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A Discrete Multiphase Approach For The Infiltration Of A Nanofluid Around
A Staggered Microfiber Matrix
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Abstract
[n the present work a numerical study based on discrete multiphase approach, Lagrangian
approach, is proposed to investigate and predict the trajectories of nanoparticles-filled fluid
(nanofluid) infiltrated around a staggered microfiber matrix. The trajectory of the nanoparticle
has been predicted by integrating the force balance on it in a Lagrangian reference frame during
its motion through the fluid. The governing integral equations for the conservation of mass,
momentum and encrgy have been solved in a segregated numenical fashion by a Control-
Volume-Based Finite-Element Method. The nanoparticles trajectories and their intcractions with
fluid flow and microfiber walls have been predicted showing undesirable sticking tendency of
the nanoparticies on the microfiber walls. To avoid this tendency, the contribution of Marangoni
shear stress has been introduced coupled with a temperature difference between the fluid flow
and the microfiber walls.
Keywords: Nanoparticles - Lagrangian approach - Trajectonies - Solid/liquid interaction

1 Introduction

Nanoparticle flows have been emerging in
numerous  biological, and  scientific
applications, such as blood clogging and cell
transport in arterics and veins, drug and gene
delivery, and manufacturing of
nanocomposites. Accordingly, many efforts
are focused on the ability to create novel
composites using nanocomposite materials as
new matrices and to model various
composite processes through numerncal
methods, Milton [1]; Kim et al. [2]; and Chen
et al. [3]. In particular, enhancing and
predicting the thermal performance of fluids
and composites using of nanoparticle
additives have been considered by many
researchers Lee & Choi [4); Xuan & Li [5];

Khanafer et al. [6], Elgafy and Lafd [7). The
presence of nanoparticles in fluids increases
their effective thermal conductivities and
consequently enhances their heat transfer
characteristics Choi 1995 [8]; Lee ¢t al. 1999
[9], Xuan & Roetzel 2000 [10]; Eastman et
al. 2001 [11]; Yu & Choi 2003 [12]. Besides
thermal properties, nanoparticles additives
may enhance mechanical properties of a
given new system. In theory, carbon based
nanoparticles could enhance both chemical
and physical propertics of composites
Mauran et al. 1993 [13]; Py et al. 2001 [14];
Fukai et al. 2000 [15]. Moreover, fluids that
contain nanoparticles additives (nanofluids)
have a distinctive characteristic, which is
quite different from those of traditional solid-

Accepled December 27, 2000



o

e N

M. 57  Abmed Elgaly

liquid mixtures in which millimeter andfor
micromeler-sized particles are  involved.
Such particles could creste pressure dwop due
1o setiling effects. In contrast, the nanofluids
exhibit lintle or no penalty in pressure drop
when flowing through the passages,
Khanafer et &l [6]. Nevertheless, the
possibility of clogging the mico-scale
passages still cxit due o0 intemclions
belween the nanoparticle additives and the
passage walls. This trend 15 magnified in case
uf gome composite processes because of high
resin viscosity and low prefierm permeability
Conversely, and from Muid mechanics point
of view, the flow of nanoparticle-filled
fluids, nanofluids, s calcgorized as
multiphase flow. Simulation and prediction
of the characteristics of such flows could be
very complex. Regardless of this complexity,
significant progress has been made
different areas of multiphase Compulational
Fluid Dynamics, CFD. Wachem and Almsted
[14] introduced different physical models for
CrD predictions of multiphase flows while
Eleinstreuar [17] introduced their nunencal
solution tools. It was depicted that there are
two different basic approaches for siudying
this kind of fMlows. The first one is the
continuum model, Eulerian spproach, in
which both the fMuid phase and 1he solid
phase are teated as conlinuous media,
Jackson |18, The second approach is the
discrete  particle  model, Lagangian
approach, which treats the solid phase as
separate particles that interact wilh the flow
and traces the position and velocity of all the
particles by solving Lagrangian equation of
motion. The fluid phase is still considered as
a conlinuum phasc, and the effects of the
solid phases are included by ndding mass and
force lerms into the continuily and
momentum equations of the fluid, Patankar
and Joseph [19]. For both approaches, many
other consideralions should be taken in case
of submicron and nano scales particles,
Gidaspow [20]. As it is scen, Lagrangian

approach is appropriate for modeling
multiphase problems (hat aim 10 stedy the
behavior and interaction of the solid phase
individuals, particles, with the continuous
phese, fuid.

In the present poper, & Iwo-dimensional
simulation model based on Lagrangian
mulliphase approach for nanoparticle-filled
fluid “nancflud”, which Mows sround
staggered microfiber matrix, i introduced 10
imvestigate and predici the nanoparticles
trajectories and their interactions with the
Mud Mow and the microfiber walls.
Preventing mny polential sticking of the
nanoparticles on the microfiber walls 5 also
a vital goal for the present study,

2 Numerical lormuolafion
2.1 System coafiguration amd physical

domain
A manofluid, which is composed of spherical
carbon nanoparicles dispersed

homogenously into a Muid, is infilirated into
2 two-dimensional carbon microfiber matrix
ug shown [n Fig. 13, The microfibers have the
same diameler D and are arrunged in a
staggered configuralion with a scparale
distance T = D from all directions. The used
nanofluid s assumed 1o be Newilonian,
mcompressinle, laminar and its viscosity is
nol affected by small amount of nenoparticle
additives, The inflmation process ia
supposed 1o occur during o short period (in
second scale) whilke the second phase
(manoparticle) is suiciently dilute that
particle-particle interactions are negligible. A
unit cell is taken as & ive unil cell
for the sysiem as shown in Fig. 1b, which
illustrntes that one-half of each side-by-side
microfiber is only tken for symmetrical
considerations, while the third microfiber,
which is in a staggerid orientation with Lhe
other two microlibers, is completely
conssdered. As a oase of study, carbon
microfibers (8 pm in diameter) are
considercd, and a unit eell (16 pm x 38 um)
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represents  the model. The  carbon
nanoparticles have a diameter of 100 nm.
The thermo-physical properties of used fluid
and solid particles (carbon nanopariicles) are
listed in table 1.
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Fig. 1a Carbon microfibers matrix configuration

Flowr oniint

Fig. 1b Maodel's representative unit cell

Table 1: Thermophysical properties of the
used Muid and solid nanoparticles

Property

Density of fuid 1400 kg nv'
Specific heal af fluid 1190 kg K
Thermal conductivily of Nuid 02Wm' K
Viscosity of Muid 21 kem’s"
Carbon nanoparticles density 2001 kg m™'
Specific heal of solid nanopanicles 720 1 ke 'K

Thermal conductivity ol namoparticles 200 Wm' K

22 Model description and governing
equations

A two-dimensional simulation model based
on Lagrangian mulliphase approach for
nanofluid, which s infiltrated around
staggered nucrofiber matrix, 1s introduced to
investigale and predict the nanoparticles
trajectories and their interactions with the
fluid flow and the microfiber walls. In this
section, the governing equations of
conservation of mass, momentum and energy
of the system are introduced as well as the
calculations of the nanoparticles trajeciories
coupling with the continuous phase, fluid.

2.2.1 Governing equations

In the present model, the fluid flow is
considered &s a two dimenswonal, sleady
{aminar flow and the govemning equations for
conservation of mass, momentum and energy
for two-dimensional axisymmetrical
geometnes, could be taken as [ollows;

2.2.1.1 Continuity equation

ap @ 2 v, _
=t (v, ) =l )+ =225, D)
where, x is the axial coordinate, r ts the radial
coordinate, p is the fluid density, v, is the
axial velocity, and v, 1s the radial velocity
and the source term Sy, is the mass added to
the continuous phase; resin, from the second

phase; carbon nanoparticles.
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1.2.1.2 Momentum equations

2 (v o L2 lrom,v, ) 5o, )=
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where p is the pressure, p is the Muid
viscosity, F is the external body forces that
arise from inieraction with the second phase,
nanoparticies, and

?-F-%qr%q-ﬂf- ..... (4)

F

1.2.1.3 Energy equation
The energy equation for the present model is
taken as given by Shin and Jurec [21] in the

following form
SEﬂﬂum-vumﬁ. )
which, could be wniften as
ApeT), 2 ), 2

& +E{mﬁ,j+;{#ﬁ,}+

gr!:.v.[wnd. |

where, ¢ and k are the fuid specific hest and
thermal diffusivity respectively, T s the
tempernture and S, is the heating source
term.

1.3 Nanoparticles trajectory calculstions
1.3.1. Equstion of motion

The equation of motion for & representative
particle in Lagrangian reference frume could
be taken ns given by Kicinstreuer [17] in the
following form.

m_%:ﬁ_‘-tfh_l Pt

#_‘#ﬂ +F‘-l- '"m

where. s, and v, are the particle mass and
velocity respectively. and
dfch =3 +% -V, ie, a time derivative
following the moving particle

2.3.2 Viscous drug force, £,

The viscous drag force acting on the particle
mhﬁmrmhhnm
f_ =n,f,m v B)
where, ¥, is the fluid velocity and Cy is the
drag coefficient for submicron and nano

scales particles given by Ounis et al. [22] and
it has the form:

[ 1o
r:,, [m] t®

where, g is the fluid viscosity, g end d, are
the paricle density ond  diameter
respectively, and €, is the Cunningham slip
commection factor 10 Siokes® drag law , which

g, =|+%[l:m +u.4-{"‘%]]....nm

where, 1 is the molecular mean free path,
Kicinstrewer [17].

2.3.4 Buoyancy foree, Fy

The net buoyant force acting on the particle
ts estimated from the following relation

- -m,u—ff-u ........... (n
"
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where, py is the fluid density and g is the
gravity.

2.3.5 Pressure force, F ; I

There pressure force acting on the particle is
due to dynamic pressure and shear stress
gradients, and its formula js given by
Kleinstreuer [17] in the following form

F ==V, (Vp+Vi) ....... (12)

pressire
where, V, is the particle volume, p is the
pressure and 7 is the shear stress.

2.3.6 Virtual mass force, "_:v«udm

The virtual mass force is the force required to
accelerate the fluid surrounding the particle
and it is taken as given by Kleinstreuer [17]
in the form

| d@w, -v,)
erﬂmfmm\ == "’p ﬁ'/__(_l‘_':—
2 "p, dt

sl )

2.3.7 Lift force, F,,

The lift force due to shear, Saffman lift force,
is taken as given by Li and Ahmadi [23] in
the following form:

Ly |#_?'s'5‘,‘r (va - vf)
ppdp(gngu)m
where, 1 is the fluid kinematic viscosity and
g is the deformation-rate tensor, which has

the following form
ov
g, =s| 24| ....19)
2\ ox, &k,

2.3.8 Interaction force, F-:m S

In the present model we will consider the
interaction forcés due to Brownian motion
effects. The Brownian force was modeled by
Li and Ahmadi [24] as a Gaussian white
noise random process where the amplitudes
of the components at every lime step, Al:

F* = 52m (14)

”

Fmn G (%] ...... (16)

where, G; are the zero-mean, unit variance-

independent Guassian random numbers; and

S is the spectral intensity,
v,ofl

F ;

p
Sk
Where T is the absolute temperature of the
fluid, o is the Stefan — Boltzman constant, C,
is the Cunningham slip correction factor,
equation (10).

S, =216 A1)

2.4 Heat transfer calculations

To relate the particle temperature, 7,(1}, 10
the convective heat transfer a heat balance
was performed and the following relation
was utilized:

...(18)

ar,

mPCﬂTﬁi= hAF(Tf —Tﬂ]
where: ¢, and A4, are the heat capacity and the
surface area of the particle, 7 is the local
temperature of the continuous phase, fluid, #
is the convective heat transfer coefficient.

As the particle trajectory is computed,
equation (18) is integrated to obtain the
particle temperature at the next time value,
yielding:

T (+a)=T, +[7,()-T,Je %> (19

Where; Af is the integration time step and

A h
)
MuCp

The heat transfer coefficient, A, is evaluated
using the fellowing correlation given by
Incropera and DeWitt [25];

Nu = ’f" =20+0.6Re!/*Pr;” .(2])

s
Where; ks and Pryare is thermal conductivity
and Prandti number of the continuous phase,
fluid, respectively and Ry is Reynolds
number based on the particle diameter and
the relative velocity.
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1.5 Numerical wlution

The numerical analysis has been performed
using Fluent as follows. The momentum and
heat exchanges from the continuous phase,
fluid, to the discrete phase, nanoparticle, are
compuied by examiming the change in
momentum and thermal energy of the
nanopariicle as it passes Lthrough each control
volume i the model. These momentum and
heal exchanges appear 88 momenium sink
and source or sink energy in the continuous
phase momenlum and encrgy balances
respectively in any subsequent calculstions
of the continupus (low field. During the
motion of the particles, it s assemed thai
they da nnl éxchanpe mass or hest by
radiation with the conlinuous phase and they
do not participate in any chemical reaction.
The govemning integral equations for the
conscrvation of mass, momentum and energy
for the model are solved in a scgregated
numerical fashion by a Control-Volume-
Based Finite-Elemant  Method, Patankar
[26).

2.6 Grid size

A gnd size of 50 x 120 is applied on the unit
cell dlustrated in Fig. b To lest and assess
gnd independesce of the solution scheme,
the prid size has been changed up to 50 x
120, and it has been found that this grid size
is sufficient [or he present case of study.

1.7 Initial and boundary conditions

The numerical model has been soived under
the following assumplions and boundary and
inikal  copditions:  the

propeics of the used Musd are introduced a1
o lemperature level of 300"K. The flow inlet
is defined by its velocity components, while
the flow oullet s defired by its oullet
pressure, The mbet welocity of the Mow is
assumed to be normal 10 the top boundary of
the cell and has a magnitude of 0.05 m/s with
the gravity direction and the flow ovutlet
pressure is assumed to have the simosphenic

pressure value Since the flow thermal
solution 13 assumed (o be penodic; penodic
houndary conditions are applied on the side
boundanes of the Now inlets and outlets, The
carbon microfiber walls are assumed to have
a iemperature of JOO*K with no intermal heat
generation and no slip boundary condition. A
condition of gravilational acecleration is also
considered. Incri spherical carbon particles,
which have a diameter of 100 nm, arc
impected through (he Muid Fow with different
loads 1o investignle and predict the
nanoparticles  trajecioriess  and  their
imeracions with the flwd flow and the
microfiber walls

3. Results

The present model has been solved first for
the flow af the sele fuid withoul the
imgection of the nanoparticles 1o sludy the
flow chamcteristics and its mieraction with
the microfiber walls. As the main issue ol the
present study, the model has been solved
with the injection af wert spherical carbon
nanoparticles with flwd flow from different
locations with diflerent loads 1o investigate
and predict nanoparticles trajectorics and
their interactions with the Muid Mow and the
mucrofiber walls

3.1 Single Nuid Now charscteristics

The predicted stalic pressure comtours for
single Muid arc illustrated in Fig. 2a. The
figure shows tha! the maximum static
pressure is achieved over “he upper ends of
the upper iwo microfibers due lo their
reactions aganst the Nluid head. Also from
this figwre, onc can scc thai the sinbic
pressure @l the upper balil of the cell
decreases gradually towards the mdial
direction, r, and it has a minimum wvalue at
the cell center between the side-by-side
microfibers. Conversely, the static pressure
decreases sharply from the upper end to the
lower end along the axial direction, x, until it
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reaches a constant value at the lower half of
the cell after passing the third microfiber.

The predicted dynamic pressure contours for
single fluid are shown in Fig. 2b. Unlike the
static pressure, the dynamic pressure
increases from the wall sides toward the
radial direction until it reaches maximum
values at the cenfer between the side-by-side
microfibers. On the other hand, the dynamic
pressure has less value around the third
microfiber.
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Fig. 2a Stalic pressure contours for single fluid in (Pa)
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The predicted Reynolds number contours for
the flow of single fluid are presented in Fig.
3a. The figure shows that the Reynolds
number has minimum values around all

microfiber walls as a result of high friction.

The friction decreases gradually toward the
center of the cell at the radial direction
between the side-by-side microfibers where
microfiber walls-fluid interaction diminished,

‘while this friction decreases gradualty around

the (hird microfiber. Similarly, the shear
stress is much higher at microfiber walls-
fluid interface, Fig. 3b.

25E0%

> TE08

1 SEDY

S T T e
HEZRFRAARNA AR
2ERERIFRIRRI23T

|

%o 3Eoe e08 1EEDS JEOS
r

Fig. 3Ja Reynolds number contours for single fluid
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4E.05

Fig.6 Nine particics injected between two locations,
P(5e-06,3.7e-05) and P(1.55¢-05,3.7¢-05

3.3. Cootribution of Marangoni shear
stress:

To prevent any potential sticking of the
injected particles on the microfiber walls
during the flow process; the contribution of
Marangoni shear stress could be introduced
coupled with a temperature difference
between the fluid flow and the microfiber
walls. As reported by Schwartz {27}, the
temperature-induced surfacc stress  will
contribute to the flow within the liquid layer.
These thermocapillary effccts give nise to
various gravity independent phenomena
including convective flows, interface
distortions as well as interface ruplure.
Thermocapillary flows are driven by the
imbajance of tangential stress on the
interface caused by temperature dependence
of surface tension, Jiang & Floryan [28).
This tangential stress is called Marangoni
shear stress, and it has the following relation:

. o oT
0o T
Prtromens = oo (32

oo : - .
where 6?— is the surface tension

s or .
lemperature  coefTicient and = is Lhe

s
tangential vector of local free surface.

As it is seen from the definition of
Marangoni shear stress, it ts a combination
between a surface tension and a temperature
gradient, which offers a wealth of possible
responses. To introduce the cnergy
imbalance technique, the model has been
performed and solved including the
Marangoni shear stress contribution coupled
with a temperature difference between the
fluid flow and the microfiber walls. Many
temperature difference levels have been
applied while a fixed value of the surface
tension temperature has been
introduced, do /0T = 0.4 N/m.K.

The predicted temperature contours for
various temperature difference levels for the
sole flow are shown in Fig.7. As shown from
the figure, temperature gradient has been
built between the carbon microfibers walls
and the fluid flow and this dilference 1s
getting stronger in the case of higher
temperature difference levels.

The predicted Reynolds number contours for
the sole flow after applying the new
technique for different temperature levels are
shown in Fig. 8. In genera), one can see that
introducing the new technique creates
convective currents around the carbon
microfiber walls, which cause kind of
vortices around them. These vortices are
forcing the flow to move away from the
carbon microfiber walls and they are stronger
in the case of higher temperature difference
levels.
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The predicted results for the trajectories of
one and multiple nanoparticles after
introducing the energy imbalance techniques
are shown in Fig. 9 for a temperature

difference level of 60 °C. The figures show
that the nanoparticles, which were trapped on
the microfiber walls before introducing the
technique, are moving away from the
microfiber walls and they do not adhere on
them.

4. Conclusions

A two-dimensional simulation model based
on Lagrangian multiphase approach for
- nanoparticle-filled fluid “nanofluid” which
flows around a staggered microfiber matrix,
has been introduced. The nanoparticles
trajectories and their interactions with fluid
flow and microfiber walls have been
investigated numerically showing
undesirable sticking tendency of the
nanoparticles on the microfiber walls. To
prevent this tendency, the contribution of
Marangoni shear stress has been introduced
coupled with a temperature difference
between the fluid flow and the microfiber
walls. As a result of applying this technique,
the nanoparticles, which had been trapped on
the microfiber walls before introducing the
technique, have moved away from the
microfiber walls allowing the fluid to flow
more smoothly around the microfiber walls,
relative to its maotion, before applying the
energy imbalance technique.

Tbe present numerical study tends to give an
engineering solution to future composites
processing using nanocomposite as new
modified matrix to attend multifunctional
properties.
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