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"Boltzmann's work met with mixed reactions during his life and

continuous to do so even today..."

Stanford Encyclopedia of Philosophy

"Everything should be made as simple as possible, but no simpler..."

Albert Einstein

"Reaching full maturity is just a matter of time and labour, no

conceptual hurdles in sight...”

Sauro Succi
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Ludwig Eduard Boltzmann (1844 — 1906)
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10_ Streaming
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2 _ Incompressible flows

B3 _ Multiphase flows

" _ Bubble slows

2 _ Porous media

!5 _ Droplets breakup & coalescence
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_ Thermal Lattice Boltzmann Method (TLBM)
- Multi-speed approach

_ Passive-scalar model

7_ Double Distribution Function (DDF)

% _Relaxation time

#_ Prandtl number (Pr)
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Richard Phillips Feynman 1918-1988

Images of CuO nano-fluids prepared with different concentrations (a) 0.1 Mol/L;(b)
0.4 Mol/L.
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°_ Base fluid

>~ Democritus

4 _Richard P. Feynman
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% _ Effective medium approximation
*_ Fractal theory
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3 _ Stabilization

%5 _ Buoyancy force

7 _ Gravitational force
2% _ Brownian force

?_ Drag force

% _ Dispersion force

' _ Clusters

32 _ Sedimentation
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33 - Abbreviation of Derjaguin-Landau-Verwey-Overbeek
3 _ colloid flocculation

3 _ Colloid stability

3¢ _ Boris Derjaguin

7 - Lev Landau

¥ _ Evert Verwey

3% - Theo Overbeek
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“I_ Electrostatic repulsion
* _ Flocculation

“ _ Secondary minimum
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“_ Electrical double layer repulsive
_ Zeta potential

“7_ Proton charge

“_ Smoluchowski's formula



Y (Cyabiny Udizns 98 3315 ¢ y20) Y Lourgili s gun Juad

fa . . .
VoS5 580 b U= VLV 5wl Jw oSl (60 il & Jolone aj5Smy 7] 355 alal, o
il o ¥ lawgie ol3T Cdlue b plp Jsle (092 (yigen by b Lo stdy Vo comfs ces 03 Eae e

o o) . . . o a B N
39500 dmlme pj Sjgar g JouSh @jei alul) Gob bawgie o] Clune o5 350 4z g

kT 0=
27 d’p

JLad o Glgie |y bwgie of5T Cdlise fpizmen il o Jlow O3 b d g e lid P (5ed alal, o

L

wile Jsle S oS 5 5 onli j Kpy (AT abaly o 285 i s L =68nm L il buse Jyens

- . .- - a AY &
2295 (o0 demle 25 Ojgar g Wl (o0 Bgpme T (20 Jhp Jeb 4 &S

2¢*N ,CZ> (-
Kp=,————=
g'kBT(1_¢)

sl oz oS B a5 col oas Lol (1= ) &g Sl y3gih ypm il e 3sd alasl, 1o 45 5535_so dlamdo
wy NVee C 5 o olfasl ol N, oSSl b € weidey ol ky =1.23x1077 (iman il o
] s oy dcslos 15 abaly 5l b sl ol 5l 236 (58 Cales ,o il oo O 2SI

8 oV (Y=Y
Frwo = Z 8FT

i=1

[VA] bw‘f‘fdsu.w&l W&?‘a)b o)S 9;14 I’lp).g $)|5 LELQB)"" Lg)b)-j &5—0—’790‘4-]

ﬁv:np‘(FDLVO+FB+FD+FH) AY-v)
Vol.

S5 e 4 a5 1z ail e S sl 5o wpee Slegdgn 3l Jsbne 55l 45 5ed e 0,Lil 4S5 ol 4 Ll o
ORe0Ss b s slassl b 13 ol e Jeime Slees Jsbe 5 55 @3l Polinl G5l «3gl sl oxbas
Sl JrS cnlple koo 2l Jlowgil bawgi &)l JUST Azl 50 g a8l 28l Jlwgis 55lnk

Slge 3938 WVl (s luly Gl sl Jyore Sleal) 5l ailios 4z LB 5 i Slegdge 51 SVLwgls

#_ Electrophoretic mobility
0_ Mean free path

- Maxwell distribution

’2_ Debye screening length
. Avogadro constant

- Molarity of electrolyte
3. Coagulation
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0_ Surfactants
7. Agitation
8. Electrokinetic properties
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Bifurcation Phenomena in symmetric sudden expansion flow at Re=140
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Flux Modeling Scheme Reynolds Number
20 40 80 100
Flux Averaging Scheme (Eq. 5-5) 1.1E-04 4.5E-04 diverged diverged
Upwind Scheme (Eq. 5-6) 6.4E-04 3.3E-03 8.7E-03  diverged
Pressured based Scheme (Eq. 5-8) 4.8E-05 4.6E-05 4.6E-05  4.5E-05

Flux Averaging Scheme with Artificial Dissipation (e, =¢,=5) 5.9E-05 6.4E-05 7.3E-05 diverged
Pressured based Scheme with Artificial Dissipation (6, =2,=5) 1.4E-05 1.5E-05 1.7E-05  2.5E-05

3l 4 @l Y-

Odey 5l o 9 Sgdise E9pb S5l and wlgtul Jo> by (6959 50 50 CEESS L S Jleel b

aw silwarcd Gltl ;o b o anls (gile i @il dnwg MlS Sl 4 29,5 50 40 ol Jeden
. P z RBA P A B oo s ez .
S9 Az gi sl oo 65 oMl ey 59y s SRl agly il coty als 3 Jsb (i Gl mee el

1398 o0 dplone ) Oy bay (59,00 45
C, =F,/(0.5pUD) (OY-%)

de.wu;.c wt?w).)) u)ymdswl)souj)é 65).».|FD J)¢45

Of-%)

F,= I(pv ou, n, +pnxjdl

; on "

obon (ilga Up g jailw mhaw p Jloyi Jlop (3508 o (8l slo adga 1y g My Gatliw Lame [ (36 alaly 5o
O] FY LW

5SS onl 3o [VYA] 058 o Jlubl Re=46E1 o wlgiul Jo> bz a5 ol ools ojlid o2 lasos

JSb S a6y lay eBIS L 5 03gy ¢yl SelS” iyl (Bl g d e by JSB jalsn; ol

cd)po il a5 jslailen aps e oLis Re=10, 20, 40 slazulss, 1o 1, alyinl Js oo bskas (0 -5)

1. Separation angle
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Re Authors L/d 6, C,

20 Ye et al. [128] 1.84 - 2.03
Coutanceau and Bouard [129] 1.86 44.8 -
Dennis and Chang [130] 1.88 43.7 | 2.045
Nieuwstadt and Keller [131] 1.786 | 43.37 | 2.053
He and Doolen [132] 1.842 | 42.96 | 2.152
Patil and Lakshmisha [133] 1.884 | 42.81 | 1.949
Fornberg [134] 1.82 - 2
Calhoun [135] 1.82 - 2.19
Ubertini etal. [136] - - 2.09
Present 1.82 | 42.5 | 2.205

40 Ye et al. [128] 2.27 - 1.52
Coutanceau and Bouard [129] 4.26 53.5 -
Dennis and Chang [130] 4.69 538 | 1.552
Nieuwstadt and Keller [131] 4357 | 53.34 | 1.550
He and Doolen [132] 449 | 52.84 | 1.499
Patil and Lakshmisha [133] 4.284 | 52.74 | 1.558
Fornberg [134] 4.48 - 1.5
Calhoun [135] 2.18 - 1.62
Ubertini etal. [136] - - 1.56
Present 4.47 | 52.8 | 1.551
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Abstract

In this thesis, numerical simulation of heat transfer and flow analysis of two
dimension incompressible nano-fluids are developed using the combination of
finite volume and lattice Boltzmann method. The flow and energy distribution
functions are disceretized based on cell-cantered scheme. Also, the D2Qo lattice is
used in conjunction with unstructured quadrilateral volumes. To enhance
stability, an upwind second order pressure and temperature biasing factors are
used as flux correctors on each lattice for flow and energy fluxes, respectively.

The fourth-order artificial dissipation terms are taken into account to damp out
spurious oscillations. Also, additional lattices at the edge of each boundary cell
are introduced, which allow a much better description of the actual geometrical
shape.

These factors with combination of fifth-order Runge-Kutta time marching
scheme has improved the accuracy and convergence of the results significantly.
In order to demonstrate the temperature field, the double distribution function
model is used. The unknown energy distribution function at the boundary node
is decomposed into equilibrium and non-equilibrium parts. Then, the non-
equilibrium part is approximated with a first order extrapolation of the non-
equilibrium part of populations at the neighboring domain cells. This treatment
enhances the domain stability and let for a faster convergence.

Due to performance of lattice Boltzmann method, it is possible to implement the
main factors in enhancement of heat transfer properties such as gravity, drag
force, buoyancy, Brownian forces and attraction and repulsion DLVO forces for
simulation of nano-fluids.

The resulting model has been verified against different fluid and nano-fluid
problems at low and moderate Reynolds numbers. Comparing with previous
lattice Boltzmann simulations, the proposed approach greatly enhances the
computational stability, which demonstrates the robustness of the proposed
scheme on two dimensional unsteady flows. The results also indicate that the
nano-fluids with low dense nano-particles such have higher velocity than those
with high dense. Furthermore, it was found that outside the recirculation zones,
nano-particles having high thermal conductivity (such as Ag or Cu) have more
enhancements on the Nusselt number. However, within recirculation zones,
nano-particles having low thermal conductivity (such as TiO2) have better
enhancement on heat transfer

Keywords: Lattice Boltzmann Method, Finite Volume, Stability, Cell-Centered

Scheme, Nano-Fluids, Double Distribution Function model.
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