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. Pseuplastic

. Dilatant

. Generalized Newtonian fluids
. Power-Law

. Cross

. Carreau-Yasuda

. Reiner-Philippof
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Thermoplastics

Paper pulp
Clay, Tar
Sludge Grease

Soap, Paint

Water
/ Gasoline

Motor oils

T (shear stress)

Beach sand
Starch in water

‘Y (shear rate)
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wod oo slis 1y He5de K> jlisle V-F S

viscoelasticFluidFoam

viscoelasticFluidFoam.C

createField.H

I

Make (Compilation directory)

file

option

viscoelasticFluidFoam Xl> bl -\-F s

aslsl 5l as” wviscoelasticHeatFluidFoam sb a4 gudos ol jo oolaiwl 850 K> aslol jo

zog (ol sdal s ViscoelasticFluidFoam Ki> 4 oo slgidon lgs g oo Yole oy,
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Info<< "Reading transportProperties\n" << endl;

IOdictionary transportProperties

(
IOobject

(

"transportProperties",
runTime.constant (),
mesh,
IOobject::MUST READ,
IOobject::NO WRITE

565 o 8 YL oS ankd 5l o 05 &yee K Jlie ol
dimensionedScalar kO

(

transportProperties.lookup ("k0")

) ;

CaaS "KO" gl @ a5 Sglas pl b cdigd oo iy o YU O g A 3 55500 sleieeS ple
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Shgar Lo aibe JC Lol slocweS OpenFOAM 8l o5 jo el S LLS
Ligd o iy a5 "VOIVectorField" & g0 4ty asile (5,0 slacusS 4 "voIScalarField"

Bedie iy p) ype d o 4 led g S g plore Jle sl

Info << "Reading field U\n" << endl;
volVectorField U
(
IOobject
(
wgn
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE

Info << "Reading field T\n" << endl;
volScalarField T
(
IOobject
(
mpn
runTime.timeName (),
mesh,
IOobject::MUST READ,
IOobject::AUTO WRITE
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390 CoeS "T" (gl 4y a5 Oglay (I b Qg oo iy 5 YU D y90 4 5 JIC slaceeS lw
<l Jlsl g by o oS Y olee ads "viscoelasticFluidFoam.C" L o 0,5 o 1,8 las
33 e o,Lil T s paw Jad 0 oS jolailen Wgd so iy Lo g piege DY alae ol ol

g ca oy g Oyge 4 Jhw (Seelooge 5 ole g Les D¥slas pol> Gubios

-
pCp(%+V~VTJ=V~(kVT)+z’:VV o
1 1 (¥-¥)
a(T)=Ex -
™) p{“(nz?als Tm+273.15H
K(T)=ko(ks +k:T)  ,C,(T) =C,(Cpo +C;,T) (F-9)

Sgd oo a8l "viscoelasticFluidFoam.C" LL 4 55 & jso 4 Les aolee

Info<< "SolveT \n";

fvScalarMatrix TEqQn
(
fvm: :ddt (T)
+ fvm::div (phi, T)
- fvm::laplacian (K/ ((rhoMain*Cp)),T,"laplacian(df,T)")

- (tr(visco.tau() & fvc::grad(U)))/ (rhoMain*Cp)
) ;
TEgn.solve ();

"viscoelasticHeatFluidFoam.C" L 4 1) Solisoge s polss 40,5 a8lol ogou 5 oS dslad

k = kO* (kOstar + kSstar*T);
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Cp = CpO0* (CpOstar + CpSstar*T);

aT = exp (ShiftFactorCoeff* (scalar(l)/T -scalar(l)/Tin));
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SFOAM SRC/transportModels/viscoelastic/viscoelasticLaws/EPTT

e ge ol |, EPTT aibulss lsle Y-F S

EPTT

EPTT.C

EPTT.H
EPTT wlsuls jlsl, -Y-F s

o35, Lol 45wl e > (sl OPENFOAM I3l o5 s EPTT awiliulsS Lol s
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S o (6 et S 155y 40 g i <ol (Ag) 5 (M) sl ol «(O-F) 5 (F-F) Laslg, o

g g0 iy, ) Oyee 4 "EPTT.H" LB o b 2l )by o0l
I-Zero shear rate polymer viscosity

dimensionedScalar etaPO;

//- Relaxation time

dimensionedScalar lambdaO;

WS oo s o 1S5 5L e 0 a5 (A) sl sla, Oley 9 (1)) abjsSusy polio (pioxen

g g0 By 25 "EPTT.H" LB ;0 53 &yeo @

volScalarField etaP ;

volScalarField lambda ;

Sedisn CinyxS 3 Sge & "EPTT.CY L o EPTT Su5elss, Jow (s lsle alolas

// Stress transport equation
fvSymmTensorMatrix taukEqn
(

fvm::ddt (tau )

+ fvm::div(phi(), tau )

etaP /lambda *twoD
+ twoSymm (C)
- zeta /2*((tau_ & twoD) + (twoD & tau ))

- fvm::Sp
(
(1/lambda ) *Foam: :exp (epsilon *lambda /etaP *tr(tau )),
tau
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void Foam::EPTT: :probTempDep (volScalarField& aTFactor)
{

Info<< "test probTempDep" << typeName << endl;
etaP = etaP0* (aTFactor);
lambda = lambdaO* (aTFactor);

}
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dimensions [0 2 =20 0 0 01
internalField uniform 0;
boundaryField

{

inlet

{
type zeroGradient;

}

outlet

{
type fixedValue;
value uniform O;

type empty;
}

fixedWalls
{

type zeroGradient;

}
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back
{

type wedge;
}
front
{

type wedge;
}

b eBuiizsd (nl 50 098 o0 eend e 51 Spp 50 Sy sl 5550 5 Ayl polie U (L1 o

dae | eolaiwl b (699,9 Cue o Llake cdiinn ol e (Gawain g Jbew sl yiol )b 4yl @ ag5
Ol (KBL anwgs byb 4y az g b Sl Coll 5 S 15Ss (699)9 S s 05800 (ain W5
G arg b 5o byles lp Casload a8 )5 a5 o jao ghaie (pl o ey GLOLS (295 0
ol sl G pae bpd Soke oS Cuload 43S L 0 jhe Sy e e (al og ol
dbise lid plase (gl 0y pai g0 led 4 i b e ple (6l (650 Ll pB ol 5 e

ol 00 00591 e v o8 Slowdais 4y bog o oS anlol o

dimensions [01 -1 000 071;

internalField uniform (0.1631 0 0);

boundaryField
{
inlet
{
type fixedValue;
value uniform (0.1631 0 0);
}
outlet
{
type zeroGradient;
}
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axis
{
type empty;
}
fixedWalls
{
type fixedvValue;
value uniform (0 0 0);
}
back
{
type wedge;
}
front
{
type wedge;
}
}

s9boles 258 g0 Dygo T Ll jo Lo place (gl (550 9 adgl Ll e 4 by o Olarlas

ol s ol ol oo 330 (gloo 4 wil o o (sl 3o ) gealis o Ll g a0 aS
429 b Grigred (Cowl ol aid 5 la5 jo ol algl glaolens sl Crizren 5 599,550 Jlew sles
slaJsod adl ceslonds 413,513 )0 Jho b plp (29,550 Les 0Ll S dlod (SBL dnng L5 4,
axkab aelol 3o S o 3wl 1) (5550 byt ol Jltel oy Juad p (rdge b @ 4 bogaye

dimensions [0O0O 01 00 O0];

internalField uniform 303.15;

boundaryField
{
inlet
{
type fixedValue;
value uniform 303.15;
}
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fixedWalls
{
type fixedValue;
value uniform 400;
}
outlet
{
type zeroGradient
}
axis
{
type empty;
}
front
{
type wedge;
}
back
{
type wedge;
}
h

3985 pobled 3gd o iy i Slmio 3l Supa sl (5 (S0 g adgl polie TAU L o
s yio b ply s (LolS ol slao)lps g (29,5 50 5o Sewl 0ad Ll jao b pln a5

C,‘.c).w n)mu‘MLs‘)JoMMh‘ﬂwubd)).@b‘ﬁ);uﬁw‘;bubb ol 00U

dimensions [1 -1 -2 0 0 0 07];
internalField uniform (OO0 OO0 0 0);
boundaryField
{
inlet
{
type fixedValue;
value uniform (0O 0 0 0 O 0);
}
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outlet
{
type zeroGradient;
}
axis
{
type empty;
}
fixedWalls
{
type zeroGradient;
}
back
{
type wedge;
}
front
{
type wedge;
}
}

Wl GEGL g 4 wlasi -Y-F-F
aigy cnl oyl 58 dlas awain 4 bg e Sledbl gogdle 4 Jlow Loly> CONStant” gy 1o
"polyMesh" sb «y aiigy 53 SO Jolds 098 o odmline Y-F ISo o5 0 Jloges 0 a5 job e
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BB o ols oe>4 "boundary" 5 "blockMeshDict" slasl L LB 4o "polyMesh"
Ly g5 el g b e (o 05 ol o loslrs a5d 5 dwain olal olasis "blockMeshDict”
Slp aid 3 ks o wlide .ol oo 03 yg] b1 cpl 5l Sldllas oS aiges anlsl jo 0,0 18 (6500
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convertToMeters 0.001;

ol 0 00)51 2 u)s..a 4Q "VOFtiCES" Counsd O sLS}L sSJ g_.a.a).u 6‘).’ )Lu S50 6[.@&7) dod

vertices

(
//back points

(0 49.95 -2.18) //p0
(3000 49.95 -2.18)//pl
(3000  149.86 -6.54)//p2
(9000  149.86 -6.54)//p3
(9000 49.95 -2.18)//p4
(9000 0 0)//p5
(3000 0 0)//p6
(0 0 0)//p7

//front points
(0 49.95
(3000 49.95 .18)//p9
(3000 149.86 .54)//p10

2.18)//p8
2
6
(9000  149.86 6.54)//pll
2
0
0
0

(9000 49.95 .18)//pl2
(9000 0 )/ /P5
(3000 0 ) //p6
(0 0 )/ /p7

b j2 w05l e canline a5 jsblen 09b ce iy a5 0l dboml aASGD 5 Ssli e oS aslad s

aolS 5l s S a8 ol o Thex! Sole ed e 9,5 "hEX" daalS L oSl 5 S m iy e o
Ll oo 03,51 Sgl sazas LSas bl Jgl 56l 4o .l 4>y L e 4 g "hexahedral”
Loly y2 50 o Jolw olass pgo 3l j0 aiS o lay plas] Sol wT) SS o olael 1 Gy
(Sl 5 Jsho YYO 51 sl Sshy 1o w0500 sanbive 5 oS asked ;3 & jsbilen 995 e (rees
izred el ooy oalil allis awain la ol, r aSis bl sl Y sbewl, 4o Joku Yeg X
3 bl el ous Gy a3 Joboo o S pg sbinly 5o il dniin (35 s 90 Se o
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Jsbw s o3ladl s jelaie 4 "simpleGrading” & ,Le 5l «Sob iy yo5 Loz, slpl jo a5 ol
D oo et Caamd ol o aSed 5Ll b blacl 45wl oas oolitul Hobxe Joke 4 G

blocks
(
//elementl
hex (8 9 [ 7 0 1 9 7) (225 20 1) simpleGrading
(0.1 1 1)
//element?2
hex (10 11 12 9 2 3 4 1) (450 40 1) simpleGrading (10
11)
//element3
hex (9 12 5 [ 1 4 5 6) (450 20 1) simpleGrading (10
11)
)

Ado ;B WD on 0ddlin a5 jab lan Lol ool oy yai Al gdwrin Sy Slas doldl o

o Ry G0 ,m 6lp 65 byl g il iwend Cpl jo al sal Ly a3 ) e Lawgd (6550

bi g9 69959 <lyp Jie 1y .ooﬁsﬁ @y 25 dalllas 0,90 dwdid Blhao jpe ol o 040

el oy st Minlet” T oL 5 "patch” ;e

patches

patch inlet

YA



ade J= hs)

eoler b

empty axis

(L 0 8 9)
(2 1 9 10)
(3 2 10 11)
)
wedge back
(
(0O 1 o6 7)
(2 3 4 1)
(1 4 5 o)
)
wedge front
(
(6 9 8 1)
(12 11 10 9)
(5 12 9 o)
)
)
dolas 13 (C,C 10, Che) ol alliss Sisliynge 3 ol "transportProperties” Ll ,

il ca i sl oad slgriy dolee 1o (Ko y Koy Ko ) iy (ale)S s b sl onds slgring

Wigd oo iy yaS py Oyge 4 (V-F) dolae ;0 09290 Culgd 9 (P) JBs (5>

FoamFile
{
version 2.0;
format ascii;
class dictionary;
location "constant";
object transportProperties;

}

//*k*********************‘k************‘k*//
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Cp0 Cp0 0 2 -1 0 0 0 0.4;
CpOstar Cp0 0 0 0 0] 1.2122;
CpSstar CpSstar 0 0 0 01 -0.00112;
kO kO 1 -3 0 0 0] 0.008;
kOstar kOstar 0 0 0 0 01 0.7753;
kSstar kSstar 0 0 0 1] 0.00118;
rhoMain rhoMain 1 -3 0O 0 0] 1226;
Tin Tin 0 0 0 0] 303.15;
ShiftFactorCoeff ShiftFactorCoeff 0 0 1 0 ] 1720;
1 ilalolalola jlalolalolalolaloa

*% *% *% 7(//

Byae ddg,S 3o slael 51 So,» "transportProperties” LB Jsls jo a5 cel S8 LLs

el 0o 03,91 T Jolao cojlods s 5 a0 V=F Jgax ;0 a5 aiib oo (o8 ) wb olel 51 SO

[aA] "transportProperties" L ;s 3590 (olss slul (B yme —)-F Joax

Ogeailoss sles o>l ol o lod
M kg eSS pr )

L m e Jsb Y
T S asb ol v
K K CRols Les ¥
A I el ok o
mol mol Jse oo s
cd cd T olidy, G Y

Al jeany Jols Stw¥lgSns Jlow (So3e0s5, els> ¢"viscoelasticProperties” Ll o

Colsi 5 (A 525 51 ooy ol (TTp) 6 youks i o ool 5 (T]5) (5535 b osle (Sl
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ol 4 bgrre o5 5l Gligel G dalsl [0 gl g iy 25 (£) 5 (6) Julis PTTEXponential Jaw
G P 00)51 J.;L‘B

rheology

{
type PTT-Exponential;

rho rho [1 -3 0 0 0 0 0] 1226;
etas etas (1L -1 -1 0 0 0 01 0.27;
etaP etaP (1 -1 -1 0 O O 01 0.73;
etaPO etaPO (1L -1 -1 0 0 0O 01 0.73;
lambda lambda [0 0O 1 0 0 0 0] 12.26;
lambdaO lambdaO [O 0O 1 0 0 0 0] 12.26;
epsilon epsilon [0 O 0 O 0O 0 0] 0.02;
zeta zeta [0 O 0 0 0 0 0] 0.04;
}

goue Jo wial 8 s -r-f-f
oSl S¥olen (g5l S 0o o b 5 £9,5 oley el 30 o & bgrye Slaclis
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Olewdas pl 08 o bl il 0590 diges Jo gl adgl sladas "controlDict” LG o
238 & byre Slolits g (g5 Sl Gly oy i Gles o5 > b 5 £5,5 olog Jal

el 00 03 )51 Bl 1l &y gy e oS 51 (glaiges anlol jo il o g lyeS

A



S J= ) el Jad

applicatin viscoelasticHeatFluidFoam;
startFrom startTime;

startTime 0.0;

stopAt endTime;

endTime 230;

deltaT 0.0005;

writeControl adjustableRunTime;
writeInterval 10;

purgeWrite 5;

writeFormat ascii;

writePrecision 6;

writeCompression compressed;

timeFormat general;
timePrecision 6;
graphFormat raw;

runTimeModifiable yes;
adjustTimeStep on;
maxCo 0.5;

maxDeltaT 0.0005;
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ddtSchemes
{

default Euler;
}

gradSchemes

{
default Gauss linear;
grad (p) Gauss linear;
grad (U) Gauss linear;

}

slodus

divSchemes

{
default
div (phi, U)

div (phi, T)
div (phi, tau)

div (tau)

none;

Gauss Minmod; //upwind;
Gauss Minmod;//upwind;
Gauss Minmod;//upwind;

Gauss linear;

laplacianSchemes

{

default

1. Euler

2. Gauss linear

3. Gauss Min Mod

4. Gauss linear corrected

none;

AY



S J= ) el Jad

laplacian (etaPEff,U) Gauss linear corrected;
laplacian (etaPEff+etas, U) Gauss linear corrected;
laplacian((1]A(U)),p) Gauss linear corrected;
laplacian (df,T) Gauss linear corrected;

5 Jolw ;o mhaw 5 oges Lol)T adlse alads 4y alads Sb 9,0 4 by e Slasie pj oS o
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interpolationSchemes

{
default linear;
interpolate (HbyA) linear;
}
snGradSchemes
{
default corrected;
}
fluxRequired
{
default no;
P
}
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1. Preconditioned Conjugate Gradient solver
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solvers
{
P
{
solver PCG;
preconditioner
{
preconditioner Cholesky;
// preconditioner AMG;
cycle W-cycle;
policy AAMG;
nPreSweeps 0;
nPostSweeps 27
groupSize 4;
minCoarseEgns 20;
nMaxLevels 100;
scale off;
smoother ILU;
}
tolerance 1e-09;
relTol 0.0;
minlIter 0;
maxIter 800;

[6A] OpeNFOAM i3l o5 jo ot c¥oles olfiuss Jo gl bg, glsil -V-F Jgor
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oy

PBICG

Preconditioned Bi-Conjugate Gradient solver for asymmetric lduMatrices

using a run-time selectable preconditiioner.

BICCG

Diagonal incomplete LU preconditioned BiCG solver derived from the
general preconditioned BiCG solver PBICG but with the choice of
preconditioner pre-selected. This solver is present for backward-

compatibility and the PBICG solver should be used for preference.

ICCG

Incomplete Cholesky preconditioned CG solver derived from the general
preconditioned CG solver PCG but with the choice of preconditioner pre-
selected. This solver is present for backward-compatibility and the PCG
solver should be used for preference.

PCG

Preconditioned Conjugate Gradient solver for symmetric lduMatrices using

a run-time selectable preconditiioner

GAMG

Geometric Agglomerated algebraic MultiGrid solver

AD
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{
solver BiCGStab;
preconditioner
{
preconditioner Cholesky;
}
tolerance 1le-10;
relTol 0.0;
minIter 0;
maxIter 1000;
}
T //add
{
solver BiCGStab;
preconditioner
{
preconditioner Cholesky;
}
tolerance le-10;
relTol 0.0;
minIter 0;
maxIlter 1000;
}
tau
{
solver BiCGStab;
preconditioner

{

preconditioner Cholesky;

}

tolerance le-6;
relTol 0;
minIter 0;
maxIter 1000;
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//momentumPredictor vyes;
nCorrectors 2;
nNonOrthogonalCorrectors 1;
pRefCell 0;
pRefValue 0;

relaxationFactors

{
P 0.3;
U 0.5;
T 0.3;
tau 0.3;
}

1. Relaxation Factor
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Abstract

The study of fluids flow features in sudden expansions is important from two
aspects. From one side, this kind of flow has many industrial applications
such as fluid output processes, filling the casting molds, heat exchangers,
metal forming, etc. From the other side, because of its almost simple
geometry, it is used for estimating numerical methods and investigating
features of flow like the size and intensity of the vortices.

In this study flow and heat transfer of viscoelastic fluid in an axisymmetric
sudden expansion with expansion ratio 1:3 is studied numerically for the first
time. Most of the researches which have been done in this field focus on the
flow of viscoelastic fluids, so due to the lack of a comprehensive research on
the heat transfer of viscoelastic fluids flow in sudden expansions, conducting
the current study seems to be necessary. Considering some of the
thermodynamic and rheological properties of viscoelastic fluid as function
of temperature is one of the other innovations of present study and due to the
sensitivity of some of the viscoelastic fluid properties to temperature,
considering this hypothesis seems to be essential.

In this study, the open source software OpenFOAM that is a computational
fluids dynamic (CFD) tool box is used for simulating flow and heat transfer
of viscoelastic fluid. First of all, Non-Newtonian fluids are introduced and
some subject matter regarding constitutive equations of viscoelastic fluid is
provided. In the following, the general form of governing equations of flow
and heat transfer including continuity, momentum and energy is expressed
in cylindrical coordination and then, the general relations of viscoelastic
fluid structural equation (EPTT model) and viscosity viscometric functions,
are brought. After that, the numerical method that is used in the present study
Is described. In the current research, for explicit discretization of governing
equations finite volume method is used. Also, for natural time gauging
solution PISO algorithm is used so that flow and heat transfer parameters can
stay constant and steady and by increasing time step and convergence of the
parameters current and logical answers can be achieved. For validating

numerical solution results of the flow and temperature field, analytical and
numerical results of other references is used. At the end, obtained results
from numerical solution of flow and heat transfer are presented in form of



stream lines, flow and temperature contours, local nusselt distribution and

etc. In the last chapter, the obtained results from the investigation are
reported.

Keywords: numerical investigation, flow and heat transfer, viscoelastic
fluid, sudden expansion.
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