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Abstract

Nanofluids attract researchers in many ways for its enhanced heat transfer properties. Nanorefrigerant is one kind of nanofluids. It has
better heat transfer performance than traditional refrigerants. Recently, some experiments have been done about nanorefrigerant, which
are mostly related to heat transfer performance of these fluids. Thermal conductivity, viscosity and density are the basic thermophysical
properties that must be analyzed before performance analysis. In this paper, the volumetric effects of thermal conductivity, viscosity and
density of Al,O3/R141b nanorefrigerant have been studied for different temperature ranges. Based on the analysis about nanorefrigerant it
is found that, thermal conductivity increases with the increase of volume concentrations and temperatures. However, viscosity and density
increases accordingly with the enhancement of volume concentrations and decreases with the increase of temperature. As, heat transfer
performances increases with the augmentation of thermal conductivity and pressure drop and pumping power increases with the
enhancement of viscosity and density. Therefore, an optimum volume concentration of nanorefrigerant could improve the performance of
a refrigeration system.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers
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1. Introduction

In 1995, Stephen Choi [1] introduced the term nanofluid as a promising heat transfer fluid. Nanofluid is a solid-liquid
mixture that consists of nanoparticles and a base liquid. Due to very small sizes and large specific surface areas of the
nanoparticles, nanofluids have superior properties like high thermal conductivity, minimal clogging in flow passages, long-
term stability, and homogeneity [2]. The nanorefrigerant is one kind of nanofluid and its host fluid is refrigerant [3].
Conventional thermo fluids like: ethylene glycol, water, oil and refrigerant have poor heat transfer properties. But these
fluids have vast application in power generation, chemical processes, heating and cooling processes, transportation,
electronics, automotive and other micro-sized applications. Therefore, re-processing of these thermo fluids for better heat
transfer performance is very essential.

Recently (since 2005) scientists are trying to work on nanorefrigerant a kind of nanofluids for its enhance heat transfer
performance in refrigeration and air-conditioning systems [3]. Refrigerants are widely used in refrigeration and air
conditioning systems in industries, offices, and domestic and commercial buildings. Huge amount of energy is used by this
equipment. Nanorefrigerants are potential to enhance heat transfer rate thus making heat exchanger of air conditioning and
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refrigeration equipment compact. This consequently will reduce energy consumption in these sectors along with reduction in
emissions, global warming potential and greenhouse gas effects. There are some literatures on the pool boiling, nucleate
boiling, and convective heat transfer, energy performance and lubrication of nanorefrigerants. It may be noted that these
performance parameters are depend on different thermophysical properties like thermal conductivity, viscosity, and density
of a fluid or refrigerant [4-6]. Heat transfer performance is directly related to thermal conductivity of that substance.
Viscosity is an important phenomenon as like as thermal conductivity. Pumping power and pressure drop is directly related
to viscosity of any fluid, especially in laminar flow. Like the viscosity, density of any fluid is also has direct impact over
pressure drop and pumping power characteristics. There are available literatures about thermal conductivity and viscosity of
nanofluids [7, 8]. Most of these studies are based on water or ethylene glycol. Nevertheless, literatures about thermophysical
properties of refrigerant based nanofluids are still scarce.

The objective of this study is to investigate the thermal conductivity, viscosity and density of Al,O; nanoparticles
suspended in R141b refrigerant at different concentrations of nanoparticles and at different temperatures. This study will
help the researchers to get the idea about the effect of nanoparticles on the fundamental properties of refrigerant which will
encourage the researchers to apply nanoparticles in refrigeration and air conditioning systems. Though, R141b refrigerant is
not used in refrigeration and air conditioning system. It is mainly used to produce soft pu foam. However, the fundamental
properties of other refrigerants like: R134a, R22, R410 are similar with this refrigerant. Moreover, those refrigerants are in
vapor state at atmospheric environment. For this reason nanoparticle could not be mixed with them at open environment to
prepare nanorefrigerants.

2. Methodology
2.1. Materials and preparation
Al,O3; nanoparticles as manufacturer defined size of 13 nm were purchased from Sigma Aldrich (Malaysia). R141b

refrigerant was used as the base fluid as it is liquid at atmospheric pressure and room temperature. Its boiling point is
32.06°C at atmospheric pressure. The equation that used to calculate the volume fraction of nanorefrigerant was:

__ m/p,
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Where, @ is the nanoparticle concentration; m_ and M, are the mass of nanoparticle and refrigerant, respectively; and
P, and p, are the density of nanoparticle and liquid phase density of refrigerant, respectively.

Then nanorefrigerant was prepared with an orbital incubator shaker. The mixture of nanoparticles and refrigerant was
continuously shaken at 240 rpm about 1 hour. Constant temperature of 15°C was maintained inside the incubator to avoid
evaporation of refrigerant.

2.2. Thermal conductivity of nanorefrigerant

A thermal conductivity model that considered the effects of particle volume fraction, particle size and temperature-
dependent interfacial layer proposed by Sitprasert et al. [9] was used to determine the thermal conductivity of Al,0s/R141b
nanorefrigerant. Other models such as: Maxwell [10], Hamilton-Crosser [11], Yu-Choi [12], Koo-Kleinstreuer [13] and
Leong et al. [14] models were used to verify the results of the present study. The thermal conductivity of nanorefrigerant
was calculated by,
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Where, K kp, kr are the thermal conductivity of nanorefrigerant, solid particles and pure refrigerant, respectively.
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t
p=1+—,6=1+ o ; The thickness of interfacial layer, t depends on temperature where
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t

t= 0.0l(T —273)!’5'35), and the thermal conductivity of the interfacial layer can be found fromk, = C—K,; where
r
P

C =30, a constant for Al,O; nanoparticles, T is the temperature in Kelvin and r is the radius of nanoparticles.

2.3. Viscosity of nanorefrigerant

Peng et al. [15] suggested Brinkman model [16] to determine the viscosity of nanorefrigerants. Abedian and Kachanov
[17] proved that the model is better than Einstein model [18] when high particle volume fraction is considered. Brinkman
model [16] stated as following was used to investigate the viscosity of nanorefrigerant,

1
= _— 3
Hin Hy (1_¢)2,5 ( )

Where, 1, is the effective viscosity of nanorefrigerant and g, is the viscosity of pure refrigerant.

Other models such as: Einstein [18], Krieger and Dougherty (K-D) [19] and Batchelor [20] models were used to verify
the results of the present study

2.4. Density of nanorefrigerant

The density of nanorefrigerant was measured by KEM-DAZ130N portable density meter (KYOTO, Japan). It measured
the density with resonant frequency method. It could measure density within a range of 0.0000 to 2.0000 g/cm® with a
precision of +0.001 g/cm?®. It has the resolution of 0.0001 g/cm® and can measure density within a temperature range of 0 to
40.0°C. Figure 1 shows the accuracy of the machine. The comparison of the measured data with REFPROP7 [21] standard
data base shows maximum deviation is only about 0.2 %. This device was a small and portable type and the inlet tube was
very small capillary. High concentration of nanorefrigerants could not support this device. Therefore, very low
concentrations of nanorefrigerant were measured. Densities of pure R141b and 0.1 to 0.4 volume % of Al,Os/R141b were
measured for a temperature range of 5 to 20°C. All the data was taken three times to get more precise values and the mean
value of three data was considered for analysis. Some of the data (about 5 %) were omitted as considered abnormality,
especially above 20°C. When the refrigerant was evaporated at above 20°C, some of data showed abnormality.
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Fig. 1. Comparison of measured density of pure R141b refrigerant with standard data base.

3. Result and Discussion

3.1. Thermal conductivity of nanorefrigerant

Figure 2. (a) shows the thermal conductivity of Al,O3/R141b nanorefrigerant at 20°C temperature for 0.1 to 0.4 volume
concentrations of nanoparticles. The experimental result of present study was compared to results obtained from other
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models for validation. The figure shows that the thermal conductivity of Al,O0s/R141b nanorefrigerant was increasing
linearly with nanoparticle volume concentration enhancement. The experimental value for this study found to be higher than
Maxwell [10] and Yu and Choi [12] models. Moreover, the result of the present study shows lower than Leong et al. [14],
Koo and Kleinstreuer [13] and Hamilton and Crosser [11] models. The mean deviation of this experimental value was 0.1 %
and 1.38 % with Maxwell [10] and Leong et al. [14] models, respectively.
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Fig. 2. (a) Thermal conductivity as a function of particle volume fraction; (b) Thermal conductivity as a function of temperature for different volume
fraction of nanorefrigerant.

Most of these models were developed based on water as a host fluid. Peng et al. [15] have used Hamilton and Crosser
model [11] to predict the thermal conductivity of CuO/R113 nanorefrigerants. Jiang et al. [22] measured the thermal
conductivity of CNT/R113 nanorefrigerants. The authors found that, the mean deviation of their experimental value were
15.1 % and 26.9 % with Yu and Choi [12] and Hamilton and Crosser model [11], respectively. Therefore, the thermal
conductivity of Al,03/R141b nanorefrigerant in this study was more accurate. However, it can be concluded that the thermal
conductivity of nanorefrigerant increases accordingly with the increase of particle volume fraction.

The effect of temperature on the thermal conductivity of nanorefrigerant was investigated by changing the temperatures
from 5 to 20°C. Figure 2. (b) shows the thermal conductivity enhancement of nanorefrigerant at a temperature of 5 to 20°C
for 0.1 to 0.4 volume concentration of nanoparticles. For temperature of 5°C and particle concentration of 0.1 volume %, the
lowest thermal conductivity observed 1.003 times greater than base fluid. The highest thermal conductivity observed 1.013
times greater than base fluid for 20°C and 0.4 volume concentrations of nanoparticles. The figure shows that the thermal
conductivity of nanorefrigerant is proportional to temperature. High nanorefrigerant temperature intensifies the Brownian
motion of nanoparticles. With intensified Brownian motion, the contribution of micro convection in heat transport also can
be increased. It is evidently shown that the thermal conductivity of nanorefrigerant can be enhanced by increasing the
temperature.

3.2. Viscosity of nanorefrigerant

Figure 3. (a) shows the viscosity of Al,O3/R141b nanorefrigerant at 20°C temperature for 0.1 to 0.4 volume
concentrations of nanoparticles. It shows viscosity increases linearly with the increase of volume fractions. The experimental
result of present study was compared to results obtained from other models for validation. The figure shows that the
viscosity of Al,05/R141b nanorefrigerant was increasing linearly with nanoparticle volume concentration enhancement. The
experimental value for this study found to be similar with other models. Basically, Einstein model [18] is the pioneering
works for predicting suspension viscosity. The other models such as: Brinkman [16], Krieger and Dougherty (K-D) [19],
and Batchelor [20] models were developed based on the Einstein model. Moreover, Batchelor model prediction was same
for particle concentration less than 2 volume %.

Figure 3. (b) shows the effect of temperature over viscosity of nanorefrigerant. Normally, viscosity of the most of the heat
transfer fluid decreases with the increase of temperature. Moreover, viscosity of suspensions decreases with the increase of
temperature. The same trend for decrease of viscosity with the increase of temperature was found in this experiment. Some
other literatures [23, 24] show the same decreasing trend with the increase of temperature. High nanorefrigerant temperature
intensifies the Brownian motion of nanoparticles and reduces the viscosity of nanorefrigerant.
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Fig. 3. (a) Viscosity as a function of particle volume fraction; (b) Viscosity as a function of temperature for different volume fraction of nanorefrigerant.

3.3. Density of nanorefrigerant

Figure 4. (a) shows the measured density of Al,Os/R141b nanorefrigerant for 0 to 0.4 volume % of Al,O3/R141b
nanorefrigerant at 20°C temperature. From the figure, it is clear that, density increases with the increase of volume
concentrations. The increment trend was almost linear. Pastoriza-Gallego et al. [25] found the same trend as density
increases with the increase of particle concentration for CuO/water nanofluid. Some other experimental result with other
base fluid showed the same trend. Wasp et al. [26] and Pak and Cho [27] models were used to compare the experimental
data of this study. Figure shows that the experimental value was almost midpoint after 0.1 % volume concentration with the
data obtained from these two models. Where, the values of Pak and Cho model was higher than the experimental value and
the value of Wasp model was lower than the experimental value. The Pak and Cho model was derived for water based
nanofluids and the Wasp model was proposed for metal-lubricant mixture.
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Fig. 4. (a) Density as a function of particle volume fraction; (b) Density as a function of temperature for different volume fraction of nanorefrigerant.

Figure 4. (b) shows the density of Al,03/R141b nanorefrigerant at 5 to 20°C temperature with 0 to 0.4 volume
concentrations of nanoparticles. Figure shows that, density of nanorefrigerant decreases with the increase of temperature.
Kedzierski [28] found the same trend as density of suspensions decreases with the increase of temperature for CuO/lubricant
nanofluid. It was observed that the decrease trend was slower up to 15°C and after 15°C density decreased rapidly.

Conclusion

In this study, attempt was made to investigate the fundamental properties of Al,O3/R141b nanorefrigerant. Throughout
this study it was found that thermal conductivity of the nanorefrigerant increased with the increase of nanoparticle volume
fraction and temperature. It increased sharply due to the intensification of nanoparticle concentration compared to
temperature increment.
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Results indicate that viscosity increased with the increase of the particle volume fractions. However, it decreased with the
increase of temperature. Like the viscosity, density of nanorefrigerant also increases with the enhancement of volume
fraction and decreases with the increase of temperature.

From the above results it could be conclude that, an optimal particle volume fraction need to be calculated considering
thermal conductivity, viscosity, and density of nanorefrigerant to get efficient energy performances (as thermal conductivity
increases the heat transfer coefficients however viscosity and density increases the pressure drop and pumping power).
More experimental studies are needed before implementing the nanoparticles in refrigeration systems.
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Abstract

Unsteady laminar boundary-layer flows of a nanofluid past a stretching sheet with thermal radiation in the presence of magnetic field have
been studied numerically. The non-similar momentum, energy and concentration equations have been obtained by using non-dimensional
variables. The non-similar equations are presented here which depends on the useful parameters of the model. The obtained equations
have been solved by explicit finite difference method with stability and convergence analysis. The velocity, temperature and nanoparticles
volume fraction profiles as well as the average Shear stress, Nusselt number and Sherwood number at the sheet are discussed for the
different values of important parameters with different time steps.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers
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Nomenclature

v velocity components v kinematic viscosity

P density of fluid t time

T dimensionless time u dimensionless velocity

T dimensionless temperature c dimensionless volume fraction
G radiative heat flux in the y-direction M Magnetic Parameter

R Radiation parameter R Prandtl number

B Eckert number L. Lewis Number

No Brownian motion parameter N, Thermophoresis parameter

1. Introduction

The study of Radiative heat transfer in nanofluids is gaining a lot of attention. Moreover the investigation on
Magnetohydrodynamics (MHD) boundary layer flow over a stretching sheet has attracted considerable attention during the
last few decades due to its numerous applications in industrial manufacturing processes such as the aerodynamic
extrusion of plastic sheets, liquid film, hot rolling, wire drawing, glass-fiber and paper production, drawing of plastic films,
metal and polymer extrusion and metal spinning. Sakiadis [1] was the first one to analyze the boundary layer flow on
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continuous surfaces. Crane [2] obtained an exact solution the boundary layer flow of Newtonian fluid caused by the
stretching of an elastic sheet moving in its own plane linearly. El-Kabeir [3] studied the interaction of forced convection and
thermal radiation during the flow of a surface moving continuously in a flowing stream of micropolar fluid with variable
viscosity. The nanofluids have many applications in the industries since materials of nanometer size have unique physical
and chemical properties. Nanofluids are solid-liquid composite materials consisting of solid nanoparticles (or nanofibers
with sizes typically of 1-100 nm) suspended in liquid. Nanofluids have attracted great interest recently because of reports of
greatly enhanced thermal properties. A small amount (< 1% volume fraction) of Cupper (Cu) nanoparticles or carbon
nanotubes dispersed in ethylene glycol or oil is reported to increase the inherently poor thermal conductivity of the liquid by
40% and 150% respectively (Choi et al., [4]). The interdisciplinary nature of nanofluid research presents a great opportunity
for exploration and discovery at the frontiers of nanotechnology. Khan and Pop [5, 6] analyzed the development of the
steady boundary layer flow, heat transfer and nanoparticle fraction over a stretching surface in a Nanofluid. Kuznetsov and
Nield [7] have studied the classical problem of free convection boundary layer flow of a viscous and incompressible fluid
(Newtonian fluid) past a vertical flat plate to the case of nanofluids. Syakila and Pop [8] studied the steady mixed
convection boundary layer flow past a vertical flat plate embedded in a porous medium filled with nanofluids. Bachok et al.
[9] have investigated the steady boundary-layer flow of a nanofluid past a moving semi-infinite flat plate in a uniform free
Stream. Tiwari and Das [10] have investigated the natural convection in partially heated rectangular enclosures filled with
nanofluids. Duangthongsuk and Wongwises [11] analyzed the effect of thermophysical properties models on the predicting
of the convective heat transfer coefficient for low concentration nanofluid. Gorla et al. [12] have studied mixed convective
boundary layer flow over a vertical wedge embedded in a porous medium saturated with a nanofluid.

The aim of the present study is to analyze the effects of magnetic field and thermal radiation on unsteady boundary layer
nanofluid flow over a stretching surface. Explicit finite difference method (Carnahan et al. [13]) has been used to solve the
obtained non- similar equations.

2. Mathematical Model of the flow

Considered the Cartesian coordinates X, measured along the stretching surface and y is the coordinate measured normal to

the stretching surface. The physical configuration and coordinate system are shown in Fig. 1 (from Khan and Pop [5], Fig
1). The flow takes place at y >0 . An unsteady uniform stress leading to equal and opposite forces is applied along the X -

axis, so that the sheet is stretched keeping the origin fixed. Initially it is assumed that fluid and the plate are at rest after that

the plate is moved with a constant velocity U, in its own plane. y

Instantaneously at time t> 0, temperature of the plate and species

concentration are raised to T, (>T,) and C, (>C,) respectively, which b Boundary Layer
are thereafter maintained constant, where T, , C, are temperature and /

species concentration at the wall and T_, C_ are temperature and species

concentration far away from the plate respectively. A uniform magnetic  gjit

field B, is imposed to the plate. The magnetic induction vector B, can — * Stretohing Sheet’ Force
be taken as B=(0,B,,0) .And q, is the radiative heat flux in the y-

direction. Under the usual boundary layer approximation, the MHD
unsteady nanofluid flow and heat and mass transfer with the radiation

effect are governed by the following equations; Fig. 1. Physical Configuration and coordinates system
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the initial and boundary conditions are;
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t<0,u,=v =ax,T=T,,C=C, everywhere
t>0,u=v =ax, T=T_,C=C_, at x=0 ()
u=0,T »T,,C—>C_, as y—owo

where « is the thermal diffusivity, k is the thermal conductivity, D, is the Brownian diffusion coefficient, D; is the
thermophoresis diffusion coefficient, where, X is the coordinate measured along stretching surface, U,, is the stretching

velocity, U is the uniform velocity and v =-v_is the constant suction velocity.

The Rosseland approximation (Brewster, [14]) is expressed for radiative heat flux and leads to the form as,
4o OT*

q =—%—= (6)
3k oy

where o is the Stefan-Boltzmann constant and & is the mean absorption coefficient. The temperature difference with in

the flow is sufficiently small such that T may be expressed as a linear function of the temperature, then the Taylor’s
series for T* about T, after neglecting higher order terms,

T*=4T1,°-31,° (7)
Introducing the following non dimensional variables;
2
Y:&,GZE,T:%,'F:T Too’C_:C Cn,;
v vV, v T,-T,. C,-C,
Therefore the equations (1) to (5) become;
ov
v 8
v 8
-
6_U_8_U:a_ti_|\/|[j (9)
or oY oY
— — o= —\2 - —\2
aT T _(LRVOT Uy (0T o) (oT (10)
or oY R Jovy? oY oY oy oY
C oC 1]&*C (N \&*T
a__a_:— a_2+ _t 8_2 (11)
or oY Lg|oY Ny )oY
the non-dimensional boundary conditions are;
r<0,U=0,T=0C=0 everywhere (12)
r>0U=1.T=1C=1 aty=0 (13)
U=0T=0C=0 asyY —o %
. oBv -
where, Magnetic parameter M = — , Radiation parameter
PVo
3 2
=166Ti° , Prandtl number P, =Y Eckert number E, =L,
K a ¢, (T,-T.) ¢ il i) ‘H]) Y
v D o | i
Lewis number L, =5 Brownian parameter N, =—2=(C, —-C, ) and
B v ZS/
. DT T >
Thermophoresis parameter N, =_|_——(TW -T,).
o V
i=0  i=1l i=2 =3 i=m

. Numerical Techni
3. Numerical Technique Fig. 2. Finite difference space grid

To solve the governing second order coupled dimensionless partial differential equations (9)-(11) with the associated initial
and boundary conditions the explicit finite difference method has been used. The present problem is required a set of finite
difference equation. In this case the region within the boundary layer is divided by some perpendicular lines of Y —axis,
where Y —axis is normal to the medium as shown in Fig. 2. It is assumed that the maximum length of boundary layer is

Y (: 20) as corresponds to Y — oo . i.e. Y varies from 0 to 20 and the number of grid spacing in Y directions is
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m(=100) , hence the constant mesh size along Y axis becomes AY =0.20 (0<Y <20) with a smaller time step

At=0.005. Let U", T and C" denote the values of U, T and C at the end of a time-step respectively. Using the
explicit finite difference approximation, the following appropriate set of finite difference equations are obtained as;

—n+1

Ui -U; _Ui+1:Ui =Ui+l_2Lii2+UH—MU? (14)
At AY (AY)
_ —n\2 _ _
Tl T _Fn T _oT "4 " i”+ _ I" Tn o in+ _ I” T 7o 2
i i it i 1+R i+1 _I 2+ i-1 +Ec Uia _U + Nb i+1 i C 1 _C +Nt il i (15)
At AY P (aY) AY AY AY AY

(16)

N,

E;Hl _Eln _ Ein+1 _6[” i Ein+l - 26:] + Ein—l Nt -Flzl - 2-F|n +-F£1
Az AL ( Ay)z

(av)

and the initial and boundary conditions with the finite difference scheme are
Ui=0, Ti=0, Ci=0 (17)
Uo=1 To=1 Co=1

- L (18)
U.,=0, T.=0, CL=0 where,L>x

Here the subscripts i designate the grid points with Y coordinates and the superscript N represents a value of time,
7=nA7z where n=0,1,2,3,4,............ . From the initial condition (17), the values of Un, T" and C" are known at 7 =0.
At the end of any time-step Az, the new temperature 'I_'M,the new concentration (_JM, the new velocity UM, at all
interior nodal points may be obtained by successive applications of equations (14), (15) and (16) respectively. This

process is repeated in time and provided the time-step is sufficiently small Un, T"and C" should eventually converge to
values which approximate the solution of equations (14) to (16). Also the numerical values of the average Shear Stress
(74), average Nusselt number (N, ,)and average Sherwood number (S, , ) are evaluated as follows;

Tp :I [a_u) dx; Nya= (1+ R)J- (_ﬂj dx; Sha= [_§j dx (19)
ay y=0 6y y=0 ay y=0
The stability conditions of the method are,
21+R) Az - +2Nb6—AT . +2NI'F—AT ~<1 and Ar 2 A7 ~<1. (20)
P (ay) (AY) (AY) AY L (AY)

The convergence criteria of the method are P >0.35 and L, >0.25.
4. Results and Discussion

To observe the physical significance of the model, the numerical values of velocity @) temperature (f) and nanoparticles

volume fraction @) have been computed within the boundary layer for different values of Magnetic parameter M ,

Radiation parameter R, Prandtl number P., Eckert number E_, Lewis number L,, Brownian motion parameter N, and
Thermophoresis parameter N . To obtain the steady state solution, the computation have been carried out up to non-

dimensional time, r=80. The velocity, temperature and nanoparticles volume fraction profiles doesn’t show any change
after non-dimensional time, z =50. Therefore the solution for 7 >50is steady-state solution. The graphical representation
of the problem has been showed in Figs. 3-10.

Fig. 3 displays the effect of M on the velocity profiles for the different time step. It can be seen that, the velocity of
the fluid decreases as M increase. It occurs when the momentum boundary layer decreases. Figs. 4 and 5 show the
temperature profiles for the different time step and different values of R and E. respectively. It can be observed that the
increasing value of R and E; caused the rising effects on temperature profiles respectively. Since the nanofluid temperature
is merely due to stretching of the sheet, it satisfies the boundary condition at 7 =o0. Fig. 6 displays the effect of L, on the
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nanoparticle volume fraction profiles. It can be seen that, nanoparticle volume fraction profiles decreases as L. increase.

1 1

R=1.0,E, =0.0LP, =0.71,

0.9 0.9 M =2.0,E,=0.01,P. =0.71,

- L.=50,N,=N, =01 os A0S, L, =5.0,N, =N, =0.1

0.6 0.6 A
- AT

U 0.5 .r 0.5 \=\"._' \ R=1.0,3.0,5.0

0.4 0.4 e =10

03 03F =l=i==iz =20
- 5 e -7=50

0.2 02F S

0.1 0.1 \\::~~

00» ol h ~1,0~_;'-1.-, ot 1.,5..:':.-..._,‘_ﬂ_._‘..m;o
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Fig. 4. Effect of R on temperature profiles

R=10,M =2.0,P. =0.71,
L,=5.0,N, =N, =0.1

R=1.0,E,=0.01,P =0.71,
M =2.0,N, =N, =0.1

0.8

Fig. 5. Effect of E, on temperature profiles Fig. 6. Effect of L, on concentration profiles
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Fig. 7. Average shear stress for different M Fig. 8. Average Nusselt number for different R

The behaviour of the quantities of chief physical interest as the average shear stress r,, , average Nusselt number N, and
average Sherwood number S, , verses ¢ are illustrated in Figs. 7-10 for different values of magnetic parameter, Radiation

parameter, Eckert number and Brownian motion parameter respectively. Fig. 7 depicts average shear stress z, decreases
with the increase of M . In Fig. 8, average Nusselt number N, , decreases gradually for increasing the different values
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of R. As E increases average Nusselt number N, increases in Fig 9. Also in Fig 10, average Sherwood number S, ,
increases gradually for increasing the different values of N, .

S5F 7

R=1.0,M =2.0,P, =0.71, 3
4; L,=5.0N,=N,=0.1 6.5 »:»

- €]

R=1.0,M =2.0,P. =0.71,
E,=0.0LL, =5.0,N,=0.1

35k
=
25F

N ,2F
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1.5F

E
0.5

oF

-0.5

L i’ L L L P =) m C_ L L - L r— n
10 20 30 40 50 10 20 30 40 50

T T

Fig. 9. Average Nusselt number for different E, Fig. 10. Average Sherwood number for different N,

5. Conclusions

This paper investigated the effect of magnetic field and thermal radiation on boundary layer heat and mass transfer flow
over an unsteady stretching surface. Numerical calculations are carried out for various values of the dimensionless
parameters. The effects of various physical parameters on the heat and mass transfer characteristics were examined. The
momentum boundary layer thickness and average shear stress reduce as Magnetic parameter is increased. The increase of
thermal radiation parameter is caused to the rise of thermal boundary layer thickness. The thermal boundary layer thickness
and the rate of heat transfer increase as increasing the Eckert number.
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Abstract

Since 1995, research has been going on in different aspects of nanofluids. Most of them are related to thermal conductivity and heat
transfer properties of nanofluids based on water or ethylene glycol. Nanorefrigerants are one kind of promising nanofluids that based on
refrigerants. Hear transfer and pressure drop characteristics of nanorefrigerants must be determined before putting into application. The
objectives of this study are to determine the heat transfer and pressure drop characteristics of Al,05-R141b nanorefrigerants for different
volume concentrations. The experimental conditions include: constant mass flux of 100 kgm™s?, vapor qualities from 0.2 to 0.7,
temperature at 25°C and 0.078535 MPa pressure. Based on the analysis it was found that both heat transfer and pressure drop
characteristics increased with the enhancement of nanoparticle volume concentrations. Therefore, an optimum concentration of
nanoparticles with refrigerants (compromising the heat transfer performance and pressure drop characteristics) can improve the
performance of a refrigeration system as to increase the energy efficiency and cooling capacity.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers

Keywords: Nanofluid; Volume concentration; Vapor quality; Flow boiling heat transfer coefficient.

1. Introduction

Nanofluid is a new dimensional thermo fluid that has emerged after the pioneering work by Choi [1]. Nanofluid is a
solid-liquid mixture that consists of a nanoparticles and a base liquid. The nanorefrigerant is one kind of nanofluid and its
host fluid is refrigerant [2]. Refrigerants are widely used in refrigeration and air conditioning equipment in industries,
offices, and domestic and commercial buildings. Nanorefrigerants are potential to enhance heat transfer rate thus making air
conditioning and refrigeration systems more efficient. This consequently will reduce energy consumption in these sectors
along with reduction in emissions and global warming potential. However, there are some penalties like pressure drop and
pumping power increases for using the nanoparticles in refrigeration system. Therefore, both the heat transfer and pressure
drop characteristics must need to be calculated before implementing the nanoparticles in refrigeration system [3]. The
investigations of heat transfer coefficients are important to increase the energy efficiency of a refrigeration system
especially in heat exchangers which involved phase-change of working fluid. By suspending nanoparticles into the
refrigerant, the heat transfer coefficient increased as the mixture change the properties of nanorefrigerants [4]. Carbon
Nanotubes (CNTS) that have high thermal conductivity show high heat transfer coefficient enhancement. Park and Jung [5]
investigated pool boiling heat transfer coefficients of CNTs/R-123 and CNTs/R-134a nanorefrigerants where heat transfer
coefficient enhanced about 36.6 % at low heat flux. The investigation of Al,Oz in R-134a/polyolester mixtures on a
roughened, horizontal and flat surface enhanced the pool boiling heat transfer coefficient about 400 % at heat flux of 7
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kW/m? [6]. Henderson et al. [7] investigated the effect of SiO, nanoparticles with volume fraction of 0.02 to 0.08 % on two
phase flow boiling heat transfer coefficient of R-134a and R-134a/polyolester. The mixtures of nanoparticles with R-134a
refrigerant through direct dispersion decreased 55 % of heat transfer coefficient compared to pure R-134a refrigerant.

Pressure drop investigation is also quite important in order to have an accurate design and optimization of a refrigeration
system [8]. The investigation of the two-phase pressure drop can involve direct expansion evaporator, condenser and
transfer lines. Peng et al. [9] investigated the frictional pressure drop of R-113 refrigerant with 0 — 0.5 wt % suspension of
CuO nanoparticle. Their investigation show that the pressure drop increases with nanoparticle concentration and the
maximum enhancement is 20.8 %. A new frictional pressure drop correlation for nanorefrigerants has been developed from
the same study that can be applied to investigate the frictional pressure drop of any nanorefrigerant.

To the best of authors knowledge there is no literature available that considered both the heat transfer and pressure drop
characteristics of refrigerant based nanofluids. The objective of this paper is to investigate the heat transfer and pressure
drop characteristics of Al,Os/R141b nanorefrigerant.

2. Methodology

The properties of Al,O5; nanoparticles and R141b refrigerant have tabulated in Table 1. Refrigerant properties were taken
from REFPROP7 standard data base [10]. Some constant parameters of nanorefrigerant flows inside a horizontal tube have
presented in Figure 1. The investigations of nanorefrigerant performance are based on the influence of Al,O; nanoparticles
of 1 to 5 volume concentration and the average diameter of nanoparticles was 13 nm throughout the analyses. The
nanorefrigerant was assumed to flow at constant velocity of 5 m/s and the vapor quality was from 0.2 to 0.7. No surfactant
was considered for dispersion of refrigerant-based nanofluids. Thus, the effect of surfactant was neglected during the
analyses. Referring to the mathematical models of nanofluids and nanorefrigerant from various sources, investigation of
Al,O3/R141b nanorefrigerant characteristics have been conducted by using Microsoft Excel 2010.

Table 1. Properties of Al,Os;nanoparticles and R41b refrigerant at 25°C and 78.535 kPa.

Property Unit Al,O,4 R141b R141b (liquid) R141b (vapour)
Chemical formula - Al,O4 CH3CCL2F CH3CCL2F CH3CCL2F
Normal Boiling point °C - 32.06 - -
Molecular mass g/mol 101.96 116.95 - -
Density kg/m® 4260 - 1234 3.826
Viscosity mPa.s - - 0.40932 0.0091878
Thermal conductivity W/m.K 40 - 0.090842 0.0098663
Specific heat J/kg.K 773 - 1.1538 0.7854
Surface tension N/m - 0.018355 - -

R141b-Al,04

nanorefrigerant l l l l l l l l

(Turbulent flow)

Pin = 78.535 kPa ) i = 6.00 mm, L = 1000

Tin = 298K

G- 100 kgin’s™ T T rTrrrra

V=5m/s =5000W/m?

(Unlform heat flux)

Fig. 1. Test condition-Uniformly heated flow in a horizontal smooth tube.

2.1. Flow boiling heat transfer coefficient calculation

A correlation from Peng et al. [11] was used to calculate the flow boiling heat transfer coefficient,

o, =Fya @
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Where, F; is the nanoparticle impact factor; and ¢, is the heat transfer coefficient of pure refrigerant. The

nanoparticle impact factor is a function of particle volume fraction, thermophysical properties of nanoparticle and
refrigerant, vapor quality as well as mass flux and it can be determined by,

K (eC,)
F.. =exp<¢ 0.8—2-39.94 P _0.028G —733.26x(1— x )
ar ” AN (1-x)

r

Where, ¢ is the particle volume concentration; kp and kr are the thermal conductivity of solid particles and pure
refrigerant, respectively; p is the density and Cp is the specific heat of particle (p) and liquid phase refrigerants

(ro) G is the mass flux and X is the vapor quality. In order to find the flow boiling heat transfer coefficient of pure
refrigerant, a correlation from Saitoh et al. [12] was used:

a, =Fh_+Sh,, ®3)
Heat transfer coefficient is the combination of convective boiling contribution, Fh, and a nucleate boiling

contribution, Sh From equation (3), h, is the heat transfer coefficient based on the Dittus-Boelter’s equation [13] for

pool *
liquid flow in the tube which can be calculated from:

h = 4.36k, for Re <1000 4)
0.8 1/3
) C -
h, =0.023ﬁ[GD'J (( un ”'j for Re >1000 5)
Di :ur kr

Where, g, is the viscosity of pure refrigerant, D, is the internal diameter of tube. The enhancement factor F was

calculated by,
1 |
X

=1+
1+Wel

(6)

Where, X is Lockhart Martinelli Parameter and Weg is the Weber number with m and | are equal to -0.4 and 1.05,

respectively. Value of X , was calculated by:

0.9 05 0.1
« :[P_Xj {p_J (ﬂ_] -
X pr,L /uG
G?’D.

We, = ' (®)
P

Where, o is the surface tension of refrigerant. The Suppression factor, S was determined by

S = 1 ©

1+a(Re;px10*)'
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Where, a=0.4andn=1.4. Re,, is two phase Reynolds number which was calculated by multiplying the Reynolds
number and enhancement factor, F as shown below:

Re,, =Re, F'* (10)

The pool boiling heat transfer coefficient hpooI was determined from the following equation:

k " d 0.745 0.581
hpoor =207 - 4% Le Prp°% (11)
d b I(rTr pr,L

Where, Q" is the heat flux, T, is the refrigerant temperature, Pr, is the Prandlt number of refrigerant and d, is the
bubble departure diameter of nucleate boiling and it can be determined as following:

05
20
d =05 (12)
’ ‘-|:g(pr,L ~ Ps )}

Where, g is the gravitational acceleration with a constant value of 9.81m/s.

2.2. Pressure drop calculation

The correlation proposed by Peng et al. [9] was used to investigate the pressure drop characteristics of Al,Os/R141b
nanorefrigerants flow boiling inside a horizontal tube, and it is shown below:

APr,n,frict = I:PD 'APr,frict (13)
Where, F, is the nanoparticle impact factor and AP, (.. is the frictional pressure drop of pure refrigerant. The

nanoparticle impact factor is important to correct the frictional pressure drop of pure refrigerant due to nanoparticles
suspension. The nanoparticle impact factor was determined by,

o Py
Fop =€Xp1 ¢ x| 2.19x10 x3+37.26x——0.63xG—217.73><x><(1—x) (14)
i Pir

Where, d b is the nanoparticle average diameter. A correlation proposed by Miiller-Steinhagen and Heck [14] was used

to determine the frictional pressure drop of pure refrigerant [8,15]. The model is proposed for two-phase flow with the
acceptable vapor quality in range of 0 <x < 1.

AP

r,n, frict

=G(1L-x)"% +bx® (15)
Where, the factor G is:
G=a+2(b—a)x (16)

In equation (16), aand b are frictional pressure gradients for entire flow liquid and the entire flow vapor in the tube
which can be determined from:

2G*?

a=f
- Dipr,L

A7)
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2G?

b=t o
i~G

(18)

Where, f, and fG are the friction factor which depend on Reynolds number; o, and pg are the density of liquid
and vapor refrigerant. The Reynolds number can be calculated from equation (19):

GD,
Re=—-~+ (19)
Hy
The friction factor was obtained either from equation (20) or (21) (where appropriate):

16 .

f = —— for Re < 2000 (laminar flow) (20)
Re
0.079

f= —o25 for Re > 2000 (turbulent flow) (21)
Re™

3. Result and Discussion

Figure 2 (a) displays the influence of the Al,O; nanoparticle volume fractions on the flow boiling heat transfer
coefficient of nanorefrigerant. It was observed that the heat transfer coefficient was proportionally increased according to
the particle volume fraction. Formation of molecular adsorption layer on the surface of nanoparticles and the disturbance of
nanoparticles reduces the height of boundary layer, which enhances the flow boiling heat transfer coefficient of
nanorefrigerant [9]. Figure 2 (b) shows the flow boiling heat transfer coefficient of Al,Os/R141b nanorefrigerant as a
function of vapor quality. The highest heat transfer coefficient found at vapor quality of 0.2 where the value was 1755.82
kW/m?K with 5 vol. % of particle concentration and heat transfer coefficient of pure refrigerant with same vapor quality
was only 1.22 kW/m?K. The lowest heat transfer coefficient was found 4.68 kW/m?K at vapor quality of 0.3 with 1 vol. %

of particle concentration. Even with only 1 vol. %, the minimum heat transfer coefficient enhancement was 383 % relative
to pure R141b refrigerant.
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1000 r 1000
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% " X—" Svol. %
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Heat transfer coefficient (kW/m?2. Ky

Heat transfer coefficient (kW/m2.K)
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(a) Particle volume fraction (%)
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Fig. 2. (a) Flow boiling heat transfer coefficient as a function of particle volume concentration at different vapour quality (from 0.2 to 0.7); (b) Flow
boiling heat transfer coefficient as a function of vapour quality for different particle volume concentrations (from 1 to 5 vol. %).

Figure 3 (a) and (b) shows the pressure drop characteristics of Al,O3/R141b nanorefrigerant as a function of nanoparticle
volume concentration and vapor quality, respectively. The highest frictional pressure drop occurred at vapor quality of 0.7
where the value was 464.27 kPa with 5 vol. % of particle concentration and pressure drop of pure refrigerant with same
vapor quality was only 5.5 kPa. The lowest pressure drop was found 3.34 kPa at vapor quality of 0.2 with 1 vol. % of
particle concentration. Even with only 1 vol. %, the pressure drop enhancement was 181 % relative to pure R141b
refrigerant. Suspending nanoparticles into the refrigerant generally increase the pressure drop even though the mass flow
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rate of the refrigerant was considered to be constant in this study. When the particle volume fraction was suspended more
than 3 vol. %, the enhancements of pressure drop for all vapor qualities were found to increase rapidly. By increasing the
nanoparticles concentration, more collision between the nanoparticles and wall interaction could be occurred and higher
pressure drop compared to pure refrigerant was observed for the nanorefrigerant.
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Fig. 3. (a) Frictional pressure drop as a function of particle volume concentrations at different vapour quality (from 0.2 to 0.7); (b) Frictional pressure drop
as a function of vapour quality for different particle volume concentrations (from 1 to 5 vol. %).

Conclusion

In this study, attempt was made to investigate the flow boiling heat transfer coefficient and frictional pressure drop
characteristics of Al,O3/R141b nanorefrigerants. Throughout this study it was found that volume fractions have significant
effects over heat transfer and pressure drop characteristics of nanorefrigerant.

Due to significant enhancement of boiling heat transfer coefficient, nanorefrigerants could be implemented in
refrigeration systems but an optimum particle volume fraction is needed to avoid the high pressure drop as well as pumping
power.

Moreover, more experimental investigation is needed to implement nanorefrigerants in refrigeration systems. It is
noteworthy that, there will be some unknown effects on the compressor performance of the refrigeration or air-conditioning
system. Nevertheless the present study would hopefully help the researchers working in this area to carry out some
experimental studies.
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Abstract

In the present study, the behaviour of nanofluids is investigated numerically in a lid-driven triangular enclosure which has a partially
heated on bottom side to gain insight into convective recirculation and flow processes induced by a nanofluid. The present model is
developed to examine the behaviour of nanofluids taking into account the heater length. Fluid mechanics and conjugate heat transfer,
described in terms of continuity, linear momentum and energy equations, were predicted by using the Galerkin finite element method.
Comparisons with previously published work on the basis of special cases are performed and found to be in excellent agreement.
Numerical results are obtained for a wide range of parameters such as the Richardson number, and heater length. Copper-water nanofluids
is used with Prandtl number, Pr = 6.2. The streamlines, isotherm plots and the variation of the average Nusselt number at the hot surface

as well as average fluid temperature in the enclosure is presented and discussed in detailed.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society

of Mechanical Engineers
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H
HL
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Pr
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Nomenclature

Specific heat at constant pressure
gravitational acceleration (ms™)
Grashof number

enclosure height (m)

Heater length (m)

thermal conductivity (Wm™K™)
length of the cavity (m)

Nusselt number

dimensional pressure (Nm)
dimensionless pressure

Prandtl number

Reynolds number

Richardson number

temperature (K)

horizontal velocity component (ms™)

Vv vertical velocity component (ms™)
Y dimensionless vertical coordinate

Greek symbols

thermal diffusivity (m®s™)
thermal expansion coefficient (K™
solid volume fraction
dynamic viscosity (kg m™s™)
kinematic viscosity (m?s™)
non-dimensional temperature
density (kg m?)

penalty parameter

general dependent variable
average temperature

@H=RY @PcE ™R
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U dimensionless horizontal velocity component Subscripts

\ dimensionless vertical velocity component h hot

Vo lid velocity (ms™) c cold

v cavity volume (m?) f fluid

X horizontal coordinate (m) nf nanofluid

X dimensionless horizontal coordinate S Solid nanoparticle
y vertical coordinate (m)

1. Introduction

The heat transfer properties of thermo fluid play an important role in the development of energy-efficient heat transfer
equipment. Passive enhancement methods are commonly utilized in the electronics and transportation devices. But the
working fluids such as ethylene glycol, water and engine oil have poor heat transfer properties. In that regard, various
techniques have been proposed to enhance the heat transfer performance of fluids. Researchers have also tried to increase
the thermal conductivity of base fluids by suspending micro- or larger-sized solid particles in fluids since the thermal
conductivity of solid is typically higher than that of liquids. Therefore a new class of heat transfer fluids can be designed by
suspending metallic nanoparticles in conventional heat transfer fluids. In recent years, nanofluids have attracted more
attention for cooling in various industrial applications such as Silicon Mirror Cooling, electronics cooling, vehicle cooling,
transformer cooling, nuclear reactors, lakes and reservoirs, and solar applications etc.

A detailed explanation of the transient hot wire method in measuring the thermal conductivity of nanofluids is given by
Lee et al. [1]. Maiga et al. [2] performed numerical simulations to study the convective heat transfer in nanofluids by
assuming the nanofluid as a single phase fluid. Roy et al.[3] conducted a numerical study of heat transfer for Al,Os/water
nanofluids in a radial cooling system. Xuan et al.[4] for the first time proposed a Lattice Boltzmann model for simulating
flow and energy transport processes inside nanofluids. Xue et al. [5] were first to use molecular dynamics simulation to
identify the effect of liquid layering at the liquid-solid interface on thermal transport in nanofluids. He et al. [6] studied the
convective heat transfer of TiO, nanofluids under the laminar conditions using an Eulerian-Lagrangian two-phase model.
Wen and Ding [7] investigated the effect of particle migration on heat transfer in suspensions of nanoparticles flowing
through mini channels. Rahman et al.[8] made a numerical investgation of heat transfer enhancement of nanofluids in an
inclined lid-driven triangular enclosure. Billah et al.[9] conducted a numerical analysis on heat transfer enhancement of
copper—water nanofluids in an inclined lid-driven triangular enclosure.

2. Mathematical Formulation

The physical model for the present study is sketched in Fig. 1. The problem deals with a steady two-dimensional flow of
nanofluid contained in a lid-driven triangular enclosure. The length of the base wall and height of the sliding wall of the
enclosure are denoted by L and H, respectively. The sliding wall of the cavity is kept adiabatic and allowed to move from
bottom to top at a uniform speed V. In addition, the temperature (T) of the bottom wall is higher than the temperature (T.)
of the right inclined wall.

“ ===}

adiabatic

U=V=0,0=0

4+—

‘ |-
T < ~ > X

L
Fig. 1. Schematic of the problem with the domain and boundary
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The free space in the enclosure is filled with copper water nanofluids. The nanofluid in the enclosure is Newtonian,
incompressible and laminar. The nanoparticles are assumed to have uniform shape and size. It is assumed that thermal
equilibrium exists between the base fluid and nanoparticles, and no slip occurs between the two media. The physical
properties of the nanofluid are considered to be constant except the density variation in the body force term of the
momentum equation which is satisfied by the Boussinesq’s approximation. Under the above assumptions, the system of
equations governing the two-dimensional motion of a nanofluid is as follows:

M N _, (1)
oxX oy
2 2
u@.,.va_u _i@_'_/unf 0 l21+8_l; (2)
X 0y put X por | OX° oy
2y 2 PP
P T A G ®
X Y pt Y P\ OXT Oy Put
o aT °T T
U—+V—=0apf | — +— (4)
ox oy x° oy?
The effective density p,¢ of the nanofluid is defined by
Pt =(1-3) ps +dps ®)

where ¢ is the solid volume fraction of nanoparticles. In addition, the thermal diffusivity oy of the nanofluid can be

expressed as:
I(nf

Opf = 7——— (6)
(pCp )nf
The heat capacitance of nanofluids can be defined as:
(pcp)nf =(1—5)(pcp)f +5(ch,)S @)
Additionally, (pﬁ) is the thermal expansion coefficient of the nanofluid and it can be determined by
(PB) =(1=0)(pB); +3(pB), ®
Furthermore, us is the dynamic viscosity of the nanofluid introduced by Brikman [10] as
Mt
fot =% ©)
The effective thermal conductivity of nanofluid was intoduced by Kanafer et al.[11] as:
kot Ko +2Kk¢ =25 (ks k) )
ki kg+2ks +8 (ke —ks)
where, ks is the thermal conductivity of the nanoparticles and k; is the thermal conductivity of base fluid.
Introducing the following dimensionless variables
+ L2 T-T
xzily:l,uzi,\/:l,p:(p pgyg ,9:( c) (11)
L L Vo Vo Pnf Vo (Th=Tc)
The governing equations may be written in the dimensionless form as
ou 8V —0 (12)
X 6Y
2 2
£+Vﬂ 6P+1Pf 1 6U+6U . (13)
X oY X Repnt (1-5)2%(ox2 av?
2 2 PB
UV A A N S A G 14
X Y oY Repp (1-5)2°|ox? o2 " ot B
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The nondimensional numbers that appear in equations (13)-(15) are as follows:

(15)

Reynolds number Re=VoL /v, Prandtl number Pr =v¢ /a¢ and Richardson number Ri=g /¢ (Tp —T¢) L/Vo2

The appropriate boundary conditions for the governing equations are
on the bottom wall: U =V =0, =1 (on the heater), U =V =0, 2—3 =0 (on the unheated part)

on the leftwall:U =0,V =1, o0 =0
oN
on the right inclined wall: U =V =0, 8=0
where N is the non-dimensional distances either X or Y direction acting normal to the surface.
The average Nusselt number at the heated surface of the cavity may be expressed as

k 1
Y

and average fluid temperature in the enclosure may be defined as ® = f@d\7/\7

(16)

an

Fig. 2. Effects of heater length on streamlines at different Ri
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3. Solution Procedure

The Galerkin weighted residual method of finite element formulation is employed as a numerical scheme. The finite
element method begins by the partition of the continuum area of interest into a number of simply shaped regions known as
elements. These elements may be different shapes and sizes. Within each element, the dependent variables are approximated
using interpolation functions. In the present study erratic grid size system is considered especially near the walls to capture
the rapid changes in the dependent variables. The coupled governing equations (12)-(15) are transformed into sets of
algebraic equations using finite element method to reduce the continuum domain into discrete triangular domains. The
system of algebraic equations is solved by iteration technique. The solution process is iterated until the subsequent
convergence condition is satisfied: ‘rm+1—rm‘310‘6 where m is number of iteration and I is the general dependent variable.

4. Results and Discussion

The present numerical study is carried out for copper-water nanofluids as working fluid with Prandtl number of 6.2. In
this investigation, our attention is taken into account to investigate the effects of controlling parameters namely the heater
length (HL), and Richardson number (Ri). It is worth to note that the value of Ri is varied from 0.1 to 10 by changing
Grashof number Gr to cover forced convection dominated region, pure mixed convection and free convection dominated
region. Moreover, the results of this study are presented in terms of streamlines and isotherms. Furthermore, the heat
transfer effectiveness of the enclosure is displayed in terms of average Nusselt humber Nu and the dimensionless average
bulk temperature @©.

Ri=10

\ 3 dl0s

\\ RS

Ri=1

HL=0.1 HL=0.2 HL=0.3
Fig. 3. Effects of heater length on isotherm at different Ri

Fig. 2 shows the streamlines in a lid-driven triangular enclosure for four heater lengths HL(= 0.1, 0.2, 0.3, and 0.4) at Ri
=( 0.1, 1 and 10). The fluid flow in a 2-D lid-driven enclosure is characterized by a primary clockwise circulating cell near
the vicinity of the sliding wall in the enclosure generated by the motion of the lid and a weaker anticlockwise rotating cell
near the right bottom corner for Ri = 0.1 and 1. In addition, the main cell is generated by the lid dragging the neighboring
fluid. Though the flow strength of the main cell is same, the size of the main cell is affected for changing Ri from 0.1 to 1.
One may notice that the flow strength of the main cell changes from -0.06 to -0.08 while Ri increases from 1 to 10. It is also
found from the streamlines that the size of clockwise rotating cell is increasing when HL is increasing for Ri = 10, and
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dramatically the weaker anticlockwise rotating cell disappears. This is due to increase in the heater length as a result of
high-energy transport through the flow associated with the irregular motion of the ultrafine particles. The isotherm plots
indicate the lines with equal intervals between unity (hot wall) and zero (cold wall). Fig. 3 illustrates the streamlines in a lid-
driven triangular enclosure for four heater lengths HL(= 0.1, 0.2, 0.3, and 0.4) at Ri =( 0.1, 1 and 10). It is noticed that
isotherm lines become denser towards the heater for each value of HL at the considered value of Ri. It is also observed that
the thermal layer become thicker gradually towards the heated surface of the enclosure for the increasing value of Ri, which
indicates the steeper temperature gradient in the horizontal direction in this region. At the upper part of the cavity, the
temperature gradients are very small due to the mechanically-driven circulations.

14.0 0.23 -
- ——HL=01 —8—HL=02 —+—HL=0.1 —B—HL=0.2

120 HL=03 ——HL=0.4 02 - HL=03 —=—HL=04

- - . =

v (]1 - —_—/

8.0 4 0.14 - .___/
- .- g

6.0 - 0.11 -

&
>

L
L

10.0 A

G

p

L 4

4.0 T T T 0.08 T T T
0.1 1 Ri 5 10 0.1 1 : 5 10

Fig. 4. Effects of average Nusselt (left) and average temperature (right) for different Ri

Fig.4 plots the average Nusselt number (Nu) at the hot surface, which is a measure of the overall heat transfer rate as a
function of Richardson number for the abovementioned values of heater length. As clearly be seen that Nu increases very
slowly for all values of heater length with the increasing Ri. However, the values of Nu are always higher for the lowest
value of HL (= 0.1). It is found that heat transfer increased by 100% as HL decreases from 0.4 to 0.1 at Ri =1. The effect of
heater length on average fluid temperature (®) in the enclosure is exposed in right column of Fig. 4. It is observed that ®
increases significantly with the increasing Ri for all values of heater length. It is noticed that ® is maximum for the smallest
values HL (= 0.1).

5. Conclusion

Mixed convection in a lid-driven triangular enclosure filled with nanofluids is studied numerically. Results for various
parametric conditions are presented and discussed. From the above study, the following conclusions are made:
e The flow and thermal fields as well as the heat transfer rate inside the enclosure are strongly dependent on the
Richardson number.
e Maximum heat transfer occurs when heater is small in size.
e Nanofluids are capable to modify the flow pattern.
e The heater length is a good control parameter for both pure and nanofluid filled enclosures
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Abstract

In this paper, the optimization of the cooling performance of a rectangular microchannel heat sink is investigated with four different
gaseous coolants; air, ammonia gas, dichlorodifluoromethane (R-12) and chlorofluoromethane (R-22). A systematic robust thermal
resistance model together with a methodical pumping power calculation is used to formulate the objective functions, the thermal
resistance and pumping power. The non-dominated sorting genetic algorithm (NSGA-II), a multi-objective algorithm, is applied in the
optimization procedure. The optimized thermal resistances obtained are 0.178, 0.14, 0.08 and 0.133°K/W for the pumping powers of 6.4,
4, 22.4 and 16.5 W for air, ammonia gas, R-12 and R-22, respectively. These results show that among all the gaseous coolants
investigated in the current study, ammonia gas exhibited balanced thermal and hydrodynamic performances. Due to the Montreal
Protocol, the coolant R-12 is no longer produced while R-22 will eventually be phased out. The results from ammonia provide a strong
motivation to conduct more investigations on the potential usage of this gaseous coolant in the electronic cooling industry.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers

Keywords: Microcahnnel; Gaseous coolants; Thermal resistance; Optimization.

Nomenclature

Actt effective area available for heat transfer (m?)
Ans heat sink cross sectional area (m?)

A induction tubes cross sectional area (m?)
Cp specific heat (J/kg.K)

Dy hydraulic diameter (m)

f friction factor

H heat sink height (m)

H. channel height (m)

G volumetric flow rate (l/s)

hay average heat transfer coefficient (W/m?.K)
k thermal conductivity (W/m.K)

L Heat sink length (m)

Nu Nusselt number

n number of microchannels

Ap pressure drop (mbar)

Apu tube pressure drop (mbar)

q heat flux (W/m?)
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Re Reynolds number

R thermal resistance (K/W)

W heat sink width (m)

W channel width (m)

Wy wall (fin) width (m)

Vint velocity inside the channels (m/s)
Vint velocity inside the tubes (m/s)
Pp pumping power (W)

Greek symbols

a channel aspect ratio

I’ fin spacing ratio

» density (kg/m®)

i dynamic viscosity (kg/m.s)

n fin efficiency

Subscripts

hs Heat sink

tu,t tube

tot total

f fluid (coolant)

W wall

1. Introduction

With the enormous development in the capabilities of the microelectronic mechanical systems (MEMS), the use of the
microchannel heat sink has acquired great importance because it provides a high heat dissipation rate, compatibility with the
small allowable space and ultimately a low manufacturing cost. Liquid coolants have been extensively used with the
microchannel heat sinks for their high capabilities of absorbing heat. However, the associated issues of the high pumping
power demands [1,2], leakage [3], and passage clogging [4] in the case of the nanofluids usage, have not been fully
addressed. Air was used as an alternative coolant in many microchannel heat sink systems [5-7]. However, its poor heat
removal capabilities [8] have limited its applications. In this study, the overall performance of the microchannel heat sink
using several gaseous coolants is investigated. The coolants are air, ammonia gas, R-12 and R-22. The search for an
alternative coolant to overcome the difficulties of the liquid coolants was the motivation to consider these gaseous coolants.
An optimization scheme which incorporates the thermal resistance model as an objective functions formulator and the non-
dominated sorting genetic algorithm (NSGA-II) as an optimization performer is employed to investigate the overall
performance of the considered system under these different gaseous coolants.

2. Mathematical model

Figure 1 illustrates the schematic drawing of the rectangular microchannel heat sink under investigation in the current
study.

L w

/’V

tmguuéuuuu s

—> = =

W, w.

c w

Fig. 1. Schematic drawing of the microchannel heat sink.

The microchannel heat sink comprised of n number of microchannels attached to each other with an adiabatic covering
plate bonded on top to close the microchannels. Induction tubes are used to transport the coolant to and from the
microchannels to avoid the bypass flow and to provide a sufficient length for the flow to reach the fully develop status. The
above mentioned microchannel system performance is evaluated using a systematic thermal resistance model and a
methodical pumping power calculation. The approach offered by Wen and Choo [9] and Kleiner et al. [10] to evaluate the
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total thermal resistance and pumping power are followed and modified where needed. Kleiner et al. [10] model was used
because it was experimentally verified and it showed superior thermal and hydrodynamic performance compared to the
previous conventional air-cooled microchannel heat sink systems.

2.1. Thermal performance model

The thermal performance of a microchannel heat sink is evaluated through its total thermal resistance. The total thermal
resistance of any heat sink is described as the ratio of the temperature difference between the maximum temperature of the
substrate and the coolant inlet temperature, to the heat flux. The maximum temperature is normally located at the end of the
microchannels and the heat flux is assumed to be uniformly applied to the back side of the microchannel heat sink. The total
thermal resistance of the heat sink is given by:

T -T

in
Rtot =

surf,max

q

where Tqmax @and Ti, are the highest and the inlet temperatures of the substrate and the coolant, respectively. Egn. (1) can be
expressed in terms of the dominated components of the total thermal resistance,

1)

Riot = Reonv + Rcapa )

where Reony and Reqpa are the convective and capacitive thermal resistances, respectively. The first term in Eqn. (2) can be
expressed as,

1
Reopy = ——— 3
con havAeff ( )
The effective area for heat transfer in Eqn. (3) can be defined as,
At =nL(We +27H ) (4)
The number of the microchannels and the fin efficiency are calculated according to the following equations,
5
ne W ()
W, + W,
tanh(mH
PRI ©
mH

C
where m is the fin parameter given by,

mszﬁL @)
w WW

where k,, is the thermal conductivity of the heat sink material which is assumed to be made of aluminum. The second term
in Eqgn. (2) is the capacitive thermal resistance which can be expressed as,

1
Reapa =——— 8
capa picpiG ©
G =nH WV, 9)

The convective and capacitive thermal resistance expressions are further simplified using the channel aspect ratio (o)
and the fin spacing ratio (B) along with several other auxiliary equations as follows,

o= He (10)
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B=tw (11)
WC

D, =—2H, (12)
1+
20.G

Re= P2 @ (13)
,l,lanC l+0!
_ hy2H, 14)
K¢ (ar+1)

Substituting Egns. (10-14) into Eqns. (3, 8) results in the final expression of the total thermal résistance as,

L 21+8 1 1+p

(15)
cpsus Rel+a hy, 1+2an

Rtot -

The average heat transfer coefficient appearing in Eqn. (15) is evaluated using the Nusselt number correlation given by
Kim and Kim [11] for a laminar fully developed flow,

Nu = 2.253 + 8.164(—%— )15 (16)
1+«

2.2. Hydrodynamic performance model

In the current study, the hydrodynamic performance of the microchannel heat sink is assessed using a pressure drop
calculation and the associated required pumping power. The methodology offered by Kleiner et al. [10] where induction
tubes are employed to transfer the coolant is used and modified. The total pressure drop is given by,

APt = APps + APy, 17)

where Apy , Apns and Ap; are the total, heat sink and tubes pressure drops, respectively. The pressure drop [10] inside the
microchannel is modified and the final expression for the total pressure drop is

2 2 2

L Vi L, V3 Vi
Apiot = Fos = p -+ (179~ 232(—)+053( ))pf e Vo g be ) Vi g5, Vi (18)
D" 2 (20 ) 2 D, ' 2 D, " 2 2
A Vi A Vi
+(1- )pf I +0.42(L-—-) p 7+pf
a2 A2 2

Finally the pumping power can be evaluated through the following equation,
Pp = Ap;; xG (19)

The friction factor that appears in the total pressure drop equation is evaluated using the correlation provided by Copeland
[12],

ReDh

f Re=[(3.2(—=1)052)2 | (4.7 +19.64B)2]" (20)

where B is a geometrical parameter given by,

B—_& (21)
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3. Optimization procedure

In this paper, two design variables are selected; the channel aspect ratio (o) and the fin spacing ratio (B). The limits of
these design variables are taken from Kleiner et al. [10] with 23.742 < o < 59.808 and 0.254 < # < 0.5. The system is treated
as a multi-objective function with the thermal resistance (Eqn. 15) and the pumping power (Eqn. 19) being the first and the
second objectives. These objective functions are optimized using the NSGA-II.

3.1. The applied algorithm

The objective functions considered in the current study posses a competing nature in which the increase in one results in
a decrease in the other. The NSGA-II known for its strong capability in optimizing multi-objective functions [13], is used to
perform the optimization process. The methodology applied to perform the optimization and hence to generate the Pareto
optimal front is fully described in Ahmed et al. [14].

4, Results and discussion

In this section, the overall performance of the considered system is investigated for four different coolants, air, ammonia
gas, R-12 and R-22. For a constant volumetric flow rate (G = 5.3 I/s) and under the same operating conditions (Table 1), the
performance of the system with air as a coolant is used as a benchmark for comparison with other coolant performances as it
can be seen in Figs. 2 and 3 for ammonia gas, and R-12 and R-22, respectively.
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6 1
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Fig. 2. The overall performance of the considered system with air vs. ammonia gas.
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Fig. 3. The overall performance of the considered system with air vs. R-12 and R-22.
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It can clearly be seen from Fig. 2 that ammonia gas behaves better than air as a cooling fluid. It provided a significant
reduction in the total thermal resistance and pumping power for the same operating conditions. This behavior is attributed to
the excellent thermophysical properties of ammonia. The specific heat capacity and the thermal conductivity of ammonia
are better than air in the expected range of operating temperature. As for air vs. R-12 and R-22 (Fig. 3), the latter two
provided much lower thermal resistance than air but at the expense of the required pumping power. The Montreal Protocol
has stopped any industrial application of R-12 due to its significant contributions to the Global Warming Phenomena
(GWP) and Ozone Depleting Potential (ODP).

Table 1 Assumed parameters and thermophysical properties at 27 oC.

Parameters Values
Heat sink lateral dimensions, (WxL) (cm?) 5%x5
Channel height, Hc (cm) 25
Induction tubes length, L. (m) 0.5
Induction tubes diameter, D; (mm) 19

Thermal conductivity of aluminum, k,(W/m.K) 238

R-22 lowers the thermal resistance significantly compared to air but with a very high pumping power requirement too. It
can be seen that ammonia gas showed a reasonable performance in both aspects, thermal and hydrodynamic, compared to
the other coolants considered in this research. Known for its environmental friendly behavior and not requiring sophisticated
machinery to be produced, ammonia gas can be a very suitable alternative for air and water generally used in the heat sinks.
The optimized results of the current study are listed in Table 2.

Table 2. Optimized results of the current study.

Parameters Air Ammonia gas R-12 R-22
Thermal resistance, R (K/W) 0.178 0.14 0.08 0.113
Pumping power, Pp (W) 6.4 4 224 16.5
Channel aspect ratio, a 51.799 59.692 58.912 59.785
Fin spacing ratio, 8 0.272 0.267 0.254 0.254

5. Conclusions

In this research, the overall performance of a rectangular microchannel heat sink is examined for four different coolants,
air, ammonia gas, R-12 and R-22. Ammonia gas showed balance thermal and hydrodynamic performances under the same
operating conditions compared to the other coolants investigated in this study. R-12 and R-22 provided a lower thermal
resistance but they cannot be considered due to the high pumping power demands and their environmental issues. The
results obtained provide motivation for further efforts to be spent on exploration of other coolant performances in the area of
microchannel heat sinks industry.
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Abstract

A new engineering medium, called nanofluid, have attracted a wide range of researches on many processes in engineering
applications. Many experimental and theoretical studies on viscosity of nanofluids are controversial and the shear rate
dependent viscosity is frequently neglected. The aim of the present work is to investigate the effect of the rheological
behavior of aqueous suspensions of carbon nanotubes on the friction factor and the pressure drop in a horizontal tube under
laminar and turbulent flow. The particles weight concentration used here is 0.01%. The rheological behavior was measured
for a range of temperature from 0°C to 40°C. The results showed that the nanofluids exhibit a shear thinning behavior at
very low shear stress. The analysis results of the flow characteristics showed a non-Newtonian behavior under laminar flow
and a Newtonian behavior under turbulent flow.

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society
of Mechanical Engineers

Keywords: Keywords: Nanofluid, viscosity, shear-thinning, friction factor, pressure drop

Nomenclature

f friction coefficient

D diameter of horizontal tube (m)
g gravitational constant (m/s?)
Re Reynolds number

Q flow rate (m®/s)

L length of horizontal tube (m)
Greek symbols

u dynamic viscosity (Pa.s)

€ roughness (mm)

[0) concentration (%)

p density (kg/m®)

AP pressure drops (Pa)
Subscripts

m weight

nf nanofluid

0 water

S surfactant
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1. Introduction

Due to the global concern on energy conservation, the development and improvement of heat exchangers in many sectors
(automobile, construction, electronics...) have today become a major issue in the industrial world. Therefore, the
development of more efficient heat transfer fluids with higher thermal properties is considered urgent. Over the past decade,
many researchers have investigated a new kind of heat transfer fluid called nanofluids to improve the heat transfer
properties of liquids.

Nanofluids are fluid suspensions of nanometer-sized particles of metals, oxides, carbides, nitrides or nanotubes. They
have attracted much attention because of their high thermal conductivity and thermal performances compared to base fluids
[1-3]. Many researches have mostly focused on the thermal conductivity of these fluids [4-5]. However, the viscosity also
deserves the same attention as thermal conductivity. In fact, viscosity describes the internal resistance of a fluid to flow and
is an important property for all thermal applications involving fluids. In addition, the pumping power is related to the
viscosity of a fluid. The addition of solid nanoparticles to a base fluid may lead to an increased viscosity and a significant
pressure drop which can reduce the practical benefits of nanofluids in some industrial applications [6]. Numerous
experimental and theoretical investigations have been carried out on viscosity and rheological behavior of nanofluids [7-12].
All these studies reported that viscosity of nanofluids increased with an increase of nanoparticles concentration and
decreased with an increase of temperature. Compared to the thermal performances, the hydrodynamic behavior of
nanofluids, especially for carbon nanotubes based nanofluids, has been rarely reported. In this present work, the focus is on
an aqueous multi-walled carbon nanotubes based nanofluid at low weight concentration (0.01%). The effect of the viscosity
and the hydrodynamics characteristics at ambient temperature is investigated in order to compare the experimental results
on fraction factor between the nanofluid and pure water in a horizontal tube. Finally, the experimental data are analyzed
using traditional equations for friction factor to evaluate the effect of the rheological behavior on nanofluid flow under
laminar and turbulent conditions.

2. Experimental and data analysis

2.1. Nanofluids

An aqueous carbon nanotubes based nanofluid was provided by Nanocyl™ (Belgium). This suspension consists of thin
multi-walled carbon nanotubes (carbon purity 90%) dispersed in a mixture of de-ionized water and surfactant from ultra-
sonication (fig. 1). The characteristics of the basic solution are summarized in Tablel. De-ionized water was used to dilute
the basic solution (1% wt) and prepare the suspension of 0.01% in mass concentration. The mixture is stirred with a mixer
for 30min then left at rest and the process was repeated 24 hours later. The purpose of the mechanical stirring is to ensure a
uniform dispersion of nanoparticles and prevent initial agglomerating of nanoparticles in the base fluid.

Figure 1: Tunneling Electron Microscopy (TEM) images of synthesized MWNTs by Nanocyl ™

Table I: Characteristics of CNT basic solution (1%wt)

Supplier Nanoparticles Size @m(nf) dispersant

Nanocyl Multi-Walled Carbon D :9-10nm 1% SDBS
nanotubes L:1.5um Om(S)=2%
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2.2. Rheological behavior

The rheological measurements of nanofluid are performed using a stress controlled rheometer Malvern Kinexus Pro
equipped with a cone and plate geometry. . The cone diameter is 60mm and the cone angle is 1°. This leads to a
measurement gap of 0.03mm. The temperature was controlled using a Peltier temperature control device located below the
lower plate with an accuracy of 0.01 ° C. The temperature is maintained constant 5 min before starting the test, which
allows for the sample’s constant temperature condition and complies with standards. The experimental procedure involves
applying a logarithmic stress ramp under steady-state conditions with maximum step duration of 180s. When a steady-state
flow condition is achieved and maintained 10s, the shear rate is measured. The range of shear stress applied was between
0.01 and 0.5 Pa which ensures a steady flow for low shear rate and stability of the flow at high shear rate. During each test,
the viscosity was measured as a function of temperature from 0 to 40°C. The tests were repeated to verify the
reproducibility of the measurement and the suspensions stability with time.

Distilled water and standard oil were tested as calibration fluids at 20 ° C to validate the experimental protocol used in
this study. The results showed a Newtonian behavior for these fluids. Moreover, the dynamic viscosity measured at 20 °C is
1.03mPa.s for water and 1360mPa.s for oil, which represents a relative error less than 3% (water) and 4% (standard oil) in
comparison with the theoretical values. These results validated the experimental protocol.

2.3. Experimental protocol: Hydrodynamic

A sketch of the horizontal flow that was used during the present study is illustrated in figure 2. A centrifugal pump (2)
was sucking water from a reservoir (1) and the flow rate was controlled with a valve (3). The test section consists of a
cylindrical PVC tube (5) of 333mm length, 19mm in inner diameter and 0.0015mm in roughness. Static pressure taps, at the
test section are connected to piezometric tubes to assess the losses. The experimental setup contains a diaphragm for
measuring the flow of water. The flow of nanofluid is obtained directly by measuring the time to fill a container of a known
volume. The tests were performed on distillated water in laminar and turbulent flow conditions in order to validate the
experimental protocol.

Figure 2: Experimental set up

The friction coefficient is calculated from the two following models. Experimental model (see equation 1) is related to
experimental results of linear pressure drops in the tube. Whereas, theoretical model is linked to classical equation for
friction coefficient under laminar (equation 2) and turbulent flow (equation 3).
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The density measurements were performed on Anton PAAR DMA vibrating tube densimeter connected to cell 602 with
a high precision of 1.10-5 g/cm3.The density of the nanofluid measured at 20 ° C is 999, 603 kg/m°.

Preliminary Measurements were performed on pure water in order to validate the experimental protocol. Figure 3 shows
the evolution of the friction factor for experimental and theoretical data as a function of Reynolds number. The results show
that the theoretical models (Eq. 2; 3) are in accordance with experimental measurements with a relative error of 5%. These
results allowed the validation of the experimental protocol.
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Figure 3: Experimental and theoretical friction factor of distillated water

3. Results
3.1. Rheological behavior

Figure 4 shows the evolution of the apparent dynamic viscosity as a function of shear rate for a range of temperature
from O to 40°C. The results showed that the nanofluid viscosity decreases with an increase of temperature. For low shear
rate (less than 100s™), the nanofluid behaves like a shear thinning fluid, as the apparent viscosity decreases with the increase
of shear rate. For higher shear rates, the viscosity is independent of the applied shear rate and the nanofluid is Newtonian.

In the next section, we focus on the rheological behavior of nanofluid at low shear rates (0-200 s™) at 20 ° C because the
hydrodynamic study was carried out at room temperature (20 ° C). Based on the results of Figure 8, the nanofluid is non
Newtonian for very low shear rate (less than 80-100s™). The dynamic viscosity measured at high shear rate is p,¢ = 0.99915
mPa.s (very close to that of pure water). However, we can note that nanofluid at 0.01 weight concentration have lower shear
viscosity than water due to the lubricative effect of nanoparticles [14].
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Figure 4: Viscosity as a function of shear rate for different temperatures
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3.2. Hydrodynamic behavior

Figure 5 shows the evolution of pressure drop as a function of volumetric flow rate. We can observe that the nanofluid
behave similarly as pure water with a slightly higher pressure drop. The results showed two different zones, low flow rates
(less than 0,025 I/s) and high flow rates (greater than 0.038l/s) where the pressure drops become much more important.
These zones correspond respectively to laminar and turbulent flow. It is observed from figure 5 that at low flow rates, the
pressure drops of the nanofluid are larger than the ones of distilled water. As the flow rate increases, the pressure drops of
both nanofluids and the distilled water become almost the same.
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Figure 5: Linear pressure drops of CNT/water and distillate water

Figure 6 reports the evolution of the experimental and theoretical friction coefficient of the nanofluid with the flow rate.
The experimental friction coefficient was obtained based on the results of Figure 4 and using equation 1. The theoretical
coefficient is obtained by assuming that the nanofluid behave as a Newtonian fluid (Eq. 2 and Eq. 3) and applying the value
of the viscosity measured previously (unf= 0.000956 Pa.s). At low flow rate, the experimental results are different from the
theoretical model. This is because, as seen in figure 4, the rheological behaviour of the nanofluid is non-Newtonian at very
low shear rate. As the flow rate increases, contrary to this, the difference between the experimental and the theoretical
results become very small and the nanofluid behaves as a Newtonian fluid. This shows that the Newtonian model is not
valid for low flow rate and that the viscosity is dependent on the applied flow (at low shear rate).
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Figure 6: Experimental and theoretical friction factor of CNT/water
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4. Conclusion

In this work, we studied the rheological behaviour of a nanofluid based on carbon nanotubes dispersed in water with a
weight concentration of 0.01% as a function of temperature and shear rate. The nanofluid behaves as a Newtonian for high
shear rates (greater than 100s-1). At a low shear rate, the nanofluid is non-Newtonian. We also studied the hydrodynamic
behaviour of the nanofluid in a horizontal cylindrical pipe. The results have shown that the evolution of the experimental
friction factor does not follow the classical model of Newtonian fluids for low flow rate. This can be explained by the
rheological behaviour of nanofluid at very low and at high shear rates.

Section headings should be left justified, with the first letter capitalized and numbered consecutively, starting with the
Introduction. Sub-section headings should be in capital and lower-case italic letters, numbered 1.1, 1.2, etc, and left
justified, with second and subsequent lines indented. You may need to insert a page break to keep a heading with its text.
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Abstract

An investigation of the effect of nano particles on natural convection of water based nanofluids contained in an open
rectangular cavity is carried out numerically. The flow pattern and heat transfer characteristics are studied for different

values of volume fraction in the range 0 < ¢ < 0.2, Rayleigh number in the range 1< Ra <10° and the nano particles with

different thermo physical properties. It was found that for low Rayleigh numbers, heat transfer exhibits a decreasing trend
for increasing values of volume fraction of oxide nanofluids, whereas for higher values of Rayleigh numbers, an increasing
trend of heat transfer was observed due to increase in the volume fraction of nanofluids.

Keywords: Natural convection; Nano Fluids; Open Cavity.

Nomenclature

A aspect ratio X,y | non dimensional coordinate axis

Co specific heat at constant pressure (JK ™) Greek symbols

g acceleration due to gravity (ms2) a thermal diffusivity (k/pC)

H height of the enclosure B thermal expansion coefficient (K ™)
h mesh spacing 0 non dimensional temperature

(W) nodal locations of (x,y) on grid H dynamic viscosity (m~*s™t)

1,J maximum grids along coordinate axis 1% kinematic viscosity m?s*Kg

k thermal conductivity Wwm?K™) P density of fluid (Kgm~)

L length of the cavity @ nano particles volume fraction

Nu local Nusselt number 7 stream function (m%s*Kg™)

Nu average Nusselt number v non dimensional stream function

4] fluid pressure (Pa) 2 dimensional vorticity function (s™*)
Pr Prandtl number of fluid o non dimensional vorticity function
Ra Raleigh number Subscripts

T dimensional temperature (K) S solid particles properties

Ty, Te | maximum and minimum temperature (K) f fluid properties

T, average/reference temperature (K) nf nanofluid properties

t dimensional time (s) eff effective property

t non dimensional time in incoming
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u,v velocity components (ms™) out outgoing
u,v non dimensional velocity components 0 reference state
X,y dimensional coordinate axis (m)

1. Introduction

Nano fluid is a remarkable advancement in heat transfer engineering, as it has numerous applications in the practical
situations where enhanced heat transfer is required. Heat transfer enhancement can be acheived by suspending nano size
solid particles of relatively larger thermal conductivity in pure fluids. This idea of nanofluids was first proposed by Choi [1].
Khanafer et al. [2] numerically investigated the natural convection of nanofluids in a two dimensional enclosure. They
considered different models of nanofluids and showed that the heat transfer of nanofluids is greater than that of pure fluid
for all values of Grashof number. Hwang et al. [3] conducted the buoyancy-driven heat transfer study of water-based Al,O;
nanofluids in a rectangular cavity. Ho et al. [4] considered natural convection of nanofluid in a square enclosure. They used
water —Al,O5 nano fluid to compare the heat transfer for four different models of effective dynamic viscosity and effective
thermal conductivity that were found in literature. Oztop and Abu-Nada [5] considered natural convection of water based
nanofluids in partially heated rectangular enclosures. They considered three different types of nano particles namely Copper
(Cu), Al,O; and TiO;. They considered the volume fraction in the range 0<¢<0.2. The implementation of boundary
conditions for open ended rectangular domains differ a lot from the usual solid wall boundary conditions. A detailed
description can be seen in Roache[6], whereas recent work on open ended domains is considered by Saleem et al. [7,8]. We
consider the natural convection of water based nanofluid in an open rectangular domain, and focus on investigating the heat
transfer of nanofluids in open ended domain.

2. Mathematical Formulation

Consider two-dimensional flow of a nanofluid confined in an open rectangular cavity of length L and height H . The left
wall is assumed to be at temperature T,, . The temperature of the fluid that enters the cavity region from the right end is

supposed T at T =0 (where T,, >T. ). We use the subscripts 'in' for incoming, and 'out' for outgoing fluid respectively.

Moreover the subscripts 's' and 'f' are respectively taken for physical properties of solid particles and pure fluid, whereas the
subscript 'nf' stands for the physical properties of nanofluid. Flow configuration and physical boundary conditions are
shown in Figure 1.

-

Fig.1. Flow configuration in coordinate system

Let ¢ be the volume fraction of nanoparticles with in the fluid, and p,, p; be the densities of the solid particles and the
fluid respectively, then the effective density of the nanofluid is given by (see Khanafer et al. [2], Oztop and Abu-Nada [5])
Pni = (1_¢)¢f +¢ps
@

Like wise the effective heat capacity for nanofluid is expressed as
(pCp)nf :(l_¢)(pcp)f +¢(pcp)s (2)
Further we approximate the effective thermal conductivity of the nanofluid by the relation
knf ks+2kf _2¢(kf _ks)
ket == @3)
ki ko +2ks +g(k; —k)

Moreover the viscosity of nanofluid is given by = — @

1-¢)*°
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Here the effective thermal conductivity and the effective dynamic viscosity are chosen in view of the maximum heat
transfer enhancement (see also [3-5]). Finally the thermal diffusivity of nanofluid is given by

Qe = I(nf 5
=
" (pcp)nf ( )
Further we introduce the non dimensional variables by using the following transformations for stream vorticity form
x:%, y:%, t=t fz, u=u—, v:vi,
B 2 ~ a; a; ©)
(//:L, a):aH_, _T_TE , A:L
af af TH _TC H

where X,y are the non dimensional coordinate axis, u,v are the non dimensional velocity components, i and « are the
non dimensional stream and vorticity functions, t is the non dimensional time, & is the non dimensional temperature,
whereas A is the aspect ratio of the cavity. By making use of these dimensionless parameters, for the unsteady motion of
nanofluid, the Navier Stokes equations in stream-vorticity form, along with the energy equation in dimensionless
rectangular coordinate system are given by (see [3-5])

%y 0?
P e i @
OX oy
;o (8)
0w Ow Ow Pr 0w 0w 1 B 1 00
1_ 0.25 1_ n & 7if+ f 9 Fr
(1=¢) {< ey R )
2 2
%+u%+v%:ﬂ 6_f+6_¢29 9
ot oX oy ox° oy
with the following boundary conditions (see [6-8))
t<Qu=v=ypy=w=0=0 0<y<1l 0<x<A
t20u=v=y =0, a):—a—u, %:0, y=0 0<x<A
oy oy
u=v=y =0, a):—a—u, %:0, y=1 0<x<A
oy oy
ov
u=v=y =0, w:@_' =1 x=0 0<y<1 (10)
X
%:_%, |n: |n_0 X=A OSy<1
@:(6_0)] :(%J =0 X=A OSygl
2 X out OX out
Kot
' 3
where pr=_t Ra:gﬂf(TH “Te)H , A= kf(pc) (12)
(94 asVv
f o W= +or oy

(C, ),

are respectively the Prandtl number, the Rayleigh number and the diffusion coefficient for the energy equation of nanofluid.
We finally define the dimensionless local and average heat transfer rate of the left wall for nanofluid the following relations

(see also [5]).

_ 1
Nu = —k (%J Nu = I Nudy (12)
x=0
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where dy is the element of length y along the wall. In order to compare the heat transfer characteristics pure fluid and the
fluid with nano-particles, we consider three different water based nanofluid combinations. The physical properties of the
fluid and nano-particles are given in table 1. (see[5])

Table 1. Thermo physical properties of pure fluid (water) and nano particles under consideration

Physical Pure fluid Copper Aluminum Oxide Telinium Oxide
properties Water (H,O) Cu Al;04 TiG;
C, 4179 385 765 686.2
P 997.1 8933 3970 4250
k 0.613 400 40 8.9538
@ 1.47x1077 1.1631x107* 1.317x10° 3.07x10°°
B 2.1x10° 1.67x10° 8.5x10* 9x10*

3. Method of Solution

The dimensionless form of the governing equations given by (8) and (9) are descretized using the Alternate Direct Implicit
method. For non linear terms of these equations, we used the second upwind difference technique. The elliptic partial
differential equation (8), is solved using the Successive Over Relaxation technique with residual tolerance of the order of
107°. The solution is complemented with the descretized form of boundary conditions given in equations (10). With H as
the reference height of the cavity, we have considered a uniform grid of size h=H/(J -1), where J is the maximum
number of grids along coordinate axes. Throughout the computation we take H =1. In order to meet the convergence to the
steady state, we have considered the tolerance of order 1078 . Further details of the employed method can also be found in
[6-8]. All computations are performed for A= 2. Intel 1.83 GHz C machine is used for the entire computation.

4, Results and Discussion

We have considered the natural convection of water based nanofluid in an open rectangular cavity. The left wall is
considered at a higher temperature than the one of the opening. The effect of volume fraction of nano particles, and
Rayleigh number for three different nanofluids is studied. The result are graphically represented in terms of streamlines,
isotherms, and heat transfer rate for different values of these governing parameters.

4.1 The Effect of Volume Fraction
1

(3)6""0?5""1""1?5‘_—7((;))6""0_'5""1"”lfs””é
Fig.2. Comparison of streamlines pattern at Ra = 5x10°, Pr=6.2, A =2 for (a) pure fluid (water B = ¢ = 0), (b) water-copper nanofluid
(S =1.67x10°,¢ = 0.05) (c) water- Al,O5 nanofluid ( B = 0.85x10°,¢ = 0.05) (d) water- TiO; nanofluid

(S =0.9x10°,¢ = 0.05)

Figure 2 represents the comparison of streamlines between pure fluid (water) and water based nanofluids while
Ra=5x10°, Pr=6.2. Figure 2 (a) represents the streamline pattern for pure fluid. Comparing Figure 2 (a) and 2 (b), we
see that the magnitude of the strength of flow close to the opening in case of water is 68.9, whereas it is 85.8 in case of
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water-Cu nanofluid. Thus the flow strength of nanofluid is greater than that of the pure fluid in this case. Figure 2 (c) and 2
(d)show the stream line pattern for water- Al,O; and water-TiO; nano fluids, whereas their strength is numerically 76.8 and
78.7 respectively. From Figure 2, it can be discerned that the flow in case of nanofluid increases. Moreover, comparing
Figure 2 (b)-2 (d) one can see that the strength of metal based nanofluid is maximum. Although the nanofluids of oxides
have greater strength than that of the pure fluid, yet the flow is not more than that of the water-Cu nanofluid.

Let us now consider the effect of volume fraction on these nanofluids separately. Figure 3 shows the average heat
transfer rate as a function of volume fraction for (a) water-Cu, (b) water- Al,O; and (c) water- TiO; nanofluids while Pr=6.2
at four different values of Rayleigh number. Let us first consider Figure 3 (a). It can be seen that heat transfer increases with
the increase in volume fraction of solid particles. Even at Ra =10°, heat transfer increases from 0.775 to 1.3, which does
not seem significant due to large scale of the figure along y—axis. Now comparing 3 (a) with 3 (b) and 3 (c), we observe
that this increasing trend is more prominent in water-Cu nanofluid for Ra =10%,10°10°. For instance at Ra=10°, in
Figure 3 (a), heat transfer increases from 22.6 to 38.3 between 0< ¢ <0.2 for water-Cu nanofluid, whereas it reaches up to
32.6 for water- Al,O; as in Figure 3 (b), and has a maximum value of 31.6 in case of water—TiO% nanofluid at ¢ = 0.2 as
shown in Figure 3 (c). However the behavior of heat transfer in Figure 3 (b) and 3 (c) at Ra =107 require some attention.
There is a very slight decline in the heat transfer rate at Ra = 10° in Figure 3 (b) and 3 (c), which is not significantly visible
due to scale of the Figure. This deviating behavior for water- Al,O; in Figure 3 (b) is such that the heat transfer very
slightly increases from 0.775 to 0.779 between 0<¢<0.05, and then decreases up to 0.602 in the range 0.05<¢<0.2.
This variation of heat transfer water- Al,O; nanofluid was so slight in comparison to the other values in Figure 3 (b) that it
was not visible. Now for water- TiO; nanofluid, first the heat transfer rate increases from 0.775 to 0.797 in the range
0<¢<0.07, then it decreases up to 0.704 between 0.07 < ¢ <0.2. Thus we can say that for water-Cu (metallic) nanofluid,
Heat transfer rate increases with volume fraction for all Rayleigh numbers in the Range 10° < Ra<10%. However heat
transfer dogs not monotonically increase with volume fraction at Ra =10°%, for Al,O; and water-TiO; (oxide) nanofluids
at Ra=10".

407 . 401 407
] Water-Cu nanofluid { Water-A1,0, nanofluid 1 water-TiO, nanofluid
304 3 304 304
5 Rac1 0" ] Ra=10’ 5 Ra=10’
20 ———— Ra-10] 204 Ra=10} 204 Ra=10;
| S ——— Ra=l |§ 1 Ra=10, 3 ] Ra=10,
i | ol By e R
10 107 104
0 0 ey 0
LU N LI L Y L I | LI I I N L I L | LN L L LI B L |
0 005 01 015 02 0 005 01 015 02 0 005 01 015 02
(2) ¢ (b) ¢ (c) ¢

Fig.3. Average heat transfer rates as a function of volume fraction of nanofluids at different values of Rayleigh number for (a) water-Cu nanofluid (b)
water- Al,O5 nanofluid (c) water- TiOg nanofluid combinations

4.2 The Effect of Rayleigh number
19

19 1

o,x-f o,x-f

0,6—5 Of"f
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Fig.4. Streamlines of water- TiO; nanofluidat Pr=6.2, A=2,¢=0.04, t = 0.5 for (a) Ra = 108 (b)Ra = 10° (c)Ra= 107
Figure 4 shows the pattern of streamlines of water-TiO; nanofluid while Pr=6.2, A=2, ¢=0.04, t =0.5 for (a)
Ra=10° (b) Ra=10° (c) Ra=10" respectively. It can be seen from Figure 4 (a) that at Ra =10°%, the strength of flow is
very weak. Comparing it with Figure 4 (b) and (c) we see that the strength of the flow increases and the recirculation starts
to grow. As can be seen from Figure 4 (c), the strength of flow close to the opening is 230 for Ra=10", whereas it was
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merely 3.5 for Ra =10° shown in Figure 4 (a). Finally, Figure 5 shows a comparison of the average heat transfer rate as a
function of Rayleigh number for different nanofluids. This Figure also depicts that visible increase in heat transfer for all
combinations takes place beyond Ra >10°. By comparison it can be seen that heat transfer for all nanofluids is greater than
the base fluid (water), at any given value of Rayleigh number. However by carefully observing the graph we see that heat
transfer in case of water-Cu nanofluid is maximum. For instance at Ra =108, Heat transfer rate of pure water is 51.4,
whereas its value is 59.0, 58.5, and 57.4 for water-Cu, water- Al,O; nanofluid and water- TiO; nanofluid combinations
respectively. It can now again be seen that heat transfer of water-Cu nanofluid is maximum among these three at any given
value of Rayleigh number.

60__ ————  yater o e
| — = — water-Cu f
{-—e-—= water-Al,O, /
409 - = « = = water-TiO, /é_-!
s ] V7
= 7
204
0_

100 100 10" 10° 10° 100 10° 10

Fig.5. Comparison of the average Nusselt number of heated wall as a function of Rayleigh number, between pure fluid (water ¢ = ﬂs =0, Pr=6.2,
A =2), and different water based nanofluid combinations at ¢ = 0.05, Pr=6.2, A =2.

5. Conclusions

Natural convection of three different types of water based nanofluids in an open rectangular cavity is numerically studied. It
was found that for low Rayleigh numbers (Ra =10%), heat transfer exhibits a decreasing trend for increasing values of
volume fraction of oxide nanofluids in the range 0.05< ¢ <0.2, whereas for higher values of Rayleigh numbers where the
dominant convection takes place (10* < Ra <10°, an increasing trend of heat transfer was observed due to increase in the
volume fraction of nanofluids. However, water-Cu nanofluid showed an increasing trend for all values of Rayleigh number
considered. In comparison to the other two oxide nanofluids considered, water-Cu nano fluid proved to be a better nanofluid
in the sense that it has greater heat transfer efficacy and shows an increasing trend for range of Rayleigh number considered.
A heat transfer comparison of the nanofluids with that of pure fluid is also made for different values of Raleigh numbers in
the range 1< Ra <10, and it is seen that heat transfer in case of nanofluid is greater than that of the base fluid in the region
of dominant convection (10° < Ra <10°.
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Abstract

An efficient micro-channel heat exchanger was designed which can be used for heat removal from components requiring micro level heat
extraction. The heat exchanger is composed of 21 channels and each channel dimensions are 13 x 0.35 x 0.5 mm?®, The channel walls were
at no slip and constant heat flux conditions. Different gaseous fluids were considered for the best performance. Hydrogen gave most
uniform flow distributions among the channels. The heat exchanger was designed and simulated numerically using the non symmetric
pattern multi frontal finite element method for predicting the flow behavior. Five different geometries were proposed and simulated in 2D
to find the best geometry in terms of flow distribution. The best geometry was investigated in both 2D and 3D for temperature
distributions among the channels. Simulations demonstrated that the effectiveness of the micro-heat exchanger varies with pressure
difference, inlet geometry and wall heat flux.
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W, Channel wall width, um
W, Channel width, um
Greek symbols

M Dynamic viscosity, Pa.s
p Density, Kg/m®
Subscripts

a wall

c channel

avg average value

max maximum value
min minimum value

1. Introduction

It is quite obvious that over the past few decades and with the refinement of micro fabrication techniques, the use of
micro-channels has become promising for a variety of industrial applications. Micro-channels continue to play an integral
part in thermal management (microchip cooling, micro reactors) and energy systems (fuel cells, micro combustion)
applications. Moreover, Energy conservation and sustainable development demands have been driving research efforts,
within the scope of thermal engineering, towards more energy efficient equipments and processes. In this context, the scale
reduction in mechanical fabrication has been permitting the miniaturization of thermal devices, such as in the case of
micro-heat exchangers [1]. Recent review works [2, 3] have pointed out discrepancies between experimental results and
classical correlation predictions of heat transfer coefficients in micro-channels. Such deviations have been stimulating
theoretical research efforts towards a better agreement between experiments and simulations, through the incorporation of
different effects that are either typically present in micro-scale heat transfer or are effects that are normally disregarded at
the macro-scale and might have been erroneously not accounted for in micro-channels. According to recent statistics, a large
proportion of field failures can be attributed to overheating, which in turn is caused by inappropriate thermal design. Uneven
thermal maps and “hot spots” in ICs cause physical stress and reduce reliability.

A number of techniques have been proposed in the literature for chip cooling. Initially Tuckerman and Pease [4]
proposed micro channel heat sinks fabricated onto the back of a silicon chip substrate. Later on, other means were employed
to cool the chips by: immersing the electronic chips in a pool of inert dielectric liquid [5], thermosyphons, where a liquid
evaporates with applied heat and condenses dissipating that heat elsewhere, in a closed system [6], and heat pipes, where the
liquid evaporates, condenses at another region and reaches the hot area through wick structures that line the heat pipes thus
ensuring uniform distribution of heat [7]. These techniques are inherently unsuitable for compact, embedded systems. Thus,
there remains a technology void and a pressing need for dynamically cooling hot spots in embedded ICs and compact
packages used for portable applications. A wide range of research has been carried out on different processes and
application. For instance, Kang and Tseng [8] developed a theoretical model for predicting the thermal and fluid
characteristics of a cross flow micro-heat exchanger. In micro-structured devices, homogeneity of the fluid is very
important. Tomonomura et al. [9] designed a micro device using CFD. The simulation illustrates that the uniformity of flow
greatly depends on the geometry of the shape of micro channels. The present research effort was related to the fundamental
analysis of flow behavior and forced convection within micro-channels.

2. Design Details

To determine the best fluid distribution in terms of homogeneity of fluid flow in each of the parallel channels, various
geometries were evaluated and studied and the best four convenient ones are stated here.

2.1. Physical description

The basic difference among the four proposed geometries was in the inlet and outlet shapes. Type-01 geometry has a side
entrance and a triangular shaped fluid distribution (see Fig. 1(a)). In Type-02, the fluid inflow was in the central part and the
distribution was also triangular. In the third proposal (Type-03), the distribution is of convex shape and central inflow.
Type-04 geometry is of concave shape. All the inlet geometries are shown in Fig. 1.
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Fig.1. Inlet shapes of different fluid distribution geometry (a) Type-01; (b) Type-02; (c) Type-03; (d) Type-04

2.2. Boundary condition

The flow simulations were done for fully developed inflow velocity, no slip flow at channel walls and zero relative
pressure, no viscous stress at outlet.
For temperature distribution, the boundary conditions were constant inlet temperature, constant heat flux at channel wall

and convective flux condition at outlet.

3. Computational Procedure

3.1. Mathematical formulation

The basic mathematical equations in determining the flow behavior through the micro-channel are Navier-Stokes
equation for momentum conservation and continuity equation for mass conservation.

a
pa—:+pu.Vu= —Vp + uv?u — pg (1)
Vou=20 )
For getting temperature distribution, law of convection and conduction for energy conservation was used.
V.(=kVT) = Q — pC,u. VT 3)

3.2. Assumptions

In the present work, there were some assumptions made for simplifying the problem. The assumptions taken were:
Fluid flow (M=0.04) was incompressible.
Fluid was considered as continuum (Kn < 0.01)
The flow regime was laminar.

4, Simulation

The proposed geometries were simulated under the mathematical model which is governed by the coupled equations of
continuity, momentum and energy and was solved by employing non symmetric pattern multi frontal finite element method.
For the simulation purpose, Nitrogen and Hydrogen gas of inlet average velocity of 10 m/s was considered. The channel
wall heat flux was taken as constant 10000 W/m? and the inlet temperature of the gas was taken 300 K.

The coupled governing equations are transformed into sets of algebraic equations using finite element method to reduce
the continuum domain into discrete triangular domains. The system of algebraic equations is solved by iteration technique.
The solution process is iterated until the subsequent convergence condition is satisfied:

‘Fm” —Fm‘ <107 where n is number of iteration and T is the general dependent variable.
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4.1. Grid independence test

Several grid size sensitivity tests were conducted on Type-03 to determine the sufficiency of the mesh scheme and to
ensure that the solutions were grid independent. The test was done with eleven different number of mesh elements. It was
found that 111000 non regular elements were sufficient to provide accurate results.

4.2. Code validation

The present results were validated based on the problem of Vasquez-Alvarez et al. [12]. Some of the present results were
compared with those reported in Vasquez-Alvarez et al. [12]. The comparison of the average velocity has been shown in
Table 1. The present results have a very good agreement with the results obtained by Vasquez-Alvarez et al. [12].

Table 1. Code validation for Type-01

Channel no Average velocity(m/s)
present reference
1 2.34 2.3
5 2.50 245
10 261 2.6
11 2.63 2.65
20 2.83 2.7
5. Simulated Figures
5.1. 2-D simulations
Surface: Temperature [K] Max: 474.838
Surface: Velocity field [m/s] Max: 14.997
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Fig. 2. (a) Velocity distribution of Type-03 geometry; (b) Temperature distribution of Type-03 geometry

5.2. 3-D simulations

The Type-03 geometry is simulated for Hydrogen in 3-D at 400 Pa inlet pressure. The velocity and temperature
distributions are shown in Fig. 3. The units of the geometry are in meter in figure 3.

Slice: Velocity fidld [m/s] Max: 64.181 Slice: Temperature [K] Max: 329.792

300
[¢]
Min: 298.889

©) (b)

Fig. 3. () Velocity distribution of Type-03 geometry; (b) Temperature distribution of Type-03 geometry
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6. Results and Discussion

The proposed geometries were simulated using Nitrogen and Hydrogen as working fluid. The results found have been
compared in figure 4 to figure 6.

Velocity comparison for Type-01 Velocity comparison for Type-02
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Fig. 4. Velocity comparison for (a) Type-01; (b) Type-02; (c) Type-03; (d) Type-04; Temperature comparison for (e) Type-01; (f) Type-02
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Fig. 5. Temperature comparison for (a) Type-03; (b) Type-04

The results were taken at mid-length of each channel. It is evident from figure 4 and figure 5 that Hydrogen gave more
uniform flow than nitrogen and also the temperature was lower among channels for hydrogen. So, velocity and temperature
were compared for hydrogen in different geometries in figure 6.
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Fig. 6. (a) Velocity comparison for Hydrogen; (b) Temperature comparison for Hydrogen

Except type-01, all the other three geometries gave almost same distribution (Fig. 6). However, distribution for Type-03
is most uniform. So, Type-03 was simulated in 3D for Hydrogen at inlet pressure of 400 Pa. For comparison Type-03
geometry was also simulated in 2D for same inlet pressure. The results obtained are given in Table 2.

Table 2: Velocity Distribution results

Parameters Unit 2-D
Nitrogen Hydrogen
Type-01 Type-02 Type-03 Type-04 Type-01 Type-02 Type-03 Type-04
Vmax m/s 15.18 15.00 14.98 15.00 15.21 15.00 15.00 15.00
Reémax Dimensionless 82.4 83.63 167.19 79.89 14.07 14.29 13.35 13.88
AP Pa 242.24 223.20 223.88 229.87 71.79 69.88 69.86 70.85
Tmax K 529.96 530.11 531.38 536.83 484.29 474,57 474.83 476.69
2-D 3-D
Vinax Remax AP Tax Vmax Remax AP Tmax
Hydrogen 67.12 89.70 400 3425 64.18 522 400 330
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7. Conclusion

The computational investigations of flow and thermal fields and heat transfer behaviors in a micro channel heat
exchanger have been presented in this study. The channel walls were at constant heat flux of 10000 W/m?. Inlet fluid
temperature was 300K. The results varied greatly with the working fluid and also with the geometries. After simulation
process, velocity field, pressure difference, temperature distribution etc were analyzed for solutions of current field
problems. Four geometries were analyzed and Reynolds number, pressure difference, maximum temperature etc. were
obtained. Except Type-01, all other three geometries gave almost same results. So, any geometry of the three can be chosen
depending on the embedding surface and manufacturing flexibility.

It was found from the research that hydrogen gives better performance in all respects. Homogeneous flow distribution,
less pumping work, low temperature rise in channels all these are obtained using Hydrogen as working fluid. Later on
Hydrogen was simulated in 3D and compared with 2D. The results found from 2D and 3D were almost identical. There is
scope for improvement by considering two phase flows in 2D and 3D simulations.
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