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o\°

sound speed on lattice
= dx/dt;
= 1/sqgrt (3);

n Q

o\

weight function
= [4/9 1/9 1/9 1/9 1/9 1/36 1/36 1/36 1/36]1;

=

o\

particle velocity vectors
= [0 0; 1 0;, 01, -1 0; O -1; 12 1, -1 1, -1 -1;

0]

o\

inflow velocity and densiy

U = zeros (nx*ny, 2);

U(topwall,1l) = 0.0061; U(topwall,2) = 0;
U(downwall,1l)= -0.0061; U(downwall,2)= 0;

% intial densiy

r = zeros (nx*ny, 1);

r (c_phase, :) = 1; r (d_phase, :) = 1;
r(topwall,:)= 1 r (downwall, :)= 1

% intial Phi

phi = zeros(nx*ny, 1);1;

phi(c_phase, :) = -1; phi (d _phase, :) = 1;
phi (topwall, :)=-1 phi (downwall, :)=-1

% initial eta (etal)

etal ¢ =0.32; etal0 d =(1/3)*etal _c;

% power law (n)

n c =0.4 n d =1;
% compute a & kp

sigma=0.002; kesi=1.5;
phi0O=1; Gama=4;
kp=3*sigma*kesi/ (4*phi0"2) ;
a=-2*kp/ (kesi™2); Db=-a;

% compute equilibrium distribution to start flow
= r*w; g = phi*w;
feq=£; geq=g;

Fh

[o)

% relaxation parameter

tau_g = 1/(3-sqrt(3));

eta=0.5* (1-phi) *etal c+0.5* (1+phi)*etal d;
tau f=(3*(eta./r)*dt"2/dx"2)+0.5*dt;

0

.
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% sum up distributions to obtain density & phi
r = sum(f, 2);
phi = sum(g, 2);

% sum up first momentum
Fs=(mu*ones (1,2)).*grad phi;
U = f*e+Fs*dt/2;

=

% compute velocities from momentum and density
U = rU./(r*ones(1,2));

90 9 (1) (oleonds Josily b ¥ (L8] 5 dlons :pguo o5

% compute gradiant phi
grad phi=zeros (nx,ny,2);
for j=2:ny-1

for i=l:nx

jn=3j-1; Jp=3+1; in=i-1; ip=i+1;
if i==
in=nx;
elseif i==nx
ip=1;
end
grad phi(i,J,1)=(( 1/3)*(ph1(1p,j)- phi(in,J))+(1/12) * (phi (ip, jp) -
phi (in, jn)+ phi (ip, jn)-phi (in, jp))) /dx;
grad_phi (i,3,2)=((1/3)* (phi(i,Jjp)-phi(i,jn))+(1/12)* (phi (ip,Jp)-
( )

phi (in, jn)+ phi(in, jp)- phi (ip,jn))) /dy;
end

end

% compute Nubla phi
Nub2 phi=zeros (nx,ny);
for j=2:ny-1

for i=1l:nx

Jn=j-1; Jp=j+1; in=1i-1; ip=i+1;
if i==
in=nx;
elseif i==nx
ip=1;
end
Nub2_phi (i,3)=(20*phi (1,7)+4* (phi (ip, ) +phi (in, )+ phi(i,Ip)+
phi(i,jn))+ phi(ip,jp)+phi (in,jn)+phi (ip, jn)+phi (in,jp))/ (6*dx"2);
end
end

[o)

s compute p

mu= a*phi+b*phi.”3-kp*Nub2 phi;
% compute Force
for j=l:nx*ny

for i=1:9

F1=9* (e(i,1)*U(j,1)+e(1,2)*U(3,2));

F(j,i)=w(i)*(1-(dt/(2*tau f( )V F(((3*(e(d1,1)-U(3,1))+
Fl*e(i,1))*Fs(J,1))+((3*(e(i,2)-U(]J,2))+Fl*e(i,2))*Fs(j,2)))*dt;
end

end

a5
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% equilibrium distribution function of particles
feq = (r*w).*(3*Udote+(9/2) * (Udote.”2)/ (c"2) -
(3/2)*U2*ones (1,9)/ (c™2))+

A.* (ones (nx*ny, 1) *w) ;

geq = (phi*w) .* (3*Udote+ (9/2)* (Udote.”2)/ (c"2)~-
(3/2)*U2*ones (1,9)/ (c”2))+

B.* (ones (nx*ny, 1) *w) ;

% right hand side for update
rhsf = £ - (dt./tau f*ones(1,9)).*(f - feq)+F;
rhsg = g - (dt./tau g).*(g - geq);

£f(i+1, j,2)= rhsf(i,j,Z);
g(i+l, j,2)= rhsg(i,j,2);
end
if j~=ny
f(i, j+1,3)= rhsf(i,3,3);
g(i, j+1,3)= rhsg(i,]j,3);
end
if i~=1
f(i-1, j,4)= rhsf(i,j,4);
g(i_ll jl4): rhsg(iljl4);
end
if §~=1
f(i, j-1,5)= rhsf(i,j,5);
g(i, j-1,5)= rhsg(i,j,5);
end
if i~=nx && j~=ny
f(i+l, j+1,6)= rhsf(i,j,6);
g(i+l, j+1,6)= rhsg(i,j,0);
end
if i~=1 && j~=ny
f(i-1, j+1,7)= rhsf(i,j,7);
g(i-1, j+1,7)= rhsg(i,3,7);
end
if i~=1 && j~=1
£(i-1, j_118): rth(iljl8);
g(i_ll j_ll )= rhsg(iljl8);
end
if i~=nx && j~=1
f(i+l, j-1,9)= rhsf(i,j,9);
g(i+11 j_119): rhsg(iljl9);
end
end
end

o\

apply Boundary Condition for down wall

O )l Al e iy o

e Ll Jlac! s ol

r (downwall)=(1/(1-Uywd) ) * (f (downwall, 1) +f (downwall,2)+
f (downwall, 4)+2* (f (downwall, 5)+f (downwall, 8)+f (downwall, 9)));
f (downwall, 3)=f (downwall,5)+(2/3) *r (downwall) *Uywd;

ay



f (downwall, 6)=f (downwall, 8)-0.5* (f (downwall, 2)-f (downwall, 4))+
0.5*r (downwall) *Uxwd+ (1/6) *r (downwall) *Uywd;
f (downwall, 7)=f (downwall, 9)+0.5* (f (downwall, 2)-f (downwall, 4)) -
0.5*r (downwall) *Uxwd+ (1/6) *r (downwall) *Uywd;
PhiSum=phi (downwall, :) - (g (downwall, 1)+ g(downwall,?2)+g(downwall,4)+
g (downwall, 5) +g (downwall, 8) +g (downwall, 9)) ;
wsum=w (3)+w (6) +w (7) ;
g (downwall, 3)=(w(3) /wsum) *PhiSum;
g (downwall, 6)=(w(6) /wsum) *PhiSum;
g (downwall,7)=(w(7) /wsum) *PhiSum;
% apply Boundary Condition for topwall
r (topwall)=(1/(1+Uywt))* (f (topwall,1l)+f (topwall,2)+f (topwall, 4d)+
2* (f (topwall, 3) +f (topwall, 6) +f (topwall, 7)) )
f (topwall,5)=f (topwall,3)-(2/3)*r (topwall) *Uywt;
f(topwall, 8)=f (topwall,6)+0.5* (f (topwall,2)-f (topwall,4)) -
0.5*r (topwall) *Uxwt—-(1/6) *r (topwall) *Uywt;
f(topwall, 9)=f (topwall,7)-0.5* (£ (topwall,2)-f (topwall,4))+
0.5*r (topwall) *Uxwt-(1/6) *r (topwall) *Uywt;
PhiSum=phi (topwall, :)-(g(topwall,l)+ g(topwall,2)+g(topwall, 3)+
g(topwall,4)+g(topwall, 6)+g(topwall, 7)) ;
wsum=w (5) +w (8) +w (9) ;
g(topwall,5)=(w(5) /wsum) *PhiSum;
g(topwall, 8)=(w(8) /wsum) *PhiSum;

9)

w
g(topwall, 9)=(w(9) /wsum) *PhiSum;

% apply periodeic boundary conditions

f(inflow, [2 6 9]) = f(outflow, [2 6 9]);
f(outflow, [4 7 8]) = f(inflow, [4 7 8]);
g(inflow, [2 6 9]) = g(outflow, [2 6 9]);
g(outflow, [4 7 8]) = g(inflow, [4 7 81);

40595y 9 G2 5 demlne piin o

% compute shear rate
Sab=zeros (nx*ny,4); ee=[1 1;1 2;2 1;2 2]; gamad=zeros (nx*ny,1);
for i=l:nx*ny

for j=1:4

sumS=0;
for k=1:9
sumS=sumS+ (feqg (i, k) -feqgll (i, k)) *e(k,ee(j,1))*
e(k,ee(j,Z))/dt;
end
Sab(i,3)=(-1.5/(r(i,1)*c”2)) *sumS;

end
gamad (i,1)=1*sqgrt (2* ((Sab(i,1)"2+Sab (i, 2) "2+Sab(i,3)"2+Sab(i,4)"2)));
end
feqgl=feq; feql = reshape(feql, nx, ny, 9); fegll=feql;
feql p=[feql(nx,:,:);feql;feql(1,:,:)];
for i=1:nx

for j=2:ny-1
for k=1:9
feqll(i,j,k)=feql p(i+l-e(k,1),j-e(k,2),k);
end
end

end
s compute eta
etaINF=0.01; landa=le5; aa=2;
etaa :etaINF+(etaO_c—etaINF)*((1+(landa*gamad).Aaa).A((n_c—l)/aa));
eta=0.5* (1-phi) .*etaa+0.5* (1+phi) . *etal_d;

aA



&=l
[\] Shi Y., Tang G. H., Xia H. H. (2014) “Lattice Boltzmann simulation of droplet

formation in T-junction and flow focusing devices” Computers & Fluids, 90, pp
155-63.

[Y] Liu H., Zhang Y. (2015) “Lattice Boltzmann Simulation of Droplet Generation in a

Microfluidic Cross-Junction” Communications in Computational Physics, 9, 05,
pp 1235-56.

[v] Swift M. R., Orlandini E., Osborn W. R., Yeomans J. M. (1996) “Lattice Boltzmann
simulations of liquid-gas and binary fluid systems” Phys. RVE, 54, 5, pp 5041-52.
[¥] Cal K. (2006) “How does the type of vehicle influence the in vitro skin absorption

and elimination kinetics of terpenes?”” Arch. Dermatol. Res, 297, 7, pp 311-5.

[a] Burns M. A., Johnson B. N., Brahmasandra S. N., Handique K., Webster J. R,

Krishnan M., Sammarco T. S., Man P. M., Jones D., Heldsinger D., Mastrangelo C.
H., Burke D. T. (1998) “An Integrated Nanoliter DNA Analysis Device” Sci, 282,

5388, pp 484-7.
ks 355 b JS5 5 oS > 3L YY) o ool b v S5 melse 5 vp 559,95 171
JAY-Y4. P ¥ 0,99 AY o)Lo.f.': ,w)é.o t.S-\.’&o gs‘*’"\*er” "C}J LJL"“" 39 ‘5._,94.,)..;
[v] Mohamad A. A. (2011), “Lattice Boltzmann method: fundamentals and

engineering applications with computer codes”, Springer, London Dordrecht
Heidelberg New York.

[A] Gupta A., Sbragaglia M., Scagliarini A. (2015) “Hybrid Lattice Boltzmann/Finite

Difference simulations of viscoelastic multicomponent flows in confined
geometries” J. Com. Phys, 291, pp 177-97.

[4] Komrakova A. E., Shardt O., Eskin D., Derksen J. J. (2014) “Lattice Boltzmann

simulations of drop deformation and breakup in shear flow” International Journal
of Multiphase Flow, 59, pp 24-43.

[\-] Ispolatov I., Grant M. (2002) “Lattice Boltzmann method for viscoelastic fluids”
Phys. RVE, 65, 5, pp 1-4.
eyl a5 =9 abogd 5pe Ghgy" (VYVAY) L (559595 vp 65l v Olope old e claw [VY]
e Sl (o i slaie 59, 2 Hend S Olr iledae Ce
NEFVOF o) F 0,00 A o,Les

[Vy] Malaspinas O., Fiétier N., Deville M. (2010) “Lattice Boltzmann method for the

simulation of viscoelastic fluid flows” Journal of Non-Newtonian Fluid
Mechanics, 165 , 23-24, pp 1637-53.

a3



L Jsbseie basme 515 50 (gom 50 0,hd 355 (g3le ad (VYAY) o Sloow, oo sbis [VY]
0F o 1Y )90 WY o lads g yeke SCle (g il A ey g, 5 eolatal
Y

Olwe J3s j0 0,kad g0 555 5 goae gile 4 (WYAY) o leews) e o>l [\f]
Yooyl sy SGile (qwiigee (53l (sl Al (rejilsr gy 3l eolinl b (5lbg0
AB-2F o V¥ 6,00

e ol G b o laalaazs o oliT Slrals" (VYAY) & 6,58 e s ks [Vo)
AT 5o I 090 Y olad s gy Sl (uwiigen gl A a3 ) 4

5 oS o soae sk 4t (OYAY) o ol s 4w SbTios sis 8 v Sidudigs g Wgols [V£]
02 Y 0y50 )Y ojlads s yihe SHile (widigee Sy 0lz 50 508 JoulS SIS i
AA-AA

[\v] loannou N., Liu H., Zhang Y. H. (2016) “Droplet dynamics in confinement”
Journal of Computational Science, 17, pp 463—-474.
[VAl Taylor G. I. (1932) “The viscosity of a fluid containing small drops of another

fluid” Proc. Roy. Soc. Lond. A, 138, pp 41-8.
[Val Zhao X. (2007) “Drop breakup in dilute newtonian emulsions in simple shear flow:
new drop breakup mechanisms” J. Rheol, 51, pp 367-92.

[Y-] Kennedy M. R., Pozrikidist C., Skalak R. (1994) “Motion and Deformation of

Liquid Drops, and the Rheology of Dilute Emulsions in Simple Shear Flow”
Computers Fluids, 23, Pp 251-27.

[Y\] Cristini V., Guido S., Alfani A., Blawzdziewicz J., Loewenberg M. (2003) “Drop
breakup and fragment size distribution in shear flow” J. Rheo, 47, 5, pp 1283.

[Yy] Janssen P. J. A., Anderson P. D. (2008) “Surfactant-covered drops between
parallel plates” Chem. Eng. Res. Des, 86, 12, pp 1388-96.

[Y¥] Zhou H., Pozrikidis C. (1993) “The flow of suspensions in channels: Single files of
drops” Physics of Fluids A: Fluid Dynamics, 5, 2, pp 311.

[Yf] Li J., Renardy Y. Y., Renardy M. (2000) “Numerical simulation of breakup of a

viscous drop in simple shear flow through a volume-of-fluid method” Phys. Flu, 12,
2, pp 269.

[val Stegeman W., Chesters A. K., Vosse F. N. V., Meijer H. E. H. (1999) “Breakup of

(non-) Newtonian droplets in a time-dependent elongational flow”. PPS-15. s-
Hertogenbosch, Netherlands.

[Y#] Chang-zhi L., Lie-Jin G. (2007) “Numerical simulation of drop deformation and
breakup in shear flow” Heat Transfer—Asian Research, 36, 5, pp 286-94.



[Yv] Chen Y., Liu X., Zhang C., Zhao Y. (2015) “Enhancing and suppressing effects of
an inner droplet on deformation of a double emulsion droplet under shear” Lab
Chip, 15, 5, pp 1255-61.

[YAl Chen Q., Yu W., Zhou C. (2008) “Transient stresses and morphology of
immiscible polymer blends under varying shear flow” Colloids Surf. Physicochem
Eng. Aspects, 326, 3, pp 175.AY-

[val Verhulst K., Moldenaers P., Minale M. (2007) “Drop shape dynamics of a
Newtonian drop in a non-Newtonian matrix during transient and steady shear flow”
J. Rheo, 51, 2, pp 261.

[v-] Bayareh M., Mortazavi S. (2011) “Effect of Density Ratio on the Hydrodynamic
Interaction Between Two Drops in Simple Shear Flow” Transactions of
Mechanical Engineering, 35, pp 121-32.

[¥\] Aminzadeh M., Maleki A., Firoozabadi B., Afshin H. (2012) “on the motion of
Newtonian and non-Newtonian liquid drops” Scientia lrania B, 19, 5, pp 1265-78.
[¥y] Xi H., Duncan C. (1999) “Lattice Boltzmann simulations of three-dimensional
single droplet deformation and breakup under simple shear flow” Phys. RVE, 59, pp

3022-6.

[v¥] Takada N., Tomiyama A. Hosokawa S. (2003) “LATTICE BOLTZMANN
SIMULATION OF DROPS IN A SHEAR FLOW”. 4TH ASME_JSME Joint Fluids
Engineering Conference. Honolulu, Hawaii, USA.

[vf] Takada N., Tomiyama A., Hosokawa S. (2003) “Numerical Simulation of Drops in
a Shear Flow by a Lattice-Boltzmann Binary Fluid Model "Computational Fluid
Dynamics, 12, 3, pp 475-81.

[val Inamuro T., Miyahara T., Ogino F. Lattice Boltzmann Simulations of Drop

Deformation and Breakup in a Simple Shear Flow. In: Satofuka N, editor.
Computational Fluid Dynamics 2000: Proceedings of the First International
Conference on Computational Fluid Dynamics, ICCFD, Kyoto, Japan, 10-14 July

2000. Berlin, Heidelberg: Springer Berlin Heidelberg; 2001. p. 504-499.

[¥#] Van der Sman R. G. M., van der Graaf S. (2008) “Emulsion droplet deformation

and breakup with Lattice Boltzmann model” Comput. Phys. Commun, 178, pp
492-504.

[vv] Farokhirad S., Lee T., Morris J. F. (2015) “Effects of Inertia and Viscosity on

Single Droplet Deformation in Confined Shear Flow” Communications in
Computational Physics, 13, 3, pp 706-24.

[¥Al Graa S. v. d., Nisisako T., Schroe'n C. G. P. H., Sman R. G. M. v. d., Boom R. M.

(2006) “Lattice Boltzmann Simulations of Droplet Formation in a T-Shaped
Microchannel” Langmuir, 22, 9, pp 4144-52.

Vo



[va] Shi Y., Tang G. H. (2016) “Non-Newtonian rheology property for two-phase flow

on fingering phenomenon in porous media using the lattice Boltzmann method”
Journal of Non-Newtonian Fluid Mechanics, 229, pp 86-95.

[£-] Psihogios J., Kainourgiakis M. E., Yiotis A. G., Papaioannou A. T., Stubos A. K.
(2007) “A Lattice Boltzmann study of non-newtonian flow in digitally reconstructed
porous domains” Transport in Porous Media, 70, 2, pp 279-92.

[£v] Tang G. H. (2011) “Non-Newtonian flow in microporous structures under the

electroviscous effect” Journal of Non-Newtonian Fluid Mechanics, 166, 14-15, pp
875-81.

[fv] Boyd J., Buick J., Green S. (2006) “A second-order accurate lattice Boltzmann
non-Newtonian flow model” J. Phys. A: Math Gen, 39, 46, pp 14241-7.

[f¥] Tang G., Lu Y., Shi Y. U. (2014) “Non-Newtonian Flow in Microchannels”
International Journal of Modern Physics: Conference Series, 34, pp 1-11.

[£f] Nejat A., Abdollahi V., Vahidkhah K. (2011) “Lattice Boltzmann simulation of

non-Newtonian flows past confined cylinders” Journal of Non-Newtonian Fluid
Mechanics, 166 ,\Y-\Y ,pp 689-97.

[fal Fallah K., Khayat M., Borghei M. H., Ghaderi A., Fattahi E. (2012) “Multiple-
relaxation-time lattice Boltzmann simulation of non-Newtonian flows past a rotating
circular cylinder” Journal of Non-Newtonian Fluid Mechanics, 177-178 ,pp 1-14.

[£5] Zhang J., Johnson P. C., Popel A. S. (2008) “Red blood cell aggregation and

dissociation in shear flows simulated by lattice Boltzmann method” J. Biom, 41, 1,
pp 47-55.

[£Y] Onishi J., Chen Y., Ohashi H. (2006) “Dynamic simulation of multi-component

viscoelastic fluids using the lattice Boltzmann method” Physica A: Statistical
Mechanics and its Applications, 362, 1, pp 84-92.

[£Al Gupta A., Sbragaglia M. (2014) “Deformation and breakup of viscoelastic droplets

in confined shear flow” Phys. RVE, 90, 023305, pp 1-17.
[fa] Gupta A., Sbragaglia M. (2015) “Deformation and break-up of Viscoelastic

Droplets Using Lattice Boltzmann Models” Procedia IUTAM, 15, pp 215-27.
[6-] Aggarwal N., Sarkar K. (2008) “Rheology of an emulsion of viscoelastic drops in
steady shear” Journal of Non-Newtonian Fluid Mechanics, 150, 1, pp 19-31.

[6V] Boyd J., Buick J. M., Green S. (2007) “Analysis of the Casson and Carreau-

Yasuda non-Newtonian blood models in steady and oscillatory flows using the lattice
Boltzmann method” Phys. Flu, 19, 9, pp 93-103.

VoV



[6Y] Ashrafizaadeh M., Bakhshaei H. (2009) “A comparison of non-Newtonian models
for lattice Boltzmann blood flow simulations” Computers & Mathematics with
Applications, 58, 5, pp 1045-54.

[a¥] Wang C.-H., Ho J.-R. (2011) “A lattice Boltzmann approach for the non-
Newtonian effect in the blood flow” Computers & Mathematics with
Applications, 62, 1, pp 75-86.

[6¥] Chiarello E., Derzsi L., Pierno M., Mistura G., Piccin E. (2015) “Generation of Oil

Droplets in a Non-Newtonian Liquid Using a Microfluidic T-Junction”
Micromachines, 6, 12, pp 1825-35.

[66] Qiu D., Silva L., Tonkovich A. L., Arora R. (2010) “Micro-droplet formation in
non-Newtonian fluid in a microchannel” Microfluid Nanofluid, 8, 4, pp 531-48.

[65] Agarwal R. K., Chusak L., Morgan B. (2009) “Lattice Boltzmann Simulations of

Slip Flow of Newtonian and Non-Newtonian Fluids in Microgeometries”. 47th
AIAA Aerospace Sciences Meeting Including The New Horizons Forum and

Aerospace Exposition. Orlando, Florida.

[6Y] Hamedi H., Rahimian M H. (2011) “Numerical Simulation of Non-Newtonian

Pseudo-Plastic Fluid in a Micro-Channel Using the Lattice Boltzmann Method”
World Journal of Mechanics, 1, 5, pp 231-42.

[6Al Shi Y., Tang G. H. (2015) “Lattice Boltzmann Simulation of Droplet Formation in

Non-Newtonian Fluids” Communications in Computational Physics, 17, 4, pp
1056-72.

[64] Varagnolo S., Mistura G., Pierno M., Sbragaglia M. (2015) “Sliding droplets of

Xanthan solutions: A joint experimental and numerical study” The European
Physical Journal E, 38, 11, pp 1-8.

[#+] Spencer T. J., Halliday 1., Care C. M. (2011) “A local lattice Boltzmann method

for multiple immiscible fluids and dense suspensions of drops” Philosophical
Transactions of the Royal Society A: Mathematical, Physical and Engineering

Sciences, 369, 1944, pp 2255-63.
[#\] Chhabra R. P., Richardson J. F. (2008), “Non-Newtonian Flow and Applied
Rheology”. Second Edition ed. Butterworth-Heinemann: Oxford;.

[#¥] Tan J., Xu J. H., Li S. W., Luo G. S. (2008) “Drop dispenser in a cross-junction

microfluidic device: Scaling and mechanism of break-up” Chem. Eng. J, 136, 2, pp
306-11.

[#¥] Yoshino M., Hotta Y., Hirozane T., Endo M. (2007) “A numerical method for

incompressible non-Newtonian fluid flows based on the lattice Boltzmann method”
Non-Newtonian Fluid Mechanics, 147, 1-2, pp 69-78.

\RA¥



[#¥] Phillips T. N., Roberts G. W. (2011) “Lattice Boltzmann models for non-
Newtonian flows” J. App. Mat, 76, 5, pp 790-816.

ey 3 osliied bz by b,z il 4" (VYA iz conls oz o (s yie o) ol [£0)]
AN o oF 0,50 ojlads s ommlime SCHlSo (cwtigen " (o jilsy A dm3g0m0 o

[##] He X., Luo L. S., Dembo M. (1996) “Some Progress in Lattice Boltzmann Method:
part i. Nonuniform Mesh Grids” J. Comput. Phys, 129, pp 357-63.

[#v] Benzi R., Succi S., Vergassola M. (1992) “The Lattice Boltzmann equation:
Theory and Applications” Phys. Rep, 222, pp 145-97.

[#A] Higuera F., Succi S., Benzi R. (1989) “Lattice Gas Dynamics with Enhanced
Collisions” Euro. Phys. Lett, 9, pp 345-9.

[#a] Peng G., Xi H., Duncan C., Chou S. H. (1999) “Finite Volume Scheme for the
Lattice Boltzmann Method on Unstructured Meshes” Phys. Rev, 59, pp 4675-82.

[v-] Anna S. L., Bontoux N., Stone H. A. (2003) “Formation of dispersions using “flow
focusing” in microchannels” App. Phys. Lett, 82, 3, pp 364-6.

[vy] Pooley C. M ,Furtado K. (2008) “Eliminating spurious velocities in the free-

energy lattice Boltzmann method” Phys. RVE, 77, 4, pp 1-8.
[vr] BUICK J. M., BOYD J. (2007) “Simulation of Non-Newtonian Fluid Mixing

Using the Lattice Boltzmann Model”. 4th WSEAS International Conference on
Fluid Mechanics. Gold Coast, Queensland, Australia. pp. 143-6.

[v¥] Zou Q., He X. (1997) “On pressure and velocity boundary conditions for the lattice
Boltzmann BGK model” Phys. Flu, 9, 6, pp 1591-8.

[Vf] Sukop M. C., D.T. Thorne J. Lattice Boltzmann Modeling (An Introduction for
Geoscientists and Engineers). Verlag Berlin Heidelberg New York: Springer; 2007.

[val Bao J. (2010), PhD. thesis, “High density ratio multi-component lattice

Boltzmann flow model for fluid dynamics and CUDA parallel computation”,
University of Pittsburgh.

[v#] Inamuro T., Yoshino M., Ogino F. (1995) “A non-slip boundary condition for
lattice Boltzmann simulations” Phys. Flu (1994-present), 7, 12, pp 2928-30.

[vv] Yuan P. (2006), PhD. thesis, “Thermal lattice Boltzmann two-phase flow

model for fluid dynamics”, University of Pittsburgh.
[VA] Ladd A. J. C. (1994) “Numerical simulations of particulate suspensions via a

discretized Boltzmann equation. Part 1. Theoretical foundation” Journal of Fluid
Mechanics , 271, pp 285-309.

\of



[val Ladd A. J. C. (1994) “Numerical simulations of particulate suspensions via a

discretized Boltzmann equation. Part 2. Numerical results” Journal of Fluid
Mechanics, 271, pp 311-39.

[A-] Hao L., Cheng P. (2009) “Lattice Boltzmann simulations of liquid droplet dynamic
behavior on a hydrophobic surface of a gas flow channel” Journal of Power
Sources, 190, 2, pp 435-46.

[AV] Cahn J. W (1977) “Critical point wetting” The Journal of Chemical Physics, 66,
8, pp 3667.

[AY] Van der Graaf S., Nisisako T., Schroen C., Van Der Sman R. G. M., Boom R. M.

(2006) “Lattice Boltzmann simulations of droplet formation in a T-shaped
microchannel” Langmuir, 22, 9, pp 4144-52.

[A¥] Lashgaria 1., Pralitsa J. O., Giannettia F., Brandt L. (2012) “First instability of the
flow of shear-thinning and shear-thickening fluids past a circular cylinder” Journal
of Fluid Mechanics, 701, pp 201- 27.

[Af] Pingen G., Maute K. (2010) “Optimal design for non-Newtonian flows using a
topology optimization approach” Computers & Mathematics with Applications,

59, 7, pp 2340-50.
)‘ Gads-uj.a.c Jl-\.a-d QLJ} Eode 6)Lm 4..\..\.'.4" (\VR\N) J ‘5)L>L._Q_) ”p 6)9)9" " o0 Q‘Q).A ol [/\()]
XYO-Fo oV F 0,50 8 o lads o Sailfo cwiiges "o ja> S b JUS ol
[A#] Roths T., Friedrich C., Marth M., Honerkamp J. (2002) “Dynamics and rheology

of the morphology of immiscible polymer blends—on modeling and simulation” Rhe.
acta, 41, 3, pp 211-22.

RN



\e.



Abstract

Investigation of multi-phase systems such as drop and bubble is one of the research
topics of interest. This behavior of these systems is dependent on tensions between the
two fluids, inertial force, surface tension, gravity and pressure gradient between the two
fluids and is used in the fields of mixing, fermentation, separation, transfer of materials
in the chemical industry, oil and gas extraction, cooling, color and print by jet.

So far, several research using numerical, analytical and experimental methods in
relation to the behavior of multi-phase systems consisting of various fluids are done.
Literature review shown that, the investigation of the drop formation and deformation
with regard to non-Newtonian behavior of inherent non-Newtonian fluids like oil and
emulsion is more practical and reasonable. Lattice Boltzmann method is interface of
two major trends of continuum (Macroscopic scale), and discrete (Microscopic scale) in
simulating which the behavior of a set of particles can be used.

Lattice Boltzmann simulations are validated by using the contact angle test, the flow
in the channel as well as two-phase flow analysis in the T-junction for non-Newtonian
shear thinning fluid based on Carreau-Yasuda model. Results have a good agreement
with the analytical and available results.

Newtonian and non-Newtonian dispersed phase and Newtonian and non-Newtonian
continuous phase are simulated in T-junction micro-channel. The influence of various
parameters including the capillary number, power of Carreau-Yasuda model, the flow
rate ratio and viscosity ratio on drop formation was investigated. Results shown that the
properties of the continuous phase have a great influence on the formation and droplet
size.

Newtonian and non-Newtonian single phase fluid and deformation of Newtonian
and non-Newtonian drop in Newtonian and non-Newtonian fluid under simple shear
flow between two parallel plates that are moving at opposite speeds, have been
simulated. Then, the influence of various parameters including the capillary number,
Reynolds number, power of Carreau-Yasuda model, viscosity ratio on drop deformation
was investigated. By reducing the the power of Carreau-Yasuda model, the elongation
of non-Newtonian drop in Newtonian fluid increases and deformation of Newtonian
drop in non-Newtonian fluid decreases. Good agreement with literature data and results
Is observed.

The present study can be considered as a development towards a numerical tool to
investigate the behavior of Newtonian and non-Newtonian drops in Newtonian and non-
Newtonian fluid in shear flow and as a verification and validation step for further
applications in more complex flows.

Keywords: Microchannel, Multi-phase flow, Non-Newtonian fluid, Carreau-Yasuda
model, Lattice Boltzmann method, Shear flow, T-junction
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