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In recent years, researchers are investigating several potential applications of two-
phase flow in micro-gap heat sinks; electronic cooling is one of them. Further, internal 
micro-fins are used to enhance the heat transfer rate. However, the pressure drop 
penalty due to small gap height and fin surfaces is a major concern. Hence, 
minimization of thermal resistance and pressure drop is required. In this paper, effects 
of operating conditions, e.g., wall heat flux, pumping power, and inlet void fraction, on 
total thermal resistance and pressure drop in a micro-gap heat sink with internal 
micro-fins of rectangular and triangular profiles have been investigated by numerical 
analysis for the R-134a coolant. Furthermore, optimization of these parameters has 
been carried out by response surface methodology. Simulation results show that 
rectangular micro-fins show superior performance compared to triangular fins in 
reducing thermal resistance. Finally, for an optimum condition (7.1202×10-5 W 
pumping power, 1.2×107 Wm-2 heat flux, and 0.03 inlet void fraction), thermal 
resistance and pressure drop are reduced by 56.3% and 87.2%, respectively. 
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1. Introduction 
 

Overheating is a major concern for high-performance electronic devices, such as supercomputers 
and data centers [1]. As traditional air-cooling is not sufficient for these devices, liquid coolants are 
used. Evaporation of the coolant in the heat sink escalates the heat transfer rate [2]. Again, a wide 
range of investigations has been carried out on the shape of the heat sink to increase heat flux. 
Researchers have found micro-channel heat sinks, introduced by Tuckerman and Peace [3], 
advantageous for their high heat transfer capability, although having high-pressure drop penalty. In 
recent years, micro-gap heat sinks are considered a potential candidate for electronic cooling 
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compared to micro-channels due to low-pressure drop [4,5]. A wide range of studies on heat transfer 
characteristics of mini and micro-channels have been found in the literature. Prediction of heat 
transfer coefficients associated with variable heat and mass fluxes in a stainless-steel mini channel 
tube of 2 m length and 3 mm diameter has been reported by Akbar et al., [6]. In previous publications, 
the authors of this paper proposed incorporating micro-fins in the micro-gap to enhance the cooling 
rate [7-12]. Few similar studies have been found in the literature as well [13-16]. However, 
optimization of operating conditions to minimize thermal resistance and pressure drop was missing 
in previous articles. A summary of other author's works on the optimization of heat sinks is presented 
below. 

Khan et al., [17] utilized the Entropy Generation Minimization (EGM) technique to optimize the 
overall performance of microchannel heat sink (MCHS) contemplating Knudsen number, volumetric 
flow rate, aspect ratio, fin spacing ratio, the thermal conductivity of channel material, and 
accommodation coefficient as variables. Entropy generation rate was found inversely proportional 
to Knudsen number in slip flow region. Chen [18] presented an analysis for optimizing microchannel 
geometry by using Forchheimer-Brinkman-extended Darcy equation and two-equation model for 
heat transfer between the solid and fluid phases. Based on his works, it was found that fluid inertia 
force alters the dimensionless velocity and fluid temperature distribution, while solid temperature 
distribution is almost sensitive to the fluid inertia by varying channel aspect ratio, internal force 
parameters, porosity, and effective thermal conductivity ratio. Asgari and Saidi [19] presented an 
approximate method for determining the optimum cross-section of microchannel heat sink for 
laminar flow conditions. The solutions were presented for 10 different cross-sections such as parallel 
plate channel, circular duct, rectangular channel, elliptical channel, polygonal channel, etc. The 
model, validated using results from open literature, is only a function of the Prandtl number and 
geometrical parameters of the channel. Results demonstrated that dimensionless heat transfer from 
the triangular channel is higher than other cross-sectional shapes considered. Kim et al., [20] 
conducted thermal optimization of a plate-fin heat sink with the fin thickness variations in the 
direction normal to the fluid flow. The model is based on Volume Averaging Theory (VAT). It was 
shown that the thermal resistance of the plate heat sink can be reduced by allowing the fin thickness 
to increase in the direction normal to the fluid flow. In the case of a water-cooled heat sink, the 
thermal resistance is decreased by about 15%. The amount of reduction increases with the increasing 
pumping power or decreasing length of the heat sink. Baodong et al., [21] presented a multi-objective 
optimization design of a MCHS using an adaptive genetic algorithm by taking thermal resistance and 
pressure drop as functions to be minimized. The procedure aims to find out the most favorable 
geometry of MCHS to minimize heat sink size and obtain minimum pressure drop simultaneously. 
The optimization results showed that the optimized width of channel and fin thickness is 197 μm and 
50 μm, respectively and total thermal resistance is 0.838 K/W for constant pumping power (8W). The 
results reveal that the optimized micro-channel heat sink can improve cooling performance 
significantly. Hung et al., [22] proposed an optimization method that combines the Simple Conjugate 
Gradient Method (SCGM) and a three-dimensional model to optimize thermal resistance for double-
layer microchannel heat sink (DL-MCHS) by monitoring the effect of the number of channels, channel 
width ratio, and upper and lower channel aspect ratios. The design is only suitable for low pumping 
power due to the thermal resistance, which tends to approach a constant value as pumping power 
increases. Adham et al., [23] investigated the overall performance of forced convection ammonia 
cooled rectangular microchannel heat sink using a multi-objective Non-dominated Sorting Genetic 
Algorithm (NSGA). Optimum channel aspect ratio and channel wall-to-width ratio were determined 
by NSGA. From the investigation, using ammonia cooled microchannel heat sink, a total thermal 
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resistance reduction of up to 34% was observed compared to an air-cooled microchannel heat sink 
under the same operating conditions. 

From the state of the art presented above, it is realized that optimization of operating conditions 
for micro-gap heat sinks with internal micro-fins is absent in the literature. This paper presents a 
numerical work to investigate the effects of operating conditions, e.g., wall heat flux, pumping power, 
and inlet void fraction, on total thermal resistance and pumping power using R-134a as a coolant. 
The objective is to minimize these two functions by optimizing the operating conditions. For 
optimized inputs, a significant reduction in pressure drops and total thermal resistance has been 
observed. 
 
2. Methodology  
 

Firstly, total thermal resistance and pressure drop have been investigated numerically as a 
function of operating conditions. After that response surfaces are plotted, and contour plots are 
obtained by Design Expert software. Finally, from given optimized values by the software, the 
proposed values are chosen for minimum pressure drop while total thermal resistance drops 
sufficiently as well. 
 
2.1 Multiphase Flow and Turbulence Modelling 
 

The Volume of Fluid (VOF) method [24] has been used to model the multiphase flow. The void 
fraction equation is the following 
 
𝜕(𝛼𝜌𝑣)

𝜕𝑡
+ 𝛻. (𝛼𝜌𝑣𝑣⃗𝑣) = 𝑚𝑒𝑣𝑝            (1) 

 
Here α is the void fraction, ρv is the vapor density, 𝑣⃗𝑣  is the vapor velocity vector and mevp is rate of 
mass transfer from liquid to vapor phase due to evaporation. The void fraction is defined 
mathematically as follows 
 

𝛼 =
1

𝑉
∫ 𝐼(𝜒, 𝑡)𝑑𝑉
𝑉

             (2) 

 
Here I(χ,t) is known as the marker function, which is a multi-dimensional unit step function. In the 
primary phase, the value of the marker function is 1, while in the secondary phase it is 0.  
 
The conservation of momentum equation 
 
𝜕(𝜌𝑣⃗⃗)

𝜕𝑡
+ 𝛻. (𝛼𝜌𝑣⃗𝑣⃗) = −∇𝑃 + ∇𝜏 + 𝜌𝑔⃗ + 𝐹⃗          (3) 

 
Here τ is wall shear stress and g is gravitational acceleration. For Newtonian fluid, the shear stress is 
expressed as follows 
 
𝜏 = 𝜇[𝛻𝑣 + (𝛻𝑣 )𝑇]             (4) 
 
Here μ is the dynamic viscosity. The conservation of energy equation for the fluid domain 
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𝜕(𝜌𝐸)

𝜕𝑡
+ 𝛻. (𝑣⃗(𝜌𝐸 + 𝑃)) = ∇(𝑘𝑒𝑓𝑓∇𝑇)          (5) 

 
Here keff is the effective thermal conductivity. Again, for the solid domain 
 

𝛻. (𝑘𝑠∇𝑇𝑠) =
𝜕(𝜌𝑠𝑐𝑝,𝑠𝑇𝑠)

𝜕𝑡
            (6) 

 
Here cp,s is specific heat capacity of solid at constant pressure. 

Internal fins are responsible for turbulence generation [10]. Hence, it is important to model 
turbulence in the flow field. The following equation is used to calculate the turbulence kinetic energy 
[25] 
 
𝜕𝑘

𝜕𝑡
+ 𝛻(𝑣⃗ . 𝑘) =

1

𝜌
[𝛻(𝑎𝑘. 𝜇𝑒𝑓𝑓. 𝛻𝑘) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘]        (7) 

 
Here, Gk = generation of turbulent kinetic energy due to the mean velocity gradients. Gb = generation 
of turbulent kinetic energy due to buoyancy. YM = contribution of the fluctuating dilatation in 
compressible turbulence to the overall dissipation rate. ε=turbulence energy dissipation rate. Again, 
the equation based on turbulence kinetic energy dissipation rate [25] 
 
𝜕𝜀

𝜕𝑡
+ 𝛻(𝑣⃗ . 𝜀) =

1

𝜌
[𝛻(𝑎𝜀 . 𝜇𝑒𝑓𝑓. 𝛻𝜀) + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝜀]      (8) 

 
αk and αε are inverse effective Prandtl numbers for k and ε, respectively and Sk and Sε are source 
terms. The model constants have the following default values 
 
C1ε= 1.42, C2ε= 1.68 
 
2.2 Modelling Mass Transfer 
 

During boiling, mass is transferred from liquid to vapor phase. Modelling mass transfer rate due 
to evaporation includes determining empirical model for calculating evaporation rate and define the 
constraint to maintain interfacial temperature condition.  
 
2.3 Initial and Boundary Conditions 
 

At time t = 0; v = 0, Tf = Ts = Tatm, α = 0. Various boundary conditions are defined at the inlet, 
outlet, and outer walls of the heat sinks. At the inlet: Tf = Tin, v = vin, α = αin. Turbulence intensity is 
also defined at the inlet. For fully developed internal flow, turbulence intensity is calculated from the 
following formula 
 

𝐼 =
𝑢′

𝑢𝑎𝑣𝑔
= 0.16(𝑅𝑒)−

1

8            (9) 

 
Again, atmospheric pressure is defined at the outlet: P = Pout=Patm. Heat transfer from wall to fluid is 
by convection. Convective heat transfer coefficient is calculated from the following equation 
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ℎ =
𝑄𝑒𝑓𝑓

𝐴𝑓(𝑇𝑠−𝑇)
                        (10) 

 
Uniform heat flux is applied at the bottom of the heat sink. Heat is transferred through the solid 

wall by conduction in the normal direction of the bottom surface. Heat flux transferred by conduction 
is calculated from the following equation 
 

 𝑞 = −𝑘𝑠
𝜕𝑇𝑠

𝜕𝑛
                        (11) 

 
Adiabatic condition is applied to other channel walls. Hence, qloss = 0. As a result, temperature 
gradient at boundaries 
 
𝜕𝑇𝑠

𝜕𝑛
= 0                         (12) 

 
2.4 Heat-sink Dimensions and Range of Operating Conditions 
 

Dimensions of the micro-gap heat sink are shown in Table 1 and the range of operating conditions 
are given in Table 2. Noted that R-134a is used as coolant. A detail numerical study of R-134a is 
reported by Touaibi and Koten [26]. 
 

Table 1 
Dimensions of micro-gap heat sinks 

Parameters (unit)  Rectangular fin gap  Triangular fin gap  

Cross-sectional area, Acs (mm2)  21.8  21.8  
Convective surface area, Af (mm2)  2.66×10-3  2.04×10-3  
Hydraulic diameter, Dh (mm)  1.11  1.45  

 
Table 2 
Range of operating conditions 

Operating conditions (unit) Range  

Wall heat flux, qin (Wm-2) 1×106 - 8×106 
Pumping power, Ω (W) 0.8×10-4 - 1×10-3 
Inlet void fraction, α 0 – 0.8 

 
2.5 Validation of Numerical Model 
 

The numerical model has been validated experimentally. The experimental setup has been 
presented in another publication of the author [11]. Validation results are given in Figure 1 and Figure 
2. Figure 1 shows that Biot number decreases with the increment of Reynolds number calculated 
from outlet vapour velocity. Pressure drop also decreases with the decrement of vapour Reynolds 
number (Figure 2). Note that in the figures, dimensionless heat flux is constant, which is the ratio of 
heat flux absorbed by the fluid to heat flux supplied at the bottom of the heat sink. Mathematically, 

𝑞  = 
𝑞𝑒𝑓𝑓

𝑞𝑖𝑛
. 
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Fig. 1. Plot of Biot number against vapour 
Reynolds number for numerical and 
experimental results when 𝑞̅=1 

 Fig. 2. Pressure drop vs. vapour Reynolds 
number plot for numerical and experimental 
results when 𝑞̅=1 

 
2.6 Optimization Using RSM 
 

Response surface methodology (RSM) is a well-recognized, widely used technique for 
optimization. RSM explores agreement between desired outcomes and controllable input 
parameters by regression analysis. RSM provides optimum values of design parameters from a 
statistical model. 
 
3. Results and Discussion 
3.1 Effect of Operating Conditions 
 

The considered operating conditions are wall heat flux, pumping power, and inlet void fraction. 
The effect of these parameters on evaporation rate, thermal resistance, pressure drop, wall shear 
stress, and generation of turbulence kinetic energy are discussed. 
 
3.1.1 Thermal resistance 
 

From Figure 3, it is perceived that the convective heat transfer coefficient (h) of rectangular fin 
micro-gap is higher than that of triangular fin gap. From Eq. (10), it is observed that h depends on fin 
surface area (Af). Rectangular fins have a larger surface area than triangular fins. Hence, the 
convective heat transfer coefficient is greater for the rectangular fin micro-gap heat sink. Because of 
the higher heat transfer coefficient, the total thermal resistance (Rth) of the rectangular fin micro-gap 
is lower than that of the triangular fin heat sink. Gunnasegaran et al., [27] also noticed that triangular 
microchannel heat sinks exhibit lower thermal performance than rectangular microchannels.  

Again, from Figure 3. it is seen that the two-phase heat transfer coefficient declines with heat flux 
increment. As a result, total thermal resistance (Rth) elevates with advancing heat flux (Figure 4). In 
the literature, contradictory opinions are found about the influence of the heat flux on the heat 
transfer coefficient. Zhao et al., [28], Lee and Lee [29] reported that the two-phase heat transfer 
coefficient (htp) is independent of the heat flux. On the other hand, Bertsch et al., [30] showed that 
htp is strongly influenced by the heat flux.  

From Figure 5 and Figure 6, it is observed that surface heat transfer coefficient, as well as Rth 
diminishes with the pumping power increment. Descending rate is high for lower pumping powers. 
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Although the triangular fin micro-gap exhibits higher thermal resistance, the declining rate of Rth with 
pumping power increment for the triangular fin micro-gap is quite higher than that of the rectangular 
fin heat sink. 60% reduction in total thermal resistance is achieved for triangular fin micro-gap, while 
for rectangular fin gap Rth could be reduced only 53% for the total range of pumping power. After Ω 
= 2×10-4 W, the decrement rate drops off for both heat sinks. Hence, increment of pumping power is 
not always cost-effective. A similar trend was also reported by Hung and Yan [31] for the single-phase 
flow of water in a rectangular double-layer microchannel heat sink. Figure 7 and Figure 8 show that 
for the same heat flux and pumping power, the heat transfer rate decreases with the upsurging inlet 
void fraction. 
 

 

 

 
Fig. 3. Variation of the surface heat transfer 
coefficient with the wall heat flux (Ω=3×10-3 W, 
αin=0) 

 

 Fig. 4. Variation of the total thermal resistance 
with the wall heat flux (Ω=3×10-3 W, αin=0) 

 

 

 
Fig. 5. Variation of the surface heat transfer 
coefficient with the pumping power (qin=1×106 
Wm-2, αin=0) 

 Fig. 6. Variation of the total thermal resistance 
with the pumping power (qin=1×106 Wm-2, αin=0) 
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Fig. 7. Variation of the surface heat transfer 
coefficient with the inlet void fraction (qin=1×106 
Wm-2, Ω=3×10-3 W) 

 Fig. 8. Variation of the total thermal resistance 
with the inlet void fraction (qin=1×106 Wm-2, 
Ω=3×10-3 W) 

 
3.1.2 Pressure drop 
 

Pressure distribution in rectangular and triangular fin micro-gaps is illustrated in Figure 9 and 
Figure 10, respectively. It is seen that pressure decreases in the flow direction.  

 

 
Fig. 9. Pressure distribution on X-Z plane at Y=2.5 mm in the rectangular 
fin micro-gap for Ω=2×10-3 W, qin=1×106 Wm-2, αin=0 

 

 
Fig. 10. Pressure distribution on X-Z plane at Y=2.5 mm in the triangular 
fin micro-gap for Ω=2×10-3 W, qin=1×106 Wm-2, αin=0 
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From Figure 11 and Figure 12, it is apprehended that pressure drop ascents with improving heat 
flux and pumping power. However, a sharp decrement in the pressure drop is found for increasing 
inlet void fraction, shown in Figure 13. Vapor has lower viscosity compared to the liquid phase, which 
in turn reduces pressure drop.  

Although the heat transfer performance of rectangular fin micro-gap is superior to the triangular 
fin heat sink, pressure drop in rectangular fin micro-gap is larger than triangular fin gap. As the cross-
sectional area of both heat sinks is the same (2.18×10-5 m2), pressure drop variation occurs due to 
different surface areas. Pressure drop in rectangular fin micro-gap is higher due to larger surface 
area. 
 

  
Fig. 11. Pressure drops in the rectangular and 
triangular fin micro-gaps for the wall heat flux 
variation (Ω=3×10-3W, αin=0)  

Fig. 12. Pressure drops in the rectangular and 
triangular fin micro-gaps for the pumping power 
variation (qin=1×106 Wm-2, αin=0) 

 

 
Fig. 13. Pressure drops in the rectangular and 
triangular fin micro-gaps for the inlet void fraction 
variation (Ω=5.5×10-4W, qin=1×106 Wm-2) 
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3.2 Optimization 
 

From numerical results, it is well understood that the total thermal resistance (Rth) of the system 
is a function of heat flux (q), pumping power (Ω), and inlet void fraction (αin). Hence, Rth can be 
minimized by optimizing these variables. Before that response surfaces should be plotted to describe 
the relationship between objective function and constraints. Design Expert 7.0.0 software has been 
used to plot the response surfaces and determine optimized values.  
 
3.2.1 Proposed optimized values 
 

From response surfaces, optimized operating conditions have been predicted to minimize total 
thermal resistance and pressure drop of the heat sink. The minimum value of Rth has been estimated 
from the range 0.785 to 2.96682 KW-1m-2 and ΔP from 9.9 to 451.89 Pa. Many optimized input 
variables have been suggested by the Design Expert 7.0.0 software. Among all those values, the 
lowest predicted pressure drop is 57.8 Pa which is almost 87.2% lower than the highest ΔP value 
considered. For this pressure drop, Rth is reduced by 56.3% giving the estimated value of 1.298 KW-

1m-2. Estimated minimum Rth and ΔP have been obtained for Ω = 7.1208×10-5 W, q" = 1000002.07 
Wm-2 and αin = 0.03. The contour plot for this selection is given in Figure 14 and Figure 15. 
 

 
Fig. 14. Contour plot for lowest predicted total thermal resistance for optimized 
input variables 
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Fig. 15. Contour plot for lowest predicted pressure drop for optimized input 
variables 

 
4. Conclusions 
 
Following conclusions can be made from this research 
 

i. Micro-gap with rectangular micro-fins shows less thermal resistance in comparison to 
triangular finned gaps. 

ii. By increasing pumping power, thermal resistance (Rth) has been reduced to 60% for triangular 
finned micro-gaps and 53% for rectangular finned gaps. However, increasing pumping power 
is not always cost-effective as thermal resistance declines very slowly for larger pumping 
powers. 

iii. A reduced value of total thermal resistance, Rth (1.298 Km2/W) and pressure drop, ΔP (57.8 
Pa) for optimal operating conditions have been suggested. The predicted Rth is 56.3% and ΔP 
is 87.2% lower than the highest values considered. The optimized operating conditions are 
7.1202×10-5 W pumping power, 1000002.07 Wm-2 heat flux, and 0.03 inlet void fraction. 
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