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ABSTRACT

Speci al relativistic hydrodynamics (eSsRHDy)y, p! :

relativistic flows characterized by strong sl

flows do not generally admitmeanalaytisomadlves sl dto
tudi es. Al t hough sever al advanced SRHD sol v
i mengi3d@nadul ati ons which are computationally

t readily accessibattodfypyrusaucaspeniaal loy ienxr
ch as MATLAB. This study -pmnesdimmsn &ihen adle v&R

(7)) (7] =] o w

Iswesnin ng the finite volume method wHtimi HleldE

o
u
o

reconstructsiwe nvealTihdea tseodl vaegrai nst st andard rel at
nder relativistic conditiodadp.i | Theg tes wlatpst ud
e

f

mai ntaining conservation propertidtshe MWSEL ircea

atur es, i ncluding shock waves, rarefaction

di ffusion inbedentschédme. fi Mesh sensitivity a

the influence of spatial and temporal discret

The vadoldwade ragp pteorees i mul at e r el awhiivcihs tsihco weedt spor
ability tobeatapteasesyeh as collimati on, bow s
Parametric studies on Lorentz factor, densit
influence 0% mud@mtdymamaglheipirowved sol ution accu
comput at iTomeal d ecwesltoped sol ver provides a com
framework for stedghdgcapl bhei Vusdmaeerm éxiveane =

mul ti di mensional applications.

Keywa$paeci al Relativistic-Viy dirmedyVvea rhRoads h sNidriwlt B,
Met ho&I| asMUSWalLv,e ,Cour deaatt RPmuonbagati on.
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1l NTRODUCTI ON
1. Background

Fluid dynamics prepkeems cowmpressgblhé ghl ows e
phenomena | i ke shock waves, rarefaction waves:c
These features are commonl y eniccoufnltoewse darien dree
higpeed fl ows approadsi nhgethbuspgemdves WwWightt

t hat of | ight, eaftf amntdse.r glore ss wceh acta sveiss,t iucnl i ke
momentum and regenmr gtyr aateted oi hdependently. They
and internal ener gy Andleyczti nngo neencthu ma tfrlacmvs pios t
classical fluid dynamics hence requiring exte

governing equations for the study of relativi:

t o mament mm and ener gy conservation.

Some of -kinfoevnwelxla mpvieelsocaft yhifdmws are relativi
systems such as actiirweg dalrasdtsi,c m walogiu,asagamm
energetscwhich develop complex flow structur e:

as they interact with the ambient environment

I n order to study the relativistic behaviour
used. SRHD, GRMHD, SRMHD some of the commonly

the classical conservatoonnebudeiompsadbf vibtuid
flat-tsmacér amewor k. Here the governing equat.
solved using a numeri cal met hod. The analytic
hence makmergi ¢ dle model ing even more of an |1 mpc

fluid behaviour.

The dHdhmeasi onal relativistic simulations requ
result  dimednscoadal model s whi ch have | ower C
studying the fundament al ch8vuabt emoidetl scsal & owl

investigation of the evolution of flow variahb



I n t hitshree duddignde nsi onal speci al relativistic h
mod el the propagation of rreluantd evri sdii fcf greetnst ic

resulted by varying parameters | i ke Lorentz f

1. BZpeci al Rel ativistic Hydrodynami

Speci al relativistic hydrodynamics is the stu
momentum and energy in which the velocity is
per the principle of special relativity.

SRHD provides a framework for rekdsuaddobditgica ms.

When fluid flows reach vel ogiotvieesni angmearuakbli e n

applied considerilnng trheilsatf oi muli &t ieofnf,ectlse co
mo ment um, and energy are modified to incorpo
vel oclihtei goo.ver ni ng equations are typically wri

solved using numari tal theesbnugedsi si mobmput at.

Unl i ke gener al relativistic model s, SRHD ass
gravitatiThrea¢gmetiectsel ds are also neglected i
These assumptions simplify the physical model

fluid motion to be captured.

1. Probl em Statement

The relativistic flows are highly nonlinear, with shocks, rarefaction waves, and contact
discontinuities forming as the jet interacts with the surrounding medntaining solutions for

such fluid dynamics, even under SRHD, is difficult. SRHD equations alone are not capable of
obtaining the solutions requiring additional support like the ideal equation of states and iterative
approachesilt is difficult to study the full behavior of theelativistic flows without numerical

modelingas limited aalytical ®lutions exist

Most existing studiesre focused on threedimensional simulations which are computationally

intensiveleaving reducedliimensional solver frameworks underexplor&tiese are focused on

2



imitating astrophysical outcomesther than the numerical methadsplementation on simple,

student friendly tools like MATLAB which can contribute in educational and egaey research.

1. Motivation and Mechani cal Engi ne

Relativistic jetsare typically consideredn astrophysical phenomenagwever,in the field of
Mechanical Engineerinig can be treated as a higpeed compressible flow probleRelativistic

flows involve strong nonlinearities, shock waves, high gradient®f pressure and densitiat

are commonly studied in computational fluid dynamics (CFD) for engineering applications.
Developing aobustnumerical solver for such flonsan helpstrengthen understanding of high
speed compressible fluid behavior angprove skills in numerical modeling, stability analysis,

and solver implementation.

Unlike 3D models, educeddimensional simulations offer a practical way to explore the
relativistic behaviour of th8ows without requiring excessive computational resourcesaid

2D modelanake itpossible to tedifferentnumerical schemes, validate solvers against standard
benchmarkproblems, and analyze howertain parameters affect flow dynamics. &lentire
processrom solver development to the study of the effects of key paranpetesisies insight into
relativistic fluid dynamics and at the santiee reinforces concepts used in classical CFD and

high-speed aerodynamics, which are central to Mechanical Engineering.

Hence, he motivation for this studis the consequence of gap in sol@cuseal research for
relativistic flows and the provision of a link between advanced fluid dynamics problems and
practical engineering analysis, which alloMechanical Engineering students and researchers to

apply familiar CFD tools to extreme flow conditions.

1. Dbjectives

1. 5Maihbjective
To numerically model the propagation of relativistic jets using reddeednsional (1D

and 2D)SpecialRelativisticHydrodynamics.



1.5Speci fic Objectives

a) To formulate the conservative SRHD equatiand numerical methodsr numerical
implementation.

b) To develop andalidatea 1D SRHD numerical solversing standard relativistic test
problems

c) To extend the solver to 2D SRHD for simulating relativistic jet propagation.

d) To simulate the relativistic jet propagation into an ambient medium using the 2D
solver.

e) To analyze the effects of key parameters such as Lorentz factor, density contrast, and

pressure ratio on jet dynamics.

1. ®@cope of the Study

This study focuses omumerical modeling of relativistic jet propagatiarsing reduced
dimensional SRHDTheLD solver sergsas a foundation for validatiorsa we | | as the
extensionto2D. The study analyzekey flow features such as shocks, rarefaction waves, and
contact discontinuityalong with theeffects of parameters likeorentz factor, density contrast,

and pressure ratio

This work is limited to reducedlimensional SRHD models Analysis of gravitational and
magnetic effects is beyond the scope of this study. Algdlyahree-dimensionals not included.
The resultobtained through simulations ai@used on understanding solver performance and

flow dynamics rather than replicating specific astrophysical environments.

2L1I TERATURE REVI EW
2. Rel at Fvpwsi c

Rel ativisticsgdead dsompreeshiigph e f |l ui ds wi t h

rarefactions, and | arge gradients in flow var

N

S

2]Rel ativistic flowsneygycastyopbgsrcah phghom

gammay bursts ( GRBrsay, siumpealrhresysy ,aexehich i t stror



rar ef accotnitoancst, diasncdo nd o mpuliegx esnteractions with

Studying such complex fluid dynamics while ca
of classical fluid dynami-deswt drhiuan regmp ut atgi &
I i ke S R HHD, (GeM er al Rel ativistic Magnet ohydr
Rel ativistic Magnetohydrodynamics), and rel at
Il n order to reproduce the physical phenomena
structures, mo s t st uldi]e Al taldeaypgh 33IDD sginmmd laa ti ioa
phenomena more accurately, the comptujt.atAtontahe
same ti me, reduced di mensional approaches i

capturing essenti al features of relativistic

mor phol ogy without tffhe need of huge resources

2. BZpedReb bt Hydsbdgnami cs

Speci al relativistic hydrodynamics (SRHD) is
that deals with fluids exhibiting relaivist:i
SRHD studies these relativistic fI|Mitmndkdwsokwis
spacemhimanaocrpeaciemer vatllihe fl at spaceti me assun
simplifies the mat heghectnhg famgroaviihteyo 8 RB p d
foldrewativisticwbaeahmsesvahieonuhadashent al princi
momentum and enebLoyen$RHD raasmdtéhogg oeagtuiaotni ons ar e
Lorent Zhd agawer ninfg SRHBtnomisi near and hyper bc
|l eads to compl ex Tvoaew edfbotra ie e ¢ umowrse rsiocl ault i on,

robust numeri cal met hf9ds and solvers are requ

The SRHD equatsitoundsye uaddptadt hr emm OERBt awlh @ sd etdh e
detailed formul ation Tdred s¢ et iewna toif o r5§ RHDNn elmas aft o
an equation 1lolf,] sitdathe (HO©S§) bas EOS is wused,

specific enthalpy with adiabatic index.



2. Pevel opments in Relativistic Hyd

Early studies on SRHD were focused on relatiyv

of modern SRHD equations, devel opment of benc
hydrodynamics met hods. I n thers97 Eu, efames SRH
employing artificial viscosity techniques to

devel opment of stabl e -snpueneedr ifclaod wss.i nGua rayt i A0.n sSS 00c
finite differencehaeanefbddshaoaki puksebheststas :
validating hydijodwWmamiic acnaddéeg | | 2r introduced
relativistic f 1l owasbeinc hintis@hdotcukp e iod® hldlmes claartee r , t |
al so devel opddméemsi ofnarlstSPHDE code empl oying

establishing important 0]s.t alnkdeairrd sc d noprr echoednes ivvael
updarudd i pl8ed t wmes h[ f ur t h erre ssou nun acraipz egdd BhSi §9) h

met hods i n SRHD. Similar |l y,i aspipg noiRiiircaasnetinvceornst r i
anfdl uxeabmedschneilferamldt Widoe .adapted the relati
algorithms specifically designed for SRHD, or
(1983) for clasYicalnhydeoddymmami es §ll. develo
Eul er equations, prese@pPvi whi contMaginodies aont iBr
relativistic ffl @oawhki eavwwitihg t hlearaper &t es&luut hen mo
Mi gnone and Bodo presented an extensiinoun toif t h

di mensions suitable f2Ir a gener al equation of

I n the early 2000s, schemes | i ke toosti vaai at
(ENO) met hods8 weZkangvenadvVpdradcyen he rel ati vi
(RAM) <code, itonmtdegr ateiimgd t fea$ tetsisleanttaray | (YWEN®) s
HLL fluxes and adaptive mesh r-erfdeare Mm@ DO hAMR9
AMRc apabi2Ri t iSR#HD[ has significantly enhanced a:«
Upstiteamer ed Schemes sf)or who ncshe rrveadt u coens Lnamme r i
mai ntaining stabi2BtyMUd®@L -kbWs mstoelt omRIndaresr gcc
achieversdeecronsdpati al accuracy in smooth regi ol

the Entropy Limited Hydrodynamics (ELH) sche



hybridization -of deam wvwrhiclmee e dFhrhikeddler | fcjhss tmet h o
Il n 2015, Mar t 2 and M¢l |l eebasgpadvindmer iamalo vmee tvh
relativistic hydmaogdnyentaorh ycds¢( B(NRADD)naiantd® ng wi t h F
progt @amsnptulteex ascotl ut i on ofprobiéeRBHBmMAEaen mul at elD
RMHD fil @avrst esi an c o o-04l haeratt erse |[[&3t]i.v iSsttaitce hydr od
as PLUTDO, At hena+havwe dd vWwhioplyhTcHbQ peg at et ya o f
Ri emann solvers, |ike HLLC, HLLE, and exact s

to achieve unprecedented accuracy and efficiel

including classical, dmdadivdlstri el &tgipwiodtyina,mi ars
2. Numerical Met hods for Rel ativi st
The numerical solvers for SRHD equations are
as the finite volume method (FVM), smoothed p:

met hod (FDM), etc. FVM met hoappildoXiemahe Rxaman

compute flux at the cell interface by sol ving
numeri cal solutions of hyperbolic conservatio
sol ver provi des mmoprlee xa c csulroanceyr,, iatndi scoen@ ut at i

approxi mate Riemann solvers such as Harten,
(HLLC), arkd nHlel dand HLLE), although not as acc
and efficient and prld4, dle7 rjob&8,st2 &, ux9 eval uat

2. RedubDedensi onabRbdbdel vngtic FI ow

1D solvers are commonly wused for building the
work as validation tool against standard test
Once validated, the 1D solveg rctahatieviexttiem dje:
scenari os, including jet penedamdtiimtner adtoickn P

medi um.



Redudiemensi onal model ing handles detailed i n\
stability as wel/l as parameter study all whil

model ing [3, 4].

2. Research Gap and Motivati on

Il n relativistic hydrodynamics, whil e many st
solvers, only few studies undergo solver deve
20 8,. 1Mgdst works are prioritized into astrop

met hod analysis, handeCF®aanppli6gaTthBi dsn shoadse | ci rnega t
in reduced di mensional SRHD research.

In the field ofMechanicalEngineering relativistic jets can be treateddgh-speed compressible
flows, which allow the application of CFD techniques to study extreme fluid behavior. Developing
and validatinglD and 2D SRHD solverprovides a platform to understameélativistic fluid
dynamics as well asolvel6 performance, numerical stability, and the effects of key parameters
[10].
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This research, aimed to study relativistic je
with the formulation ofamrbbhemvetht emmeatur €o
and numerical Wolkthttbatt éebleniggwvesni ng physica
along with selection of appropriate numeri cal
Ri emann Thel cemputati onal i mpl ementation of t
MATLABhe numeri cal metthh ofdi rwsats aanpdp | S eecdomwdi or der
building 1D SRHD solver. The developed solver
tests provided by Marti Amdndlotridest almdadeglt onhk
reconst r ufcittitoinn,g orneec o n svtarsu cetlieocnt ealp ptrooamthve f o

expansion of the solver into two di mensi ons.

The validated 2Bdpaoabtved wad AGdaphed for the
circular bl ast wAfveempnmpocgstsi mrgo @aglatriecsmu.l t ana

concluded with documentation and thesis writ.

3. Loverning Equation$oan&RPADbysi cal
The 1D and 2D SRHD equations, closed by ideal gas equation of state, are formulatedive s
evolution ofideal relativistic fluid inMinkowski (flat) spacetimaneglectinggravity, the magnetic

field and viscosity.

3.2P0Li miVarveabl es

I n SRHD primitive variables are the fundament
behavlihoewr .t el | what t hTehefyl vairde:i s | i ke at a poli

Densyi ty:
Prespur e:
Vel ocity obtmponent s:

I 4 D

10



Co 0

3.2AQxiliary Variabl es
Thauxiliary variables are necessary for conver
computing fluxes in the solver.

Lorent:z factor

|l teskcri bes the relativistic effects that appea
' i ght .

p ée (1

Specific enthalpy

| epr esents the total e ner gnya scso netneenrtg yo fa ntdh ei nftl
lts given by ideal gas EOS,

n 3 p"1 e (2
Wher e,
Specific inpternal energy
T % ¢
Al so,
Specifigc enthalpy
Qi g ¢ ™
¢o p —- é (5)

Wher e,
d=adi abat(i5d 3i,n dd 3)

11



3.2C8nserved Variabl es

Primitive variables |li ke density, velocity, a
ensure the conservation of mass, momentum, an
This conversion is essentimloff offl X eddvhien atnide
primitive variables descri be onlsyhdivihe hmwchal ofs:
mass, momentum, and energy exists per unit wvo
O ~ ""'00‘ 1
Y ey é (6)
T v ,, "™V
T U@ n " o
Wher e:
Oi 6onseremadlss density
YanWarxangcomponenmnins emfmedtdmmsi ty
tis conserved energy density (internal + Kkinet

| A DY 1

3.2Cdnser vatQfveSRHD m
The primitipwe vadoi abtl esngure conser viagntaee i n n

governing equations are expressed in cldhreserva
equati oshadwsmasbe moment um, and energy evol v
domain. The change within a control volume oc
cel | boundari es.
| 2 D:

T 1T Ta¥ é (7)

ro T T o
wher e,

12



FU)= f Ixdx riect i on

G(UWY) flydx riecti on

| 4 D:

' 13 7 é (8)

—. ——— I

T o 1T w
3. 2Efuation Of State
The system of SRHD equations is c¢closed with a
used, relating pressure, densidy,gianansipyeckEdua
3. Numerical Met hods
3.3FLnite Volume Method
FVM i s an excellent numerical met hod with an
equatUnodresr. FVM, the governing equationanare wl
the computational domain is disc.uTee i eedl|l it @n
the conserved variables in each celll i's deter

the cel |IThinst-bketr5f eagt efsar mul ati on ensures strict
and energy atl ,t hmakdinsgcriett epdretviecul arly suit al

simulations involving discontinuities.

3. 3FRuxes
I n SRHD, f ltuhcpuaapgiméaysnt snoment tmhkt ows emfergygh

boundary of a small control wvol ume

Ma s 9 :u x

't gives tmaet haamowsrstesoft he i nterface between 1t
cells per unit ti me.

13



Al ondgi rxect i on; e (9

Al ondgi ryect i on;
T (6])] e@ly
Mo ment um:

Al ondgi rxect i on;
3 YO N e(l}
1 “Yu e (172
Al ondgi ryecti on;
3 "YU e (13
T YO N e (1)
Energy:

Al ondgi rxecti on;
3 O o e(lbd
Al ondgi ryecti on;

Tw 10 no e(lp
1D anaOmlgyierrecti on fluxes used.

3. 3HBLEpproxRmamann Sol ver

The HLLE solver is an approximate Riemann sol
interface between neighbouring computational
generated by discontinuities i nrotbhlee nf |eoxea cwiltyh
met hod i s widely usedabsni t erpabows/tdreass sc, ahlsysdonpldiyc
has atbhé ity to capture shocks and discontinuit
compl exity of exan@atk i Rgemdanncosnpluxtants onal ly ef

relativistic flow simulations.

The HLLE solver computes numerical fluxes at
To estimate wave propagati dmolilmwielgati vi stic
14



Rel ativistic sound speed:

ldet er mines how fast small pressure disturban:

! é(Ly

Characteristic speeds along x and y direction

The wavearseppeeedsse nt the fastest and sl owest S
mo ment um, energy) <can travel tho odigleys e hespééed:t

combine the fluid velocity and the sound spee

change in one cell influence neighbouring cel
L © e}
= P LW
L ey
= p LW
Fastest signal speeds:
These are the bracketed signal speeds w@sed by
values on both sides of a cell i nterface to r.
t he | nTtheeryf aecnes.ur e t hat all possible signals (r

interface

|l =di recti on,
i e 2P
s it e @21

|l gdi recti on,

15



I ET_fh fht e (22

I Ag rh fhr e (23
HLLE f I ux:
The HLLE flux at a cell i nterfageing sompat ed
(W an@d) and the conserved variables on the | ef

solution to the Riemann problem by averaging

without solving the full problem exactly.

The HLLE fdmnddiyr esatrde®owmean by:

w3y W3y VO F F e 22X
JHLLE R
and,
THLLE R R

| A DOnixygi recti on (Fuodeeursbeadc.e f | ux

3.3CEL Condition

The CobBraetirewyhs( CFL) detoenrdmitneosn t he time st er
Ssimullagnowmres numeri cal stability by restrict
single Theneesxeepti on of t@RL it ed ovrawer ¢ t$m omeoet S U rgan
across more than one computational cel | i n on
the maxi mum all owable time step based on the
domai n. For stabil usykefehes Coluamanl, nember i mg

met hod remains stable and accurately captures
The time step is given by:

2D:

X v W ORW W e@25p
wo CFLA& Qaw—‘*hw—
’ Whna xWna x

16



1D:

w0 CFpr(b ¢y
ax

Wher e:

) Goahdh over all interfaces (largest wave s
CFkEl(for stability)

3= cel | ravi dée dit i on

30 cseplalciydgriemt i on

|l n -d wmensi onal simul ations, the time step mus
directions, which is whyxanyllé rmictii mnm V&l cdhole

3. 3FbnVYdleume Ti me Updat e
Il n th®of umet emet hod, the conserved variabl es i

accounting for the net flux of conserved quan

The change in the conserveddgbgntihtey dwif f eir @ n
incoming and outgoing fluxes through its boun
moment um, and energy is maintained in the num
2 D:
o 30 ) 30 é (23
Th Th 3~(b=| Th 3 71h 30 0 7
Th 71
1D:
. 30 €29y
T T S 7T 17
Her e:

17



= = conserved variables at the current time st

=+ = conserved variables at the next time step
3,7= nhumerical fluxes in the x and y direction
"M indices of the computational cel |

3.3P6i mitive VarTiharboldeg hRid@mpMharoyw r at i on

As the SRHD 4#4qguwa&wirpntmstmere variables cannot |
conserved variabl eeiRaphidhenm ef beeat iaveNemwdtomod i
pressur e. Once the pressure is obtained, t he

vel ocetygomputed from the conserved quantities
Residual function for pressure

o "Gt R O T 63D

Define unknown:

NewfiiRaaphson iteration:

g : Qn e @1
Qp  p o

n

3. 3D@&rivati veBRafpars ode wttoemr ati on (1D Case)
Vel ocity derivative:

‘ Y

T 0o
Qo Y e 32
Qn Tt o

Lorentz factor derivati ve:

Q6w ., QU ¢ (33



Density derivative:

, ©
)

Q" 006 é (3

Qn & Qn

Specific enthalpy derivati ve:

y 3 N
Q p 5 "
'aQ 3 p NQ”
,Qh 3 p ” ” 'Qll]
QQ 3 p nao é (35
Qh 3 p T OQA

Derivativeun€ttreni dual

an T Tt n O

QQ  .Qwn . QQ é (3P
oy ® %on Goy P
3. 3C8nver @heenccke
Convergence is declared when the relative <c¢ch
becomes small er than a pRephsgdrbeidt drodteirams ecor
chTQp N s e @3Y
S -
i 2P

Wher e,

Ut 61l er aMcge)was lteken for this study.

3.3Spatial Reconstruction Scheme
In its simplest form, the solution in each <ce
order scheme. Even though stabl e, the solutioa

which smears sharp disconttagittidesconmthnast sk

19



t he spati al accuracy and reducaesahhegbtesireeaar i n
reconstruction technigonstdésmdulmc agswalkte |Iwi tMUS

each cell, a linear variation of the primitiv:i
right states at the interface i +1/2 are compu
p CHER:

T T KT

p e 3Y
LI L

WheVYieepr @ haemdtiser pigienthv af vabl e N e/@tVioamV, i ranae lal
slope | imiter function used to prevent spuri o

interf gcengtatest hen used aRi e mspountvsermml Biyhien L

MUSCL reconstructi on, -otrhdee rs cahcecnuerr aacgyh oiensy essmwusaetich
sl ope | imiter ensures monotonicity near shock

i ntrodughygi maoln oscil |l ati ons.

3. B0l ver Devel opment

3. 41 BRHBol ver

The devel opment of @anhevi b lhmerhiec almpdlelimeears ab@ah
Speci al Rel ativisti oEqHiyadri mdhy nbAMILASB . ( SvD)s o |
formul ated in conservativevbbumeahdamewoelkeaohn
comput at iAdnalt hger i dD equi val ent equations fror
foll owed by HLLE flux to primitive variabl es
building up of Bhohe hl1Di ERHD argedcl ognesict.onudc t o rochesr we
separately into the solver with the aim of ac

20



A 4

[ Initialize primitive variables (p, v, p) ]

A 4
[ Current time step; t =0 ]

A 4

[ Apply BCs on primitive variables

5

[ Reconstruct and convert primitives into conserved states (D, S, 1) ]

A 4

[ Compute a+ and a- ]

A 4

[ Compute HLEE fluxes at the cell interfaces ]

A A

[ Compute At ]

[ Update conserved variables ]

[ current cell, n=1 ]

rl Newton-Raphson iteration on n™ cell

Pressure converged with tol < 10~
AND iter = 507

=)

Yes

¥

[ Recompute p, v ]

Is n = last cell?

Final time reached?

Yes

h 4

[ Post-processing ]

Fi gFéowohtahBeRHDo | avlegor i t hm
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TheDol ver devel oped cievil IATIf ABfi dtemlviod muenea and

a structured computational procedure from ini
as 1| | usltorwectheddriug 28 r Dhme sol uti on Dbegins with tF
vari gl ppovyedimememonal i zed computsateipgpnaillg d mm
starts, boundary conditions (BCs) are applied
cells. The prnmibhevehyaircabl el |l s are then tr

(DSU) o evolve the system usingntbaeseooberhatse
MUSCL reconstruction, only after being recons
primitive variables trBasddraoredt hetloefctonasred vrei
and the -Aandt-gegh¢ ewa vied)s p aehdésl Hixade® mp attad h

ceilnterface. The ti meapspremprataties Qaguradaretd rusmng

variables are subsequently updated in each cel
vari ables update is foll owed by gRraiprhistoinv e twa rai
met hodng stohlevinonl i near relationship between co
resi dual function is used for the i1teration p
has finally converged within itrhiet ipwree swar iteaol lee:
and velocity, are also recovered. The recover
cel |, and the iteration continues til/]l t he | ¢
primitive vadroirabdaecsh pteirnse sdtsep unt il t he fine

reached.

3.42P SRHD Solver

The 1D solver after its valida2Degniwas$ eaxt endoe
o SRHBILLEI uxfi mindeu ppdodMuémPes o1 ver presented comp
of both piece twMBBClconstanst@awmdti on, 2D solwv
MUSCL reconstruct itoon em st-thr dse hoipgep d.tThnaiDtQiRitdz u r a c )
sol ver t hsedmese s a@aimput at i on alhl®aslog pdreiniohnns tarsat ed b

f | owtc Hiawgr?2e.

3. 8%alidation Techniques
To check i f the developed solvers actually s«
solutions free of weutrest edMagrat hfamdt sM¢ |l it lee Vs

22



rel ativistest H18¢gaTsheesvavvael i dat i on sdrmgler ipdi@ysolav
integrity, robustness, accuracy, reliability,

rarefactions and the relativistic behaviours.

3.5R&l ativistic Blast Wave Tests

The developed 1D and 2D SRHD solvers wunder wer
from Marti and Mull er-BDsamel Tadlshtei sttmer bcast swé v
from the application of t hesthkesodl ngtaioddn tt eests an

in order to assess the numerical stability, r

3.5R8l ativistic Circular Blast Wave
This particular test case was I mplement-ed sol
pressure region which generates a strong sho
ambi ent medi um. Rel ativistidcd cailracgdlyarushkelfardt tw
solver s capacditmeni craplt useowndnud gdopagealy omai |

symmetry.

3. 5EBror Nor ms
To quantitatively evalsuattlee tdief faecrceurr caec yb eotf w et ehl

referencwasormputieothsusi ng standard error nor ms.
Three error measures were considered:

L nornmverage absolute error . acros
L nor moot me an squar e error . acr os

LP nomanxxi mum absol ute error

b “6n 6 368G ew@p
h
‘ e (4]
0 6 05  3GBW
h
0 i Ao orp ~ e (4?2

Rel atively snaarld deesrnodre dvaatleu etshat the solver a

benchmark solution.
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4 RESULTS AND DI SSCUSI ON

4. 1D SRBEDwati dati on

The SIRHBPol ver with the HLLE flux scheme was a
Courant number 0. 4T hadida bfatniad ifineé@me® gsmeesps g0@ h4d. ia 8
to an i deal relativistiThoefliaidiiah whilsdlonti @lua
centxer 0( 5) of the comput at-groadil endto m@ao ut f[l0o, W)
conditions imposed on both endsbeddaRma,nk tti e@d
proposhadr tlFy anads eM¢d tliewi asv@rco bl ledikstsd wd2 f Toers tt h e

validation of the developed solver.
Tedt

Left jst &BefP 13. 33

Right)=slvalpe1®

Te-at

Left jstédasg g0 1000

Right)=stOatlef= 0. 01

4. 1Chnservation Verificati on
I n the developed 1D SRHD solver the -iwmerne al o

applToedverify if the solver follows the rel at
moment um, and total energy deviations over t |
Fiug3®eShows trelative drift in mass remaf'fed at
which indicates excellent mass conservation pi
oscillations ok®eseedat non haproimsnet soffrboune dfrloorast i a
accumul ation of numerical flux differences an
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Mass Conservation Error x1018

on

T T T T T T T
g” |
=]
5 L 1 1 1 L 1 1
0 0.05 01 015 02 025 0.3 0.35 04
Momentum Conservation Error
300 T T T T T T T
£
§200'— =
£
£ 100} -
=
0 1 1 1 1 L 1 1
0 0.05 01 015 0.2 025 03 0.35 04
Energy Conservation Error x1018
0 T T T T T T T
5-10
[1h]
i
o 201
30 L L L L L L L
0.05 01 015 0.2 025 03 0.35 04
t
Fig&reConservatiaon error over ti me
Similarly, the total energy sHdWsi @ behagvismal d
attributed to numerical dissipation i-ohdeent |
spati al reconstructi on, and iterative errors
overall ener gy ciotnhsienr vaactci eopnt arbelnea i nnusmew i ¢ al [ i n
momentum shows a small |l i near i ncrease over t
conservetiremsudds eidt biy the use of outfl ow bound
is effectively open and the momentum can | eav
net change in total moment um. The iompelreamd n tceodn
finite volume scheme maintains the relativist
4. 1S@8l ver Validation Against Benchmar k Test Pr
Fiug4di splays the primitive variables profile
compared with the reference solutions of t he

25



probl e+hs ,(tDepstpaRel(pboando mMeoatmeloy poTeadtes moder :

condition3 wbnsiesfTesvof strong relativistic col

Relativistic Blast Wave Test-1: HLLE

— Humerical
B -—-act [

a) Te-dt
Relativistic Blast Wave Test-2: HLLE
15F T T T T T T T ¥ =
— M UTETICE] f
= = = Exact |I
1 = 1 7
= I|
05 I: i
[
0 I 1 1 1 1 1 1 T —M:\_
0 01 02 03 04 08 06 07 08 09 1
1 T T T
08 ! -1
Numerical |
06k = = =Exacl 1 h
= I
04 1 .
|
02 f .
0 1 1 I I I L
0 01 0.2 0.3 04 05 08 0.7 08 08 1
1000 T T T T
800 -
800 4
a
400} y
20 4
0 Il x t L ol
0 01 )5 06 07 08 08 1
e
b) Te2t
Fig&Pei mitive variable profileslfameSpecti al Rel ati vi
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Both the test pr-gbireagnse fcaccrts ioad vaorfd) as Hreeddht ar i

—

he strong initial pressur e di spcroenstsiunruei trye gtihoe

Sshock propagatiporestsawar d egh®nhi dAh s osb et weoent ac

—+

he shock and rarefamhbeengdensestultbegnframfrtrhiee

unli ke momentum and energy, whichHewédespk con
2 represents a more challenging scenarp/® with
= l.MU)dsuoclondition, reloméei mosei prehbectcedbaad

significantly mor e s eanssictainv eb et o dgume rni cFa lg udrief

The numeri cal solutions of the solver are in
at the solver's accuracy. This agreetennh Tabfle
1, providing quantitative evidence of the sol v

rel ativistic bl ast waves across both moder at e

Tabll eError normrmderf dmpifeicreswti se conslt amtdd . Treesdonstruct

Tests| Error N } v p
L p8ugipA| p8uFxAl p8capA
Tedt Lo o8 wmpA| x8o@mxA|l c¢81HPA
LB 08couvA| o¢8xmmmA|l p8opwA
L ¢8taygA x8oa@mxAl p8pgpA
Te@t Lo p8papA|l c8tmmpA c¢8c¢xcA
LB p8umeA| wsymmpA|l p8cxcA
However, d voer dtea tshpeatfiiarlstr econstruction, the s
di ffusion. This is particularly evident near

density and pressure prodeversalargrinbtdelelad.l yT

being inherently diffusive, further contribut
regions with steep gradients. As a result, pe
predictednt aacntd stuhref accoe i s poorly resolved. Th

better agreement with the exact solution peak

density ahlde pmemesruirceal darfdeirsiroec aruset rt woc tfiiars tn
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n order to

of a sedendreconstruction scheme
SRHD probl ems.

4. 1MBSCL Reconstructi on

Relativistic Blast Wave Test-1: HLLE + MUSCL
T T T

10 T
— Numerical
8- = = —Exact |
6 -
<@
41 .
2 i B
0 | 1 | | | | | | 1
0 01 0.2 03 04 05 06 0.7 038 09 1
08 T T T
06 - = = Exact N
I
=04 1 -1
[l
0z} y E
I
0 L L 1 1 L 1 1 L L
0 01 0.2 0.3 04 0.5 06 0.7 0.8 09 1
15 \ T T T
___________ Numerical
N \ - — —Bxad
10 ~ u
\
[=3 .,
n -~
5k ~— —
——
~——
) ‘ ‘ | | ‘ ———————————— |
0 01 0.2 03 04 05 06 0.7 038 09 1
X
a) Te-4t
Relativistic Blast Wave Test-2: HLLE + MUSCL
“r ' = ]
J——— n
1 n -
& 1
1
05— I -
|
o | | | | I | T |
0 0.1 0.2 03 0.4 0.5 06 0.7 0.8 0.9 1

08| Numencal U .
— — —Exact 1
06— 1 i
B 1
041 ' N
l
021~ i -
9 ! | I I 1
0 01 02 03 04 05 06 o7 08 09 1
1000 T W7 T T
w0~ N 1
600 |~ e _
a N
~
400 = \~- -
——
00— 4
o I I I I B i e e L L
0 01 02 03 04 05 06 o7 08 09 1

b) Te2t

FigbrePrimitive variable profil els afnodt Tapsetle i MUSREe| @sli op
Il imited) reconstruction.

The | i mitadrn dears rodc ofnisrtsrtucti on were addressed
sl dpemi ti ng approach. 't enabled more accur at
interface by reconstructi ngnmpiuda@adwiosnell icreddr.

the primitive vaureabddoptofMUISCLf remoRsgructi c
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Fiug esebem t o
precisely,
Spuri ous

have maintained stability
and captured the rarefaction,
oscillations due to the

near d
shoc

i ncorporatio

Tab2t eError Tredn mBetkdtolbasedorsdeecromdeconstructi on

Test Error N | v p
L 181 A | 18whwA] o8ommA
Tedt Lo ¢c8pmpA| 18patgA p 8 AP A
LB o8pyxcA p8oatpAl p8mTuLA
L p8oatxA| p8tamgAl oc8upuA
Te@t Lo p8n@ampA| ws8xadmiwtAl p8momA
LB p8omoeA w8 xmpAl Y8ucwA
Error norms in Table 2 show reduced errors,
i mprovement in the quality of numerical sol ut.
with reference profiles. Furnhéimame )| yTakelce e
primitive variable due to-l MUWECh medensatelbgti
conditions, MUSCL reconstructilbear wars maper @X if «
oy pP across all prsitmiotnigv & eV anZi,a bslhdgoswes Tsaege,i fTie
reduction dmdwwalnac ippyedygshurwvehi | e density showe
moder ate i ommp8)okelteinst i(s because velocity and g
gradients and strong discontinortdeesrandn®ein:i
whereas density errors remain influenced by ¢
The redizerirom i comparatively smaller as it
errors near discontinui toiredse,r wheiccom spterruscitsito nev
even | ower iLmMpoomemennhcenit i s governed by th
occurring at shock and <contact di scontinuiti.
magnitude jumps, | eadi ngr der hg glhwetri opnesa,k wehrircohr
reduced with MUSCES3)YReolll saar@dBaitl@ ro2T)e(stl n contr
vel ocity profiles ar e comparatively smoot her
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consequently | ess pBafooru-hTceamaBdofiFonp 2HevsetmEe n h o (
nor m.

Tab3* ePercentage reduction in error nor msoradcehri esvcehde nbey. |
Test Error N 1 (%) v( %) p( %)
L X T8 @ oyY8ao Pw8
Tedt L2 T80 T 08X VP8 w
Lb p8w p 8¢ go8X
L ouv8ao PYm8 w ORISR0
TeR2t L2 e8uU VW8 Y VT 8X
Lb po8coco n8ao 0C¢8w

While the HLLE scheme provided a stable and
t hough computationally complex and expensive,

enhanced agreement with the benichtmaag kc srod iuttii ar
4. NumerSemdi Anavlitsyi s

4. 2Mésh Sensitivity

Relativistic Blast Wave Test-2: HLLE + MUSCL

1000 e

I
N -

a) ¢marel | s
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Relativistic Blast Wave Test-2: HLLE + MUSCL
T T

T

06

04

1

1000

o7

[ —
bl

800

400

200

b) wmaertel | s

07

0.8

0.9 1

Relativistic Blast Wave Test-2: HLLE + MUSCL
T T T

c)c¢mmmel |l s

Blast Wave Test-2: HLLE + MUSCL
T T T T T T

o8 1

o 1

d) rmmcel | s

ePrimitive vari
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For the analysis of the effect of grid resoluwu
me s h, 200 gri ds, 800 grids, 2000 grids and 4(
di fferent cel | number s, iwerll getile wan deedrT ailgdti S\QL
reconstruction for better comparison. While t
captured even at |l ower resol ut iuamgs ,6® hianrcpreenass i ti
resolution di scenttimaindmer ianal rceidfuf usi on i ndi
numeri cal solution, particullThel grrorther megpo

Tabdschow a consi seenbrdectdaseacireasing grid re

Tabd eMesh convergence bagedinadrerL MUErCrLo rr ercmrm tfrairc t ]

Cell s | v p

QM p 8 YAGTTC ¢c8T1HgA o8x@odA
TR p8mamugA| xsuympA ¢8xwuA
CTTT v8XFwA| o8uvmwAl p8yYmeA
TN c8uvIiwA| p8wHxiwAl p8cyYyoA

Thleerror in densitynwas!| eednceeagbiytiogvierevihli d ef r
the velocity error decr easwecdr noovreer stihgen iifniccraenats
similar trend can be observed foBrxtopwBe.spolUulree, W
comparatively sl ower deguleacsaen imne patetsrsiulruet ed rt
strong di sflcghernaihei asaamber ofreatés ihedeaedgiae
exact ,sohouwewvoenr it also increases computati ona
grid reabvl proondéeb bal ance between numerical

can be selected.

4. 2CENumber

Si mulations on rel2atusiirsg | MdUDCla st e ovanvset rTuecstti o
di fferent CFL numbers that showed the stabild]i
approxi mately 0.65. Any higherc&FLenumbet ht&at
the simulation. The effect of CFL numbegur én n

7which shows primitive variables profiles for
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The study <clearly depicts that the CFL condi't
stability and tempor al accuracy, with a relat
case, a | ower CFL value tohfer0O .slolruetsiuolntse,d whn | set
0.65 produced noticeable oscillations and re
simulation sl ower due to the increase in the
while simul atwiams t\wer @ nfcasetasn nqaryga&lrud i onfe GCFE le |
were introduced by higher CFL values while |c
cost . The moderi@d@t &) CylLeVvadlkedesni (0 mal oscill ati

hence providing a b acloammpcuet abteitoweael n esftfai bciileintcyy . a

Relativistic Blast Wave Test-2: HLLE + MUSCL
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Relativistic Blast Wave Test-2: HLLE + MUSCL
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FigarePrimitive variable profiles at differen

The effect of CFL number on solutionlLa&ccwmracy
norms for primitive variables and presented i
0.1 to O0.65, the error in density decreased b

by approxi mately 56. 8%. sliheen rhedrueectiionduen tha me

and a | arger number of iterations resulting fr
i ncreased sapgpriofxiicmaanttellyy b3y0 2%, t he increase 1is
error and sensitivity of pressure to | arger t
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Tabst edrror norms for dif2f eMUSBSICLEEFEL numbers (T

CFL J v P

m8p p8ydicA| c8uvFmAl p8womA

n8o p8uatgA| p8uvAigAl ¢8x wuA

m8u pduvmmEA| p8chicAl vsmyYywA

T8 @u p8ommgA| p8pagAl x8ocoxA
Unl i ke grid refinement, variation in CFL numb
This is because nuwmer iuammel sdihfefmesi ons ipnr i fmamiitl e

di scretization and reconstraueti Bmemet hodghr &F
stability and efficiency, its role in improvi

refi nement .

4. 2D SRHD Solver Validati on

The validated 1D SRHD soil memnrs iwansale xctoemmpduetda tti oo
i mposhaginitifarlont olnD irte loantsi wlusntiifco rbmlays ti nwatvhee 1
(y) direction, resulting in a pl&nad shaekfoo
case was set as 200 cells each in botThwodi r ect
boundarswerlaadydeerd t o each of the four msomMes of
di mensiloemagt zedO,r elc]t Ffodbnisolwo mnly dihe earl i er res
second order spati akheemesdwiptehwasrios esacdhdMmBChat i
wi the HlLlEhann sol ver

4. 3PLi mitive Variable Fields and Wave Struct ul
Figure 7 presents the 2D field visualizati on
0.4. The 1D Riemann wave structure iT®heusiofl ar
consists of high density and pressure to the
transitions to contact discontinuity terminat
and pressure red@ironwwemnowyr d hteh est rhoanhgt ap ri easbd werse
smoowht i n marrediaccnt.i oThe contact discontinuity

jump in density while pressure and velocity r
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Wi tvlk eOver ywhere, the velocity field exhibits s
which confirms that the extension to 2D pres:
numeri cal errors.
4. 3C8nterline Primitive Variables Profiles (1
Anal ogous to the 2D field visualization from
exhibit consistent behaviour of rarefaction,
demonsdgoachdg s e e mc2bt swlfver 6s solution with the

t owar ds

agai

sol ver 6s

nst benchmark

t es
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1D Slice Comparison (middle of domain)
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4. 2D SRHD Circul ar Bl ast Wave Si mu

For the circular blast wave simulation 400 ph
ghostascoeundsary were set in all four sides of t
X and y ldiirteaactli ocnondi ti ons for this sgirmwleati o
explosion with ndei wietlioawlasyu If iaghatehrGoognu g hTfout t
domai n.-prAeshsiugcthe ns ht ght egmangd gw@®towapr escri bed i n
a circular eg®wint hofd eirabdeiru®a® ,whi |l e the surro
ambi ent wamads u'gangeadnig pm.Unl i ke in simulation fo
against benchmark tests, (U n=wédg 3usedutl atewaumr
internal energy bhemacss ceomp gyladdl ttheg ipars,t | e
l ocally rel at iTvhies tciocmpfultoaw iboenh aivsi orrun f or f i nal

4. 4Spati al Distribution of Primitive variable

2D SRHD Circular Blast Wave
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Figuhee 2D field visualization of primitive vari i
A radial | tywdsiynmenmestirao nca l contour plots of primit

i present ed Obsgihtccwg utrreat the solution originate

38



|l ocal i-peées bupgabn dr etighbaw ne x pands -ptroewsasrudrsel & anrsed tl hoowv

ambi

As t
cent
surr

shoc

The
c ha
obs
dir

incr

to O.

The
it c
due

t o a

The
rar e

ent surrounding due t'o strong pressure ra

he fluid is pushed outward, fluid expands
er . This results in the deemsasg icor denmwd
ounded -dbeyn sai ttyhirni rhg gcho di 8 £ p oahnddn magnt tyoou tceorn tra
k front. Beyond the shock, density matche

vel oci tyarmrub mpotnernttisng fr omn dersgo adi rtehcet i @«
ge along their zobbirsymaeeM Edmegy.h ecxdi §hfduism
rved in the velocity componendefimealr rcaedn
ction wabhehWw=d@&@pemdhtrast, the velocity mag
easifngomazderad |yt t hevekotety shefFbr meaahih

8 indicating relativistic behavior. The

centr al hi gh pressur e deicnrceoarspeosr atthi rnogu gehxopus
an be 1s(e etnh a nd edrgagpspsadirmo ptr ewwrsiufi certnne s hoc |
to extremely | ow ambient pressure. The fi

bsence of oscillations near di scontinuit:i

ovempalelsee hit ®didal | rye |eaxtpdvai dsittniggave structure
faction region, a contact discontinuity,

4. 4Radi al Symmetry Verification

The
pl ot
sol u
we-d ke

As t
t he
anti

rema

radi al symmeelry wvibsealiedovtaiso nf ufrrt diredryF icouwif e
ting primitive variabldemamgsat matesr,addlad ar
tion for circular bl ast. wvidve tshel alay ad ecpd n
finednpicfaéatest he radi al symmetry i s prese

he rarefaction moves i nward, center no | o
pattern ad sAso whe sboyr iFbiegdurien 1pr evi ous sect |
symmetacr os patvhiesridoohiea gimr ¢ Wbl bew t he veloci:

i ns symmetric.
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Just | i ke the field visuahlei zkaetyi eotnt,iamedsdyida Ingp rt d
variation across the rarefaction region and

di scontinuity and shock front

Radial symmetry check
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4. Rel ativistic Jet Propagation Sin

2D SRHD Jet Flow
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The jet propagati on -gii mansaito mal wasmp wthetpidd raa It
di screti zlddDOusgirngl €0 1s with two | ayers of gh

j et was injectedx=sf0r)omnttloe al eafnti flwoun cdhanby e(nt me ¢
was filled wit h=lappH0ipg=0tp=t ont®d st i @ njset i nfl ow coc
i mposed within a rys@di s d@fO.nR-E .bIONXpe=ODe @ lat

whil e t he remai ning i nl et regi on retained a
di scontinuity in density, pressuit=z4/imndsed!| ¢ ©

represent relativistic fl owHWbEI i hheef loiwvume

The field visualization of pr i mi t2isvheo we a rtihaeb |
devel opment of a typical relativisspeedg.et!l onwr
density jet corexdpregadgane s-cf @allrloin magtt eade woeelal m. /
interacts with the dense ambient medium, a boyv
as a cupveds i gdheannsdi thyi grhegi on. This structure
i mpacf the |j et ddamnt,hevhsetraet itchrearbyulme ki neti ¢ en
energy through strong compression. The fl ow e
by alternating compression and -kgpmed ipat trergn <
tdh j et axis and correspond to internal (recol
di fference between the jet and the surroundin
The jet continuewslty oad jt thgtoasdifa ndpheearssEsesmno nepyrcd se

propagates downstream.

The contrast between the | ight jet core and t
field. Near the inlet, the jet spine is relat]
gradually distorted doéd theemmbaiemment uand mih>
of the flow is captured by pressure field. Th
internal shock | ocations, and smoother variat
waves. alfhéasaetron regions are characterized by
in contrast to the sharp gradients observed
bet ween shocked jet and shocked aymbviesitb Inee diirm
results due to the diffusive nature of the HL

over al l fl ow structure i s preserved
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pansion induced by transverse pressure grad
bsequent mi xing with the ambientntneda utmwo T
mensi onal structsteeawmt mosi gni fiTbantvetoas $ )
adual decel eration and spreading of the et
shear | ayer forms due to the | argespeeldogietty
d the stationary ambient medium. This shear
| mholtz instability, whid hvadrst iochasle rsvterdu catsu rw
undary, particularly in the ydiarsteénsne healce
e sharply defined boundary due to the mixin
stabili,fitelse Somardtaz Ifyactor di stribution shc
re where the flow remains relativistic, and

e flow decel erates.

Jet Centerline Diagnostics
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The centerline di a8ncsttircag=ttGehd,vardpairoy iFd ggua eq ua n
di mensi onal representation of the jet evolutdi
| odvensity jet core and its gradual modificati c
axial velocitthawtpn dfei | @« pee@wvesoOnge avieirgh consi d

approxkmaQ.e4d,y after which it grawamabl §9st owse:t
0.7 downstteamhduok interactions and the tran
medi um. The regions of compression associated
profile where the smoother variations Trheepr ese
Lorentz factor profile diswdayys whiechighadgual
downstream. Il n a similar way, the momentum f|

direction due to mixing and energy dissipatio

Jet Evolution Diagnostics
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The jet evolutiomfdradgeosguesti hyFtbher gl dbbal

is a sustained propagation of the jet into th
al most Ilinearly with time. A dynamic interact
i Bhock position vs time plot which tracks the
maxi mum pressure gradient along the centerlin
velocity t hreasshed dax(id, )xr oiviedri ng cl ear- quant
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2D SRHD Jet Flow
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For analyzsofgy tLtboreenrtfAd efcdact or on jet wWgmeamics
consi dem@pddoew addy correspondi ngd tp@xxsow eanad f a
p@&p The rewabnykestied feomowt me ilretfa tbhoeu nwmairfyo r
medi um wi tdenai $yr amagln tpiraesspbiu(r m8tpf or t hé | et an
phry pfor the ambient). The ( eft) iasn dp ucroenlfyi naexdi av
radi umicent eber. aThe computapi otpak demaivmed w

Tt ngrid, ewvpfusedngfoa CFL number ofs Gfoc4 and
Since all other parameters remain fixed, the
relativistic ineThe aglambalmofmeaow usnt fhatxur es f or
Fi gwbrewhil e centerline and evol6atmidodr e s pgabisyt e

At the |l owesd pbdDyenhe fattoapidly | oses coher
seen in the density d&nalhpivteil djledityt yomahrddesi ntsset i N F |
within a short dDbmhistt reggeatmsndyil yt aromd a(mi nat ed by
and dtemes i t g diowcdmai@s Tihng ectivonm@odl dehiea l vel oci
decr daoseaxsppr a,i mahiel g transverse 0vDeIm® wii ttihes ¢
pronounced | ateral spreading. T8tbteo jaeptp rwixd tmha t
T 0T T saesent hien Miaxyienrg di agno/6a) dhenf Foguieex hil bi f
Hel mholtz (KH) instability, with strong disto
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bet ween the |jet Rendatamhisentc nieedaitlnmre.e omert z ap:
decreases pt owWhedbow shock bfustemsi ats tkekéafevehg
i nlaeDtmg @) due to | i midppe apresneir@aadem and wea
hi gberentezastTset gret i n this reginraagiivendamixn aitge

rapid momentum dissipation.
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Jet Centerline Diagnostics
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Figu6eCenterline profiles illustrating the effec

For the inter meuli)y8tde, Ltohree njtezt rfeaacktotrma(si on and
as shown 5 lm) Fhgujetlpenetrates furtherwDi nto t
™. dletvel ops a cl| edarheart ionbtnesri reclb asttirvuecltyurient act
shear | ayer. The density f tdelnieB Dm8ws Tthieata xt lad
velocity remDaf)rovyehi g@gh s(i gni ficant downstream
velocities are reducpd Tbeappnoer manée bapgreof i | e
consi stent wi twhh etrhee sbeo tbhe hvaevlioocuirtsy and Lorent z
Even th&egiHethmédol tz i nstabitlsi tgyr oiwd hstiisl Is | prwee:
confined to the outer shear | ayer, without si
stronger and shifted dbmnust Tpreens stud sa i precekeiamae
indicating stronger compressi(ddon fTihrem jtehi se vind
withcreased penetrati owi tlhe nggmbhi eantdp eneeddduwctead trh e
wcase. This regime represents a transitional

instability growth and enhance axial momentum

Il n the highlyow rpe@pti vihhetijetcaeenafns strongly
across most of the computati &(nca)l Thdeo mae tn, heaasd c
approx iobedB8Eheg density field maintains(C® sharp
T®) and the ambient medi uWwhi lieh diaslmatvenge mvel ma
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Jet Evolution Diagnostics
Jet Penetration Length vs Time Shock Position vs Time Mixing Layer Growth
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Figubreldet evolution diagnostics showing effect o

The centerline and ev®dnd)ilopmr od/ii adgen aas tgiucasn t (i Riad
across the three cases. The jet Oplem®ennr ahieoholwe
wcaseDmuwundDM@f or i ntermedi ate and h.i ghltoavuor ent
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4. 5Epfect of Density Contrast on Jet Dynamics
The relativistic jet ios mM nijjretcd eal dmiofmort Mmea inkeif e

fixed pressure amdm@pl omd@y maddphyi oons Thr ee
density ratios are consi’dem@epphd, warryiersg otntdé r
density—cofit rr@iprph®.Al | three simul atitend. 8ce r

The computational setup, numaer e awomécpheamlgendd ,0 saon
l ihke observed differentlhkdsenisn tjyetcoanttmuwasttur €l ha
fields are 8howhn giedaerRlOglwrrteehsde ctor r espondi ng cen

and jet evolution diagnostic, respectively.
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2D SRHD Jet Flow
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KeliHiehn mholtz instability develops more gradua
shear Compyaerred t o t hethleowver echegnrzsiftaxtwaseal so r e

jet axis for a longer distance, indicating im

For the highestmjfememtF| gtome rjla&tt blecomes signi
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wDMaThe density fidelfdnedowsdacwektli nuous jet ¢
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axi al velocity remains cl| osteD®bw iacsr oisnsj engcasiton
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| ayer. The Lorentz factor remains high along -
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Jet Centerline Diagnostics
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and mi Xxing. With increase in jet density | i mi

|l eading to narrower and more stable jet.

4. 5EBfects of Pressure Ration on Jet Dynamics
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Jet Centerline Diagnostics
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Jet Evolution Diagnostics

Jet Penetration Length vs Time Shock Position vs Time Mixing Layer Growth
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HoweMémer mesh enforces a smaller time step
increases the number of required flux evaluat:.
recoveries atie@actkbatewurlaattiioons. qtilihmésea ndne mor y, mw
t he -rhesgohl uti on configuration computationally
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physically accur anti ev$d éipndoritd doype @€t jeal diyinmi t at
of computational feasibility.
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5 CONCLUSI ON

I n conclusion reduced di mensional (1D and 2D)
with HLLE flux along with piecewise constant
approach were successfully develioopesd iandlwaslti
probl ems, demonstrating accurate capture of r
structures along with strong conservation pro
vari abl es al most lavse radg,twambhbeerlryo rass reaxnagcitngs of r om
for density and from ~0.004nter ~&®r. 9 wWémoe ivel DIl
~0.03 to arlbbeiwrdr or0 wahsi laeppr oxi mately 85. The
preserved the correctness of the solution and

circul ar bl ast wave simulation, which proved
rativistic flows with stability and symmetry.
The application of the validated 2D solver to
formation of a collimated | et cor e, bow shoc

di agnostics capturing axial amdmemkumgt bahaponb

froar ametric studies showed that higher Loren:

hi gher density contrast i mproves inertial resi
expansion orhaompreodi admebjet. |l ncreased grid
shock and interface representation buTheesul't
variation in CFL value influenced the stabil:

i mprovement of the solution accuracy.

Overall, the developed solver provides a rel

simulating relativistic hydrodynamic phenomen
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6 FUTURE ENHANCEMENT

Future work can focus on reducing numerical |
di sconti nui-4aa&else ainms tsahailllior des wsimegi o&l hs ghe
WENO or PPM. For i mproving theraangur amoy eo fadoa

Ri emann solvers, such as HLLC can be incorpor

To enable more realistic representation- of | e
di mensi onal i nstabilities and tur bdi m@mnsimomxaln
(3D) configuration. Addi ti oMMR)l vyt e cahdmipgu evse ¢
i mpl emented to provide high resolution in cri

whil e maintaining computational efficiency.

Magnetic fields can be included through rel at
significantly enhance the applicability of th
play a cruci al role in jen modén madbi crmpaode

mechani sms, radiative processes can be execut

Finally, the increased c omnnpeustod tuito nednl naenods i noual stlisi
simulations can be addressed wit h-pdrhfeorpraarnaclel

computing techniques, enabling extensive para
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