkrning parameter, rather
than considering those parameters separately. It has edsodbserved that the flow structure is
same for two freestream conditions upon maintaining a eonst, /7. This flowfield equiva-
lency has been observed for sharp leading edge domain veitbaimbination of high enthalpy
flowfield and 500 K wall teperature and low enthalpy freestredth 300 K wall temperature.
For these two flowfields the separation bubble size was obdeobe very close for sharp lead-
ing edge case. Therefore it is interested to seek the pbigsidi existence of same flowfield
equivalence in case of blunt leading edge domains. Thexgiioview of this, all leading edge
radii with different freestream enthalpies and three wathperatures are considered to evaluate
the equivalence. The combination of above discussed fezasttotal enthalpies and wall tem-

peratures give five different wall to total temperatureasii’’,, /1), that range from 0.1667 to
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FIGURE 8.7: Comparison of separation and reattachment points under diffarahtto
freestream total temperature ratios

0.462. Simulations are carried out for all these conditiddsparation and reattachment points
of few selected leading edge domains are compared in figdre/ABnearly linear variation in
both separation and reattachment points can be noticed!fitreablunt leading radii with in-
crease inl,,/T,. Moreover the trend lines show continuous upstream shigepfration point
while the reattachment point shifts downstream with thegahincrement in leading edge radius.
However this trend reverses beyond some leading edge ea@ill {7, / 7y. The point of reversal
depends on the inversion radius of corresponding casean lbe inferred from this figure that

both inversion and equivalent radii shift to higher valugthwicrease in wall to freestream total

temperature ratio.

The high enthalpy freestream with wall temperature of 50K Bw enthalpy stream with
wall temperature of 300 K result in sarfig /T, of 0.2778. Hence the separation bubble sizes
obtained with these two cases for all leading edge radiiscase compared in figure 8.8. In
this figure the separation bubble size of sharp leading edgeath can be observed as very
close for both the flow situations. However as the degreewfthess increases the separation
bubble size of high enthalpy-high wall temperature case eteots the bubble size of low

enthalpy low wall temperature case till inversion radiud anwards decreases. The magnitudes
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FIGURE 8.9: Comparison of non-dimensional boundary layer profiles of santietoviotal
temperature ratio cases

of separation bubble sizes observed to be closer for radiie@bquivalent radius. Therefore it
can be summarized from these observations that, the watldsature effect is more prominent
close to the inversion radius, whereas The'T; ratio is important for very small and very large

leading edge bluntness cases.
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Boundary layer profiles of two conditions specified above aayzed using figure 8.9 for
few selected leading edge domains. Interestingly it is nieskthat the non-dimensional distri-
butions in normal direction at a location 32 mm away from #eling edge are almost same for
both this flowfields. This fact points towards the nearly eéaquzure of boundary layer thick-
ness for blunt and sharp cases. The non-dimensional endisgripution trend is also the same
for both the flowfields at this location. Therefore the realsehind the deviation of separation
bubble sizes at inversion radius regime can be attributetieaelative difference in absolute
magnitude of entropy swallowed by the boundary layer. Tioeee though both the cases ex-
pected to be dealing with same thickness of entropy layeigatem location of boundary layer
for a given leading radius, the absolute values of entroplytamperature of swallowed portion
of entropy layers are different. Swallowed entropy layehiss intense for high enthalpy stream.

This can be the possible reason for lose of flowfield equivaet moderate leading edge radii.

8.4 Effect of freestream Mach number

Influence of freestream Mach number on R-SWBLI in the presendeadiing edge bluntness
are discussed in this section. Investigations about Machbeu influence on R-SWBLI for
sharp case revealed that separation zone widens with dedarefieestream Mach number. This
inverse proportionality of Mach number with separationliielsize has been explained in terms
of reduced flowfield inertia. Since low Mach number flow holols inertia, it separates early as
compared to high Mach number flow due to combined effect okes#vpressure gradient and
wall friction near the ramp foot. This reasoning was foungdrapriate for very low streamwise
pressure gradient flow (sharp leading edge case). But presérneading edge offers signifi-
cant favorable pressure gradient to boundary layer devejaver the forward flat plate section,
which in turn gives additional stability to the boundarydayHence relevance of the earlier pro-
posed reasoning for the blunt leading edge case is the sujewestigation of this section. In
view of this, freestream Mach number of 5, 6 and 7 are consétifar this study. The remaining
freestream properties corresponding to each of these Macbers are given in table 8.1. Sim-
ulations are carried out for all those conditions employatighe radii mentioned earlier. The

steady state results analysed in terms of skin frictiorritigtion proved that the flow separation
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FIGURE 8.10: Comparison of separation and reattachment points under diffeeestream

Mach numbers

presents in all the conditions considered in this studytHeurthe separation and reattachment

points are noted from the skin friction coefficient disttibns to quantify the size of separation

zones. Thus obtained separation and reattachment losaiercompared for few selected lead-

ing edge domains in figure 8.10. A nearly linear upstreant shieparation point for a given

leading edge case with decrease in freestream Mach numblesésved for small leading edge

domains. However separation point starts shifting doveastr with further increase in leading

edge bluntness. Moreover for those leading edge radii tieatity of separation location with

Mach number also deteriorates. Apart from this only few dasiare showing upstream shift of

separation location with reference to separation poinhefs case for Mach 7 flowfield. Simi-

larly the downstream movement of reattachment point froemdifierence sharp case is also seen

to be restricted to very limited number of small leading edgmains for Mach 7 flow. However

such cases are more in numbers for Mach 5 and 6 freestreamsdigdtine hints for the variation

of inversion radius with variation in freestream Mach numbe

Separation bubble sizes of all blunt domains are furthelyaed in figure 8.11 for all three

freestream Mach numbers. This separation bubble size asoparovides better insight to the

effect of freestream Mach number on R-SWBLI based flow separafiblunt domains. As the
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Effect of freestream Mach number
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consequence of above discussed separation and reattaqbwirga shift, the separation bubble
size is seen to follow the same trend of initial increasefedd by trend reversal and subsequent
reduction for all Mach number cases. However the point afdreeversal can observed to be
increasing with reduction in freestream Mach number. Miagla of trend reversal radius (in-
version radius) can again be correlated to distinct boynidger-entropy layer interactions for
different freestream Mach number cases. For a given leatigg radius of magnitude less than
that of the minimum inversion radius of all these Mach numsbeapstream swallowing of the
high entropy layer can be expected for low Mach number stré#ance requirement of leading
edge bluntness for covering the boundary layer with entlaggr increases with decrease in
Mach number. This is the reason for inversion radius incremaéth decrease in freestream
Mach number. Nevertheless the increment of equivalentsagith decrease in Mach number
is more significant than the same of inversion radius in figutd. The difference between the
equivalent radii of two consecutive Mach nuber streams myleeh than the difference between
the inversion radii of same streams. This prominent natéiegaivalent radius enhancement
with reduction in freestream Mach number can be explaingdrms of surface pressure distri-
butions. Hence, to facilitate that discussion, surfacesaree distributions of few selected cases
are given in figure 8.12. In this figure, the surface pressoefficient distributions of sharp lead-
ing edge domain is compared with that obtained for 1.2 mmithggeldge blunt domain through
both numerical simulation and blast wave theory (BWT) [106}e3e comparisons are carried
out for all three Mach numbers considered in the presenystlite reason for the selection of
1.2 mm radius is its closeness towards equivalent radiud tirae Mach cases. Here in this
figure, the pressure distributions corresponding to blastewtheory are the representatives of
bluntness based pressure distributions in the absenceanfus effects. Therefore BWT gives a
gualitative measure of bluntness contribution to upstreaen pressure region. The numerically
obtained pressure distributions of 1.2 mm blunt case repteshe combined effect of bluntness
and viscous displacement. It can be seen from the figure tleablintness based over pres-
sure region of BWT is failed to reach the sharp case interattication for Mach 5 flowfield.
However the extension of this over pressure region can beredd to be approaching the basic
interaction location with increase in Mach number. For Maamber 7 case, the over pressure

region extension is well beyond the basic interaction iocatSuch extension of over pressure
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region gives more stability to the flowfield, which in turndisato reduction of separation bubble
below sharp case value. This is the reason for smaller vdleguvalent radius for Mach num-
ber 7 flowfield as compared to lower Mach streams. Hence madmif critical radii decrease

with increase in freestream Mach number.

8.5 Summary

Parametric influences of freestream Mach number, freesterghalpy and wall temperatures
on R-SWBLIs of15° compression ramp model with different degree of leadingedalgntness
are studied in this chapter. It is observed that the intgrigiR-SWBLI based flow separation
increases with increase in wall temperature and decreageastream Mach number for all
the leading edge radii. Whereas the increase in freestreémalpy is shown to be delaying
the flow separation in all cases. The critical radii of R-SWBL# abserved to be increasing
with decrease in freestream Mach number and total enthddipyvever magnitude of critical
radii enhancement is noted with increase in wall tempeeattlowfield equivalence is observed
for very small and large leading edge radii for two total efply streams, upon maintaining
constantr’, /T,. However this flowfield equivalence is seen to decay for matgdeading edge
radii domains. Disparity in entropy layer swallowing and@sated upstream boundary layer
alterations along with difference in over pressure extarsiare identified as the reason for

deviation of critical radii for different flow and wall contbns.
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Chapter 9

Dimensionality effect on laminar shock
wave boundary layer interaction at
hypersonic Mach number

Overview

Present investigations focus on the effect of leading edigatriess on shock wave boundary
layer interaction for double cone and double wedge configonst The concept of leading
edge bluntness for controlling the consequences of shock b@wndary layer interactions are
visited numerically using second order accurate, finitesee based 2D-axisymmetric com-
pressible flow solver. This study seeks the differencegifidtv physics of SWBLI in case of two
dimensional and axisymmetric flowfields which asserts for éno@ality effect on this com-
monly pursued control technique. In view of this, influentéading edge bluntness on two
SWBLI parameters viz. separation bubble size and surfaat#live distribution have been in-
vestigated in this chapter. For the range of radii considkfer present studies, it has observed
that, the implementation of leading edge bluntness cam itkiction in separation bubble size
in comparison with the base case of sharp leading edge castDfdlowfield beyond a critical
value. However enhanced separation zone size has beendfuicaxisymmetric flowfields for
all radii. Thicker entropy layer and stronger favorable pseire gradient have been accredited
for the possibility of separation control in case of 2D flowdgel Further, thin entropy layer due
to three dimensional relieving effect and it's swallowing bg boundary layer is attributed for
consistently higher separation bubble size in comparisdh thie base, for all radii, in case of

171
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axisymmetric simulations. The critical radius for trendeesal (‘inversion radius’) has been
observed to be 1 mm for 2D flowfield, whereas, the same for axisiyarfiowfield is observed
in between 4 and 5 mm. The ‘equivalent radius, which is thetiligibluntness value beyond
which separation bubble size reduces bellow sharp leadigg edse is seen to be close to 4 mm
for 2D flowfield. However with in the range of present investigdéading edge radii, equiva-
lent radius has not been observed for axisymmetric flowfidlds& observations of critical radii
have been made for a freestream Mach number of 6. Hence teBergranalysis about inter-
action of entropy layer and hydrodynamic boundary layepdises the leading edge bluntness
as the separation control techniques for axisymmetric floggierhich would demand for larger
bluntness values. Apart from this, changes in thermal baonihyer in the presence of leading
edge bluntness have altered the wall heatflux distributioonddonic decrement in local heat
flux has been noticed for axisymmetric case while trend inmetsas been detected for 2D case
with increase in leading edge bluntness. Thus present stulfimand for closer inspection of
field and surface properties in the presence of leading edgetiress when implemented for

separation control.

9.1 Background

Double cone or double wedge geometries are the commonlydsyed configurations for un-
derstanding SWBLI. Such simplified objects help in simulatargl understanding the flow
pattern around complex configurations like engine inlefjgabody junction, control surfaces
etc. Supersonic or hypersonic flow encounters adverseyeegsadient due to sudden turn-
ing around these compression corners or ramps. Such cosigre®rner induced shock wave
boundary layer interactions in 2D flowfields have been extefsstudied in the previous chap-
ters. The influence of freestream and geometric parametr&baramp induced SWBLI are
revealed through detailed numerical studies. Furtheresuaf SWBLIs with leading edge blunt-
ness showed that, it can be implemented as a passive sepamatitrol technique for R-SWBLI.
Such studies [8, 15, 16, 17] about the effect of leading edigttress on shock wave boundary
layer interactions are also available in the open litemttiowever, all of these reported studies
have been conducted for two dimensional configurations. €qprently the study for three di-

mensional effect in the context of leading edge bluntnesssaparation control technique needs
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to be initiated. One of the earlier investigation dealinggm8WBLI on axisymmetric geometry
[15] reports that, the provision of leading edge bluntndesys enhances the SWBLI based
separation zone on axisymmetric geometries. This obsenvateds to be re-investigated to
understand the disparity between 2D and axisymmetric fltagieTherefore present research
focuses on the investigation of both 2D and axisymmetricfikdds to understand the flowfield
alterations in the presence of leading edge bluntnessrt&ioe then extended initially to iden-
tify the critical radii for two dimensional and axisymmeticases and onwards to understand
the flow physics at those radii. The necessary computati@nsaaried out using in-house CFD
solver ‘USHAS’ for literature reported freestream comatis and geometry [27]. Details about

the solver, test conditions and results are given in foll@nsections.

9.2 Solver settings

All the simulations presented in this chapter are performeld higher order spatial accuracy.
Among the different convective flux calculation methodaésgof USHAS, the AUSM+ scheme
has been considered for present studies due to its comaeatvantages for high speed flow
simulations. Implicit time marching strategy has been @ygd for all simulations. For all the
simulations initial value of CFL is taken as 0.2, which is thieearly ramped with iterations.

Air is assumed as perfect gas for all cases.

9.3 Results and discussion

9.3.1 Grid independence study

Solver assessment and grid independence study are jngtlormed for the test case of Mach
6 flow over a blunted cone-flare configuration at zero degrgéanf incidence. Experimental
results for this axisymmetric case are available in the dperature [27]. These experiments
were carried out in H3 hypersonic wind tunnel of Von Karmastitlate. The leading edge
bluntness employed for the experimental test model is 3.5 ifimerefore the same test model

and freestream conditions of Mach 6, Reynolds nunsber10° m~—! and static temperature of
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FIGURE 9.1: Grid used for the axisymmetric blunt cone-flare simulation
67.07 K are considered herein. Three meshesMizx 40, 480 x 80 and600 x 100 are employed
for the grid independence test. Typical mesh used in theeptetudy is shown in figure 9.1.
Only half portion of the model is considered for computagiém account for the symmetricity

of the model about its axis.

Comparison of the experimentally measured surface preasarevall heat transfer rate with
various mesh levels are shown in figure 9.2(a) and figure Pr@gpectively. Encouraging match
among the experimental and simulated results is evident fros figure for the mesh size of
480 x 80 and onwards. Hence the basic features of the interactierufiistream influence loca-
tion, separation point and reattachment point are seencorpectly captured for the hypersonic
flow over blunted cone-flare configuration. Separation bailside ofZ, = 26.3 mm, obtained
for 480 x 80 mesh, is in very close agreement with the reported expetahegsults. Therefore
the strategy followed for this mesh can be adopted for sulm#cstudies. Hence the present
study has proved the capability of USHAS for simulating hgpaic shock wave boundary layer
interaction in case of axisymmetric configurations. Themethe same solver settings are used

for subsequent investigations.

9.3.2 Flowfield around the sharp leading edge 2D and axisymmetric con-
figurations

The validated solver is then used to investigate the flowetdind the earlier considered test

model without bluntness. Hypersonic flow over such sharprgetry has been simulated for the
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FIGURE 9.2: (a)Surface pressure comparison of hypersonic flow oveyraxigtric blunt cone-
flare (b) Heatflux comparison of hypersonic flow over axisymmetric blaneeflare

same freestream conditions as considered in validatialiestuHere the same configuration has
been simulated with two dimensional formulation along vasisymmetric one to understand

the dimensionality effect on the basic SWBLI parameters witheading edge bluntness.

Typical Mach number contours, for the both the cases, arershofigure 9.3. This figure
clearly segregates the flowfield in three distinct zonespig:separation, separation and post re-
attachment. The Mach contour comparison primarily showddwer first-cone shock angle for
axisymmetric case which led to thin shock layer in comparisith the same for 2D case. The
three dimensional relieving effect is the reason for thipdrity. Therefore the axisymmetric
flow experiences lesser deceleration in the pre-separeggion across the standing shock as
compared to the 2D planar flowfield. Hence the approach Mantbeufor second compression
surface is more in case of axisymmetric double cone modebagpared to the double ramp
model. Such high speed flow extends the pre-separation zodevinstream shift of upstream
influence start location where SWBLI is first experienced. Tp&tneam influence start location
is noticed to be 75.4 mm from the leading edge for axisymmetise while the same is 54 mm

from the leading edge for 2D case.
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FIGURE 9.3: Comparison of Mach contours of double cone and double ramp veéth &mading
edge

Extended pre-separation zone is the sign of decrease img#tref interaction for axisym-
metric flow. Separation bubble size of 7.3 mm for axisymmneetase and 40 mm for 2D case
reconfirm this observation. Hence the separation zone sizenaller for axisymmetric case
for the same freestream and wall conditions. In additiorhis, tMach contours also show two
triple points in the presence of interaction of shocks irhlD and axisymmetric cases. The
location of these two ‘Shock-Shock Interaction (SSI)’ gsirs vital for the flow behavior and
wall properties in the post reattachment zone. Out of thep@imots for axi-symmetric flow, first
one (SSI-1) is formed due to the interaction of separati@hraattachment shocks, whereas the
second one (SSI-2) is formed due to the interaction of shagknated from SSI-1 and the first
standing shock. Unlike axisymmetric case, both the SSitpamthe 2D flowfield involve the
first standing shock. Therefore the flow approaching therstcompression surface in either
case passes through shocks of different strengths whickdiead to dissimilar flowfields and

wall properties in post-reattachment zone for the sametire@m and wall conditions.

9.3.3 Flowfield around the blunt leading edge 2D and axisymmetric con-
figurations

The same basic geometry is considered herein with leadigg btintness to understand
its effect on SWBLI for 2D and axisymmetric flowfields. Leadindge radii, considered for
present studies vary from 0.0 mm (sharp) to 10 mm. Such lgaglilye bluntness has been

introduced for the given test model by keeping same lengtissaengles of the compression
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surfaces by varying base diameters. The computational ilsnsansidered for each of these
bluntness radii are meshed in the similar manner as disgusgbe validation studies. Hence
such mesh independent results are considered for subgetisemssion of SWBLI. The same
computational domain is used for both 2D and axisymmetnwations in case of each leading

edge radius.

Mach number contours for two representative leading eddig demonstrating the leading
edge bluntness effect for 2D and axisymmetric configurateme as shown in figure 9.4. These
contours provide better insight about the near wall and & frariations in the computational
domain. It had been already noticed that the separationeatthchment shocks interact with
first ramp shock separately for sharp leading edge doublgevetdel in figure 9.3. However
for the double wedge model with 1 mm leading edge radius @@§u4), the reattachment shock
doses not interact with any of the shocks in the domain. &msituation has been noticed
for both separation and reattachment shocks for 2 mm leastige radius. In case of further
increment of leading edge radius to 4 mm and above, the boyialer edge Mach number
decreases to very low supersonic values, thereby the sepesad reattachment shocks become
weak. Therefore the interaction of these shocks loses asipence. Apart from the shock-
shock interactions, Mach contours of 1 mm leading edge &lseswidened separation zone for
2D domain in comparison with the basic sharp leading edgégration (figure 9.4). However
the provision of a higher leading edge radius of 4 mm is sedpetoeducing the separation

bubble size below the reference sharp leading edge case.

The separation and reattachment shock interactions adycpgesent in case of all blunt radii
for axisymmetric computations. Mach contours of 1 mm and 4leading edge radii for double
cone models as given in figure 9.4 provide evidence of the s&mesmaller radii cases both
SSI-1 and SSI-2 are well within the computational domainer€fore their effects would be
reflected on the second compression surface. However aghiggding edge radii, the second
interaction point may not exist within the present compatet! domain. This can be inferred
from Mach contours for 4 mm blunt double cone model, whereStBe2 is seen to be occurring

very close to the outlet boundary of the flow domain. The megason for such situation is
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that, the oblique portion of the standing detached shockiuger angle for higher leading edge
radii, which avoids the interaction between the shock gaedrfrom first interaction and the

standing shock in the computational domain. These dispsiit the field interactions associated
with different level of leading edge bluntness would inds@mificant alterations in the second

compression surface properties for both two dimensiondleassymmetric flowfields.

9.3.4 Wall property variation for 2D and axisymmetric configurations with
leading edge bluntness

This section seeks the variations of surface propertyidigtons associated with different de-
gree of leading edge bluntness. Typical pressure disinibsibbtained for 2D and axisymmetric
models during these investigations are as shown in figufa)Pahd 9.5(b) respectively. In either
of the cases, pressure can be seen to be decreasing downstriee leading edge. The region
of enhancement of pressure in the distribution, over thereeice distribution of sharp leading
edge domain, can be referred as over pressure region impysine leading edge bluntness.
Length of this ‘over pressure region’ or ‘favourable pressgradient region’ depends on the
leading edge radius for given freestream conditions. T&s pressure region is then followed
by a nearly constant pressure region till upstream influesitexe location where pressure starts
raising in the presence of SWBLI. Most of the upstream or firsiecportion can be noticed to
be the constant pressure region for axisymmetric flow whigesame has been replaced by over
pressure region for 2D flow. Common noticeable fact in bothfitneres exists downstream of
the upstream influence start location where surface presses across the separation shock
and attains a pressure plateau in separation region. Wagbarration regions are evident for
2D simulations in comparison with the axisymmetric one fgien leading edge radius. This
distribution also displays further rise in the wall pregsdownstream of the separation as soon

as the flow reattaches on the second ramp surface.

Wall pressure distribution gets altered with degree of trlass for both 2D and axisym-
metric configurations. Increase in leading edge radiuses $e increase the pressure on the
forward compression ramp/cone surface mainly due to iser@acurved portion of the stand-

ing bow shock. However it is more prominent in case of pre@énsimulations. Decrease in
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FIGURE 9.5: (a)Surface pressure comparison of hypersonic flow ové&§ajouble ramp and
(b) axisymmetric double cone

post-reattachment region pressure can be noted with mernedeading edge radius, for both
the simulations. This fact can be attributed to reducedgtheof separation and reattachment
shocks as observed in earlier section for higher leading ealdii. Moreover the post reattach-
ment pressure values are higher for 2D model as comparedsionaxetric double cone models.
It can be reasoned by two ways. Primarily the first compressioface over pressure region is
observed to be extending till the interaction zone for mdéshe 2D cases which make the first
ramp as the high pressure region as is unseen in other casesdmf axisymmetric models, the
first compression surface pressure is seen to be almostcdrstd low due to comparatively
lower strength of the standing shock. Therefore the sulesgqressure rise across interaction
zone is also lower in axisymmetric cases. Secondly the painiedlow that reaches the second
cone surface has passed through the weak shocks in axisyimftet as compared to equiv-
alent 2D flowfield. Another point to be noted from the presdlistributions of double cone
model with sharp and blunt cases till 2 mm radius is that tlesgure in the post reattachment
region initially attains a maxima and decreases downstreartme second cone surface. The
reason behind this pressure drop is the presence of an éxpaves/e emanating from the SSI-2
which leads to decrease in pressure on the second coneesuRachigher radii, SSI-2 is not

present in the domain therefore such decrement in pressua noticed. Similar situation has
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FIGURE 9.6: Stanton number comparison of hypersonic flow over (a) 2D doabig and (b)
axisymmetric double cone

been observed for the 2D flowfield as well.

Computationally obtained non-dimensional wall heat fluxanms of Stanton number is as
shown in figure 9.6(a) and 9.6(b), in case of 2D and axisymm&ituations respectively, for var-
ious leading edge radii. These comparisons again portegigmificant differences in heatflux
distributions among those cases. Beside, heatflux decreassstonically in the streamwise
direction for the first compression surface till the upstnaafluence start location in both the
figures for any radii. Beyond which, the heatflux decreasedesigi and the distribution holds
V or U shape depending on the size of separation bubble. Malsé@ouble cone cases exhibit
V shapes due to narrow separation zone. However U shapeibudlisin in the separation zone
is prominent for 2D situations. Hence these figures recorifigrearlier observation of wider
separation zone for 2D case in comparison with the axisymeregse from the surface pressure
profiles. Variation in the heatflux in the post reattachmegtan is seen to be similar to that of

the pressure and hence can be explained in the same way.

Effect of leading edge radius on wall heat transfer rate dividual cases can be read from
figure. 9.6(a) and figure 9.6(b). These distributions shoeretaent in heatflux at all locations

with initial increment of leading edge radii for both 2D andsymmetric flow fields. Beyond a

TH-1295_BJohn



Wall property variation for 2D and axisymmetric configuats 182

x10~° x107°
12— ———— 12
5 —— R =Sharp
: n 9 Sharp
- = 1
ok —5— Rn 0.5mm | 10th % ~R =1.0mm
i —%—R =1.0mm ! .
I; n | ——R _=2.0mm
of —o—R =2.0mm gl ’
: n 3 —o—R =4.0mm
3 - - =R =4.0mm Rn 6.0
: v R =6.0mm
ok S R =6.0mm || 6l ’
7 n [\ - - =R =8.0mm
. -

002 004 006 008 01 01z 014 016 002 004 006 008 01 012 014 0.16
X (m) X (m)

(@ (b)

FIGURE 9.7: Skin friction coefficient comparison of hypersonic flow over @)dbuble ramp
and (b) axisymmetric double cone

particular or critical radius, any increment in leading edadius is observed to enhance the sur-
face heat transfer rates at all stations for 2D cases. HowalEheat flux at a particular location
continues to decrease with increase in leading edge raaliwglfradii in case of axisymmetric
flow. This difference in first compression surface heatflustrébution, observed with 2D and
axisymmetric flowfields, again points towards the diffeeentbasic flow structure in the pres-
ence of leading edge bluntness. Beyond the reattachmertt panface heat flux distribution

follows the trend as observed in pressure distributiontimegicases.

Wall shear distribution can be effectively used for underding and quantification of sepa-
ration in the presence of SWBLI. Therefore the skin frictioefficient (C) variation along the
length with different leading edge radii is shown in figuré(®) and figure 9.7(b) respectively for
2D and axisymmetric simulations. Variation in skin frigticoefficient along the compression
surfaces, for any radius in any dimensionality, is simitathtat of Stanton number and can be
reasoned in the same manner. Here, initially the skin énictioefficient at a particular location
on the first ramp/cone is seen to be decreasing as the leadijggradius increases. However,
unlike heat flux variation, such decrement reverses beyquattecular or critical leading edge

radius for both the cases. This trend reversal takes pladiffeent radius for double ramp and
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double cone configurations. Moreover for the range of legéitige considered in the present
studies, this reversal is prominent mainly for 2D simulasi@nd takes place at around 1 mm
radius. However for the axisymmetric case marginal enhraeogin local skin friction has been
noticed beyond the critical radius, which is between 4 mm amam. For all the cases, skin

friction coefficient experiences sudden decrement at tis&re@m influence start location.

Extent of separation or separation bubble size can be dedlfrmm the above discussed skin
friction distribution as the linear distance between safian and reattachment point. For the
present study such separation length for different leaddye radii are calculated from the zero
cross-over of the skin friction profile. Thus obtained sapan bubble sizes plotted against
degree of leading edge bluntness are given in figure 9.8 fitr the cases. It is clear from this
figure that the separation bubble size initially increasih increase in leading edge bluntness
for both 2D and axisymmetric simulations. The separatioobbelenhancement is very sharp
for double ramp case while the same for double cone is gradUa variation of separation

bubble size reverses the trend beyond a certain criticalsad both the cases. For the present
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geometric and freestream conditions this trend reversabban noticed between 0.5 and 1 mm
of leading edge radius for 2D case. Itis the radius for whiehd reversal has been observed for
the skin friction coefficient distribution. Beyond this cal radius the separation bubble is seen
to be decreasing with further increment in leading edgeusafdir 2D geometry. However for the
axisymmetric test model, the trend reversal critical radiorresponding to maximum separation
bubble size has been noted to be around 4 mm which is muctegtbah the 2D case. In line
with this, further enhancement in leading edge radius sffeduction in recirculation zone size
but at lower rate in comparison with the variation of the sdo@gond this critical radius for 2D
case. Apart from this, for the range of leading edge radis@®gred in the present study, the
axisymmetric flowfield has not shown separation reductidovbehe reference sharp leading
edge case even with the largest radius of 10 mm. Moreoverepparation zone size matches
to its reference value for the leading edge bluntness ofrardumm in case of 2D simulations.
Such ‘equivalent radius’ is also a critical radius since ttie minimum radius beyond which

separation control is guaranteed.

9.3.5 Interaction of entropy layer and boundary layer

It has been noticed in the previous sections that the pres#raduntness significantly alters the
surface property variations and the flowfield. Such alteratidiffer for 2D and axisymmetric
flowfields. As a result of which, the separation bubble sizeétian exhibits two distinct critical
radii for 2D double ramp geometry. Out of these two, the firet oorresponds to trend reversal
or maximum separation bubble size and the second is the goadbevhich separation bubble
size shrinks below the reference case. The first criticausadiould be termed here onwards
as the ‘inversion radius’ while the second one as the ‘edemiaadius’. In the range of lead-
ing edge radius considered for investigations, only ‘isu@n radius’ has been noticed for the
axisymmetric flow field. Disparity has also been noticed far Etanton number distribution in
2D and axisymmetric flowfields. All these inconsistenciesusti be reasoned out for proposing

this passive technique as an SWBLI control measure.

The prime flow alteration that happens with the introductdreven a small leading edge

radius is the replacement of attached oblique shock by tteelded strong bow shock. A region
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of entropy variation forms in the shock layer behind the bback as supported by the Croco’s
theorem. Thus developed entropy layer interacts with thik vesed boundary layer over the
first compression ramp or cone, thereby affects the dowarstrehock wave boundary layer
interaction zone. Intensity or pattern of entropy layer andndary layer interaction strongly
depends on the leading edge bluntness. In view of this, gntontours of 4 mm leading edge
radius for 2D and axisymmetric cases are compared in fig@.e Prom these contours, it is
clear that only a portion of entropy layer which correspotalstrong gradient is responsible
for its interaction with the boundary layer. Therefore tidrepy layer here onwards would be
discriminated in two portions viz. higher entropy layer (5Evhich corresponds to non-uniform
entropy region or strong entropy gradient region and lowagytlayer (LEL) corresponding to
almost uniform entropy region or negligible entropy graieegion. Such distinction upholds
the fact that, HEL is comprised of fluid that has passed thndhg curved portion of the bow
shock and LEL is comprised of the flow that has passed throgmearly oblique portion
of first compression surface shock. Thus the HEL can be segghfitlom LEL by a dividing
stream line. Location of this dividing streamline at thedie@ edge is calculated herein for 2D
and axisymmetric flowfield separately. As seen in the previchiapter and investigations of
Borovoi et. al. [29], the higher entropy layer thickness cartdken as bluntness radius value
at leading edge region for 2D flowfields. Therefore the doveash HEL can be segregated
from LEL by means of a streamline that crosses the detache&dshock at a height equal to
twice the leading edge radius from the stagnation line asshofigure 9.9. However this HEL
definition is inadequate for axisymmetric flowfield. This aoaracy of the above mentioned
technique is due to the fact that, shock layer is thinner kisyanmetric case as compared to
2D for both blunt and sharp domains (figure 9.3 and 9.4). Thezehe thickness of HEL at the
leading edge of the axisymmetric configuration is certalalyer than twice the leading edge
radius due to three dimensional relieving effect. Henceva ecuwncept of defining the HEL for

axisymmetric configuration at zero angle of attack is delisdhis study.

As per the new methodology, HEL definition is based on the @tshock stand-off distance
of axisymmetric and 2D flowfieldd(.;/d>p). Since the shock detachment distance for axisym-

metric flow is lower as compared to 2D, the same effect willdftected in the HEL thickness
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near the leading edge region as well. Therefore the heightkdf near the leading edge is
defined aq1 + (0,.:/d2p)) R,. Here, R, is the leading edge radius. Following this strategy,
HEL-LEL separtion, dowstream of the leading edge can beirddiaby considering the divid-
ing stream line that crosses the standing bow shock at ath&figk356 i,, from the stagnation
line, as shown in figure 9.9. The constant 1.356 has beemaot&iom present shock stand-off
distances. The ratio of shock stand-off distance here cagabiy calculated by making use
of Billig correlation [1]. The presented HEL definition for #ho2D and axisymmetric flowfield
can be found to be appropriate from figure 9.9, where mostgsf bntropy field lies within the

defined HEL.

Proposed definitions of HEL edge can be used to study itsactien with the boundary
layer. In view of this, variation of velocity, parallel toghwall, in the direction normal to it,
is used to visualize the boundary layer profile at some spestiftamwise locations. Such a
boundary layer profile and the variation of entropy alonggame normal are given in figure
9.10(a) for 1 mm leading edge radius case of 2D ramp geomdingse profiles are drawn
together with the inviscid velocity profiles obtained wifree-slip’ wall boundary condition in
order to predict the edge of the boundary layer for the flovhialvourable pressure gradient.
Hence asymptotic match between inviscid and viscous uglpcofiles are considered herein to

estimate the local boundary layer thickness. Edge of the idlso shown in the same figure to
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reconfirm the existence of strong entropy gradient in it.nfrthis figure, it can be noticed that,
although boundary layer thickness increases in the stréssmirection, from 0.01 m to 0.03
m from the leading edge, entropy layer thickness increagaally. Moreover entropy layer
remains thicker than the boundary layer at both the statiénsther downstream, separated
velocity profile can be experienced for this radius at steti0.05 m and 0.07 m. Hence it is
expected to have separation point between 0.03 m and 0.05ich wén be reconfirmed from
figure 9.7(a). Relative thicknesses of both the layers alsbfbr their match between same
stations. Such stations are termed as entropy layer swatiolcation. Downstream of this
station, boundary layer thickness is more than the entrapgrl This phenomenon can also
be interpreted as entropy layer getting swallowed by thentaty layer around the SWBLI
zone. For the bluntness radii smaller than 1 mm, upstreanicswag has been observed.
Necessarily, swallowing of the entropy layer by the bouwdiayer leads to reduction of density
due to ingestion of high temperature fluid. Thereby, boundyer thickness increases and it
becomes separation prone. Moreover, size of the entropy iagreases with degree of leading
edge bluntness. Therefore complete swallowing of the pyti@yer makes it more susceptible
for separation. This reasoning justifies decrease of Iddal fsiction coefficient on the first
compression ramp (figure 9.7(a)) and increase in separatibble size (figure 9.8) with initial

increase in leading edge radius.

From the figure 9.10(b), it is clear that, boundary layer nemattached till 0.05 m from the
leading edge in case of 4 mm radius double ramp. The velooitffig corresponding to loca-
tion 0.07 m is expected to be for separated boundary layee Saparation takes place around
this location (figure 9.7(a)). Apart from this, significardrpon of HEL is seen to be passing
over the boundary layer for this leading edge bluntness.sTha entropy layer does not get
swallowed by the boundary layer for this case. Such religtitreck entropy layer acts in two
ways; having opposite effects on the boundary layer. In oag wgestion of high tempera-
ture fluid tries to thicken the boundary layer and make it s#pan prone. At the same time
the, presence of entropy layer above the boundary layeaadsurce of vorticity and provides
stabilizing effect. Apart from these two actions, the exlh over pressure region which lasts

around the interaction zone (figure 9.5(a)) accelerateBaiveand provides stabilizing effect by
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FIGURE 9.10: Comparison of entropy layer and boundary layer interactiongfdr mm lead-

ing edge and (b) 4 mm leading edge double ramp model
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reducing the driving adverse pressure gradient. Thereéafection in separation zone size is
the integrated effect of these stabilizing and de-stabdiactions. Hence increase in bluntness
beyond the inversion radius increases intensity of fauderaffects which further reduce the
separation bubble size. This explanation suits to theezarhservation of inversion of skin fric-
tion coefficient distribution on first compression ramp (fig9.7(a)) and decrease of separation
bubble size with increase in leading edge radius beyondthesion radius (figure 9.8). Below
inversion radius, only destabilizing effect is presentle/bioth the effects are present above the
same. Therefore, at the equivalent radius boundary laymrbes equally stable as that of the
reference sharp leading edge case so as to give the samatsepaubble size. Thus there
onwards any increment in the leading edge guarantees reductseparation zone below the

reference one.

In case of axisymmetric flowfield the same dynamics betwe&onlayer and the boundary
layer can be expected. In view of this, results obtained ftoree representative axisymmet-
ric simulations for leading edge bluntness of 2 mm, 4 mm and®are considered in figure
9.11(a), 9.11(b) and 9.11(c) respectively. From thesedgiiiis clear that, both boundary layers
and shock layers are thinner as compared to respective 3;caisbsequently the separation
bubble sizes are also low in the same comparison. Notabsomefar this decrease with the
shift from two dimensionality to the axisymmetricity is treduction in shock stand-off distance
due to three dimensional relieving effect. As a result of,tboundary layer and entropy layer
thicknesses decrease in comparison with its 2D equivanth thin boundary layers are seen
to be attached for all the representative stations anddillcansidered in figure 9.11. This fact
reconfirms the observation of figure 9.7(b) that flow remaitasched for all radii till 0.07 m
from the leading edge. Moreover looking at the entropy ldyarndary layer interaction, it can
be seen that the entropy layer created due to the detachealcsimock is seen to be consistently
swallowed by the boundary layer till 4 mm radius. Well upatreswallowing for 2 mm case
and swallowing around 0.07 m for 4 mm is clear from figure 9.The major reason for the
swallowing upstream of the interaction zone is the streamauhickening of the boundary layer
and almost constant thickness of the entropy layer. Thisciaaflicts the observation from 2D

case. Finally figure 9.11(c) for 8 mm leading edge radius shoonsiderable amount of high
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FIGURE 9.12: Comparison of temperature variation for different leading eddjefoa (a) 2D
and (b) axisymmetric flowfields

entropy layer above the boundary layer. Hence the samesidws boundary layer edge vortical
effect discussed in case of unswallowed entropy layer fonidel can be reasoned for the sep-
aration zone reduction with increase in leading edge ramBysnd the inversion. Such complete
covering of boundary layer with entropy layer is also obedrfor leading edge radius of 6 mm
and above. Therefore the critical radius for trend revefis&kersion radius) can be expected
for axisymmetric body in between 4 and 5 mm. Therefore, mreqouent of leading edge blunt-
ness, necessary to provide thicker entropy layer to cowebttundary layer before interaction
zone, is seen to be higher than the 2D case for the same &aestonditions. This argument
provides the necessary evidence to the observation of higbersion radius for axisymmetric
flowfields than the 2D flowfield (figure 9.8). Although thickehentropy layer is observed with
further increase of leading edge radius above 5 mm, the gntayer thickness enhancement
is very nominal in axisymmetric simulations. Apart from théne extension of over pressure
region till interaction location is unseen for any of thede®gy edge radii under consideration.
Hence among the earlier mentioned two boundary layer gtaigjleffects, only one is present
for axisymmetric flow fields for all the selected radii. There the rate of separation bubble
reduction beyond the first critical radius is very less asgarad to the double ramp case. This

is the major reason for having no equivalent radius for arispetric flowfields.
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The second noticeable disparity with change in dimensitynialin the Stanton number dis-
tribution seen in figure 9.6(a) and figure 9.6(b). Here Stamiember distribution on the first
compression ramp is seen to encounter a reversal for 2D coafign while the axisymmetric
ones experience monotonic decrease in local Stanton nunitheincrease in leading edge ra-
dius. This discrepancy can also be explained through tlee@bservation of thermal boundary
layer shown in figure 9.12(a) and 9.12(b) for 2D and axisymimetses respectively. For the
2D flowfield, initial increment in leading edge radius ingesa the maximum temperature in
the thermal boundary layer. However, outward shift of theatmn of maximum temperature
with increase in radius at higher rate, decreases the graali¢he wall and in turn the heat flux
and Stanton number. Moreover, a particular radius onwdrdsveen 0.5 and 1mm for 2D),
maximum temperature in the thermal boundary layer decseagid increase in leading edge
radius and its location shifts inwards. It leads to enharesgrm local heat flux and hence the
Stanton number due to lower rate of decrease of maximum tettyse and higher rate of its in-
ward shift with the increase in leading radius. Hence tloselobservation hints for a thermally
critical radius corresponding to Stanton number trendrgiea. Similar changes in maximum
temperature in the thermal boundary layer are observedxisymmetric cases with increases
in leading edge radius. The initial decrement in local Stamtumber can also be reasoned in
the same way here as discussed for 2D case. However, in thesurdike 2D flowfield, the
local Stanton number does not increase after decrementofmam temperature in the thermal
boundary layer (close to 4 mm). Unchanged or minor inwarét sfiimaximum temperature
location should be reasoned for the further decrement @fl IStanton number. Nevertheless
trend inversion for Stanton number can be expected for thleeniradius, beyond the range of

present studies, which would marginally shift the locatddmaximum temperature.

9.4 Summary

The effect of blunt leading edge on SWBLI on a double ramp andbldotone models are nu-
merically investigated by employing “USHAS”. Present sésdare carried out for hypersonic
flow of Mach number 6.0 over the double wedge and double conigemations having'.5°

inclination for first compression surface ahd5° for the second. Strong dimensionality effect
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has been observed in these studies with increase in leadgegl@untness. Mach number con-
tours revealed the alterations in the flowfield and in turrsti@ck-shock interaction pattern with
added dimensionality. Close observation of skin frictiostrlbution for the range of radii un-
der consideration showed an increasing trend for separhtibble size till critical leading edge
bluntness for both the cases. This inversion radius is féobé 1 mm for 2D configurations and
4 mm for axisymmetric. Swallowing of entropy later by the hdary layer and weak leading
edge favourable pressure gradient have been the contsliotseparation size enhancement till
inversion radius. Enhanced strength of the over pressgrerrand thickened entropy layer are
found responsible for decrement in separation bubble sitteimcrease in bluntness beyond the
inversion radius. However the radii under consideratianfaund to be ineffective to provide
the sufficiently strong over pressure region and thick gayttayer so as to reduce the separation
size beyond the base value for axisymmetric configuratiblesce the second critical radius or
the equivalent radius, which is 4 mm for 2D case, has not baeaumtered for axisymmetric
case. The detailed thermal boundary layer analysis shawadriitial increase in leading edge
radius decreases the local heat flux for both the cases anid #itributed to outward shift of lo-
cation of maximum temperature, or increase in thermal bagnidyer thickness. An inversion
has been noticed here as well when the local heat flux reveesteceen 0.5 mm and 1 mm for
2D configurations due to inward shift of maximum temperatocation in the thermal boundary
layer. However such inversion has not been observed fondisgrametric configurations since
local heat flux continued to decrease monotonically due tosdese in maximum temperature in
the thermal boundary layer in the range of radii under cansiibn. Thus, present studies help
to assess the proposed leading edge bluntness based isepawatrol technique. This critical
assessment cautions the implementation of this separatiatnol technique for axisymmetric
configurations which might converge for very large blungheslues. Besides, it has been found
comfortable for 2D configurations to reduce the separatigsble size beyond the equivalent

radius.
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Chapter 10

Conclusions and scope of future work

10.1 Conclusions

Shock wave and boundary layer interaction is one of the pial¢npics of research in hyper-
sonic flow regime. This phenomenon is the classical exanfpliscous and inviscid interaction.
Understanding of this flow feature is essential since it neayllto flow separation and intensive
surface heating. Major victim of such interactions are rdikg shapes which are very com-
mon in the design of space vehicles and engine inlets. In efethis importance, shock wave
boundary layer interaction has been investigated throwghenical simulations during present

studies.

Development of an accurate hypersonic flow solver has beefotemost objective for pro-
posed studies about the shock wave boundary layer intenadiin in-house compressible flow
Navier-Stokes solver (USHAS) has been developed to aclineveet goals. Following are the
conclusions from this development.

1. An unstructured finite volume compressible flow solver In@sn successfully developed
and validated. This solver holds second order accuracygubm strategy proposed by
Barth and Jespersen [70] through the implementation of Makkahnan’s limiter. Present
solver has the facility of two gas models viz. perfect gas @ailibrium flow. Both the
methodologies namely implicit and explicit are considdmdime marching while devel-
oping the in-house solver. Provision of seven convective $lthemes is one of the vital
features of USHAS.
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2. Numerical assessment of convective flux computationmeeldor the simulation of high
speed flows has been carried out using the literature repexigerimental and numerical
test cases. These studies have shown that, Roe and AUSM &héynes are the most ac-
curate flux schemes among the available schemes of predesit $éowever Roe scheme
has been found to be unstable for high Mach number flow simonlat The most dissipa-
tive scheme Rusanov has seen to offer maximum stability. €hemnance of Van-Leer
and HLLE schemes, in terms of accuracy and stability, liekatween AUSM and Ru-
sanov. This study has also pointed out the chance of funtiy@ravement of performance
of these upwind schemes in terms of stability and accuraoyth proper blending of the

flux formulae of different schemes.

The validated and verified in-house solver, USHAS, is theplémented for R-SWBLI stud-
ies. It has been noticed that limited number of findings apented about the effect of Mach
number and freestream stagnation enthalpy on the interadiixperimental pressure measure-
ments were considered for estimation of separation bulisde $herefore proper quantification
of such estimates is found essential for precise understguodithe interaction. Apart from this,
doubts had also been raised by some authors about the measisan the post reattachment
region during the experimental studies for bluntness bagpdration control technique. In view
of these limitations, R-SWBLI studies are conducted for lii@r reported test conditions and

following conclusions are drawn.

1. Nedham'’s correlation for prediction of upstream influgstart location is found suitable
only for well separated flow. Therefore this pressure meamant based empirical rela-

tion is doubted for its implementation closer to the inaipiangle.

2. Increase in freestream stagnation enthalpy and Mach eurabuce the separation bubble
Size owing to increase in inertia of the flow. Contrarily, erent in ramp angle or wall
temperature induces early separation. Increase in adpegssure gradient is the reason

for former case while thickening of the boundary is for theta

3. Increase in wall temperature introduces adverse effett@interaction while increase in
total temperature stabilizes it. Thus the effect a tempegats counteracting to the effect

of other. Therefore wall to total temperature ratio is theegaing parameter of R-SWBLI.

TH-1295_BJohn



Conclusions 197

4. Simulations with limited range of leading edge of radias,the experimental conditions
and configurations of Coet el. al., [16] confirmed the useldra this passive technique
for separation zone reduction. These simulations havestisaved that the flow can ex-
perience turbulent reattachment in the presence of SWBLE @tinclusion is based on
the noticed disparity between experimental and simulagsnlts in the post reattachment
region. Such doubt has been raised by the Coet el. al. whigeptéavestigations reassert

the same.

Thus obtained numerical data for range of hypersonic Maahbaus, wall temperatures,
ramp angles and freestream stagnation enthalpies aredeoadifor modifications in existing

R-SWBLI correlations. The interesting findings from this aiseédyare mentioned below.

1. The literature reported correlations for upstream imitge separation bubble size, peak
heat flux separation pressure and plateau pressure do nbitdixtearity for variation
in governing parameters of SWBLI. Most of these widely acagmierrelations do not

account for the wall to total temperature ratio.

2. Modifications are suggested in three correlations vizdiden and Stollary’s correlation
[3] for extent of upstream influence, Nedham'’s correlati@l] ffor separation bubble size
and Hung and Barnett’s correlation [56] for peak heat flux. $hggested modifications
in these correlations are found satisfactory due to attiaimearity for wider range of

freestream and wall conditions

Effect of leading edge bluntness has been guaranteed foctred in separation bubble size
by many researchers. However, very few finding make thougbtfimment about the proposed
passive control technique. Besides, diversity has beeneatfor the justification of this cau-
tious remark. This limitation has provided impetus for istigations for large range of leading
edge bluntness to access its usefulness in separationetxdshiction. Following are the major

conclusions from these studies.

1. Two critical leading edge radii exist for a given freeatreand wall conditions. First crit-

ical radius, termed as inversion radius, belongs to maxireeparation size. The second
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critical radius, defined as equivalent radius, is the mimmmadius beyond which sep-
aration reduction can be expected beyond the referenceasiepabubble size of sharp

leading edge case.

2. Interaction of entropy layer and boundary layer is theamegason for existence of these
critical radii. New definition of high entropy layer (HEL) &deen proposed herewith as
the layer below the streamline passing through a point on dlmek which splits it two

parts viz. strongly curved portion and weakly curved partio

3. Close inspection of the shock layer revealed that the simerradius corresponds to a
radius for which entropy layer gets swallowed by the boupdayer at the reference
upstream influence station. Therefore, ingestion of highperature HEL gas inflates the
boundary layer and makes it separation prone. Thus anynigadige bluntness till the

inversion radius enlarges the separation bubble size.

4. Extension of upstream favourable pressure gradient witlease in radius, beyond the
first critical radius, provides sufficient stability to theundary layer. The inviscid vortic-
ity from the HEL above the boundary layer assist this ovesguee region for the stability
to the extent that the separation size becomes equal topheasi®n bubble size of refer-

ence sharp leading edge at equivalent radius.

5. Separation control is certain if the leading edge blusgnie more than the equivalent

radius corresponding to the wall and freestream conditions

Effect of various governing parameters has been analysédleomagnitude of the critical

radii. These explorations have led the following conclasio

1. Both the critical radii increase in magnitude with increeagll temperature and decrease
in freestream Mach number. Increased boundary layer thgkm either cases demand
for thicker entropy layer to get covered. Enhancement idifeaedge radius for the
required increment in entropy layer justifies the influentevall temperature and Mach

number on the critical radii.

2. Increased freestream stagnation enthalpy essengallices the boundary layer thickness

and thus demands for lower critical radii which can covertibendary layer.
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3.

The wall to total temperature ratio is not the governingapeeter for critical radii. The
absolute magnitude of entropy swallowed by the boundargrlapntrols the SWBLI.
Therefore the variation of this magnitude, for the same &napire ratio, disturbs the

equivalence.

Studies are extended for dimensionality effect about thdiley edge effect on SWBLI. Lit-

erature reported axi-symmetric configurations and its tingedsional equivalent are simulated

for the same freestream conditions for this work out. Foihgpare highlights of these investi-

gations.

1.

TH-1295_BJohn

Strong dimensionality effect has been observed duriagtimparative study of 2D and
axisymmetric SWBLIs. Two dimensional separation bubblergdain size in comparison
with its axi-symmetric counterpart for any leading edgenhess. Higher Mach number

in the shock layer owing to three dimensional reliving efiscredited for this reduction.

Inversion radius has been noticed in both the dimenst@sal Magnitude of its in 2D
case is lower than the axisymmetric case. Equivalent radipsesent only for the two
dimensional SWBLI. Thus blunt leading edge based separatibblé reduction would
be expected at very large radii for axisymmetric configorai Hence it is not advisable

to consider the same as a separation control technique iymametric flowfields.

. Detailed examination of the shock layer showed that thotk layer and hence thin en-

tropy layer is the major reason for higher magnitude inegrsadius for axisymmetric
case. Well upstream saturation of the over pressure regisiioéen marked for the non-

occurrence of equivalent radius in the axisymmetric Sitnorhe.

. A critical radius has been encountered for wall heat feamate in case of 2D simulations.

Enhancement in local surface heating rate for the first cesgion surface has been no-
ticed beyond this radius. Moreover reduction in local hestgfer rate has been noticed

for all the radii under consideration in case of axisymneatanfigurations.
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10.2 Scope of future work

Present studies are found useful for understanding the SWB&h@menon. However these
investigations have posed various questions about tresaction which can compose the future
work in this area.

1. Only low enthalpy hypersonic flows are considered in tes@nt study. Perfect gas model
of USHAS is implemented for such situations. However, the gas effects may con-
tribute significantly to the phenomenon of R-SWBLI in high efplgeflows. In light of
this, presently encountered governing parameter, walktdtream total temperature ratio
(T/Tb), need to be assessed for such high enthalpy flows to exatsisealing nature.

2. The modifications suggested for the correlation of upstrenfluence extent contains the
specific heat ratie). However its role in the correlation has not been criticalbgessed.
Additional studies shall be performed with different gatess with differenty to ensure
proper scaling of this parameter in the correlation for tgzsn influence extent. The
modified separation bubble size correlation does not conteérm. Hence, in the light of
sufficient number of numerical investigations with varyingalue, the presently proposed
separation bubble size correlation may be modified wiitaling. Such incorporation of
propery scaling may widen the range of applicability of the presemtalation to even
high enthalpy flows and also for wide range of gases. Effory mlao be extended to
incorporate additional scaling parameters for ramp angédl, temperature and in the
separation and plateau pressure correlations to enhagic@tediction capability.

3. The extension of in-house developed solver to three dsroaal N-S solver is an imme-
diate possible extension of the present work. Such solvemeion may facilitate the
investigation about the three dimensional effect of shoekevboundary layer interac-
tions. The incorporation of reacting flow models to the soiway help in analysing the
real gas effects on R-SWBLI. Different flux blending schemeshksamtroduced into the
solver to improve the balance between accuracy and stabilihe solver in high speed
flow simulations. Although the solver has been implicitisixre is still further scope of
improving the computational efficiency of the solver, by meaf parallelisation. Such
distributed computing is very essential for the simulatidhighly complicated 3D flows

in hypersonic regime.
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4.
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Investigations for three dimensional SWBLI and turbulebased studies would provide
a new dimension to the scope of present studies. Underataathout the interaction of

turbulent boundary layer and shock is also a possible go#lifore.

Incorporation of active techniques alone or togetheh tie passive SWBLI control tech-
nique may contribute in suppressing the R-SWBLI based separatine. Active tech-
niques like boundary layer bleeding, freestream energytiadcetc. may be investigated
in this regard. Such active techniques must be assessewia té their viability in real

time implementation and other design constraints.

. The present research dealt with only steady state SWBLIsvekfr there is immense

scope for investigating the unsteadiness involved in the SWBenomenon. Flowfield
turbulence is the main source of such unsteadiness. Heagedbhent laminar studies can

be further extended to turbulent flows to understand unsteaslinvolved in the SWBLISs.
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Appendix A

Formulations of Convective flux schemes

§ TABLE A.1l: Formulations of different convective flux schemes employed in thegmt solver
Scheme Flux formula Terms
Interface flux, H;, = H;" + H;~
My, if, Mp>1
Mp*= i(ML +1)% if, |Mp| <1
0 if, My <-1
Van-Leer H/"=H; ,H =0 if, M, >1
FVM Hy” =Hy , HF =0 if, M, >-1
Van Leer B [86] H;, =H/ +H;~ if, -1<M, <1
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Table A.1 —Continued from previous page

Scheme Flux formula Terms
puL 0 if, Mp>1
UL + pn 1 .
Hy = | P TP Mp~ =< S(Mp+1)? if, |Mg| <1
pUU| + Py 4
(pe + p)uy Mg if, Mp<-1
u u
My = %LL, Mg = CiRR
Van-Leer M+ 1)?
EVM ntass = +pLCL( 4 )
_ (Mg — 1)
Van Leer B [86] Frmass = —PRER——
if M| <1
fmass
= Frmass ™ [+ ng (—ul %+ 2¢) /4] " e {[(’Y—l)ULi2C]2+U2+U2_Ui}
I fmassi [U + ny (—UJ_ 4+ 20) /7] energy mass 2(72 ¥ 1) 2 LR
L fenergy:t i

Interface flux,

SaWaYdSs XN|} 8AINI3AUOD JO Suonenwiod 'y Xipuaddy
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Scheme Flux formula
y
AUSM-delta £ 0 pL if, Mp > +1
CU Ty .
Hybrid Hy, = (M) | - ph = B+ 122 - M) i M| < 1
. pcv pny,
Liou, M.S [90] 0 it M, < —1
) L >
L (pe+p)c_L/R | 0 drsl

0 if, Mg > +1

Pp=1{ B (Mr— 122+ Mp)  if,[Mg| <1
Pr if, Mp < —1

where
(Mp)pya =ML + Mg~
Pyl = prt +pr” To avoid zero advection Mach numbi¥/,,), , 1
(Mp) ;1 = Mgt + Mg~ is modified in AUSM-delta as,
2
(')L |f7 Mn]+l > 0 lf’ ‘Mn1+%| >0
()r/r= 2 |Mn[+%’ =

() Otherwise if, My, 1]<0

) TLIJ’_§ —

Interface flux,

SaWIaYds XN|} 9AID3AUOD JO suone|nwliod 'y xipuaddy
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Scheme Flux formula Terms
1 .
AUSM + pe 3 (Mp g £ +|MpR|) if, [Mp/p > 1
. pcu + 1 2
Liou, M.S [91] ,
(pe +p) " Otherwise
: - _ . :
pe where, —t <p <2
_ pcu pn
tmp 1 (C)yn + :
pcu pny b 5 :pL+ + PR~
(pe +p)c 0 {+2
L P ir L dr1+3
m; 1 =M+ Mp Cr.1 = +/CLCR % (1 + sign ML/R)) if, ‘ML/R >1
I+ I+
pryr=19 1 (Myp+1)? (2¢ML/R)iaML/R
71 .
T =2 (m1+% +lmyy |> X (ME/R ) Otherwise
2
Where—Z <a< 13—6
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Hong Kim K et al. [92]

Scheme Flux formula Terms
Interface f (i) for miy >0,
AUSMPW nterface flux, B
- r— M= Mp g1+ Mglg_1 — Mgls_1 x w-(1+ fr)
Hybrid Hp, IML'_C%(Z)L—l—MRC%(bR 8 8 8

p 0
U nr
o=| " . p=|"
pv pny
pH 0
my =M + Mg

+(fLM2_|5:% + frRMpp-1)
My = Mg\ﬁzé x w- (14 fr),

(ii) form1 < 0,
2
MZ_ = M2_|ﬁ:% . (1 + fL)7

My = Mif|o_y +Mpls_s = M1 1 x w- (14 f1)

8

+(fLM[J,r|ﬁ:é + fRM§|ﬁ:§)

The split Mach number and pressure of AUSMPW at a cell
interface are the same as those of AUSM+

HLLE
FDM
Einfeldt,B [89]

HLLE
FDM
Einfeldt,B [89]

Interface flux,

+ —
H[LbIJr% = H[Rb1+%

H[L i + —
bl+% B b1+%
puL
pun) +pn
Hpp= ’
pvuy + pny
I (pe + p)uy 1 n

q— Hy.\/pr + Hg+\/pPr
VPL T /PR

V =un, +vny
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Scheme Flux formula Terms
brp1t =maz (V+¢ Vi + cg, 0) g = LLVPLTURVPR - VLyPL ¥ URVER
2 VPL + /PR VPL + /PR
bH_%* = min (\7—6, Vi, —cr, O)
Interface flux,
1 1
Hp, = §(H1L + Hpp) — §S+(UR —UL) St =max (Vp + St, Ve — S, S1, Vk + SrVR — Sk, Sr)
r T S1, andSg can be calculated either from equation
puL . . .
Rusanov given below or can be approximated as correspounding
pul) + png . | .
FDM Hpp= N sonic velocity at left and right of the face
U T
Rusanov V. V [88] ’E i )p v S = VA2 T B, Ao = ung + vny
[& u
[ WPeT P L/R B = pseudo-compressibility parameter

Roe
FDM
Roe P L [87]

Roe
FDM
Roe P L [87]

Interface flux,

1
HIJ_ — 5 (H]L + H[R) = |ARoe|[+%(UR - UL)
puL
pul) + png
Hpr=
/ pvU | +pny
| (pe+plur | L/R

|[ARoelr41(Ur = UL) = |AFL| + [AFy 34 + |AF]

1
" - _ [ Ap— pcAV U — Cny
|AF1!=!V—C\<pzp2> o
c UV — Chy
H—¢V
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Scheme Flux formula Terms
P = \/PLPR _ _
g VL + UR\/PR 1
VPL + /PR . N Ap (0
5 — YLVPL + VRVPR |AFy 34| = [V] (Ap - 52) s |t
VoL + \‘épR 52
7o Hi\/or + Hr\/PR I % |
VPL + /PR ) )
0
( 7 T Au— AV
e =2 vy—1)( H— —) o~ u— Ny
=1 2 AV
- ~ Av — AVn,
V =an, + vny -
uwAu + 0Av — VA
1
= - A ocAV U+ éng
i = (S EAYY |
2¢ U+ cny
H+év

SaWIaYds XN|} 9AI23AUOD JO suone|nwliod 'y xipuaddy
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Appendix B

Quasi 1D formulation

Quasi one dimensional flow assumption is applicable for flawshich the area is changing
only as a fuction of flow direction, thereby maintaining om@ensionality at any section. Such
guasi one dimensional inviscid flow governing compressihiéer equations can be expressed

in a vector form as,

T 8=0 (B.1)

U= |pu (B.2)

pU
E=1| pi2+p (B.3)
p
pulE + =
( p)

0
dA

0

These set of equations have been used for the developmemasif bD solver for the gas model

S (B.4)

validation. AUSM scheme has been considered for the comreefttix calculation for this 1D
solver. Time marching has been achieved through the usenplesiexplicit method. This quasi
1D solver has same algorithm as base solver USHAS.
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