Microfluid Nanofluid (2006) 2: 425433
DOI 10.1007/s10404-006-0086-7

RESEARCH PAPER

Ahmed Elgafy - Khalid Lafdi

Carbon nanofluids flow behavior in novel composites

Received: 13 July 2005/ Accepted: 9 February 2006 / Published online: 4 March 2006

© Springer-Verlag 2006

Abstract Nanocomposite materials have broadened
significantly to encompass a large variety of systems,
made of distinctly dissimilar components and mixed at
the nanometer scale. This rapidly expanding field is
generating many exciting new advanced composites with
promising properties. However, during the fabrication
of nanocomposites, many problems could arise and re-
main as challenging tasks. One such problem is con-
trolling of the nanofluid flow behavior around the
microfiber perform as in case of Resin Transfer Molding
(RTM) process because of the high resin viscosity and
the low preform permeability. In this paper, a two-
dimensional simulation model based on the Eulerian
multiphase approach has been performed and solved to
investigate and predict the flow characteristics of a car-
bon nanofluid around a staggered microfiber matrix.
‘The interactions between the microfiber walls and the
interfacial nanofluid layers during the flow process have
been also studied. Based on the predicted results an
energy “‘imbalance” technique has been applied between
the microfiber walls and the interfacial nanofluid layers
allowing them the potential to flow more smoothly
around the microfiber walls to prevent any potential
sticking on the microfiber walls.

Keywords Nanofluid - Two-phase flow - Microfibers -
Eulerian approach - Interfacial interaction

1 Introduction

The definition of nanocomposite (nanoparticulate-filled
matrices) material has broadened significantly to encompass
a large variety of systems such as one-dimensional,

A. Elgafy - K. Lafdi (D<)

University of Dayton, 300 College Park, Dayton,
OH 45469-0168, USA

E-mail: lafdi@udri.udayton.edu

Tel.: +1-937-2294797

Fax: +1-937-2293433

two-dimensional, and three-dimensional, made of distinctly
dissimilar components and mixed at the nanometer scale.
This rapidly expanding field is generating many exciting
new materials with novel properties. The latter could be
derived by combining properties from the parent constitu-
ents into a single material. There is also the possibility of
new properties, which are unknown in the parent constit-
uent materials. Numerical studies and models were estab-
lished to predict the full potential of novel nanocomposites
(Yang and Chen 2004; Valavala and Odegard 2005). There
is a strong motivation to develop advanced heat transfer
fluids (nanofluids) with higher thermal conductivity prop-
erties by using nanoparticle additives (Choi 1995; Lee and
Choi 1996; Xuan and Li 2000; Eastman et al. 2001; Ke-
blinski et al. 2002). In addition, from fluid dynamics point
of view, nanofluids have a distinctive characteristic, which is
quite different from those of traditional solid-liquid mix-
tures in which millimeter- and/or micrometer-sized particles
are involved. Large particles can create pressure drop due to
settling effects. In contrast, the nanoparticles exhibit sig-
nificantly less additional pressure drop when flowing
through the passages (Khanafer et al. 2003). Nevertheless,
the possibility of clogging micrometric channels remains a
challenge. For instance, this issue is magnified in case of
Resin Transfer Molding (RTM) and other composite pro-
cesses because of a high resin viscosity and a low preform
permeability. Solving such problems is also considered as a
challenge because the simulation and prediction of the
characteristics of multiphase flows is very complex.
Changing from a single-phase model, where a single
set of conservation equations for momentum, continu-
ity, and energy is solved, to a multiphase model requires
introducing additional sets of conservation equations.
The modifications involve introducing the volume frac-
tions for the multiple phases as well as introducing a
mechanism for the exchange of momentum and energy
between the phases. A total of six generic governing
equations are required to model the mass, momentum,
and energy fields. These six conservation equations,
however, hold only within each phase; therefore three
additional equations governing the interfacial transfer of
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mass, momentum, and energy between the phases are
needed (Kleinstreuer 2003). In spite of the mentioned
difficulties, significant progress has been made in differ-
ent areas of multiphase computational fluid dynamics
(CFD). Wachem and Almsted 2003, introduced different
physical models for CFD predictions of multiphase
flows, while (Kleinstreuer 2003) introduced their
numerical solution tools. It was found that most com-
putational models for multiphase flow on an application
level describe both the continuous phase (fluid) and the
dispersed phase (solid) by a so-called Eulerian model. In
these models the dispersed phase, like the continuous
phase, is described as a continuous fluid with appro-
priate closures. Hence, one calculates only the average
local volume fraction, velocity, etc. and not the prop-
erties of each individual dispersed particle. In the case of
well-dispersed phases, one can introduce the properties
of the mixture (nanofluid) by considering the phasic
volume approach (Kleinstreuer 2003). As an example for
this formulation (Jackson 1997) used a formal mathe-
matical definition of local variables to translate the point
Navier-Stokes equations for the fluid and Newton’s
equation for motion for a single particle directly into
continuum equations representing momentum balances
for the fluid and solid phases.

In the present paper, a two-dimensional simulation
model based on the Eulerian multiphase approach for
the flow of a carbon nanofluid around a carbon micro-
fiber matrix is introduced to investigate and predict the
flow characteristics. The concept of phasic volume
fractions is utilized, while the effects of external body
forces, lift forces, and virtual mass forces are introduced

Fig. 1 a Carbon microfibers a
matrix configuration Fig. 1.
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into the momentum equations. The phase coupled
SIMPLE algorithm has been employed to solve the
model.

2 Numerical formulation
2.1 System configuration and physical domain

A nanofluid, which is composed of spherical carbon
nanoparticles dispersed homogenously into a resin, is
infiltrated into a two-dimensional carbon microfiber
matrix as shown in Fig. la. The microfibers have the
same diameter D and are arranged in a staggered
configuration with a separate distance 7 = D from all
directions. The used nanofluid is assumed to be
Newtonian, incompressible, and laminar while the
infiltration process is supposed to occur during a short
period (in second scale). Due to the high viscosity of
the used resin and the short duration time of the
infiltration process, the particles’s Brownian motion
and sedimentation will not be considered. A unit cell
is taken as a representative unit cell for the system as
shown in Fig. 1b, which illustrates that one-half of
each side-by-side microfiber is only taken for sym-
metrical considerations, while the third microfiber,
which is in a staggered orientation with the other two
microfibers, is completely considered. As a case of
study, carbon microfibers (8 pm in diameter) are
considered, and a unit cell (16x38 pm?) represents the
model. The carbon nanoparticles have a diameter of
100 nm.
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The thermophysical properties of the used fluid, resin,
and the solid particles, carbon nanoparticles, are listed
in Table 1.

2.2 Model description and governing equations

The present problem is classified as a multiphase flow
problem. One of the most powerful models to simulate
such problems is the Eulerian multiphase model
(Kleinstreuer 2003). The Eulerian multiphase model
solves a set of n momentum and continuity equations for
each phase, and coupling between them is achieved
through the pressure and interphase exchange coeffi-
cients. The concept of phasic volume fractions, which is
utilized for nanofluid modeling (Khanafer et al. 2003), is
considered in this model, and the laws of conservation of
mass and momentum are satisfied by each phase indi-
vidually. The derivation of the conservation equations is
performed by using the mixture theory approach
(Bowen 1976) as follows:

2.2.1 Continuity equations.

By considering no mass transfer between the two phases,
the continuity equation for the fluid phase could be ta-
ken as given by (Kleinstreuer 2003) in the following
form:

9 (aapr) + Voapar) = 0 ()

where o ¢, p r, and vr are the fluid phase volume fraction,

density, and velocity, respectively.
For the solid phase:

o () + Viaspyzs) =0 @)

where o ¢, p , and v, are the solid phase volume fraction,
density, and velocity, respectively.

2.2.2 Momentum equations

The conservation of momentum for the fluid phase is:

Table 1 Thermophysical properties of the used fluid and solid
particles

Property

Density of fluid 1400 kg m 3
Specific heat of fluid 1390 J kg~ ' K~!
Thermal conductivity of fluid 02Wm'K™!
Viscosity of fluid 21kgm s
Solid particles density 2000 kg m >
Specific heat of solid particles 720 T kg ' K7!
Thermal conductivity of solid particles 200 Wm~' K™!
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where p is the pressure shared by the two phases, 7 is the
phase stress tensor, F is the external body force, Fj;g is
the lift force, F,,, is the virtual mass force, K= Ky i
the interphase momentum exchange coefficient between
the two phases, and subscripts f and s denote the liquid
and solid phases, respectively.

2.2.3 Stress tensors

The fluid phase stress tensor is taken as given by
(Kleinstreuer 2003) in the form:

T = oppt( Vo + Vol ) (5)

where i is the fluid viscosity.

On the other hand, the solid phase stress tensor
contains shear and bulk viscosities arising from particle
momentum exchange due to collision and translation
(Gidaspow et al. 1992). The collision and kinetic parts
are added to give the solids shear viscosity:

(6)

The collisional part of the shear viscosity given by
(Gidaspow et al. 1992) is in the form:

Hs = Hs collision + Hs kinetic

4 0.5
Ms,collision = gaspsds(l + eS) <_S> (7)
T
where d; is the solid particle diameter, e is the coefficient
of restitution for particle collisions, and its value for the
present case is 0.9, and @ , is the granular temperature,
which is proportional to the kinetic energy of the ran-
dom motion of the particles and it has been derived by
(Ding and Gidaspow 1990).
The kinetic part of the shear viscosity given also by
(Gidaspow et al. 1992) is in the form:

10p,ds\/Os7
9605(1 + e5)

Ms,kinetic -

(8)

4 2
1 +§oc5(l + es)]

Based on equations, 6, 7, and 8, the solid phase stress
tensor will take the form:

T = ot (Vs + Vol ) (9)
2.2.4 Lift forces

The lift force acts on the solid phase particles mainly due
to velocity gradients in the fluid phase flow field. It could
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be computed from the formula derived by (Drew and
Lahey 1993) in the form:

Figef = —0-50<spf}vf - Up’ x (V x vr) (10)

and in this case, Fir, r= -Flire, s

2.2.5 Virtual mass forces

The virtual mass force occurs when the solid phase, s,
accelerates relative to the fluid phase, f. The inertia of the
fluid phase mass encountered by the accelerating particles
of the solid phase exerts a virtual mass on the particles,
and it could be taken as given by (Drew and Lahey 1993)
in the form:

Fomg = O.Sappf<<aa—l;f + (va)vf> - <% + (USV)US>)
(11)

and in this case also, Fyy, = Fym, s

2.2.6 Interphase exchange coefficients

The fluid solid momentum exchange coefficient, K =
Ky, could be introduced as given by (Gidaspow et al.
1992) in the following form:

3 osarfvs — v
Ky = ZCD%% 2.65 (12)

where

_ 24 0.687}
o= [1 +0.15(oRes)

(13)
and Res is the Reynolds number of the solid phase.
2.3 Numerical method

The numerical analysis is performed using Fluent as fol-
lows. The phase coupled SIMPLE algorithm (Vasquez
and Ivanov 2000) is used for solving the pressure-velocity
coupling, while the velocities are solved coupled by phases
in a segregated fashion. The block algebraic multigrid
scheme used by the coupled solver described by (Weiss
et al. 1999) is used to solve the equation formed by the
velocity components of all phases simultaneously. Then, a
pressure correction equation is built based on total
volume continuity rather than mass continuity. Pressure
and velocities are then corrected so as to satisfy the con-
tinuity constraint.

2.4 Grid size
A grid size of 50x120 is applied on the unit cell illus-

trated in Fig. 1b. To test and assess grid independence of
the solution scheme, the grid size was changed up to

50%120, and it is found that this grid size is sufficient for
the present case of study.

2.5 Initial and boundary conditions

The numerical model was performed and solved under
the following assumptions and boundary and initial
conditions: the flow inlet is defined by its velocity com-
ponents, while the flow outlet is defined by the outlet
pressure. Since the flow thermal solution is assumed
periodic, periodic boundary conditions are applied on
the side boundaries of the flow inlets and outlets. The
thermophysical properties of the used resin are intro-
duced at a temperature level of 300°K. The inlet velocity
of the flow is normal to the boundary and has a mag-
nitude of 0.05 m/s. The flow outlet pressure will have the
atmospheric pressure value. The carbon microfiber walls
will have a temperature of 300°K with no internal heat
generation and with no slip boundary condition. A
condition of gravitational acceleration is also consid-
ered.

3 Results

The mentioned initial and boundary conditions have
been applied on the proposed numerical model, which
has been solved for different volume load ratios of the
spherical carbon nanoparticles dispersed into the liquid
phase; resin. The volume load ratios are 0, 0.5, 1, 1.5,
and 2%; where the zero volume ratio corresponds to
neat resin.

3.1 Neat resin flow characteristics

The predicted static pressure contours for neat resin are
illustrated in Fig. 2a. This figure shows that the maxi-
mum static pressure is achieved over the upper ends of
the upper two microfibers due to their reactions against
the fluid head. Also from this figure, one can see that the
static pressure at the upper half of the cell decreases
gradually towards the radial direction, r, and it has a
minimum value at the cell center between the side-
by-side microfibers. Conversely, the static pressure de-
creases sharply from the upper end to the lower end
along the axial direction, x, until it reaches a constant
value at the lower half of the cell after passing the third
microfiber.

The predicted dynamic pressure contours for neat
resin 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 center 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. 2 Pressure contours for a 4eo0s b €05
neat resin. a Static pressure
contours. b Dynamic pressure
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The predicted cell Reynolds number contours for the side-by-side microfibers where microfiber walls-fluid
flow of neat resin are presented in Fig. 3a. The figure interaction diminished, while this friction decreases
shows that the cell Reynolds number has minimum gradually around the third microfiber. Similarly, the
values around all microfiber walls as a result of high shear stress is much higher at microfiber walls-fluid
friction. The friction decreases gradually toward the interface, Fig. 3b. The wall shear stress has been
center of the cell at the radial direction between the estimated with a thickness of 0.6 pum.
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3.2 Results for different carbon particles load ratios

The present numerical model has been performed and
solved for different volume load ratios of the carbon
particles into the resin to investigate and predict the
effect of loading ratio on the flow characteristics. Due
to their significant roles in the flow characteristics, the
cell Reynolds number of the flow and shear stress of
the walls will be taken as the assessment parameters
between different cases. The predicted cell Reynolds
number contours for the flow with different volume

Fig. 4 Cell Reynolds number
contours for different carbon
nanoparticle volume load
ratios. 2 0.5%. b 1.0%. ¢ 1.5%.

a 4E05

ratios of 0.5, 1, 1.5 and 2% are shown in Fig. 4. From
this figure one can see that the magnitude of the cell
Reynolds number decreases as the carbon particles
volume load ratio increases in the resin. This trend
could be explained by an increase in nanofluid effec-
tive viscosity. Similarly, the magnitude of the wall
shear stresses increases by increasing the particles load
ratio, Fig. 5. The relation between the load ratio and
the maximum shear stress around the microfibers for
all cases is illustrated in Fig. 6, which shows a qua-
dratic relation between them.
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Fig. 5 Walls shear stress
contours for different carbon
nanoparticle volume load ratios
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Fig. 6 The relation between load ratio and maximum walls shear
stress

3.3 Energy imbalance approach

As was expected during the flow process, the interfacial
fluid layers around the microfiber walls exhibits high
friction. This friction tends to reduce the flows velocity,
which may cause its sticking on the microfiber walls, and
after sometime, perhaps the flow passages will be
blocked.

To prevent any potential sticking of the adjacent fluid
layers on the microfiber walls during the flow process, an
energy imbalance technique could be created between
the carbon microfiber walls and the fluid flow.
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As reported by (Schwartz 2001) the temperature-in-
duced surface stress will contribute to thermocapillary
flow within the liquid layer. These thermocapillary
effects give rise to various gravity independent phe-
nomena including convective flows, interface distortions
as well as interface rupture. Thermocapillary flows are
driven by the imbalance of tangential stress on the
interface caused by temperature dependence of surface
tension (Jiang and Floryan 2003). This tangential stress
is called Marangoni shear stress, and it has the following
relation:

0o OT

TMarangoni = ﬁa (14)
where g—; is the surface tension temperature coefficient,

and %—f is the tangential vector of the local free surface.
As is seen from the definition of Marangoni shear stress,
it is a combination between a surface tension and a
temperature gradient, which offers a wealth of possible
responses.

To evaluate the Marangoni shear stress contribution
in the present model, the governing integral equation for
the conservation of energy for multiphase flow approach
(Gidaspow 1994) has been performed and solved cou-
pled with the continuity and momentum equations.
After introducing several combinations of the surface
tension temperature coefficient, dg/dT, and the temper-
ature difference between fluid flow and carbon microfi-
ber walls, it has been found that the interfacial fluid
layers around the microfibers resulted in higher veloci-
ties when these two parameters were 0.4 N/m.K and
70°C, respectively. These higher velocities allow the
interfacial fluid layers the potential to flow more
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smoothly around the microfiber walls, relative to its
motion, before applying the energy imbalance technique.
Thus the likelihood of sticking is less presumed.

The predicted cell Reynolds number contours for the
flow with different volume load ratios after introducing
the energy imbalance technique are shown in Fig. 7.

In general, one can see that applying the proposed
energy imbalance technique creates convective currents

Fig. 7 Cell Reynolds number
contours after applying the
energy imbalance technique for
different carbon nanoparticle
volume load ratios a 0.5%.

b 1%. ¢ 1.5%.d2%

a 4E-05

3.5E-05

around the carbon microfiber walls, which cause kind of
vortices around them. These vortices force the flow to
move away from the carbon microfiber walls. From the
figures we can also see that these vortices are stronger in
the case of low loading ratios of the carbon nanoparti-
cles in the resin, which means that in the case of higher
load ratios, higher temperature differences may be
needed.
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4 Conclusions

The flow characteristics of carbon nanofluid around a
staggered carbon microfiber matrix have been investi-
gated and predicted numerically. Observations of the
incident illustrate interactions between the microfiber
sidewalls and the interfacial fluid layers. These interac-
tions have a tendency to reduce the flow velocity,
causing an attraction of the flow to the microfiber
sidewalls. After some time, the flow passages will be
blocked. To circumvent this tendency, an energy
imbalance technique has been established between the
fluid flow and microfiber walls. As a result of applying
this technique, convective currents around the carbon
microfiber walls have been produced causing vortices
around them. The forces from these vortices cause the
flow to move away from the carbon microfiber walls
preventing the interfacial fluid layers to stick on the
microfiber walls.
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