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Abstract 
This article details the analysis of the thermo-hydraulic performance of a single-phase MEMS Heat sink 
with pin fins integrated in micro channels. Circular pin-fins with in-line arrangement are considered in 
this study. The influence of operating and geometric parameters on the performance, (thermal resistance 
and pressure drop) are studied; the parameters considered include microchannel hydraulic diameter, 
microchannel spacing, substrate material, pin-fin pitch, and Reynolds number. Additionally, the 
performance is quantified in terms of a Figure of Merit (FOM) which is the product of normalized thermal 
resistance and normalized pressure drop. The thermal resistance of heat sink with pin-fin integrated in 
micro channels is lower than that in heat sinks without pin-fins irrespective of the Reynolds number. On 
the other hand, the pressure drop associated with heat sink with pin-fins integrated in microchannel is 
higher than that in heat sinks without pin-fins for all Reynolds number. Also, increase in hydraulic 
diameter leads to reduction in thermal resistance and increase in pressure drop for a specific Reynolds 
number. On the other hand, reduction in microchannel spacing leads to reduction in thermal resistance for 
a specific Reynolds number; the pressure drop is independent of the microchannel spacing. With regards 
to the influence of substrate material, the thermal resistance decreased with increase in thermal 
conductivity; the pressure drop is not influenced by changes in substrate material. 

1. Introduction 
With the advancement of electronic chips in terms of footprint and integration, its thermal management 
has become extremely critical [1]. Figure 1 shows the heat flux associated with electronic chips in 
comparison with other heat sources. The heat flux associated with an electronic chip ranges from under 
10 to 104 kW/m2; on the higher end, the heat flux from associated with an electronic chip is comparable 
with that of the Sun [2]. It is important to remove the heat generated by electronic chips in order for their 
proper functioning. Failure to remove the heat, from the electronic chip, will result in increase in 
temperature of the same and initially lead to reduced performance and in worst case cause complete 
failure. Temperature related failures are the most prominent cause of the failure of electronic chips [3]. 
Thus, it is extremely important to maintain the temperature of the electronic chips with the specified limits.  
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Figure 1:  Heat Flux associated with electronic chips [2] 

Currently, there are both passive and active techniques for thermal management of electronics [4]. Passive 
techniques do not consume external power for their operation while active techniques require external 
power for their operation. The heat dissipation capability of active techniques is higher than that of passive 
techniques. With the increasing demand for electronic chips with enhanced performance, the number of 
transistors and size of electronic chips have increased and reduced, respectively; this has led to increase 
in the power consumption as well as heat flux associated with the same. Thermal management of current 
electronic chips require active techniques rather than passive techniques. One of the active techniques is 
that of liquid based cooling using MEMS heat sinks. MEMS heat sinks are generally of two types with 
one type employing micro channels and the second type employing pin-fins; Fig. 2. The first MEMS heat 
sink was realized in 1980’s and employed micro channels; its development was driven by the need to 
reduce convention thermal resistance associated with heat sinks which is the dominant thermal resistance 
in all heat sinks [5]. Convention thermal resistance depends on the heat transfer coefficient and by 
employing micro channels in heat sinks, it is possible to significantly enhance heat transfer coefficient [6]. 
Since the development of the first MEMS heat sink, there has been a concerted effort at enhancing the 
heat transfer coefficient of MEMS heat sinks [7].  
A review of literature reveals that heat transfer coefficient enhancement is achieved by continuous 
disruption of boundary layer development, i.e. the flow not allowed to be fully developed. Disruption of 
boundary layer development occurs whenever there is obstruction to the flow [7]. This article thus 
proposes a new approach of obstructing the flow to continuously disrupt the boundary layer development 
and in turn enhance heat transfer coefficient. The design proposed in this article as shown in Fig. 2 involves 
embedding circular pin-fins, at regular intervals, in micro channels. The presence of pin-fins obstructs the 
flow thereby disrupting the boundary layer development. Thus, the average thickness of the boundary 
layer in the proposed MEMS heat sink should be smaller than that in MEMS heat sinks with just micro 
channels. 
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Figure 2: Schematic of the MEMS fin heat sink  

Turckerman and Peace [5] developed the first MEMS heat sink in the early 1980’s and they employed 
micro channels. They conducted experiments on several heat sinks with microchannel width and spacing 
close to 50 μm and depths between 287 and 320 μm using water; using one these heat sinks they were 
able to dissipate heat as high as 790 W/cm2 with overall thermal resistance of 0.09oC/W while operating 
at Reynolds number of 730. Husain et al. [8] proposed a hybrid MEMS heat sink with micro channels 
embedded with pin fins and subjected to jet impingement. The thermal resistance of this MEMS heat sink 
reduced with increase in pumping power.  
Ansari and Kim [9] created a hybrid MEMS heat sink employing micro channels except in a region around 
its center where it employed just microscale pin fins. The justification behind envisioning this design is 
the need for providing hot spots on an electronic chip an enhanced degree of thermal management than 
the remaining regions of the same electronic chip. The microscale pin fins are located on top of the hot 
stops as they can realize lower thermal resistance than the regions covered by micro channels. In this 
particular study, only one hot stop is considered and it is located at the center of the electronic chip; with 
this heat sink, overall thermal resistances of ca. 0.8 K/W and ca. 0.4 k/W were achieved for Reynolds 
number of 200 and 1000 [9]. 
This work details the working of a novel MEMS heat sink which consists of micro channels integrated 
with pin fins. The model of this MEMS heat sink is formulated in the article and the model is subsequently 
used for parametric study; the parameters considered include substrate material, microchannel width, 
microchannel spacing, and pin-fin pitch. A detailed analysis of the effect of different geometric parameters 
on thermal resistance and pressure drop is provided in the article. 

2. Theoretical Modeling 
This section of the article details the mathematical model that describes the MEMS heat sink. The MEMS 
heat sink consists of a solid region and several liquid regions as shown in the Fig. 1. The solid region is 
hereafter referred to as substrate. The mathematical model is solved using Fluent module in ANSYS 
Workbench [10]. However, the entire MEMS heat sink is not modeled but rather only a repeating unit of 
the MEMS heat sink is model. The repeating unit consists of a single microchannel and the associated 
liquid layer as shown in Fig. 2. The mathematical model is based on several assumptions which are listed 
below. 
1. MEMS heat sink is operating under steady-state condition,  
2. Fluid is not undergoing phase change while inside the MEMS heat sink,  
3. Fluid flow through each channel is same, 
4. Heat generated by the electronic chip is equally split among all micro channels, 
5. No-slip boundary condition exists on the walls of the MEMS heat sink, 
6. Fluid is incompressible, 
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7. Fluid has constant thermo-physical properties, and  
8. MEMS heat sink neither experiences heat loss nor flow maldistribution. 
Continuity equation, Eq. (1), and Navier-Stokes equation, Eq. (2), describe the fluid behavior. The 
temperature in the fluid as well as the substrate is described by the energy equation. Equations (3) and (4) 
represent the temperature in the fluid and substrate, respectively [11]. 
Continuity equation: 

∇ ∙ 𝑽𝑽= 0  (1) 
Navier-Stokes equations 

𝜌𝜌𝑓𝑓(∇ ∙ 𝑽𝑽2) =  −∇𝑃𝑃 +  𝜇𝜇𝑓𝑓∇2 𝑉𝑉  (2) 

Fluid energy equation:  

𝜌𝜌𝑓𝑓𝑉𝑉𝑐𝑐𝑝𝑝,𝑓𝑓∇𝑇𝑇𝑓𝑓 =  𝑘𝑘𝑓𝑓∇2𝑇𝑇𝑓𝑓  (3) 

Material Substrate:  

∇2𝑇𝑇𝑓𝑓 = 0  (4) 

The boundary conditions associated with the Navier-Stokes equations include the known velocity at the 
inlet of the microchannel and known pressure at the outlet of the microchannel. In addition, the velocity 
at the walls of the microchannel are also known and equal to zero. These boundary conditions are listed 
below. Equation (5) represents the velocity at the inlet in terms of the Reynolds number. The pressure at 
the outlet of the microchannel is set equal to zero for ease of calculations, Eq. (6). Equation (7) represents 
the velocity on the wall of the microchannel. 

𝑽𝑽𝑖𝑖𝑖𝑖 = � 𝜇𝜇𝑓𝑓
𝜌𝜌𝑓𝑓𝐷𝐷ℎ𝑦𝑦

𝑅𝑅𝑅𝑅, 0,0�  (5) 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 0  (6) 

𝑽𝑽𝑖𝑖𝑖𝑖 = 0  (7) 

The boundary condition associated with the energy equation related to the fluid and the substrate are listed 
below. The inlet temperature of the fluid is known; it is set equal to 10oC for this study. Regarding the 
temperature of then fluid, it does not increase beyond the exit of the microchannel and this is the boundary 
condition at the exit of the microchannel, Eq. (9). 

𝑇𝑇𝑓𝑓�𝑥𝑥=0,𝑦𝑦,𝑧𝑧
=  𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖 = 283.15 𝐾𝐾  (8)  

𝜕𝜕
𝜕𝜕𝑥𝑥
𝑇𝑇𝑓𝑓�

𝑥𝑥=𝐿𝐿,𝑦𝑦,𝑧𝑧
 = 0  (9)  

The boundary conditions associated with the repeating unit of the substrate include known heat flux 
applied at the bottom surface as well as insulated boundary condition applied on all other surfaces. These 
are represented in Eq. (10) and Eq. (11); 𝑛𝑛�⃗  represents the direction vector normal to the boundary 
considered in Eq. (11). 

−𝑘𝑘𝑠𝑠
𝜕𝜕
𝜕𝜕𝑧𝑧
𝑇𝑇𝑠𝑠�

𝑥𝑥,𝑦𝑦,𝑧𝑧=0
= 𝑞𝑞𝑠𝑠′′  (10) 

𝜕𝜕
𝜕𝜕𝑖𝑖�⃗
𝑇𝑇𝑠𝑠 = 0  (11) 



 

- 5 - 

The boundary condition at the interface between the fluid and substrate include temperature continuity as 
well as heat flux continuity. The temperature continuity is shown in Eq. (12) and the heat flux continuity 
is shown in Eq. (13); 𝑛𝑛�⃗  represents the direction vector normal to the boundaries at the interface between 
the fluid and the substrate. 

𝑇𝑇𝑠𝑠|𝑖𝑖�⃗ = 𝑇𝑇𝑓𝑓�𝑖𝑖�⃗   (12) 

𝑘𝑘𝑠𝑠
𝜕𝜕
𝜕𝜕𝑖𝑖�⃗
𝑇𝑇𝑠𝑠 = 𝑘𝑘𝑓𝑓

𝜕𝜕
𝜕𝜕𝑖𝑖�⃗
𝑇𝑇𝑓𝑓  (13) 

Employing Fluent module in Ansys Workbench starts with creating the computational domain (repeating 
unit). This is followed by meshing the computational domain which in turn is followed by solving the 
governing equations along with the boundary conditions. The computational domain is created using the 
computer aided design (CAD) package that is part of Ansys Workbench. Figure 3 shows drawing of a 
typical computational domain created for this study. The model is then meshed. For purposes of meshing, 
the inter-node distances are selected such that it is small enough to correctly capture the temperature 
gradient.  
Figure 4 shows meshed computational domain. Employing smaller inter-node will help accurately capture 
the temperature gradients in the MEMS heat sink, but it will increase the computational time required for 
solving the governing equations. Thus, a compromise is made between accuracy and computational time 
in selecting the final inter-node distance. Once the meshing is completed, the governing equations are 
solved in conjunction with the boundary conditions listed earlier. The SIMPLE algorithm is used for 
solving the governing equation [10]. Additionally, iterations are carried out until the error associated with 
each parameter is below 0.0001. 

 
Figure 3:Heat sink single channel with pin fin 
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Figure 4:Schematic of the computational domain after meshing 

The primary performance metric of heat sinks is thermal resistance. The thermal resistance of heat sinks 
is determined using Eq. (14). Thermal resistance represents the maximum temperature of the electronic 
chip relative to the temperature of the water at the inlet to the MEMS heat sink for every unit power 
generated by the electronic chip; thus, low thermal resistance is desired in any heat sink.  

𝑅𝑅𝑜𝑜ℎ =  𝑇𝑇𝑐𝑐ℎ𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚−𝑇𝑇𝑓𝑓,𝑖𝑖𝑖𝑖 
𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡

  (13)  

The thermal resistance of a heat sink can be determined as function of the thermal resistance of the heat 
transfer modes associated with a MEMS heat sink. In a MEMS heat sink, heat transferred to the substrate 
from the electronic chip travels through the substrate to the interface between coolant and substrate via 
conduction and at this interface, heat is transferred from the substrate to the fluid via convection. 
Additionally, it is common to include the calorific thermal resistance of the fluid as well to calculate the 
thermal resistance of MEMS heat sinks so that the maximum temperature of the electronic chip can be 
expressed relative to the inlet temperature of the coolant (water in this case). Thus, thermal resistance of 
the heat sink in terms of the conduction, convection, and calorific thermal resistance can be written as in 
Eq. (14). 

𝑅𝑅𝑜𝑜ℎ = 1
ℎ�𝐴𝐴𝑠𝑠

+ 𝑜𝑜
𝑘𝑘𝑤𝑤𝐴𝐴

+ 1
�̇�𝑚𝑐𝑐𝑖𝑖

  (14) 

Another parameter of relevance with regards to heat sinks is pressure drop. Pressure drop is an indicator 
of the resistance to fluid flow through the heat sink and it in turn dictates the pumping power. Greater the 
pressure drop, greater the pumping power associated with operating the heat sink. 
In many instances the combined influence of thermal resistance and pressure drop is not considered. John 
et al. [12] had proposed a figure of merit for considering the combined influence of thermal resistance and 
pressure drop on the performance of MEMS heat sinks and is used here as well, Eq. (15). 

𝐹𝐹𝐹𝐹𝐹𝐹 = 1
𝑅𝑅𝑡𝑡ℎ,𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖−𝑓𝑓𝑖𝑖𝑖𝑖 

𝑅𝑅 𝑡𝑡ℎ,𝑤𝑤𝑖𝑖𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖−𝑓𝑓𝑖𝑖𝑖𝑖 

× 1
∆𝑃𝑃 𝑤𝑤𝑖𝑖𝑡𝑡ℎ 𝑖𝑖𝑖𝑖𝑖𝑖−𝑓𝑓𝑖𝑖𝑖𝑖 

∆𝑃𝑃 𝑤𝑤𝑖𝑖𝑡𝑡ℎ𝑡𝑡𝑜𝑜𝑡𝑡 𝑖𝑖𝑖𝑖𝑖𝑖−𝑓𝑓𝑖𝑖𝑖𝑖 

   (15) 

The model formulated for MEMS heat sink is used for parametric study. The difference parameters 
analyzed include the substrate material, hydraulic diameter, microchannel spacing, and pin fin pitch. When 
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analyzing the performance of each parameter, the other parameters are held constant. Water is used as the 
fluid in all studies and the pin fin diameter is held constant for all studies at 75 μm. The table below shows 
the different settings for each parametric study. 
Table 1:Parametric study 

Parameter Substrate 
material 

Hydraulic 
diameter (µm) Spacing (µm) Pin fin pitch 

(µm) 

Substrate 
material 

Si 
- 150 100 1000 Cu 

SS 
Hydraulic 
diameter 

(µm) 

150 
Si - 

100, 200, 300 
1000 300 100, 200, 300 

450 100, 200, 300 

Spacing (µm) 
100 

Si 
150, 300, 450 

- 1000 200 150, 300, 450 
300 150, 300, 450 

Pin fin pitch 
(µm) 

500 
Si 150 100 - 1000 

1500 

Properties of the fluid and the substrate are shown in Table 2 [13]. As already mentioned, water is used as 
the fluid in this study while silicon, copper, stainless steel is used as the substrate material. The properties 
of water evaluated at 10oC is used for computation. Stainless steel, silicon, and copper are selected as 
substrate material in this study because the thermal conductivity of each is at least an order of magnitude 
different from the rest.  
Table 2:Material Properties 

Material Density (kg/m3) Specific heat capacity 
(J/kgK) 

Thermal conductivity 
(W/mK) 

Water (@10oC) 998.2 4182 0.6 
Stainless Steel 7805 462 27 

Silicon 2330 794 149 
Copper 8978 387.6 381 

3. Mesh Sensitivity Study  
The sensitivity of the results on the mesh is investigated as well. Mesh sensitivity study usually involves 
carrying out simulation using different mesh settings and then comparing the results between two 
simulations. Every new mesh setting represents a refinement over the previous mesh setting and this is 
carried out till the results become constant. In this study, mesh independent study is carried out using a 
silicon-based MEMS heat sink (Wsp = 200 μm, Dhy = 300 μm, Hch = 300 μm, Lp = 1000 μm and Lch = 25.4 
mm) operating at Re = 10. The details of the different mesh settings and corresponding results are provided 
in Table 3. It can be seen from Table 3 that for all the mesh settings considered for investigation, the 
results are almost constant and thus the third mesh setting is used for all simulations of this study. 
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Table 3:Mesh independent study 

Mesh settings Re Internode size (mm) Outlet temperature (K) Difference (%) 
1 10 0.030 441.55 - 
2 10 0.025 441.51 0.010% 
3 10 0.020 441.42 0.030% 
4 10 0.015 441.30 0.058% 

4. Experimental Validation  
Data for purposes of model validation are obtained by conducting experiments on a MEMS heat sink 
employing straight micro channels. The micro channels do not have pin fins. The width, depth and spacing 
of the microchannel are 100 μm. In this experiment water is used as the fluid. Experiments are run for 
different flow rates and corresponding pressure drop is measured between the inlet and exit manifolds 
using a digital pressure sensor. Syringe pump is used in the experiments. As part of experiment, water 
pumped through the device is collected in a beaker for 5 minutes and it is measured to calculated the mass 
flowrate. From the mass flowrate, the corresponding Reynolds number is calculated.  
The experimental set up is shown in Fig. 5. The comparison between experimental data and simulation 
data for different Reynolds number is presented in Fig. 6. The difference came out to be 15% error this 
due to the friction factor considered assumes that the flow is fully developed while, this is just an 
assumption, the Analysis conducted on Ansys for pressure drop is from point A and B which does not 
consider the manifold diameter and length. The values of manifold diameter and length were not known 
and therefore were assumed for reducing the minor and major loses from the experimental pressure drop, 
the following assumptions could have led to the reason of mean percentage difference error to be around 
15%. The following error is acceptable when compared to the literature.  

 
Figure 5: Experimental Setup 
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Figure 6:Experimental pressure drop of MEMS heat sinks employing microchannels without pin fins with Reynolds Number 

(Dhy = 100 μm, Wsp = 100 μm, substrate material: Si) 

5. Results and Discussions  
This section of the report presents the results of the computation detailed in the previous section of the 
same. The influence of different parameters on the thermal resistance and pressure drop are analyzed in 
this section with respect to Reynolds number. Figure 7 shows the variation of thermal resistance and 
pressured drop with regards to Reynolds number for both MEMS heat sinks employing microchannels 
with and without pin fins. It can be noticed that the thermal resistance of MEMS heat sinks employing 
microchannels with pin fins is smaller than that employing microchannels without pin fins for a specific 
Reynolds number. This can be attributed to the continuous destruction and redevelopment of boundary 
layer associated with the flow in MEMS heat sinks which in turn helps keep the average heat transfer 
coefficient greater than that in microchannel without pin fins. Additionally, the presence of pin fins in the 
microchannel increase the heat transfer surface area. 
The combined effect of increased heat transfer coefficient and surface area leads to the observed reduction 
in thermal resistance for a specific Reynolds number. Also, it can be noticed from Fig. 7 that increase in 
Reynolds number reduces the thermal resistance of MEMS heat sinks employing microchannels with pin 
fins. The increase in flow rate associated with the increase in Reynolds number increases the degree of 
destruction of the boundary layer leading to the enhancement of average heat transfer coefficient and 
subsequent reduction in thermal resistance. Figure 7 also shows that increase in Reynolds number reduces 
the thermal resistance even for MEMS heat sinks employing microchannels without pin fins.  
Increase in Reynolds number leads to increase in the length, of the microchannel, over which developing 
flow exits thereby leading to increase in the average heat transfer coefficient associated with the 
microchannel and this subsequently leads to reduction in thermal resistance. Figure 7 also demonstrates 
that increase in Reynolds number increases the difference between thermal resistance associated with 
MEMS heat sink employing microchannel with and without pin fins. The enhancement in average heat 
transfer coefficient is greater in MEMS heat sinks employing microchannel with pin fins than in those 
employing microchannels without pin fins.  
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Figure 7: Variation of thermal resistance and pressure drop of MEMS heat sinks employing microchannels with and without 

pin fins with Reynolds Number (Dhy = 300 μm, Wsp = 200 μm, substrate material: Si) 

The pressure drop associated with MEMS heat sinks employing microchannel with pin fins is greater than 
that associated with the MEMS heat sinks employing microchannel without pin fins for a specific 
Reynolds number, Fig. 7 The increase in pressure drop is because of the obstruction to flow in the form 
of pin fins in the microchannel. The pin fins in the microchannel continuously destroy the boundary layer 
and this leads to the average friction factor being higher than that in MEMS heat sinks employing 
microchannels without pin fins. It can also be noticed from Fig. 7 that increase in Reynolds number 
enhances the difference in pressure drop associated with MEMS heat sinks employing microchannels with 
and without pin fins. The increase in Reynolds number increases the average friction factor in both types 
of MEMS heat sinks; however, the increase in MEMS heat sinks employing microchannels with pin fins 
is greater than that in MEMS heat sinks employing microchannels without pin fins and this is the reason 
for the trend mentioned above. 
The FOM, described in Eq. (15), is plotted with respect to Reynolds number for MEMS heat sinks 
employing microchannels with pin fins in Fig. 8. The FOM is a function of non- dimensional thermal 
resistance and pressure drop. It can be noticed that the FOM decreases with increase in Reynolds number. 
This is because the increase in pressure drop, with Reynolds number, is greater that the reduction in 
thermal resistance with increase in Reynolds number. 
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Figure 8:Variation of FOM with Reynolds number of MEMS heat sink employing micro channels with pin fins (Dhy = 300 

μm, Wsp = 200 μm, substrate material: Si) 

Figure 9 characterizes the influence of substrate material on the thermo-hydraulic performance of MEMS 
heat sinks employing microchannels with pin fins. It can be noticed that with increase in thermal 
conductivity of the material, the thermal resistance reduces. The reduction in thermal resistance is due to 
the reduction in the component of the thermal resistance, Eq. (14), that is associated with conduction. The 
highest and lowest thermal resistance, for any Reynolds number, is for the MEMS heat sink constructed 
using stainless steel and copper, respectively; meanwhile, silicon-based MEMS heat sinks exhibit 
intermediate thermal resistance. Moreover, it can be noticed that difference between any two substrate 
materials remain constant irrespective of Reynolds number. As shown in Fig. 7, increase in Reynolds 
number enhances the heat transfer coefficient. Figure 9 also exhibits the variation of pressure drop with 
Reynolds number for different substrate materials; the pressure drop is not influenced by substrate 
material. 

 
Figure 9:Variation of thermal resistance and pressure drop with Reynolds Number (Dhy = 150 μm, Wsp = 100 μm, Wp = 

1000 μm, Dp =75 μm) 
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Figure 10 shows the variation both the thermal resistance and pressure drop with respect to Reynolds 
number for different hydraulic diameters. It can be noticed that increase in hydraulic diameter leads to 
drop in the thermal resistance for a specific Reynolds number. When comparing the thermal resistance 
associated with two hydraulic diameters it is important to take the influence of heat transfer coefficient as 
well as mass flow rate in to consideration. Increase in hydraulic diameter, at a specific Reynolds number, 
reduces the heat transfer coefficient but it increases the mass flowrate through the microchannel. The 
reduction in heat transfer coefficient is smaller than the increase in mass flowrate. Nevertheless, the 
thermal resistance decreases with increase in hydraulic diameter as the increase in convection thermal 
resistance (influenced by heat transfer coefficient) is more than compensated by the decrease in calorific 
thermal resistance (influenced by mass flowrate). It can also be noticed from Fig. 10 that the thermal 
resistance decreases with increase in Reynolds number irrespective of the hydraulic diameter; however, 
the reduction in thermal resistance with Reynolds number is more pronounced in MEMS heat sinks with 
smaller hydraulic diameter. This reduction in thermal resistance is because of the increase in heat transfer 
coefficient and mass flowrate. Heat transfer coefficient and mass flowrate inversely influences overall 
thermal resistance as shown in Eq. (14). 

 
Figure 10: Variation of thermal resistance and pressure drop with Reynolds number (Wsp = 100 μm, Wp = 1000 μm, Dp = 75 

μm, substrate material: Si)  

Also, it can be noticed from Fig. 10 that reduction in hydraulic diameter increases the associated pressure 
drop irrespective of the hydraulic diameter. Increase in pressure drop is because of the increase in mass 
flowrate itself as well as due to the increase in degree of boundary layer destruction associated with 
increase in mass flowrate. In addition, it can be noticed from Fig. 10 that increase in Reynolds number for 
a specific hydraulic diameter increases the associated pressure drop. This is because of the increase in the 
degree of boundary layer destruction associated with increase in mass flowrate. 
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Figure 11:Variation of thermal resistance and pressure drop with Reynolds number (Wsp = 200 μm, Wp = 1000 μm, Dp = 75 

μm, substrate material: Si) 

 
Figure 12:Variation of thermal resistance and pressure drop with Reynolds number (Wsp = 300 μm, Wp =1000 μm, Dp = 75 

μm, substrate material: Si) 

The influence of spacing between microchannels on the thermal resistance and pressure of the MEMS is 
shown in Fig. 13. It can be noticed that the thermal resistance decreases with decrease in microchannel 
spacing irrespective of Reynolds number. Increase in microchannel spacing increases the heat added to 
the fluid without any increase in mass flowrate and heat transfer coefficient thereby leading to the observed 
reduction in thermal resistance with reduction in microchannel spacing. Additionally, it can be noticed 
that increase in Reynolds number decreases the thermal resistance of the MEMS heat sink. This is 
attributed to the increase in mass flowrate and heat transfer coefficient associated with Reynolds number. 



 

- 14 - 

 
Figure 13:Variation of thermal resistance and pressure drop with Reynolds number (Dhy = 150μm, Wp = 1000 μm, Dp = 75 

μm) 

With regards to the pressure drop associated with the MEMS heat sink, it does not change with change in 
microchannel spacing. Change in microchannel spacing does not change the mass flowrate thereby 
keeping the pressure drop constant irrespective of the microchannel spacing. Also, the increase in pressure 
drop with Reynolds number, for a specific hydraulic diameter, is because of the associated increase in 
mass flowrate and degree of destruction of boundary layer. 

 
Figure 14:Variation of thermal resistance and pressure drop with Reynolds number (Dhy = 300 μm, Wp = 1000 μm, Dp = 75 

μm) 
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Figure 15:Variation of thermal resistance and pressure drop with Reynolds number (Dhy = 450 μm, Wp = 1000 μm, Dp = 75 

μm) 

Figure 16 shows the influence of pin-fin pitch on the thermal resistance as well as pressure drop of MEMS 
heat sinks. It is noticeable from Fig. 16 that increase in pin-fin pitch, for a specific Reynolds number, 
increases and decreases thermal resistance and pressure drop of the MEMS heat sinks, respectively. This 
is attributable to the reduction in fluid flow obstruction that is associated with increase in pin-fin pitch. 
With reduction in fluid flow obstruction, there is reduction in the degree of destruction of boundary layer 
due to which the thermal resistance of the MEMS heat sink is higher thereby leading to increase in thermal 
resistance with increase in pin-fin for a specific Reynolds number. The increase in pin-fin pitch reduces 
the obstruction to fluid flow due to which the associated pressure drop decreases for a specific Reynolds 
number. 

 
Figure 16:Variation of thermal resistance and pressure drop with Reynolds number (Dhy = 300 μm, Wsp = 200 μm, Dp = 75 

μm) 



 

- 16 - 

On the other hand, thermal resistance and pressure drop increases with increase in Reynolds number due 
to the increase in mass flowrate. Increase in mass flowrate increases the degree of destruction of boundary 
layer thereby leading to reduction in thermal resistance. Also, increase in mass flowrate increases the 
degree of obstruction of fluid flow due to which the pressure drop increases with increase. 

6. Conclusion 
This work detailed a novel MEMS heat sink which employs microchannels integrated with pin-fins. 

The purpose integrating pin fins in microchannels is to enhance the heat transfer coefficient in order to 
realized reduced thermal resistance. This work also details the mathematical model of the MEMS heat 
sink and subsequently employed for parametric study. Based on the parametric study the following are 
concluded. 
1) For all Reynolds number, thermal resistance of MEMS heat sinks with microchannel integrated with 

pin fins is smaller than a MEMS heat sink with microchannels without pin fins. 
2) Thermal resistance decreases with increase in Reynolds number irrespective of the geometric 

parameters; the pressure drop increase with increase in Reynolds number for all combinations of 
geometric parameters. 

3) At low Reynolds number, the thermal resistance increases with decrease in hydraulic diameter and at 
high Reynolds number, the thermal resistance increases with increase in hydraulic diameter; the 
pressure drop increases with increase in Reynolds number irrespective of the hydraulic diameter. 

4) Decreases in microchannel spacing decreases the thermal resistance, when remaining parameters are 
held constant, and the pressure drop is independent of the microchannel spacing. 

5) Increase in thermal conductivity decreases the thermal resistance for all Reynolds number without 
affecting the pressure drop. 

6) Decrease in pin fin pitch decreases the thermal resistance but increases the pressure drop while 
maintaining all other parameters constant. 

Thermal resistance as low as 1 K/W/cm2 is achieved under certain operating conditions and this is 
achieved at Reynolds number of 100 which is smaller than that in most MEMS heat sinks reported in 
literature. The fact that the proposed heat sink is able to achieve low thermal resistance at low Reynolds 
number is its advantage. 
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8. Nomenclature 
c Specific heat capacity (J/KgK) 
D Hydraulic diameter (µm) 
k Thermal conductivity (W/Km) 
h height (m) 
L length (m) 
n outward normal to the surface 

Re Reynolds number 
R resistance (K/W) 
P Pressure (N/m2) 
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Q Heat input (W) 
PP Pumping power (W) 
ΔP Pressure drop across the heat sink (N/m2) 
V velocity of the fluid flow (m/sec) 
T Temperature (K) 
W Width (m) 
Pa Pascal’s 
K Kelvin 
W Watts 
Cm Centimeter 
Si Silicon 

Dhy Hydraulic Diameter 
Wsp Width spacing 
Dp Pin fin diameter 
μm Micro meter 
m Meter 

Greek alphabets  
ρ density (kg/m3) 
μ viscosity (Pa.s) 

Subscripts  
f fluid 

HS heat sink 
in Inlet 
out outlet 
s solid 
th thermal 

 

Appendix - 1 
Validation of ANSYS Solution:  
Sample Validation of Silicon 
 Step 1:  Run the solution for Reynolds Number Re = 10  
 Step 2: Through Ansys result report take out mass flow rate = 1.50E-06 
 Step 3: Know the temperature inlet = 283.15 and outlet value = 438.56268 and water cp value = 

4182.  
 Step 4: Use Equation Q=m*cp*delta T (Experimental Value) 

 Therefore Q=q*Area (Expected Value)  
 q*Area (Expected Value) should be equal to m*cp*delta T (Experimental Value) 
 Therefore (Experimental Value) = 0.977828453 
 Expected Value = 0.9803765 
 Therefore, Percentage Error = Expected Value−Experimental Value

Expected Value
 𝑋𝑋 100 = 0.25% (Very Small)  

 Step 5: Repeat the steps for all the Reynolds number for silicon, copper and stainless steel.  
 Step 6: Take the Average of Percentage Error  
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Therefore:  

Total Percentage Error 
Stainless-steel Average = 

0.269604287% 

 

Total Percentage Error 
Copper Average = 

0.431602573% 

 

Total Percentage Error 
Silicon Average =  

0.189032578% 

 
Detail Calculation were conducted on Excel. 
The basic rule that was followed that Heat flux applied below on heat sink should be equal to q value at 
the heat sink outlet.  
Equation Used in excel were as follow:  
Appendix Table 1: Equation Table 

Water Temperature Inlet 10°C 

Reynolds Number 𝜌𝜌𝜌𝜌𝐻𝐻𝐷𝐷/𝜇𝜇 

Total Heat Applied 100
𝑊𝑊
𝑚𝑚2 

Number of Microchannels 𝑊𝑊ℎ𝑠𝑠
𝐻𝐻𝐷𝐷+𝑊𝑊𝑠𝑠𝑠𝑠

 (Width of channel = 0.0254 m) 

Heat Flux Per channel Total Heat Applied / Number of channels 

Bottom wall solid (q per channel) 𝐻𝐻𝑅𝑅𝐻𝐻𝐻𝐻 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑅𝑅𝑝𝑝 𝑐𝑐ℎ𝐻𝐻𝑛𝑛𝑛𝑛𝑅𝑅𝑓𝑓
𝐴𝐴𝑝𝑝𝑅𝑅𝐻𝐻 �𝑊𝑊𝑠𝑠𝑠𝑠 +𝐻𝐻𝐷𝐷�× 𝐿𝐿𝑅𝑅𝑛𝑛𝐿𝐿𝐻𝐻ℎ 𝑜𝑜𝑓𝑓 ℎ𝑅𝑅𝐻𝐻𝐻𝐻 𝑠𝑠𝑠𝑠𝑛𝑛𝑘𝑘

 

Theoretical heat value 𝐴𝐴𝑝𝑝𝑅𝑅𝐻𝐻 × 𝐵𝐵𝑜𝑜𝐻𝐻𝐻𝐻𝑜𝑜𝑚𝑚 𝑤𝑤𝐻𝐻𝑓𝑓𝑓𝑓 𝑠𝑠𝑜𝑜𝑓𝑓𝑠𝑠𝑠𝑠 (𝑞𝑞 𝑠𝑠𝑅𝑅𝑝𝑝 𝑐𝑐ℎ𝐻𝐻𝑛𝑛𝑛𝑛𝑅𝑅𝑓𝑓) 

Experimental heat value �̇�𝑚𝑐𝑐𝑠𝑠Δ𝑇𝑇 (𝑇𝑇𝑅𝑅𝑚𝑚𝑠𝑠𝑅𝑅𝑝𝑝𝐻𝐻𝐻𝐻𝑓𝑓𝑝𝑝𝑅𝑅 𝐻𝐻𝐻𝐻 𝑏𝑏𝑜𝑜𝐻𝐻𝐻𝐻𝑜𝑜𝑚𝑚 − 𝑇𝑇𝑠𝑠𝑛𝑛) 

Figure of merit 1
(𝑇𝑇ℎ𝑤𝑤𝑠𝑠𝐻𝐻ℎ 𝑠𝑠𝑠𝑠𝑛𝑛 𝑓𝑓𝑠𝑠𝑛𝑛 × 𝑃𝑃𝑝𝑝𝑤𝑤𝑠𝑠𝐻𝐻ℎ 𝑠𝑠𝑠𝑠𝑛𝑛 𝑓𝑓𝑠𝑠𝑛𝑛 )/(𝑇𝑇ℎ𝑤𝑤𝑠𝑠𝐻𝐻ℎ𝑜𝑜𝑓𝑓𝐻𝐻 𝑠𝑠𝑠𝑠𝑛𝑛 𝑓𝑓𝑠𝑠𝑛𝑛 × 𝑃𝑃𝑝𝑝𝑤𝑤𝑠𝑠𝐻𝐻ℎ𝑜𝑜𝑓𝑓𝐻𝐻 𝑠𝑠𝑠𝑠𝑛𝑛 𝑓𝑓𝑠𝑠𝑛𝑛 ) 
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