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ABSTRACT
A numerical code has been developedto solve the shock/turbulence interaction
using grid adaptation technique. For the code validation test, shock wave
propagations through noale are studied experimentally and numerically for
the incident shock Mach number 1.60. The experimental photographs, taken
by double exposure holographic interferometry, are used for the code
validation test and a comparison is conducted between the experimental
photographsand the numerical images. The shock wavepropagation through
a nou.le of small throat area is selected where laminar flow structures,
transitionphenomena,flow separation line as well as viscousboundary layer
separation,wavepropagation through the throat of the nozzle and shock wave
reflection from converging area of the nozzle are observed numerically. The
numerical results agree well with the experiment. The numerical code is used
to solve the two-dimensional Navier-Stokes equations with k-e turbulence
modelfor the solution of the shock wave propagation through the noule and
this code later has been extended to develop a three-dimensional code. The
three-dimensionalcode is used to solve the shock/turbulence interaction for a
compressiblefluid. A grid convergence study has been performed to validate
the interaction results. The Navier-Stokes Simulation (NS) results for the
shock wsve intersction with turbulence are compared with the Navier-Stokes
Simulation (NS) results with k-e turbulence model and the comparison results
the present simulation works.
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1 INTRODUCTION
The investigationon shock/turbulenceinteractionis an important featuredue
to its complexity to determine the characteristics of the turbulence by
experimentallyand numerically.Experimentalrealizationof a homogeneousand
isotropicturbulentflow interactingwith a normal shockwave in the laboratoryis
a difficult task due to generationof compressibleand isotropicturbulentflow and
the generationof a normal shockwave interactingwith flow. Experimentallyand
numericallymany researchers
got many resultson shock/turbulence
interaction.
The outcomesof the interactionsof shockwave with homogeneousand isotropic
turbulence are the amplification of longitudinal velocity fluctuation, the
amplification of turbulent kinetic energy level and substantialchangesin length
scales.The selectionof homogeneousand isotropicturbulent field interactionsis
the easier phenomenathan the other types of turbulent field like turbulent
boundary layer interactions,turbulent wake-shockinteraction etc. Turbulence
amplification through shock wave interactionsis a direct effect of the RankineHugoniot relations.The study of the interactionof turbulencewith a shock wave
is of fundamentalimportancein engineeringapplications.For designing aeromechanismsystemsuchas transportaircraft of supersonicand hypersonicspeed,
the shock wave and turbulenceinteractioneffects are the important phenomena.
The shock/turbulenceinteractioneffects are generally seen in aero-mechanism
systemand in combustionprocessas well as high-speedrotor flows.
The study of the interaction of turbulencewith a shock wave began in tlie
early 1950swith the developmentof lineartheories.Ribner tll-t3l investigated
how a shock wave is perturbedby an impinging single shearwave. The theory,
later on called Ribner's theory, is, in fact, mostly based on the mode theory
developedby Kovasznay l4l and extendedto the shock problem by focusing
mainly on the acousticfield generatedby the interaction with the shock wave.
Using his general theory of aerodynamicsound generation,Lighthill t5l
estimatedthe acousticenergyscatteredfrom the interactionof turbulencewith a
shock wave. Analytical studiesof shock{urbulenceinteraction (Ribner [];
Moore [6]; Kerrebrock [7]) were developedusing a linearizeddescriptionof the
interaction of plane disturbances interacting with a shock wave. These
disturbances were represented as waves of vorticity, entropy, or sound
(Kovasznay [4]) and these disturbances interacting with the shock wave
generates
the fluctuationsdownstreamof the shockwave.Ribner !I investigated
the passageof a singlevorticity wave througha plane shockand its modification,
with simultaneousgenerationof a sound wave in a referenceframe fixed on the
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shockwave.This analysiswas later extendedto study turbulenceamplification
due to a shockwave (Ribner [2]), the flux of acousticenergyemanatingfrom the
downstreamside of the shock (Ribner [3]), and the one-dimensionalpower
spectraof variousfluctuationsdownstreamof the shock(Ribner [8]). Moore [6]
analysedthe flow field produced by oblique impingementof weak plane
disturbanceson a normal shock wave in a referencefl'ame fixed on the mean
upstream
flow. Anyiwo et al [9] revisitedthe linearanalysisto identify primary
mechanismsof turbulence enhancement-amplificationof the vorticity mode,
generationof acoustic and entropy modes from the interaction,and turbulence
'pumping'
interactionconsiderably
by shockoscillations.The shock/turbulence
modifies the fluid field by vorticity and entropy production and transport.
Experimentalevidencefrom shock wave/boundarylayer interactionindicates
amplificationin Reynoldsstressesand turbulenceintensitiesacrossthe shock
wave. The physics, however, of the phenomena associated with this
amplificationis not well understood.
The first attemptto predictsuchturbulence
amplificationacrossthe shockis attributedto Ribner [1. His predictionswere
verifiedby experimentsconductedby Sekundov[10] and Donsanjhet al [11].
Severalanalyticaland numericalstudiesof this phenomenonshow very similar
turbulence
enhancement.Chu et al [2] indicatedthat thereare threefluctuating
modes,which are coupledand are responsiblefor the turbulenceamplification.
Acoustic (fluctuating pressure and imotational velocity mode), turbulence
(fluctuatingvorticity mode)and entropy(fluctuatingtemperaturemode) are the
three fluctuating modes which are nonlinearly coupled and the RankineHugoniotjump conditionsacrossthe shock indicatethat when any one of the
threefluctuationmodesis transferredacrossa shockwave,it not only generates
theothertwo fluctuationmodes,but it may itself alsobe considerablyamplified.
Many researcherconductedexperimentson the interaction of turbulent
boundarylayers with an oblique shock wave. A general finding from tlre
is that Reynoldsshearstressand turbulenceintensitiesare amplified
experiments
acrossthe shockwave.The interactionof an obliqueshockwavewith a turbulent
boundarylayer involves several complex phenomenalike, unsteady flow
separationin the interaction region. oscillation of the shock wave in the
Iongitudinaldirection,streamlinecurvature,and inhomogeneityeffects due to
walls.Due to above complications,it has been difficult to determinethrough
theseexperimentsthe effect of shock wave on turbulence.Experimentson the
interactionbetween the shock wave and grid-generatedturbulence, were
conductedby Debreveet al [13] and they measuredvelocity and temperature
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spectra upstream and downstream of the shock wave and concluded that
turbulent fluctuationsare amplified and Taylor micro scalesincreaseduring the
interaction.Jacquinet al [14] investigatedthe interactionsof a normal shock
wave with grid-generatedturbulenceand a turbulentjet and they observedthat
turbulence amplification was not significant for the grid-generatedturbulence
and that the decayof turbulentkinetic energywas accelerateddownstreamof the
shock wave. Their experimentstreatedthe interactionof a shock with quasiincompressibleturbulencewhere fluctuationsin pressureand density are not
significant. They have observed that the data obtained from grid-generated
turbulenceare not sufficient to characterizethe turbulenceproperly. They have
analyzed the flow by means of laser Doppler velocimetry. The obtained
supersonicflow is shockedby meansof a secondthroat creating a pure normal
shock wave/freeturbulenceinteraction.On other hand,Debreveet al [13] obtain
a quasihomogeneous
turbulenceby generatingperturbationsin the settling
chamber of a supersonicwind tunnel at Mach 2.3. They show that, after the
expansionin the nozzle, the turbulent field becomesstrongly non-isotropic and
that the turbulence level is drastically decreased leading to experimental
difficulties. Debieve et al [15] analyzedthe evolution of turbulence through a
shock,and separatedthe effects of the specific turbulent sourcesfrom the effects
of the mean motion-convection and production. Their prediction of the
longitudinal velocity fluctuation was in good agreementwith the experimental
results.An experimentalwork was performedon the interactionof weak shocks
(M,=1.007,1.03and 1.1) with a randommediumof densityin homogeneityby
Hesselinket al [6]. They observedthat the pressurehistoriesof the distorted
shockwaveswere both peakedand roundedand explainedthesefeaturesin terms
of the focusing/defocusingof the shock front due to in homogeneity of the
medium. The Richtmyer-Meshkov instability (Richtmyer [17] and Meshkov
[18]) providesan importantexampleof the interactionof a shock wave and a
material interface. This instability is observed when a shock wave passes
normally through a perturbedinterfacebetweentwo fluids of different densities.
Experimentsof suchan instabilityshow that a singleshockwave will causethe
perturbation'samplitudeto grow linearly with time. However, interactionof the
perturbation with a second shock stimulates the growth of the mixing zone
between the gases. One interpretation of the experiments is that mixing is
enhanced, that is the mixing zone between the two fluids grows, by the
interactionof the shock wave with the turbulentor random flow field left behind
the first shockwave.
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In the presentvalidation test of 2D code for the solution of Navier-Stokes
equations,shock wave propagationsthrough nozzle are studied experimentally
and numerically. The shock wave propagation through a nozzle of small throat
area is selected where laminar flow structures, transition phenomena, flow
separationline as well as viscous boundary layer separation,wave propagation
throughthe throat of the nozzle and shock wave reflection from converging area
of the nozzle are observednumerically. A good numerical simulation for nozzle
flow dependson the throat area and the converging/diverging angle of the nozzle
and the strength of the shock wave propagate through the throat of the nezzle.
After the validation test of the 2D code, the extendedcode for the solution of
three-dimensionalNavier-Stokes equations with k-e turbulence model is
developedto solve almostall typesof shock/turbulence
interactionproblems.For
the better solution of the flow field, the improved three-dimensionalgrid
adaptationtechniqueis applied in thesecomputations.

2 NLMERICAL METHODS
The three-dimensionalunsteady, compressible,Reynolds-averagedNavierstokes equations with k-e turbulence model are solved by shock capturing
method.Without externalforces and heat sources,the conservativeform of nondimensionalizedgoverning equation in three-dimensionalCartesiancoordinate
systemis

a Q , a @ - F v ) , ---Da ( G - G v ). -?z- d ( H - H v )= s(o.r
?r ----F- where

and

Q = [ p, pu, pv, pw, e, pk, pe ],
F = [ pu,pu", puv, puw, u(e + p) , puk, pue ],
G = [ pv,pur, pr', pvw, v(e + p), pvk,pve ],
H = [ pw,puw, pvw,pw2,w(e + p), pwk,pwt ]
Fv = [ 0, to, tr, Txz)Ltr# + vrx, + wrxr- ex, k*, t" ] ,
Gv = [ 0, tr, tr, Tyz,trryy+ yryy+ wtyz- et, k, e, ] ,
Hv = [ 0, T*o Tyo Tzz2Ltrxz+ vryz+ wrzz- Qz, kr, €r]

Here Q is the vector of conservative variables which contains mass,
momentumand energy.All variablesare calculatedin per unit volume.p is taken
as the mass per' unit volume. Three momentum terms in three-dimensional
cartesiancoordinatessystem arepu, pv andpw per unit volume. Total energy,e,
turbulent kinetic energy, i,k and turbulent dissipative energy, pt are the energy
termsper unit volume in;hese computations.F, G andH are the three inviscid
flux vectors in x-, Y-, and Z-axis respectively. Similarly Fv, Gv and Hv are the
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three viscous flux vectors in X-, Y-, and Z-axis respectively.Each flux vectors
contain mass flux, momentum flux and energy flux. pu is the mass flux and,pu2,
puv, puw are the momentum flux and u(e+p) , puk, pue are the energy flux in the
X-axis. Similarly pv is the mass flux andpuv, pr', pw are the momentum flux
and v(e+p) , pvk, pve are the energy flux in the /-axis and pw is the mass flux
andpwu, pvw, pw'are the momentum flux and w(e+p) , pwk, pwt are the energy
flux in the Z-axis. Also p is the fluid density and u, v and w are velocity
componentsin each direction of Cartesian coordinates.While e is the total
energy per unit volume, pressurep can be expressedby the following state
equation for ideal gas
p=(y -I)[e-l pfu'+rt+*t11 where7 is the ratio of specificheats.
From the relationship between stress and strain and assumption of stokes,
non-dimensionalstresscomponentsare as follows
p
Dv,
^ d u -6d v-Ed w . rro=p z , ^ d v -E0 w -Ed u , r*= p z , ^ 0 w -6x
d u -Ai
r-=Rd 1z .v.E
r,
I'
)'
Rd 1 Iz'E
Re 1 v.6

',=#t*. * t,,,,=#
t* *fi t,,-=ft(*.# t
t=# W,*+)* e,=#(p,*+)*
k=#(p,*+)#,sr=#(p,*+)K

t=#(p,*+)#e.=#(p,*+)#
The expressionof laminar viscosity is p1/1t,,= c" (T/T) " where po is the laminar
viscosity at the ambient temperature (7,,) and the coefficient, cu dependson the
temperature and the ambient gas. The total viscosity p = ltt * Ft where ,r4is the
turbulent eddy viscosity and the expression ofturbulent eddyviscosity,
p,=cpp#.
The elementof heatflux vectorsare expressedby Fourier law of heatconductionas

q-=
k#
##' q,=
k#, n,=
where Z is the temperature,k, is the thermal conductivity and it expressesby
k" = kr + ft,. The expression of the thermal conductivity of the laminar part is
l's
where k, is the thermal conductivity at the ambient
k1 /ko= c1, (T/To)
temperatureand the value of the coefficient, ck dependson the temperature and
the ambient gas. The expressionof the thermal conductivity of the turbulent part
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u.

is t, = 6',*pf

where the value of the coefficient, c,1dependson the temperature

andthe ambientgas and Pr is the Prandtlnumberbasedon characteristicvalues.
The Reynoldsnumber of the flow is defined by Re = (p,u,rn"/p,,)
wherep,.u," Io
and p,, are respectively a characteristicdensity. a characteristicvelocitv" a
characteristic
length and the viscosiryof the fluid.
The sourceterm S(Q)of the /c-cturbulencemodel is written by
S(Q) = [ 0, 0, 0, 0, 0, Pk- pe- Dp, ( c,ppp- c,2.pE)
i ]
where the production term P1, which is the threedimensional formulationdevelopedfrom the two-dimensionalformulationof Kunz er al. (1992), is given
in Cartesiancoordinatesas

pr=
*g;*#r,** rro,#-i trn.pl#*#*#r,#"
| zp,*-i ror*u,(*;
. p,r**H*#r, # . oo*.*f* o,<**#r'*p,r#*#f
| 2r,,Y-1roo
and the destructionterm D1 is given as Or=

#ft
The mass average turbulent kinetic energy and homogeneouscomponent of
turbulentkinetic energydissipationrare are defined by as
k- | c,21u2+r2+w21
and e =c^kt #
The variousconstantsin the k-e turbulencemodel are listed as follows:
c,,=0.09,cr=0.03,c,,,=0.09,ctt= I.45, c"z= l-92,ar= l-00, o,= l.3O

3 NT.JMERICALDISCRETIZATION AND GRID ADAPTATIOI{
The governingequationsdescribedabove for compressibleviscousflow are
discretizedby the finite volume method. A second order, upwind Godunov
schemeof FIux vector splitting method is used to discretize the inviscid flux
terms and MUSCL-Hancock scheme is used for interpolation of variables.
Centraldifferencing schemeis used in discretizingthe viscousflux terms. HLL
Reimannsolver is used for shock capturing in the flow- Two equationsfor ft-e
turbulencemodel are used to determine the dissipation of turbulent kinetic
energyand s the rate of dissipation. The k and e equations,each contains
nonlinearproduction and destructionsourceterms"which can be very large near
the solid boundaries.According to linear stability theory, such ternls can also
severelyredttceconvergenceratesif a purely explicit schemeis usedto discretize
theequations.
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Three dimensional hexahedralcells with adaptive glids are used for these
computations.In this mesh,the cell-edgedata structuresare arrangedin such a
way that each cell containssix fapeswhich are sequencein one to six and each
face indicatestwo neighboringcells that are left cell and right cell providing all
facesof a cell are arrangedin a particularway by positionsand coordinatesin the
mesh.The sequentials.ixfaces in Fig.l (i) are abocl,adhe, abfe, efgh, bogf, dogh.
The grid adaptationis one of the improved and computationaltime saving
techniques, which is used in these computations. The grid adaptation is
performed by two procedures, one is refinement procedure and another is
coarsening procedure. The refinement and coarsening operations are handled
separatelyin computation. The criterion used for grid adaptation is based on the
truncation error (e7) of the Taylor seriesexpansionof density. The truncation
error indicator e7 is defined for every face of a cell and given by the ratio of the
second-orderderivative term to the first order one of the Taylor series of density
so that
, -(vp). I
| (vp ) LC
l(Yp)k-(vp)- |
l
.,, =.*
(d ;
(a -p )tdl+lvpl
I
, r ocr ) t d t + l v o l
[ JC
where c represent in Fig.l (ii) the location of any face of a cell and i and j
representleft cell and right cell ofthat face, dl is the center distancebetween cell
i andj, (v p); and (v p)1 are the density gradient for cell i and j, (v p)n= (pr
p)/dt, p. is the density at the interface of right cell and left cell and a1 is the
constant which is initially designedto prevent a zero denominator.In these
computations, the value of ay is used 0.02 and it is problem-independent
parameter.The refinement and coarseningoperation for any cell depends on e7
value and this el value is determined for each face of a cell. The criterion for
adaptationfor any cell is

Refinement= maximumer of six facesof a cell > e,
= maximumer of six facesof a cell < e"
Coarsening
where e. and e. are the threshold values for refinement and coarsening.In
thesecomputations,the valuesof e' are used 0.16-0.48 and the values of
Ec are used 0.12-0.44 and the higher values are used for higher shock
Mach number.The level of refinement,used in all types of computation,
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is 2 or 3, dependingon the number of cell per unit volume. The original
5x5x5 (mm) cell size will be I.25xL25x1.25 (mm) if refinementlevel is 2
and0.625x0.625x0.625(rnm)if refinementlevel is 3.
In refinementprocedure,the cells are selectedfor refinementin which
everycell is divided into eight new sub cells and thesenew sub cells are
arangedin a particular sequenceso that thesesub cells are used suitably
in the data-structure.In three-dimensionaladaptation,the volume of new
subcells is 1/8 of primary cell where in two-dimensional,this fraction is
l/4. To avoid unlimited cells refinementaround shock waves. either the
maximum level of refinement or the minimum cell volume or both are
prescribed.When either the level or the volume of cell reachesthe given
limit, further refinement is prohibited. In the refinementprocedure,it is
requiredthat no two neighboringcells differ by more than one refinement
level. This one level-difference rule has accepted by many authors
becauseit simplifies adaptationprocedure and prevents pathologically
large volume ratios under certain circumstances.However, in unsteady
calculations,the rule may be mismatchmoving refined regions,say shock
wave regions.To overcome this problem, pre-refinementis introduced.
Oncea cell cannotbe refined due to the level differencebetweenitself and
oneor a few neighboringcells, the neighboringcells are refined no matter
what values of their refinement and coarseningare. In the coarsening
procedure,the eight sub cells, which are generatedfrom the primary cell,
are restoredinto primary cell. The cell adaptivetechniquesare shown in
Fig.2 (i) andFig.2 (ii). The abovethree-dimensional
adaptationstrategyis
basedon an in-house2-D solutionadaptivecode (Sun 1999).

,/

T

d

In
0f
rk

ab

o

a

(i)

(ii)

lt,

Figure 1: (i) Three-dimensionalcell with six faces;(ii) Each face addressesthe
centerof two neighboringcells, i andj.
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Figure 2: (i) Primary cell before adaptation where the center of the cell, cc is
shown; (ii) Sequenceof the eight cells after refinement of the primary cell as
shown in Fig.2- (i)

4 TWO.DIMENSIONAL NTJMERICAL VALIDATIONS
The experimental photographs, taken by double exposure holographic
interferometry" are used for the code validation test and a comparison is
conducted between experimental photographs and numerical images. Many
researchersconductedtheir code validation works on Navier-Stokesequations by
using the flow over a flat plate. Some researchersused high-speed fluid flow
around a cubic body to determine the velocity at different points on the axis of
the cubic body and they attempted to simulate the viscous effect after
determiningthe velocity along the axis numerically and experimentally.In the
presentvalidationworks, a visualizationtechniqueis appliedfor the visualization
of the nozzle flow- For the purpose of code validation test, the shock wave
propagation through a nozzle of small throat area is selectedwhere laminar flow
structures, transition phenomena, flow separation line as well as viscous
boundary layer separation,wave propagationthrough the throat of the nozzle and
shock wave reflection from converging area of the nozzle are observed
numerically.The numerical code is used to solve the two-dimensionalNavierStokes equationsfor the solution of the shock wave propagationthrough the
nozzle and this code later has been extended to develop a three-dimensional
code-The dianreterof the throat of the nozzle is 2 mm. The initial total number of
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cell is 10240and the level of refinementis 3. All solid walls of the nozzle are
takenas viscoussolid wall boundary.The upstreamof incidentshockwaveis set
as an inflow boundarycondition, the propertiesand velocitiesof which are
calculatedfrom Rankine-Hugoniot
conditionswith incidentshockMach number.
Shock wave propagationsthrough nozzle are studied experimentallyand
numericallyfor the incidentshockMach number1.60.The experimentalresults,
shown in Fig.3, Fig.5 and Fig.7 are comparedwith numericalresults,shown in
Fig.4, Fig.6 and Fig.8. Discussions on agreement/disagreement
between
experimentaland numericalresultsaredescribedbelow:
- An excellentagreementis observedin the laminarpart of this flow field,
which is shownin Fig.3-8.
- At the moment of flow separation,the point of separationand the
separationline, shown in experimentalresultsin Fig.3, Fig.5 and Fig.7,
havesomeagreements
with numericalresultsin Fig.4,Fig.6 andFig.8.It is
observedthat the flow separationis clearlyappearedin Fig.4 (ii) and Fig.6
(ii) wherehighJevelrefinementis observedalongthe separationline.
- Wave propagationthrough the throat of the nozzle,shown in experimental
results,hasthe good agreement
with numericalresults.
- Boundary layer in different location of the flow field appearsboth in the
experimentaland numericalresultsand a good agreementis observedin
both results.In gird adaptation,it is observedthat the boundary layer
separationline is clearly appearedin Fig.4 (ii) and Fig.6 (ii) where highlevelrefinementis observedalongthe boundarylayerseparationline.
- After the flow separation,an unsteadyflow field appearsand the flow
transitionperiod begins.In the transitionperiod, some disagreementis
observedbetween experimentalresults and numerical results. It may
happendue to flow separation.
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Figure 3: Experirnental photo, taken by double exposure holographic
interferometry;
a shockwave propagatingthroughnozzleat the time instant282
millisecondfor viscousflow.
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Figure4:Numericalresult(i)Numericaldensityfringesatthesametimeinstant
2 8 m i l l i s e c o n d a s F i g ' 3 ; ( i i ) C o r r e s p o n d i n g a d a p tare
i v evisible
g r i d sclearly'
in..whichpointof
lay"r ,"paration line
boundary
slipstream-and
seDaration,

holograPhic
taken by double exposure
Figure 5: ExPerimental Photo'
instant 5l
time
at the
propagatrngthrough nozzle
inLrferometry; a shock wave
millisecondfor viscousflow'
34
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Figure 6: Numerical result (i) Numeri#density fringes
at the sametime instant
5l millisecondas Fig.5; (ii) co'esponding adaptive
grids in which point of
separation,
slipstreamand boundarylayer separationline are visible
clearly.

Figure 7z Experimental photo, taken by double
exposure holographic
interferometry;a shock wave propagatingthrough nozzle
at the time jnstant 72
millisecondfor viscousflow.
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Figure 8: Numericalresult:Numericaldensityfringesat the sametime instant
72 millisecondas Fig.7.

5 THREB-DIMENSIONAL NUMERICAL VALIDATIONS
5.1 Problem specifications
For the purposeof three-dimensional
numericalcode validations,the threegrids is used,which is shown in
dimensionalmesh with turbulence-generating
Fig.9 (i), (ii). The physicalsizeof eachcell beforeadaptationis 5 x 5 x 5 (nutt)
and the initial number of cell is 1985. The adaptivegrids and the selected
turbulentregion are shown in Fig.l0, which are the two-dimensionalsectional
view of ZX-plane.The distancebetweenthe turbulence-generating
grid and the
end wall is 65 mm and in this distance,a turbulentregionis selectedso that there
have no boundaryeffects in the turbulentregion. The longitudinaldistances
()Unt)of any point on the centerlineof the turbulentregion are determinedfrom
gird where m is the maximum dimensionallength of a grid
turbulence-generating
in the grid system.The distance,X = 0.0 nun at the position of turbulencegeneratinggrids.The valueX/m = 3.716is the startingpoint of the centerlineof
turbulentregionand the valueX./nt= 11.376is the endingpoint of the centerline
of turbulentregion. All turbulenceparametersare measuredbefore and after the
shock/turbulenceinteraction in the selected turbulent region. In these
computations,the thresholdvalues for refinementare used 0.16-0.20 and the
thresholdvaluesfor coarseningare used0.l2-0.16 and the level of refinementis
2. Basedon characteristic
values.Revnoldsnumberis 21546and Prandtlnumber
is 0.722.
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5.2 Grid convergence study
Using different level of refined grid:
The study of the grid convergence on the present computational results has
been carried out for different levels of grid refinement and for different grid
sizes.The results,obtainedfor incident shockMach number 1.50are usedfor the
study of the grid convergence.The refinementlevel one is usedto solve the flow
field with coarse grid and the refinement level three is used to solve the flow
field with very refined grid. The results,obtainedfor level one, level two and
level three refined grids, are compared with each other to observe the accuracy
level of the computationalresults and such comparisonsare used to determine
the convergencebehaviorof the presentsimulationresults.The two-dimensional
sectional views of adaptive grids of level one, level two and level three
refinementsare shown in Fig.10 (i), (ii) and (iii). The grid size for refinement
level one is 2.5 x 2.5 x2.5 (mm),the grid size for refinementlevel two is 1.25 x
I.25 x 1.25 (mm) and the grid size for refinementlevel three is 0.625 x O.625x
0.625 (mm). The RMS (Root Mean Square) value of longitudinal velocity
fluctuationsor the longitudinalturbulenceintensity,<u>/U are determinedalong
the centerline of the turbulent region for the different levels of refined grids
which is shown in Fig.11. It is observedthat the longitudinalturbulenceintensity
profile, obtained from the refinement level one, has some deviations with the
profiles for higher refinement level and the longitudinal turbulence intensity
profile for the refinement level two has the good agreementwith the longitudinal
turbulence intensity profile for the refinement level three and some
disagreementsare observed at the position near the turbulence grids. Similarly
the lateral velocity fluctuations, v'/U and w'/U are determined along the
centerlineofthe turbulentregion for the different levels ofrefined grids and it is
observed that there have the good agreements between the lateral velocity
fluctuationsprofiles, obtainedfor higher level of refined grids. Fig.12 showsthe
average pressure variations across the reflected shock wave for the different
levels of refined grids. It is observed that there have the good agreements
betweenthe averagepressureprofiles acrossthe shock wave, obtained for higher
level of refined grids.
Using different grid size:
The utilities of the grid refinement in grid convergencestudy are sometimes
difficult if there have the more deviationsbetweenthe results obtainedby two
successive
levels of the grid refinement.In that casedifferent sizesof the grid are
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suitable to use for grid convergencestudy. Different grid sizes are 2 x 2 x 2 grid
and4 x 4 x 4 grid per cubic centimeter.For the size of 2 x 2 x 2 grid,the initial
number of grid in the computationaldomain is 1985 and the computational
domain is shown in Fig.9 (i). Similarly for the size of 4 x 4 x 4 grid, the initial
number of grid in the computationaldomain is 15880 and the computational
domain is shown in Fig.9 (ii). So it is observed that different turbulent
parametersin the turbulent region are determined for different number and size
of the grids contain in the turbulent region. The lateral planes intersect the
centerline of the turbulent region, are used to determine different turbulent
parameters.Each lateral plane contains several grids and the number of grid
dependson the number of grid per unit volume in the turbulent region. For 4 x 4
x 4 grid, the number of grid in the lateral plane is approximately four times more
than for 2 x 2 x 2 grid. The computational results for different grid sizes are
compared and performed the independencetest of grid size in the present
simulationresults.All the results.obtainedbefore and after the shock/turbulence
interaction, are used to determine the independencetest of grid size. The
longitudinal turbulenceintensity, <u>/U are determinedalong the centerline of
the turbulent region for different grid sizesof2 x2x2 grid and 4 x 4 x 4 grid
and the comparison between the characteristicprofiles of the longitudinal
turbulenceintensity for different grid sizesare shown in Fig.13. It is observedin
Fig.13 that the characteristicprofiles for different grid sizesare simulated each
other and the result indicates the independencyon grid size in the present
computations.Similarly the lateral velocity fluctuations, v'/U and w'/U are
determined along the centerline of the turbulent region for different grid sizes of
profiles
2x2x2 grid and 4 x 4x4 grid and it is observedthat the characteristic
of lateral velocity fluctuations for different grid sizes are simulated each other
and the simulation results are independenton the grid size. The normalized
averagepressure variations are determined across the reflected shock wave for
different grid sizes of 2 x 2 x 2 grid and 4 x 4 x 4 grid and the comparison
betweenthe averagepressureprofiles for different grid sizesare shown in Fig.14.
It is observedin Fig.14 that the averagepressureprofiles acrossthe shock wave
for different grid sizesare simulatedeach other and this result also indicatesthe
independencyon grid size in the presentcomputations.
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Figure l2z Averagepressure(P.,/P,) variationsacrossthe reflected shock wave
for different grid refinementlevels, where the origin, X.=0.0 correspondsto the
shocklocation and )Am --7.6.
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Figure 13: Longitudinal turbulence intensity (<u>/(, before and after the
shock/turbulenceinteraction alons the centerline of the turbulent region for
different grid sizes.
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Figure 14: Averagepressure(P"/P,,) variationsacrossthe reflectedshock wave
for different grid sizes,where the origin, X.=0.0 correspondsto the shock
location andX/m =7.6.
5.3 Comparison with the Navier-Stokes simulation (NS) results
For the purpose of the numerical code validation test, the presentsimulation
results are compared with the Navier-Stokessimulation (NS) results and the
results,obtainedfor shockMach number 1.50,are usedfor this comparison.The
comparison results indicate that the present three-dimensionalcode with
turbulence model is working very well for the present flow conditions. The
turbulencemodel is used to solve someturbulenceparametersdirectly and these
turbulence parametersare used to determine the interaction effects properly.
Navier-Stokes simulation (NS) is also performed for the shock/turbulence
interaction with M"=1.50 where shock wave is captured.The solution of the
Navier-Stokesequationsis used to comparewith the presentsimulation results
and the presentsimulationresultshavethe good agreementswith the NS results.
The longitudinal turbulence intensity, <u>/U before interaction and after
interactionare characterizedalong the centerlineof the turbulentregion which is
shown in Fig.15. The characteristicbehaviorsof the RMS value of longitudinal
velocity fluctuations along the centerlineof the turbulent region have the good
agreementswith the NS results and these agreementsvalidate the present
simulation results.The amplification of turbulentintensity and the amplification
of turbulent kinetic energy level are determinedfor the shock wave interaction
with turbulentfield and theseresultsare comparedwith the NS results,which are
shownin Table-1.
Similarly the lateral velocity fluctuations,v7U and wIU are characterized
alongthecenterlineoftheturbulentregionand it is observedthat the present
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Table-l: Comparisonbetweenthe presentsimulationresultsand the NS results
Incident shock
Amplifications of
Mach number (Presentsimulationresults) (NS results)

Turbulentintensity

1.50

r .98- 2.12

2.02-2.r6

TKE level

1.50

3.08-3.4r

3.20-3.55

computationalresultsfor the lateral velocity fluctuations,v7U andw7U have the
good agreementswith the NS results. The normalized pressure fluctuations
characteristiccurvesbefore interactionand after interactionalong the centerline
of the turbulent region and it are shown that no substantialamplification of the
pressurefluctuationsoccurs after interactionand it has good agreementwith the
NS results.The normalized averagepressure,Pn/P,, variationsare characterized
acrossthe reflectedshock wave when the position of the reflectedshock wave is
in the turbulentregion, which is shown in Fig.16 and the pressureprofile obeys
the shockreflection theory and also has the good agreementwith the NS results.
Even though all pressurevaluesare not suitablefor code validation but theseare
carrying good information about the characteristics of the selected turbulent
region in the wake of the turbulence grid.
The solution of Navier-stokesequationsprovidesthe information of turbulent
kinetic energy (TKE) level in the flow field where the TKE is computed from the
equation,i (r'' +v'2 +w'2) and,in this case,the valuesof TKE are directly
related to the velocity fluctuationsof the fluid particles.On the other hand, the
TKE is obtained from the solution of two equations of ft-e turbulence model and
the accuracy of the TKE value dependson the modeling equations.The values of
TKE obtained from the velocity fluctuations of the fluid particles in the flow
field are necessaryto compare with the values of TKE obtained from the solution
of two equations of k-e turbulence model because all turbulence modeling
equationsare not ideal and it must have some deviationsbetweentheseresults.
The comparisonsbetweenthe TKE valuesobtainedfrom the solution of NavierStokes equations and the solution of turbulence model are determined along the
centerlineof the turbulentregion for M"= l.Jg and the comparisonsare shown in
Fig.17.Using the equation,i (u'' +v'z +w"),

Rotman(1991) computedthe

TKE level in the flow field and it was observedthat the maximum amplification
factor of TKE level was 2.00 in the two-dimensionalcomputationalresultsinside
the Mach numberrange 1.01-1.50.The amplificationof TKE level obtainedfrom
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the velocity fluctuations is compared with the amplification obtained from the
solution of turbulence model, which is shown in Fig.18, and it is observedin
Fig.18 that the deviations between theseresults are 10-20 7o.
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Figure 15: Comparison betweenthe presentsimulation results and the NS results
for the longitudinal turbulence intensity (<u>/A along the centerline of the
turbulent region before and after the shock/turbulenceinteraction.
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Figure L6: Comparison betweenthe presentsimulation results and the NS results
for the normaliztid averagepressure (P. P") variation across the shock wave
when the position of the shock wave is in the turbulent region and where the
origin, &=0.0 correspondsto the shocklocation andX./m=j.6.
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CONCLUSIONS

dependson the throat area and
A good numerical simulation for nozzleflow

theconverging/divergingangleofthenozz|eandthestrengthoftheshockwave
propagatethroughthethroatofthenozzle'Forsmallthroatareaofthenozzle'
ratio will be low. In that case,it is
the flow separationwill be high and blockage
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necessary to select the shock wave strength comparatively high for good
numerical simulations. So it is found that numerical results for higher shock
Mach number have the good agreementwith experimental results. Other flow
parameterslike fluid viscosity, Reynolds number also effect on the simulation
results.
After the validation test of the Navier-Stokesequations,the extendedthreedimensionalNavier-Stokesequationswith k-e turbulencemodel are developedto
solve almost all types of shock/turbulenceinteraction problems. Even though
such type of computationsis complex to get proper solution, but maximum
simulated data agrees with the experimental results, performed by other
researchers.In thesecomputations,three-dimensionaladaptivegrids are used to
get more accurate solution. Due to grid adaptation,the number of new cell,
generatedafter refining operation,is twice the number of new cell, generatedin
two-dimensionaladaptationand also adaptationis happenedin the direction of
the three Cartesian Coordinates. So the total number of cell difference between
two subsequentrefinement levels increasessharply,,as a result, increasesthe
computationaltime. The advantageof three-dimensionalcode is to solve all the
turbulent parameters in the three-dimensional space system because the
shock/turbulenceinteraction effect is one of the three-dimensionalproblems. The
study of the grid convergencetest has been performed successfullywith different
levels of grid refinement and also with different sizes of the grid. It is observed
that all the simulation results are completely independent of the present grid
system. The comparisonsbetween the present simulation results and the NS
results have been conductedsuccessfullyand it is observedthat there have the
good agreementsbetweenthe presentsimulationresultsand the NS results.
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