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Abstract

The present work deals with numerical investigations on heat transfer characteristics and friction factor of aqueous CuO
nanofluids flow in a set of four microchannels connected in parallel under laminar regime. For each single phase, volume of
fluid, mixture and Eulerian models, a particular computer code is developed to carefully simulate this problem. The three-
dimensional steady-state governing equations are solved through finite volume method. The primary aim of this study is to
comparatively distinguish the most appropriate and accurate model for numerical studies of nanofluids in microchannels.
The results are compared with one another and the data obtained from an experimental work. Regarding the results, an
acceptable consistency is observed for all models with the experimental data. The current study truly demonstrates that
applying single-phase model to simulate and evaluate the laminar flow of CuO-water nanofluid inside microchannels with
uniform wall temperature is more modest, precise and reliable compared with two-phase models.
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Greek symbols

i Fluid dynamic viscosity (kg m™' s
p  Mass density (kg m™>)

@ Volume concentration

B Friction coefficient (kg m~> s_l)
«  Thermal diffusivity (m* s™")

n  Viscosity (Pa s)

Subscripts

b  Bulk

dr Dirift

eff Effective

h  Hot

f Base fluid

m  Mixture

f Fluid

nf  Nanofluid
p Nanoparticles
w  Wall

Introduction

Over the past decade, computers and other modern elec-
tronic devices have been becoming far more widespread.
Due to high heat generation of such devices, designing
more efficient systems to dissipate away this heat in order
to prevent overheating as well as chip failures is
inevitable for industrial corporations. In comparison with
voluminous traditional heat sinks, using liquid combined
with micro- or mini-channels for cooling is more efficient
and rational. Reducing the channel diameter leads to a
higher heat transfer coefficient in consequence of a large
surface area-to-volume ratio and also it augments heat
conduction through the channel walls. Despite the positive
points of microchannels, several disadvantages can also be
considered including higher pressure drop due to the
dimensions reduction and increment of the production
costs. As another defect, fouling of fluid should also be
taken into account. In spite of the mentioned cons,
employing microchannels is still the most effectual and
prevalent method of cooling electronic components.

For the first time in 1995, Choi [1] offered nanofluids
which are engineered by adding and dispersing nanoscale
metallic, metallic oxide, carbon or composite particles in
conventional working fluids (water, ethylene glycol and
mineral oils) as an innovative way of improving thermo-
physical properties of ordinary fluids and total heat transfer
rate as a consequence. Nanofluids as novel agents for
development of energy sustainability have incomparable
potential to be employed as working fluid in a wide variety of
thermal applications [2—13] such as heat pipes [14—17], heat
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exchangers [18-21], solar energy systems [22-25], refrig-
eration systems [26-31], engine cooling system [32-34],
heat sinks [35-38] and so forth. Since the size of the solid
particles is pretty small (1-100 nm), they perform identical
as liquid molecules and flow smoothly through the
microchannels. In recent years, utilizing microchannels
operated with nanofluids for cooling purposes has become as
an interesting topic of research for many scholars [39—46].

Nguyen et al. [47] experimentally analyzed the effect of
water-based Al,Os; nanofluids on heat transfer character-
istics of a closed electronic cooling system. They reported
that heat transfer coefficient of nanofluid at 6.8% vol.
nanoparticles enhances more than 40% compared to that of
the base fluid. According to their observations about par-
ticle size effect, nanofluid with 36-nm particle size pro-
vides higher convective heat transfer coefficient rather than
with 47-nm particle size.

An experimental investigation on performance of
microchannel heat sink using CuO-water nanofluids as
coolant was carried out by Chein and Chuang [48]. They
observed a significant enhancement in the absorbed energy
and a slight increase in pressure drop of the system uti-
lizing nanofluids compared with the pure water.

Performing an experimental study on convective per-
formance of Al,Os;/DI-water nanofluids in a commercial
electronics cooling system, Roberts and Walker [49] found
an increment in convective heat transfer through using
nanofluid at up to 1.5% vol. nanoparticles.

In another investigation, Khodabandeh and Abbassi [50]
numerically calculated the optimum geometry for a trapezoidal
microchannel with aqueous Al,O5; nanofluid flow using the
two-phase Eulerian—Lagrangian model and constructal theory.
Based on their findings, for an unchanged pressure drop,
microchannel with side angle of 70° has the highest overall
non-dimensional conductivity compared to others. Also they
reported that the maximum thermal conductivity is reached for
nanoparticle volume fraction ranging from 0.4 to 0.5%.

Ho et al. [51] conducted an experimental evaluation on
hydraulic and thermal performance of a microchannel heat
sink employing aqueous Al,O3 nanofluid. As mentioned in
their paper, using nanofluids instead of pure water leads to
a low increment in friction factor. By doing so, they also
reported a remarkable enhancement in the average heat
transfer coefficient. For instance, at 1% vol. nanoparticles,
the average heat transfer coefficient rises around 70%
compared to that of water.

Jang and Choi [52] examined the cooling performance
of a microchannel heat sink utilizing diamond-H,O
nanofluid numerically. Based on their results, 10%
enhancement in performance was observed through using
the nanofluid at 1% volume loading of nanoparticles.

In another research, Kalteh et al. [53] studied the lam-
inar forced convection of water-based Al,Os; nanofluids
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flow inside a microchannel heat sink both experimentally
and numerically. Homogenous and two-phase Eulerian—
Eulerian methods were implemented to computationally
determine the nanofluids forced convection. Regarding
their comparative results, it is concluded that the results
based on two-phase approach are in a better agreement
with the experimental data. Furthermore, the mean Nusselt
number increases as Reynolds number and nanoparticles
volume concentration enhance. Eventually, they reported
that average Nusselt number is strongly affected by
nanoparticle size, insofar as the Nusselt number augments
with decrement of particle size.

In this study, a numerical simulation on heat transfer
characteristics and friction factor of dissipative nanofluids
(CuO-water) flow in microchannels using FVM method is
carried out based on an experimental investigation per-
formed by Byrne et al. [54]. This experimental study was
conducted on water-based CuO nanofluids with and with-
out suspension enhancer (surfactant) flow through a com-
bination of four parallel microchannels. Dimensions and
assembly details of the microchannels test section are
represented in Fig. la, b, respectively. The numerical
simulation results are compared with the experimental data
for nanofluids without surfactant. Nanofluids flow in
microchannels at three various volume loadings
(p =0.005, 0.01 and 0.1% vol.) is modeled. The main
objective of the present work is to compare the experi-
mental data with numerical results obtained using single-
phase and two-phase models (VOF, Eulerian and mixture)
in order to choose the most precise and reliable model for
numerical studies of microchannels. Finally, some corre-
lations for prediction of average Nusselt number and

(a)

6 mm

10 mm

friction factor in microchannels are generated on the basis
of the most accurate model. For each model, a particular
computer code is developed to fulfill this purpose. The
reliability of the codes was proven in a previous study by
our team [55].

Numerical analysis

In this work, three-dimensional (3D) computational fluid
dynamics (CFD) is considered for modeling and solving
the problem. As previously mentioned, an individual code
is separately developed for each four models. As shown in
Fig. 2, for the current problem a computational domain
with 6 mm length, 0.1 mm width and 0.119 mm depth has
been defined. Steady-state fully developed laminar flow of
CuO-water (nanoparticle size = 30-50 nm) nanofluids
passes through the block.

Single-phase model

Nanofluid is considered as a homogenous fluid in the sin-
gle-phase model. For the fluids with solid particles inclu-
sion, Knudsen number (Kn) is defined as the molecular
mean free path of the base liquid to the particles diameter
[56]. Since the value of Kn number is found far less than 1
in the present study, the continuum assumption of fluid
mechanics is authentic for the single-phase simulation
model. Therefore, continuity, momentum and energy
equations (governing equations) are written as [57]:
Continuity equation:

Vo (Pog - Vin) =0 (1)

(b) Flow

Entrance

S —

Fig. 1 Schematic of the microchannel test section: a test section dimensions and b test section assembly details. Layers (2) and (3) are fabricated
as single pieces, but are shown in a sectioned view to illustrate interior details [54]. Reprinted with permission from Elsevier

@ Springer



674

M. Keshavarz Moraveji et al.

Fig. 2 Schematic of the
numerical domain for this study
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100 um

Momentum equation:

Vo (Pos* Vin - Vm) = =VP + V- (s - VVn) (2)
Energy equation:

Vo (o C- Vi - T) =V - (kng - VT) (3)
The fluid is considered as a single continuous phase;

hence, the following equations can be utilized to determine
thermophysical properties of the nanofluid [58]:

por = (1= @)pr + 9p, (4)
Cpnf = (1 - (/))Cpf + (Pcpp (5)
where p is density, C, is specific heat capacity and ¢ is the
volume concentration of nanoparticles. Also, nf, f and
p subscripts refer to nanofluid, base fluid and nanoparticles,
respectively.

The following correlation can be used to determine the
viscosity of the nanofluids [59]:

1
Hnf = Ut <m> (6)

The effective thermal conductivity of the nanofluid is
defined as [60]:

kut de 0.3690 ke 0.7476
1+ 647907040 (2L o Pro9955R el 2321
ke +64.7¢ ay % Ty ek

(7)

where Prr and Re are defined as:

He
Pr=— 8
T pros ®)
peko T
Rer = 9
er 3713/1%1f ( )

where k;, is the Boltzmann constant which is equal to
1.3807 x 1072* J/K and [; is the mean free path of fluid
particles (= 0.17 nm) [60]. In this model, the effects of
nanoparticle size and temperature at the temperature range
between 21 and 70 °C are considered.

Two-phase models
Mixture model
Indeed, the mixture model considers the fluid as a mixture

of dispersed and continuous phases. The mixture model is
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the most suitable option to simulate and investigate the
bubbles in fluids as well as liquids with small particles
inclusion [61]. For this model, the governing equations are
analogously written to the homogeneous model. By bal-
ancing both the body and drag forces due to density vari-
ations, slip of a dispersed phase relative to the continuous
phase could be truly determined. Local equilibrium as a
fundamental supposition is considered in the mixture
model. According to this assumption, the suspended par-
ticles travel evermore with their terminal velocity corre-
sponding to the continuous phase. Until the force
equilibrium is attained, the mixture model could be
employed for a wide range of particle size, velocity vari-
ations and density ratios.

The steady-state governing equations (continuity,
momentum and energy) are defined as [62]:

Continuity equation:
V(P Vi) =0 (10)

Momentum equation:

V(P Vi Vi) = =VP+ V- (i, - VVi) + V

: (Z d’kPkar,kar,k)
k=1
- pmﬁiﬂmg(T - Tl) (11)

where p,, and p,, as the mixture density and viscosity are
generally defined as:

Pm = Zd)kpk (12)
k=1

My = Z¢kﬂk (13)
k=1

where ¢y is the volume fraction of phase k and > ¢, = 1.
Energy equation: k=1

VY (o Co- by Vi T) = V- (4 - VT) (14)
k=1
where 4 ,, as the mixture thermal conductivity is:
)»m = Z (bk;hk (15)
k=1

Volume fraction equation:
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V- (¢pppvm) =-V- (¢pppvdnp> (16)
where V,, is mass average velocity:

_ > i1 PP Vark
Pm

Vi (17)

Varx as the drift velocity for the secondary phase k
(nanoparticle) can be determined through Eq. (18):

Vark = Vpr — Z%Vﬂ( (18)
i-1 Pm

The following correlations are used to determine V¢
(slip velocity):
Vor = Vp — Vi (19)
_ P~y (pp = pm)
18 t¢farag Pp

1 4+ 0.15Re%%%7 for Re, < 1000
fdmg :f(x) = p p—=
0.0183 Re , forRe, > 1000

fo a (20)

(21)

The subscripts p and f correspond to secondary phase
(nanoparticle) and primary phase (water) of the fluid,
respectively.

The acceleration in Eq. (20) is defined as:

a=g— (Vm-V)Vn (22)

Eulerian model

Continuity, momentum and energy equations are separately
solved for each phase in the Eulerian model as another
multiphase model. For each phase, a set of equations is
characterized by volume fractions. Comparing with the
mixture model, Eulerian model is far more difficult to use
due to powerful coupling. Eulerian model is also applicable
for a wide range of volume (dilute to dense) and particle
(low to high) loadings as well. For both particle and base
fluid phases, the governing equations (mass, momentum
and energy) can be presented as [53]:

& (qu’l‘_}l) =0 (23)
V- (Pp?"pvp} =0 (24)
o+, =1 (25)

V- (o ViVh) = —9,Vp + V- [(plul (VVl + VVIT)}
+ Fd + va
(26)

—

V- (ppqopvpvp) =-,Vp+V- {(pp,up (VVP + V\_/';)}
_Fd+FVm+Fcol
(27)

In the current study, the lift force could be neglected due
to the very small size (in nanometer-sized) of the particles.
Only the drag force between the phases (F4) must be taken
into consideration as follows:

Fo=—p(Vi = V) (28)

p (friction coefficient) is calculated on the basis of volume
fraction range and its value for a very dilute two-phase flow
with particle diameter d,, can be determined as:
3 1 - T
f=2C4 @i ®1) p1|V1 _ foqol 2.65 (29)
4 dy
Equation (27) is authentic for two-phase flows including
particles in more than 0.8 volume fractions. The drag
coefficient (C4) magnitude relies on the particle Reynolds
number as:

24
- (1+0.15ReS7) for Re, <1000
(&

Cd = (30)
0.44 for Re, > 1000
where
Vi—V,ld
Re, = (Plpl| l'u p| P (31)
1

Negligence of the viscous dissipation and radiation and
assuming the base liquid and the nanoparticle phases as
incompressible fluids as well, the energy equation can be
rewritten as follows:

V- (0o CoTiV1) = V - (prkerr) VT — hy (T — T,)
(32)

A (ppq’pcppr‘?p) =V (%keff,pVTp) + hy (T — Tp)
(33)

For monodispersed spherical particles, h, can be
obtained from the following correlation:

6(1 —¢) h

hy, =
dy P

(34)
where A, as the fluid—particle heat transfer coefficient can
be determined based on the experimental correlations
available in the literature. An empirical correlation devel-
oped by Wakao and Kaguei [63] is used to calculate the
fluid—particle heat transfer coefficient in the current study
as follows:

h.d 1/3
Nu, = % =2+ L.IRe)® Pr (35)

For liquid and particle phases, the effective thermal con-
ductivity is determined as:

@ Springer
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k) e Velocity:
ket = o (36) Inlet condition at the input face of the block (z = 0):
ko p Vi=Vy=0,V, =V
kefrp = (/)—p (37) ¢ = ¢
T=Ty=14°C
where
e Walls:
kpy = (1 -/ (1= (pl))lq (38) No slip condition at the interface for the two side faces
and upper and beneath faces of the block:
kop = /(1 — @) (wA + [1 — o]k (39) Vi=Vy,=V,=0
and
For the beneath face of the block (constant
r 2 B(A—1) | <A> (B—1) B+1 temperature):
= n —_— _ —_—— o
(-5 laa-5>"\B/ (1-% 2 T =T =24°C
(40) For two side faces and upper face of the block (thermal
with insulation):
—knt VT =0
= 1as(l=al)™” 41 n
- o (41) e Pressure:
No viscous stress condition at outlet face of the block
For spherical particles: (z=L):
k The following overall mass balance correction is used:
A=-" (42)
ki P=Py=0
and
®=7.26x 10" (43)  Numerical solution
VOE model The set of differential equations are discretized through

As other type of multiphase models, volume-of-fluid
(VOF) model is a free-surface modeling method. Indeed,
location of the liquid-liquid interface (free surface) is
tracked in this model. For this purpose, a single momentum
equation is solved throughout the fluid domain, and then,
the achieved velocity field is shared among all phases.
Eventually, a single energy equation is applied to calculate
a shared temperature. It should be noted that the momen-
tum and energy conservation equations in VOF model are
presented as given in Eqs. (2) and (3), while continuity
equation is individually presented as follows [64]:
—

V- (@gpgVe) =0 (44)
where 22:1 ¢4 = 1 and all properties are calculated alike
N =371 ¢qNq (n is number of the phases).

Boundary conditions

For solving the governing equations, the following
boundary conditions are applied to all four models:
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FVM (finite volume method) and solved iteratively
applying the line-by-line technique as well. For the con-
vective and diffusive terms, the second-order upwind
method is utilized, while for the velocity—pressure cou-
pling, the SIMPLEC procedure is applied. For discretiza-
tion, a structured non-uniform grid is employed which is
closer to the blocks inlet and near beneath the wall where
both temperature and velocity gradients are greater. The
sum of scaled absolute residuals for all present parameters
(velocity, mass and temperature) is limited to remain lower
than 10~° as criterion of convergence.

Grid independency and code validation

Three individual structured meshes are tested for each
model to accurately investigate the independency of results
from the number of grids. According to Fig. 3, for all four
models the calculated mean Nusselt numbers do not show
significant change after applying the 600 x 20 x 10 grids
comparing to 300 x 10 x 5 grids. So, the 300 x 10 x 5
grids (length x depth x width) are opted for this numeri-
cal simulation. In addition, the calculated average Nusselt
numbers for pure water are compared with those
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Fig. 3 Grid independency and code validation with average Nusselt number (four microchannels) for pure water flow (a: single phase, b:

Eulerian model, ¢: VOF model, d: mixture model)

determined experimentally [54] in order to evaluate the
computer codes. The highest deflection from the experi-
mental data for the single-phase model is approximately
12%, and for Eulerian, mixture and VOF models are
specified about 11% as well.

Calculation of thermal-hydraulic
characteristics

Average nusselt number

Four parallel microchannels were used in the experiment

by Byrne et al. [54]. To calculate the average Nusselt
number, the following equations are used as follows:

q= chnf(Toul - Tl ) (45)
aW - H
= —— 4
HTo2(W e+ H) (46)
A=LxW (47)
D
Nu 4" Zn (48)

" 4Akyt(Tw — T

where Dy, g, m, W, H, L, Ti,, Tou, Tw, and Ty, are the
hydrodynamic diameter, total heat transfer, total mass flow

rate, width, height (depth), length, inlet temperature, outlet
temperature, wall temperature (beneath the block) and bulk
temperature, respectively.

For converting the total mass flow rate to dimensionless
Reynolds number:

i

_ 49

! 4pan ( )
D

Re — PorTH (50)
ot

Friction factor

For evaluating the friction factor, the following correlation
is used [20]:

2-Dy- AP
f= s (1)
pnfLM
where AP is the total pressure drop.
Pumping power (P,) is defined as:
P, = VoeAP (52)

where Vs is volume flow rate of the nanofluid.

@ Springer
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Results and discussion
Average nusselt number

All applied geometry, volume fractions and boundary
conditions for the current simulation are identical to the
experiments performed by Byrne et al. [54]. The first test
section of the experimental work and the case with no
suspension enhancer was chosen to be simulated and
intently compared. Figure 4 illustrates the comparison of
the average Nusselt number obtained numerically with the
experimental data [54]. According to Fig. 4, at
@ = 0.005% almost the same results are achieved from the
four models. As the volume loading increases to
@ =0.01%, the single-phase model shows a better
approximation of the experimental data comparing to the
two-phase models. For the highest volume fraction (0.1%
vol.), the deviation between the two-phase and single-
phase models becomes more distinctive. The numerical
results based on single-phase model are evidently in a
better agreement with the experimental data. Relatively
similar results are acquired using two-phase models

(mixture, Eulerian and VOF) at all nanoparticle concen-
trations which overestimate the experimental data. This
matter may be justified by the fact that the two-phase
models are more sensitive to the presence of nanoparticles
(changes in concentration) than the single-phase model.
Maximum errors for the single phase, Eulerian, VOF and
mixture models are specified around 9.14, 16.46, 17.05 and
17.04%, respectively. Although the effects of some phys-
ical phenomena such as gravity, drag, thermophoresis and
Brownian motion are not directly considered in the single-
phase model, this model yields far closer results to the
experimental data compared with the two-phase models. It
can be attributed to the fact that the effects of mentioned
factors are taken into account in the single-phase simula-
tions indirectly. In other words, because an experimental
model has been adopted to determine thermal conductivity
of the current nanofluids in the single-phase model, the
influences of those factors exist in the model, which can
affect the results of the simulation. Unlike imagination, it
should be noted that the two-phase approaches include
more simplifying assumptions in comparison with the
single-phase method, which can cause some error in the

(a)ses (b) 65
e Exp. ® Exp.
6 1 a 6 o
ASingle A A Single A
5.5 .
oEulerian ° >3 o Eulerian b
8 2
51 5 ©VOF
2 ©VOF o 2 °
451 oMixture 454 ©Mixture
. 2
° []
4] 4
3.5 " 35 é
3 3
30 40 50 60 70 80 90 100 110 30 40 50 60 70 80 9 100 110
Re Re
(c)es
[ ] EXp e
6
A Single
N
55 O Eulerian a
[ ]
51 ©VOF A
> =} °
z 45 o Mixture N
' L
4 =
A
3.5 °
3
30 40 50 60 70 80 90 100 110
Re

Fig. 4 Comparison between calculated average Nusselt numbers (four microchannels) with the experimental data by Byrne et al. [54]. (a:

@ = 0.005%, b: ¢ = 0.01%, c: ¢ = 0.1%)
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results. Since the single-phase model gave the most precise
outcomes of all, a correlation for average Nusselt number
is developed based on its results:

Nu = 0.3837Re"* 0'1937(1 + @) (53)
31.86 <Re <101.44
For 4.82<Pr <7
0<¢<0.001

This correlation could be applied for laminar flow of
CuO-water nanofluid in microchannels on the above-
mentioned validity range. Possible deviation of the average
Nusselt number correlation from the results obtained
through single-phase model is presented in Fig. 5.

Figure 6 illustrates the effect of adding nanoparticle on
mean Nusselt number of the base liquid on the basis of the
single-phase results. Apparently, increment of volume
loading augments average Nusselt number of nanofluids at
all velocities. Although the average Nusselt number of
nanofluids at whole tested concentrations (0.005, 0.01 and
0.1% vol.) is very close to each other, they are all above
that of pure water. Significant enhancements in Nusselt
number are observed as the volume fraction increases to
@ = 0.6 and 1%. For the nanofluid with a concentration of
1% by volume and v = 0.558 m/s, the Nusselt number rises
approximately 50% in comparison with pure water at the
same velocity. These enhancements in heat transfer of the
base fluid with nanoparticle addition could be attributed to
some feasible reasons, i.e., Brownian motion, friction force
between the reference fluid and nanoparticles, particle-to-
particle thermal interaction and energy exchange between
the particles and the bulk fluid. Brownian motion as the
random motion of nanoparticles within the bulk liquid
principally affects the heat transfer enhancements. As
another cause, dispersion of nanoparticles into the base
liquid results in reduction of thermal boundary layer

55 +4%

3
45

Nu (correlation)

3.5

3 3.5 4 4.5 5 5.5 6
Nu (simulation)

Fig. 5 Deviation between the Nusselt number correlation and the
single-phase model results

1 o ¢0=0%
8 —— 9=005% e a
761 —o-0=001% e
71 —=— Q= 0_1";0 L ”,x
-% ¢=06% . L
E 6.6 @ = 1% et _ X
2 6.1 .
g
2 56
o 51
© 46
2
z 41
3.6
31 [ ]
2.6

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
Velocity/ms™

Fig. 6 Effect of nanoparticle volume fraction value on the average
Nusselt number based on the single-phase model results (four
microchannels)

thickness which could intensify heat transfer improvement
consequently.

Friction factor

Figure 7 comparatively demonstrates the friction factor
results achieved by the mentioned numerical models and
the experimental data as well. As shown in Fig. 7, a good
match exists between experimental and numerical (entire
models) results for friction factor. Compared to the
experimental outcomes, applying all four computational
models leads to the maximum deviance of up to 13%.

Due to the fact that the single-phase model takes less
CPU usage and time to run compared to another models, a
correlation on the basis of its results is generated for pre-
diction of friction factor in microchannels:

f=522Re (1 + q0)11.16

For {31.86<Re< 101.44

0<¢<0.001

Figure 8 shows the deviation of this correlation from the
results based on single-phase model.

The effect of nanoparticle addition on pumping power is
clearly depicted in Fig. 9. It is evident that despite no
considerable change in pumping power by raising the
volume fraction (@) from 0 to 0.1%, fluid velocity
(0.24-0.558 m s~ ") plays a significant role in determining
its value. Figure 9 also shows the comparison of the cal-
culated pumping power from the single-phase model with
the experimental results.

In accordance with the equations indicated from this
work, a prediction is made to specify the most appropriate
value of nanoparticles volume fraction that corresponds with
less pressure drop penalties in microchannels. Figure 10
depicts the variations of average Nusselt number and pres-
sure drop of water-based CuO nanofluids as a function of
nanoparticles volume fraction at v = 0.24 m s~ '. As can be

(54)
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Fig. 7 Comparison between calculated friction factors (four microchannels) with the experimental data by Byrne et al. [54]. (a: ¢ = 0.005%,
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Fig. 8 Deviation between the friction factor correlation and the
numerical (single-phase model) results

observed, although both pressure drop and Nusselt number
possess the ascending trends in terms of volume fraction,
there is an optimum point after which the pressure drop has
the more significant values than the Nusselt number. In fact,
for the volume loadings lower than 0.28 %, the heat transfer is

@ Springer

more noticeable compared with the pressure drop, and
employing the nanofluid in this range could be optimal.

Conclusions

A 3D numerical study was conducted on the laminar flow
of CuO-H,0O nanofluid through a combination of four
parallel microchannels. The problem was comprehensively
simulated through applying a single-phase model and three
particular two-phase models (mixture, Eulerian and VOF).
Four individual computer codes were developed to fulfill
this purpose.

In order to find the most appropriate model and to val-
idate the codes as well, the numerical outcomes from each
model were compared with the experimental data reported
by Byrne et al. [54]. Comparing the experimental and
computational results for both Nusselt number and friction
factor, it is concluded that:

e All three two-phase models overestimated the experi-
mental Nusselt number for all volume fractions. This
may be attributed to the fact that the two-phase models
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are more sensitive to the volume concentration changes
rather than single-phase model. Also, it was observed
that the single-phase model yields closer results to the
experimental data rather than the two-phase models. It
may be corresponded to the fact that the effects of some
physical forces, i.e., gravity, drag, Brownian and
thermophoretic are considered in the single-phase
simulations indirectly while they may be neglected
through the two-phase approaches.

The results based on single-phase model show a better
consistency with the experimental Nusselt numbers at
all fractions and also Reynolds numbers. Especially at

higher volume fractions, it gives far closer results to the
experimental data, compared with the two-phase
models.

With regard to the friction factor results, it could also
be derived that as a whole the models show identical
results for all concentrations. The maximum deviation
of the simulated results from the experimental data does
not exceed 13%.

Since the single-phase model takes less CPU usage and
time to run and give a more accurate approximation of
the experimental data, the correlations for friction
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factor and Nusselt number were generated on the basis
of the single-phase model results.

The single-phase model results confirmed the enhance-
ment in the mean Nusselt number. Moreover, a graph
was developed based on the correlations (this paper) to
approximate the optimum volume fraction of nanopar-
ticles which corresponds with less pressure drop
penalties in microchannels.

The results from the present work demonstrate that using
the single-phase model with complex property models to
simulate and evaluate laminar aqueous CuO nanofluid
flows in microchannels with uniform wall temperature is
more careful and reliable rather than two-phase models.
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