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ABSTRACT

In the present study, convective flow of nanofluid in porous microchannel is analyzed
by utilizing field synergy principle. The effects of porous medium embedment on the
field synergy of water-Al,O3 nanofluid is investigated based on locally thermal non-
equilibrium model. Energy equations for both fluid and solid phases are solved
analytical while the field synergy formulations based on viscous dissipative flow are
developed. It is observed that the interstitial heat transfer affects the field synergy of the
flow tremendously. The deviation between one-energy-equation model and two-energy-
equation model reduces when the field synergy of the system increases. With the
embedment of porous medium, the convection performance of microchannel is
enhanced due to the increased synergy between the heat and flow fields. Besides, the
field synergy of the system can be further enhanced by suspending nanoparticle in
conventional fluid. This study provides an auxiliary point of view on the distinctive
convection performance of nanofluid flow in porous microchannel.

Keywords: Field synergy; porous microchannel; nanofluid; viscous dissipation.
INTRODUCTION

Convection performance enhancement has been an everlasting issue attributable to the
increasing demand of compact heat exchanger with high efficiency to reduce cost and
energy consumption. Various techniques have been adopted for the enhancement of
convective flow performance such as employing porous medium, duct rotation, fin
attachment, twisted tape insert and vortex generator. However, up to the end of
twentieth century, no unified theory can explain the underlying common essence of
these enhancement techniques. In 1998, an analogy between convection and conduction
with heat source has been developed by Guo et al. [1], leading to a novel theory which
is denoted as field synergy principle [2]. Field synergy principle states that convection
mechanism can be analyzed based on the synergetic relation between the heat and flow
fields. The principle elucidates that the convection performance enhancements for
parabolic flow [1] and elliptic flow [2] are ascribable to the improved synergy between
the heat and flow fields. Zhu and Zhao [3] verified that the local convection
performance of a laminar flow can be visualized through the distribution of synergy
angle in the thermal boundary layer. It has been reported that the existing mechanisms
for enhancing convection, such as decreasing thermal boundary layer, increasing flow
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interruption and increasing near-wall velocity gradient, can be unified under field
synergy principle [4]. Therefore, field synergy principle appears to be a useful tool in
enhancing the convective performance of thermal devices [5-11].

In the recent decades, micro-scale convection garners the attention of research
community due to the formidable thermal management problem in the miniaturization
of electronic devices. Microchannel heat sink appears to be a favorable solution owing
to its large area-to-volume ratio which induces high heat transfer rate [12]. This ratio
can be intensified through the embedment of porous medium [13] and hence enhances
the heat removal rate to a greater extent [14]. Besides, convection performance can be
further increased through the suspension of high-thermal-conductivity nanoparticle in
conventional coolant [15-18]. This innovative type of fluid is coined as nanofluid which
displays an exceptional potential in increasing the convection performance [19-22]
because of the intensified synergy between the heat and flow fields [23-29].

In the existing literature, field synergy analysis of porous medium forced
convection is extremely scarce and most of them utilized the locally thermal equilibrium
model [30-32]. Field synergy analysis with two-energy-equation model has been used to
analyze the convection performance of porous material adopted in concentrated solar
power [33] and metal-foam duct [34]. However, none of these studies explicitly analyze
the effects of porous medium embedment, i.e. permeability and interstitial heat transfer
in affecting the synergy between the heat and flow fields, in spite of the fact that the
these effects are consequential on the convection of a porous medium [35-37]. To
bridge this information gap, field synergy principle is utilized in this study to
analytically investigate the convection performance enhancement of nanofluid flow in
porous microchannels. By considering the effects of interstitial heat transfer, two-
dimensional temperature distributions for both fluid and solid phases are obtained using
the locally thermal non-equilibrium model. The field synergy formulations based on
viscous dissipative flow are developed to scrutinize the synergetic relationship between
the heat and flow fields of such integrated system. The effects of porous medium
embedment, interstitial heat transfer and nanoparticle suspension on the field synergy of
the system are presented, aiming to provide alternative point of view on the distinctive
convection performance of viscous dissipative nanofluid flow in porous microchannel.

MATHEMATICAL FORMULATION

The schematic diagram of the present study is illustrated in Figure 1.
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Figure 1. Schematic diagram of nanofluid convection in a parallel-plate microchannel.
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In this study, the convection of water-Al,O3; nanofluid in a parallel-plate
microchannel embedded with silicon porous material is considered. A constant heat flux
gw is imposed at the walls of the porous microchannel as shown in Figure 1. The
thermal conductivity ks (W/mK) of water-Al,O3 nanofluid and the thermal conductivity
coefficient Cy can be calculated from Eq. (1) and (2) respectively [38].

Ko = Ciks (1)

. _ (1+40000Re,** Pr,** ) {7 (1+ 2a) + 2+ 29[ (1) 1]} @
‘ {r(1+2a)+2-¢[z(1-a)-1]}

The parameter ¢ = kp/k is the thermal conductivity ratio of nanoparticle thermal
conductivity k, (W/mK) to base-fluid thermal conductivity ki (W/mK), Prs = Cp suelKs IS
Prandtl number, ¢ is nanoparticle volume fraction, a = 2Ruk/d, is Biot number, where
dp (m) is nanoparticle diameter and Ry (m?K/W) is interfacial resistance. Brownian-
Reynolds number is expressed as Rep = (18ksT/mpydp)’°/x, with ky (J/K) as the
Boltzmann constant and vi (m%/s) as the kinematic viscosity. For water-Al,O5 nanofluid,
Rp = 0.77 x 10°® m?K/W [38]. The effective viscosity of water-Al,O3 is defined as Eq.

(3) [39].
tos = C e 3)

In Eq.(3) u (Ns/m?) is the dynamic viscosity of basefluid and the viscosity
coefficient C, is given in Eq. (4).

C, =(1+2:54)| 1+280(d,¢/D)” | @)

where D (m) is hydraulic diameter. The effective density and specific heat are,
respectively, given by Eq. (5) and (6) [40].

Pu = p1 (1-0)+ 0, (5)

Cont = PiCpr (1=0)+ £,Co @ /| o1 (1-4)+ 8] (6)

Based on Ting et al. [41], Brinkman momentum equation subjected to non-slip
condition at channel walls and symmetrical condition at channel mid-plane can be
solved analytically to yield Eq. (7).

U =u/t =[ Scosh(S)—Scosh(SY)]/[ Scosh(S)-sinh(S)] 0

In Eq.(7), u (m/s) is nanofluid velocity, @ (m/s) is dimensional mean velocity
over the channel cross-sectional area, S = (MDa)®® is porous medium shape factor, M =
Lestlint 1S the viscosity ratio where e (NS/m?) is porous medium effective viscosity, Da
= K/H? is Darcy number with K (m?) as the permeability and Y = y/H. For the sake of
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brevity, it is assumed that uesr = uns, yielding M = 1 [42]. Based on the first-law
formulation of Ting et al. [41], porous medium energy equations for both fluid and solid
phases are, respectively, expressed as Eg. (8) and (9).

o, I du’ aT.

Kot sz +ha, (Ts — Ty )+ fT T Hes (@] = PrsCpnel axf (8)
o°T,

Ks off Y —ha (T,-T,)=0 ©

The effective conductivities for fluid and solid phases are, respectively, Knterr =
eknt (WIMK) and ks err = (1—¢)ks (W/mK). The parameter ¢ is porous medium porosity, h;
(W/m?K) is porous medium interstitial heat transfer coefficient and a; (m™) is porous
medium specific surface area, T (K) is the temperature with the subscript s represents
the solid phase while the subscript nf represents the fluid phase. A uniform wall heat
flux qw (W/m?) is imposed at the microchannel walls and the symmetrical thermal
boundary condition is applied at channel mid-plane, given by [35]:

qw = ks,eff ﬂ + knf,eff aT_nf (10)
o |,y | .

T _Tul a

Ny 0|

By solving Eq.(8) and Eq.(9) with the conditions stated in Eq.(10) and Eq.(11),
the dimensionless-form of temperature distributions for both nanofluid and porous
medium solid phase can be expressed as:

Oy (X,Y)=2X (1+2(x+1)Br'S’F,) /x RePr& +(1-4S/Bi) F, cosh (2SY)
+(1-8?/Bi)F, cosh(SY )+ F, (Y* - 2/Bi(x +1)) (12)

—icosh( Bi(x+1) Y)+ 3
K

0,(X,Y)=2X (1+2(x+1) Br’SZF3)/1< RePr &+ F, cosh(2SY )+F, cosh(SY)
(13)
+F; (Y2 + 2x/Bi(x+1))+ F, cosh( Bi(x " +1) Y)+ F,

The dimensionless parameter 6 = Ks erf(T—Tw,in)/qwH where Tyin (K) is wall inlet
temperature. In Eq.(13), X = x/L where L (m) is channel length, x = Knsefi/Ks ef 1S thermal
conductivity ratio, Bi = hjaiH*kses is Biot number, Br' = uerii?/quH is Brinkman
number, Re = 2Hpyiluess is nanofluid Reynolds number, Pr = Cp nitteri/Knrefr 1S Nanofluid
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Prandtl number and & = H / L is channel aspect ratio. The constants in Eq.(12) and
Eq.(13) are defined by Eq. (14) to (18).

F, =—E,Bi/4S? (-4xS’ + xBi+Bi) (14)
F, =—E,Bi/S*(—«S” +xBi+Bi) (15)
F,=—E,/2(x+1) (16)

F, = K{[El cosh (28 )/(~4xS” +kBi+ Bi) |+| E, cosh(S)/(~xS” +xBi+Bi) |

+[E3/Bi(z<+1)]}+(;<+1)cosh( Bi(zcl+1)) o
F, =(E, cosh(2S)+4E, cosh(S)+2S°E; ) /4S° (x+1) (18)
where
E, = Br's?E? (19)
E, =E,—E, cosh(S) (20)
E, =—E, cosh(S) (21)
E, =S/[ Scosh(S)—sinh(S)] (22)

For the characterization of convection rate between the channel wall and the
fluid flow, Nusselt number can be expressed as Eq. (23).

nyo2Hh _ 2Ha, 23)

knf,eff knf,eff (Tw _Tnf )

By using field synergy principle, the convective terms in Eq.(8) and Eq.(9) can
be written in the form of dot product of velocity vector and temperature gradient vector.
The intersection angle between these two vectors has to be reduced in order to increase
the convection rate. By combining and integrating these two equations over the porous
microchannel cross-sectional area, the vector form of energy equation can be written as:

H H H H H 7 du 2
pnfcpvnf I(V ) VTnf ) dy = ks,eﬁ jvasdy + knf,eff J'vanf dy + % j u2dy + /ueff j(&j dy (24)
0 0 0 0 0

By using the conditions stated in Eqg.(10) and Eq.(11), Eq.(24) can be reduced to:
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2

H H H dU
pnfcp,nf I(V ’ vTnf ) dy = qw + ILIl<nf qudy + /uef'f I(&] dy (25)
0 0 0

In Eq.(25), there are two different sources of heat fluxes, i.e. constant heat flux
at channel wall and viscous heating of fluid flow. Therefore, the viscous heating term
on the right-hand-side of the equation has to be incorporated in the convective heat
transfer term on the left-hand-side of the equation [24]. For this purpose, an adiabatic
condition is imposed at porous microchannel wall in Eg.(25) to get

2

H H
du
PuCon [ (V-VT,g) dy =220 | uZdy+ueﬁI( dxj dy (26)
0

The parameter VT,g (K/m) is the vector of temperature gradient which is
attributable to the viscous heating of fluid flow. Therefore, the convection term on the
left-hand-side of EQ.(26) is equivalent to the viscous heating convection form. Eq.(26)
can be substituted into Eq.(25) to yield Eq. (27).

H
pnfcp,nf J.I:V ’ (VTnf o vTvd ):' dy =0, (27)
0

The dimensionless form of velocity and temperature gradient vectorial variables
can be defined as:

vy oy VT (28)
u

The dimensionless vectors in Eq.(28) can be used for the non-dimensionalization
of Eq.(27) to obtain:

Pej[v’”. (VT =VTa) ] dY =Nu (29)
0

The dot product of the convection term in Eq.(29) can be written as Eqg. (30).

\a -(VTH’; ~VT, ) =

VT,

(30)

The parameter £ (°) represents the synergy angle between the velocity and
temperature gradient vectors. To achieve convection performance enhancement,
synergy angle 4" (°) needs to be decreased in order to increase the left-hand-side term of
Eq.(29). For the ideal case of cos p' = 1, the heat and flow fields are at the highest
degree of synergy. For a viscous dissipative flow, the synergy angle g (°) can be
expressed as:
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] o 3T, /Ox— 0T, O a
(@, Jox—aT,, Jox ) +(aT, Joy)’

Equation (31) can be rendered dimensionless as Eq. (32).
1

B'=cos™
JL+(xPe/2)’ (06, /oY )

(32)

The averaged synergy angle over the cross-sectional area of the microchannel
can be expressed as:

B=[8aY (33

For the sake of accuracy, Eq.(33) can be evaluated by employing Simpson’s
method. To characterize the degree of synergy between the heat and flow fields, a field
synergy number Fc' can be derived from Eq.(29) to yield:

N

 Pe 34)

1
Fe'=[ [v*- (VT -VT,, )] dy
0
Equation (34) shows that Nusselt number, which characterizes the convective
heat transfer performance, is proportional to the field synergy number of a flow.
RESULTS AND DISCUSSION

In the present study, the convection of water-Al,O; nanofluid is confined to laminar
flow regime. The input parameters used for the computations are shown in Table 1.

Table 1. The input parameters used for the computations in the present study.

Parameters Values
Peclet number, CyPe 100

Darcy number, Da 0.1

Biot number, Bi 0.05

Wall heat flux, gw 5 x 10° W/m?
Wall temperature at the inlet, Tyin 300 K
Height of the microchannel, 2H 50 pm
Length of the microchannel, L 0.03m
Porosity of the porous material, € 0.9

Thermal conductivity of the porous material, ks 148 W/mK
Diameter of the nanoparticle, dj 1nm
Density of the nanoparticle, pp 3975 kg/m®
Thermal conductivity of the nanoparticle, k, 36 W/mK
Specific heat capacity of the nanoparticle, ¢, 778.6 J/IkgK
Density of the base fluid, ps 997 kg/m®
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Thermal conductivity of the base fluid, ks 0.613 W/mK
Dynamic viscosity of the base fluid, ps 8.55 x 10" Ns/m?
Specific heat capacity of the base fluid, cp+ 4179 J/kgK

The local synergy angle ' of water-Al,O3 nanofluid along the transverse
direction of the porous microchannel is depicted in Figure 2. At the mid-plane of the
microchannel, the local synergy angle ' = 0° which implies that the synergy between
the heat and flow fields is the optimal Y = 0. This is attributable to the zero transverse
temperature gradient characteristic at the mid-plane of a fully developed flow as shown
in Eq.(11). When furthering away from Y = 0, the intensity of field synergy decreases
as /" increases, with the highest synergy angle located at Y = £ 1. By suspending Al,O3
nanoparticle in fluid, ' decreases throughout microchannel, indicating that the synergy
between the heat and flow fields of the nanofluid flow is enhanced. The magnitude of
field synergy enhancement increases with the increase of nanoparticle volume fraction.
Previous studies [41, 43] have been reported that the presence of viscous heating
deteriorates the convection performance of nanofluid flow due to the decrease of
synergy between the heat and flow fields [24]. However, the suspension of nanoparticle
can enhance the convection performance of porous microchannel when either the
Reynolds number is low or the nanoparticle diameter is below the threshold value [41].
Based on Table 1, the Peclet number of the present study is small and the nanoparticle
diameter is well below the threshold value of 20 nm [41]. Therefore, the convection
performance enhancement of viscous dissipative nanofluid flow in porous microchannel
is attributable to the increased synergy between the heat and flow fields signified by the
decrease of synergy angle as illustrated in Figure 2.

-1 -0.5 OY 0.5 1

Figure 2. Transverse synergy angle ' of water-Al,O3 nanofluid with ¢ as a parameter.

The permeability of a porous medium can be characterized by Darcy number
which is a crucial parameter in the convection analysis of a porous-medium flow.
Therefore, it is imperative to scrutinize its effect on the convection performance of
nanofluid flow from field synergy point of view. Figure 3 depicts the transverse synergy
angle p' of water-Al,03 nanofluid (¢ = 4%) with Darcy number as a parameter. With the
reduction of Darcy number, £ decreases throughout the microchannel and therefore
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enhances the degree of field synergy. This is conceivable because the flow resembles
the case of a clear-fluid flow at high Darcy number. With the embedment of porous
medium, the convection performance is enhanced because of the intensification of
synergy between the heat and flow fields. This can be justified by Figure 4 which shows
that when the Darcy number decreases, the field synergy number Fc' increases, leading
to the enhancement of synergy between the heat and flow fields and hence augment the
convection performance in low-Darcy number regime. On the other hand, the
suspension of nanoparticle in fluid further reduces f' and hence increases Fc' and
convection performance of the flow.

90 e \ [

60
g'(°)
30"

Figure 3. Transverse synergy angle ' of water-Al,O3 nanofluid with Da as a parameter.

0.5
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0.1L ]
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10° 10° Da 10™ 10°

0
10"

Figure 4. Variation of field synergy number Fc' as a function of Darcy number.

The variations of averaged synergy angle and field synergy number as a function
of Biot number is illustrated in Figure 5. As Biot number increases, the interstitial heat
transfer intensifies, causing the temperature gradient in nanofluid to increase and hence
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reduces the synergy angle along the transverse direction of the microchannel.
Correspondingly, the increase of Biot number remarkably reduces the average synergy
number and hence increases the field synergy number of the system as depicted in
Figure 5. Correspondingly, the convection performance increases because of the
enhanced field synergy of the flow. In the present analysis, the averaged synergy angle
of water-Al,O3 nanofluid flow with ¢ = 4% decreases as much as 44% while its field
synergy number increases fourfold as Biot number increases from 10 to 10% It has
been reported that at high Biot number, the temperature difference between the two
phases in porous medium is trivial and hence the two-energy-equation (locally thermal
non-equilibrium) model can be approximated to the one-energy-equation (locally
thermal equilibrium) model with negligible error [35]. From field synergy point of
view, the deviation between these two models reduces when the level of synergy
between the heat and flow fields increases.

85 -1.5
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o
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P l

-----
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1 1
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- 0.5
T
107 10" 10°B; 10’ 1(%

Figure 5. Variations of averaged synergy angle 8’ and field synergy number Fc' as a
function of Biot number.

CONCLUSION

From field synergy point of view, nanofluid convection in thermal non-equilibrium
porous media embedded in microchannel is investigated. Two-dimensional temperature
distribution for both fluid and solid phases are obtained. The field synergy formulations
based on viscous dissipative flow are developed to study the synergy between the heat
and flow fields of such integrated system. The embedment of porous media in
microchannel deems to reduce synergy angle and increase field synergy number, which
in turn augments the convection performance of the system. Besides, decreasing Darcy
number and increasing Biot number can enhance the coordination between the heat and
flow fields. The field synergy of the system can be further intensified by suspending
nanoparticle in fluid. Besides, the discrepancy between the one-energy-equation model
and two-energy-equation model is reduced when the field synergy of the system
increases.
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