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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-Al2O3 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. 

 

 
 

Figure 1. Schematic diagram of nanofluid convection in a parallel-plate microchannel. 
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In this study, the convection of water-Al2O3 nanofluid in a parallel-plate 

microchannel embedded with silicon porous material is considered. A constant heat flux 

qw is imposed at the walls of the porous microchannel as shown in Figure 1. The 

thermal conductivity knf (W/mK) of water-Al2O3 nanofluid and the thermal conductivity 

coefficient Ck can be calculated from Eq. (1) and (2) respectively [38]. 

 

nf fkk C k   (1) 

 

      
    

2.5 1 3

b f1 40000Re Pr 1 2 2 2 1 1

1 2 2 1 1
kC

     

    

       


      

 (2) 

 

The parameter τ = kp/kf is the thermal conductivity ratio of nanoparticle thermal 

conductivity kp (W/mK) to base-fluid thermal conductivity kf (W/mK), Prf = cp,fμf/kf  is 

Prandtl number, ϕ is nanoparticle volume fraction, α = 2Rbkf/dp is Biot number, where 

dp (m) is nanoparticle diameter and Rb (m
2
K/W) is interfacial resistance. Brownian-

Reynolds number is expressed as Reb = (18kbT/πρpdp)
0.5
/νf, with kb (J/K) as the 

Boltzmann constant and νf (m
2
/s) as the kinematic viscosity. For water-Al2O3 nanofluid, 

Rb = 0.77 × 10
-8

 m
2
K/W [38]. The effective viscosity of water-Al2O3 is defined as Eq. 

(3) [39]. 

 

nf fC    (3) 

 

In Eq.(3) μf (Ns/m
2
) is the dynamic viscosity of basefluid and the viscosity 

coefficient Cμ is given in Eq. (4). 

 

   
1 2

1 2.5 1 280 pC d D     
  

  (4) 

 

where D (m) is hydraulic diameter. The effective density and specific heat are, 

respectively, given by Eq. (5) and (6) [40]. 

 

  (5) 

 

 (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). 

 

 (7) 

 

In Eq.(7), u (m/s) is nanofluid velocity, ū (m/s) is dimensional mean velocity 

over the channel cross-sectional area, S = (MDa)
-0.5

 is porous medium shape factor, M = 

μeff/μnf is the viscosity ratio where μeff (Ns/m
2
) is porous medium effective viscosity, Da 

= K/H
2
 is Darcy number with K (m

2
) as the permeability and Y = y/H. For the sake of 
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brevity, it is assumed that μeff = μnf, 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 Eq. (8) and (9). 

 

 (8) 

 

  (9) 

 

The effective conductivities for fluid and solid phases are, respectively, knf,eff = 

εknf  (W/mK) and ks,eff = (1−ε)ks (W/mK). The parameter ε is porous medium porosity, hi 

(W/m
2
K) is porous medium interstitial heat transfer coefficient and ai (m

-1
) 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
2
) is imposed at the microchannel walls and the symmetrical thermal 

boundary condition is applied at channel mid-plane, given by [35]: 

 

  (10) 

 

  (11) 

 

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: 
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 (13) 

 

The dimensionless parameter θ = ks,eff(T−Tw,in)/qwH  where Tw,in (K) is wall inlet 

temperature. In Eq.(13), X = x/L where L (m) is channel length, κ = knf,eff/ks,eff is thermal 

conductivity ratio, Bi = hiaiH
2
/ks,eff is Biot number, Br' = μeffū

2
/qwH is Brinkman 

number, Re = 2Hρnfū/μeff is nanofluid Reynolds number, Pr = cp,nfμeff/knf,eff is nanofluid 
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Prandtl number and ξ = H / L is channel aspect ratio. The constants in Eq.(12) and 

Eq.(13) are defined by Eq. (14) to (18). 

  (14) 

 

  (15) 

 

  (16) 
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where 

 

  (19) 

 

  (20) 

 

  (21) 

 

  (22) 

 

For the characterization of convection rate between the channel wall and the 

fluid flow, Nusselt number can be expressed as Eq. (23). 

 

  (23) 

 

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: 

 

 (24) 

 

By using the conditions stated in Eq.(10) and Eq.(11), Eq.(24) can be reduced to: 
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 (25) 

  

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 Eq.(25) to get 

 

  (26) 

 

The parameter  Tvd (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). 

 

  (27) 

 

The dimensionless form of velocity and temperature gradient vectorial variables 

can be defined as: 

 

  (28) 

 

The dimensionless vectors in Eq.(28) can be used for the non-dimensionalization 

of Eq.(27) to obtain: 

 

  (29) 

 

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

 

 
 (30) 

 

The parameter β' (º) represents the synergy angle between the velocity and 

temperature gradient vectors. To achieve convection performance enhancement, 

synergy angle β' (º) needs to be decreased in order to increase the left-hand-side term of 

Eq.(29). For the ideal case of cos β' = 1, the heat and flow fields are at the highest 

degree of synergy. For a viscous dissipative flow, the synergy angle β' (º) can be 

expressed as: 
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 (31) 

 

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

 

 (32) 

 

The averaged synergy angle over the cross-sectional area of the microchannel 

can be expressed as: 

 

  (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: 

 

  (34) 

 

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-Al2O3 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, CkPe 100 

Darcy number, Da 0.1 

Biot number, Bi 0.05 

Wall heat flux, qw 5 × 10
3
 W/m

2
 

Wall temperature at the inlet, Tw,in 300 K 

Height of the microchannel, 2H 50 μm 

Length of the microchannel, L 0.03 m 

Porosity of the porous material, ε 0.9 

Thermal conductivity of the porous material, ks 148 W/mK 

Diameter of the nanoparticle, dp 1 nm 

Density of the nanoparticle, ρp 3975 kg/m
3
 

Thermal conductivity of the nanoparticle, kp 36 W/mK 

Specific heat capacity of the nanoparticle, cp,p 778.6 J/kgK 

Density of the base fluid, ρf 997 kg/m
3
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Thermal conductivity of the base fluid, kf 0.613 W/mK 

Dynamic viscosity of the base fluid, µf 8.55 × 10
-4 

Ns/m
2
 

Specific heat capacity of the base fluid, cp,f 4179 J/kgK 

 

The local synergy angle β' of water-Al2O3 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 β' = 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 β' increases, with the highest synergy angle located at Y = ± 1. By suspending Al2O3 

nanoparticle in fluid, β' 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.   

 

 
 

Figure 2. Transverse synergy angle β' of water-Al2O3 nanofluid with ϕ 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 β' of water-Al2O3 nanofluid (ϕ = 4%) with Darcy number as a parameter. With the 

reduction of Darcy number, β' 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 β' and hence increases Fc' and 

convection performance of the flow. 

 

 
 

Figure 3. Transverse synergy angle β' of water-Al2O3 nanofluid with Da as a parameter. 

 

 
 

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-Al2O3 nanofluid flow with ϕ = 4% decreases as much as 44% while its field 

synergy number increases fourfold as Biot number increases from 10
-2

 to 10
2
. 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. 

 

 
 

Figure 5. Variations of averaged synergy angle  ̅  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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