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ABSTRACT: In this work, slip flow of helium gas has been studied in a three dimensional rectangular microchannel heat sink with 11 
microchannel and 10 rectangular fins. Helium gas flow is considered ideal and incompressible. The finite volume method with using 
coupled algorithm is employed to carry out the computation. To validate the present work, comparison with numerical and experimental 
studies is done and it is seen that the computed results have good agreement. To investigate the effect of fins and walls material on heat 
sink performance, all simulations are carried out and compared with each other for three materials consisting of aluminum, silicon and 
copper. The results show that along the microchannel, local Knudsen number decreases. Also thermal resistance increases continuously 
with increasing Knudsen number from 0.006 to 0.048. The results indicate that for various inlet Knudsen numbers, copper heat sink has 
the lowest thermal resistance. Furthermore, copper heat sink has the highest average Nusselt number for Knudsen number higher than 
0.024 but for Knudsen number lower than 0.024, silicon heat sink has higher average Nusselt number than copper heat sink. 
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INTRODUCTION 

In the recent decades, extensive researches have been 
done in context of micro and nano scale flows and its 
application in various industries such as electronic, 
medicine, aerospace, and so on. The concept of 
microchannel heat sink was firstly proposed by Tuckerman 
and Pease [1]. They analyzed a microchannel heat sink using 
water as the coolant. Zhu and Liao [2] investigated forced 
convective heat transfer for a gas flowing through a 
microchannel of arbitrary cross section with the axially-
constant heat flux. They studied the slip flow and 
temperature jump regime using the orthonormal function 
method. Then, as a sample, they focused on investigating the 
heat transfer characteristics of rectangular and triangular 
microchannels. They indicated that the average Nusselt 
number in the slip flow regime is smaller than no slip flow 
regime. Hettiarachchi et al. [3] numerically studied heat 
transfer of gas flow in rectangular microchannel. With 
considering slip and temperature jump conditions for walls 
they showed that velocity slip increases the Nusselt number, 
while the temperature-jump tends to decrease it, and the 
combined effect could result in an increase or a decrease in 
the Nusselt number. Shojaeian and Dibaji [4] analyzed heat 
transfer through triangular microchannels over the slip flow 
regime. They showed that for constant aspect ratio, the 
values of Poiseuille number decrease with Knudsen number. 
They also showed that for low Reynolds number, the effect 
of Reynolds on the Nusselt number is considerable. 
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Languri and Hooman [5] numerically investigated heat 
transfer of gas flow through a microchannel of semicircular 
cross-section. They considered temperature jump and slip 
velocity boundary conditions. They showed that unlike the 
fully developed flow that Nusselt number is independent of 
Reynolds and Prandtl numbers, for developing flow, it 
cannot be further generalized through microchannels. They 
also presented that the effect of slip velocity and temperature 
jump conditions on Nusselt number is dependent on the 
interaction of slip velocity and temperature jump. Shkarah et 
al. [6] studied laminar, developed, and steady state flow in a 
3D microchannel. The used aluminum, silicon, and graphene 
as substrate materials. Their results showed that graphene 
most effectively decreases the thermal resistance. Izadi et al. 
[7] numerically studied laminar forced convection of a 
Al2O3–water nanofluid flowing in a micro heat sink. They 
showed that Nusselt number increases with volume fraction 
enhancement. Also they found that solid material has no 
effect on pressure drop increment. Mashaei et al. [8] 
investigated the effect of nanoparticles on laminar forced 
convection in a serpentine microchannel, numerically. They 
found that when the applied heat flux increases, the heat 
transfer rate increases and the pressure drop decreases. Also 
they showed that the best thermal-hydraulic performance 
occurs at the lowest Reynolds number and medium 
nanoparticle volume fraction. Shojaeian and Kosar [9], 
analytically, studied convective  heat transfer and entropy 
generation on Newtonian and non-Newtonian fluid flows 
between parallel-plates. They applied slip boundary 
conditions and indicated that an increase in the slip coeffici- 
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-ent leads to an increase in both Nusselt number and Bejan 
number, while it decreases entropy generation. Karimipour 
[10] studied heat transfer of nanofluid in a microchannel 
considering slip velocity and temperature jump by using 
lattice Boltzmann method. He showed that using nanofluid 
with lower slip coefficient and higher volume fraction and Pr 
has the highest heat transfer.  
    Khorasanizadeh and Sepehrnia [11] investigated water 
laminar flow in a trapezoidal microchannel heat sink with 
copper porous microchannels. They showed that using 
copper porous domain in heat sink is effective about 24.5% 
at cooling electronic chip.  
    Also, Khorasanizadeh and Sepehrnia [12] studied on 
performance of a silicon trapezoidal microchannel heat sink 
with various entry/exit configurations using variable 
properties. They assumed that conductivity of silicon is 
temperature-dependent. They showed that by assuming 
temperature-dependent conductivity of silicon, the heat 
transfer increases between 0.75% and 2.58%, the thermal 
resistance decreases between 1.15% and 4.97% and θ 
decreases between 2.41% and6.49%. In another research, 
Khorasanizadeh and Sepehrnia [13] investigated three 
dimensional numerical study on a trapezoidal microchannel 
heat sink with different inlet/outlet arrangements utilizing 
nanofluid. They showed A-type heat sink, for which the inlet 
and outlet are placed horizontally at the center of the north 
and the south walls, has a better heat transfer performance. 
    The most previous studies on heat transfer are related to 
liquid flow and slip condition is ignored, but in this paper 
slip flow of incompressible and ideal helium gas is studied. 
Also, in this paper, conjugate heat transfer in heat sink is 
considered and the material effect of slid part on heat transfer 
performance is studied. 
 
GEOMETRIC CONFIGURATIONS  
    The geometric configuration of the microchannel heat sink 
is shown in Figure 1. Helium gas flow is entered from center  

 
of north wall and exited from center of south wall. Gas flow 
path is consisted of 5 parts which are: 1. Inlet. 2. Distributing 
area. 3. Microchannels. 4. Collecting area 5. Outlet. 
    Figure 2 shows a cross section of heat sink at z=9mm. As 
it is shown in Figure 2, the heat sink consists of 11 
rectangular microchannels separated by 10 fins. The size of 
microchannels and fins is equal. Heat flux of 500 W/m2 is 
applied at the bottom plate of heat sink that the electronic 
chip assumed directly attached to the base plate of the heat 
sink. All the surfaces of heat sink are assumed to be 
insulated. Helium gas is considered incompressible and 
ideal. The properties of fluid and solid are shown in Table. 
1.  
 

 
Fig. 1. Geometric configuration of micrchannel heat sink 

 

 
Fig. 2. Fin and microchannel dimensions (The created cross section at 

z=9mm) 
 

 Nomenclature   
A Cross section area  Greek Symbols 

pc Specific heat γ Specific heat ratio 
hD Hydraulic diameter of the channel λ Molecular mean free path 
h heat transfer coefficient  μ Dynamic viscosity 
H Height ρ Density 
k Thermal conductivity Tσ The thermal  accommodation coefficient 

Kn Knudsen number Vσ The momentum accommodation coefficient 
L Length  Subscripts 

Nu Nusselt number ch Channel 
P Pressure g Gas 
p Wet perimeter hs Heat sink 

Po Poiseuille number in Inlet 
Pr Prandtl number Local Local 
q Heat flux m Mean 
thR Themal resistance max Maximum 
T Temperature out Outlet 
V Fluid velocity s Solid 
W Width w Wall 

x,y,z Cartesian coordinates   
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Table 1 
 Properties of materials at 300 K [14]. 

 

Material Properties                         

Helium gas 

µ (kg/ms) 1.99E-5 

(J/kg K)p C 5193 
M (kg/kmol) 4.003 
k (W/m K) 0.152 

Pr 0.68 
γ 1.667 

σT 0.073 

σV 0.9 

Solid k (W/m K) 
Al: 237 
Si: 148 
Cu: 400 

 
THE GOVERNING EQUATIONS AND 
BOUNDARY CONDITIONS  
    The continuity, momentum, and energy equations for a 
laminar, incompressible and steady state ideal gas flow can 
be written as follows: 
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    The boundary conditions for governing equations are 
dependent on operating conditions of the heat sink. In 
industrial applications, heat sink is attached to a heat 
generation source such as electronic chip. Helium gas flow 
is entered to heat sink with initial temperature and pressure.  
    The boundary conditions are related to the heat sink 
operational conditions. In practical applications, to receive 
heat and dissipate it by the fluid flow, heat sink is attached 
to a heat generation source such as an electronic chip. In this 
study, similar to the study of Li et al. [15], the pressure drop 
is adopted a constant. 
    According to operating conditions explained above, the 
boundary conditions for the governing equations are: 
Inlet: 
 

(7) in ,P P=    in 300T T K= =          
Outlet: 

(8) out 200 Pa Cte,P P= = =    0
T

n

∂
=

∂
        

At the base plate: 

(9) s
w s

T
q k

n

∂
= −

∂
 

 
    Pin and Tin are the helium gas inlet pressure and 
temperature, respectively, pout is the pressure at the outlet, n 
is the direction normal to the wall, and qw is the heat flux 
applied at the base plate of the heat sink. 
    Slip velocity boundary condition at gas-solid interface for 
walls in Y-Z plane is: 
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(11)  
    In equation10, w and u represent the velocity components 
that are parallel and normal to the wall, respectively.  
    σy , wc,, Lc and δ are the momentum accommodation 
coefficient, the velocity parallel to the wall, characteristic 
length and the distance from cell center to the wall 
respectively. 
    The temperature jump boundary condition at the gas-solid 
interface for walls in Y-Z plane is: 
 

(12) 
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    In equation 12, σT is the thermal accommodation 
coefficient. 
    In order to achieve dimensionless slip velocities in 
directions of X, Y, and Z, following equations are used: 

g g( .n) wu u u≡ =

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(14) 
 

 
(15) 

 
    The index m shows average velocity of gas. The 
dimensionless Poiseuille number can be calculated following 
equation: 
 

 
(16) 

 
 
    The local dimensionless Poiseuille number is defined as 
follow: 
 

 
(17) 

 
 
    To investigate performance of heat sink, average Nusselt 
number and thermal resistance are defined as: 
 

 
 

(18) 
 

 
h is the average convection heat transfer coefficient and can 
be calculated following equation  
 

 

(19)  
 
    Where Ths,m and Tg,m are the overall averaged 
temperatures of both heat sink and helium gas, respectively 
 

 
(20) 

  
 
    Dh is hydraulic diameter of the rectangular microchannel 
and obtained as: 
 

 
(21) 

 
 
    A is microchannel cross section area and p is wet 
perimeter.  
    The thermal resistance is obtained from the following 
equation: 
 

 
(22) 

 

    In equation 22, Tw,max is maximum temperature of the heat 
sink base plate. 
 
NUMERICAL PROCEDURE, VALIDATION 
AND GRID INDEPENDENCY ANALYSIS 
 

It should be noted that the convergence criterion in all 
runs was set at 10-10. The computational method used in the 
present work was validated by comparing the simulation 
results with those of Chein and Chen [16] for the same 
geometry and simulation conditions and are compared in 
Table 2. 
    The relative difference of average Nusselt between present 
work and Chein and Chen [16] is lower than 2.6 that indicate 
a good validation of simulations.  

Also in Figure 3 the local Nusselt number values along 
the microchannel #5 have been compared with those of 
Philips [17] for the pressure drop of 50 kPa. The trend of 
local Nusselt number change along microchannel #5 is the 
same as that of Philips[17]. 

 
Table 2 

Comparisons between the average Nusselt number results with 
Chein and Chen [16]. 

Pressure 
drop(kPa) Present study Chein and 

Chen[16] 
Relative 

difference(%) 
25 8.35 8.45 1.1 
35 9.01 9.13 1.3 
50 9.64 9.9 2.6 

 

 

 
Fig. 3. Variation of local Nusselt number along microchannel #5 for the 

the experimental study of Phillips [17] at ∆𝑃𝑃 = 50 kPa 
 

    Preliminary tests were carried out to test the accuracy of 
the numerical solution.  
    To this scope seven different grids were compared in 
terms of temperature.  
    The values of temperature and number of elements are 
reported in Figure 4.  
    In Figure 4, the variation of local temperature for helium 
gas flow is presented at pressure ratio of 8 and heat flux of 
500 W/m2 in center of the sixth aluminum microchannel heat 
sink. 
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Fig.4. Variation of temperature for helium gas flow at pressure ratio of 8 

and heat flux of 500 W/m2 
 

RESULTS AND DISCUSSION 
    The simulations have been performed for slip flow of 
helium gas in a three dimensional rectangular microchannel 
heat sink with 11 microchannel and 10 rectangular fins. 
Helium gas flow has been considered ideal and 
incompressible. The finite volume method with using 
coupled algorithm has been employed to carry out the 
computation. In the following the results of this study are 
presented and discussed. 
    In Figure 5, the variation of inlet Knudsen number in terms 
of inlet to outlet pressure ratio has been shown for aluminum 
heat sink. As it is observed from Figure 5, inlet Knudsen 
number decreases with increasing pressure ratio because 
with increasing pressure ratio, density of gas increases and 
with increasing density, the molecular mean free path and 
subsequently Knudsen number decreases. 
 

 
Fig.5. The variations of Knudsen number in terms of inlet to outlet 

pressure ratio 
 

    The variations of local Poiseuille number along the sixth 
microchannel are shown in Figure 6 for aluminum 
microchannel. With decreasing Knudsen number, local 
Poiseuille number increases.  Because the pressure outlet is 
constant, according to equation 20, with increasing pressure 
inlet, local pressure and velocity enhances. Increasing or 
decreasing Poiseuille number is dependent on the interaction 
of variation of this two local parameter, velocity and 
pressure, and overcome one of them over another because 

other parameters of equation 17 are constant. Therefore, 
when inlet pressure increases, increasing local pressure 
relative to increasing local average velocity is dominant at 
each section of the microchannel. So, Poiseuille number 
increases at each pint.  
    In Figure 7, the variations of local Knudsen number in 
terms of various pressure ratios are shown along the sixth 
microchannel for aluminum heat sink. In the flow direction, 
pressure decreases because of gas flow friction with walls; 
therefore, the molecular mean free path and subsequently 
local Knudsen number increase. 
  

 

 
Fig.6. The variations of Poiseuille number along the sixth 

microchannel  
 

 
Fig.7. The variations of local Knudsen number along the sixth 

microchannel 
 

In Figure 8, the variations of average Nusselt number in 
terms of Knudsen number is indicated for three types of heat 
sink. As it is obvious, with increasing Knudsen number, first, 
average Nusselt number drcreases and then increases. Table 
3 indicate average gas temperature, average heat sink 
temperature, and difference between these two temperatures 
for various inlet pressure is used to proper analysis of the 
changes of average Nusselt number in terms of Knudsen 
number. As, it is obvious from Table 3, with decreasing 
Knudsen number and increasing pressure, heat transfer 
increases and average temperature of heat sink decreases. 
Also, with decreasing Knudsen number and increasing 
pressure, gas velocity enhances so sufficient opportunity to 
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heat transfer to upper layers of gas decreases. Therefore, the 
average temperature of gas decreases.  

 

 
Fig.8. The varations of Nusselt number in terms of Knudsen number for 

three types of heat sink and heat flux of 500W/m2 
 

Table 3 
The average temperature of gas and heat sink in terms of inlet 

Knudsen number for heat flux of 500 W/m2. 

 
Table 4 

The variations of thermal resistance in terms of Knudsen number for 
 three type of heat sink and heat flux of 500 W/m2. 

 

Aluminum Silicon Copper Inlet Knudsen 
number 

46.349 46.963 45.899 0.006 
91.005 91.541 90.615 0.012 

197.485 198.381 196.837 0.024 

494.255 498.029 491.627 0.048 
 

Difference 
Temperature 

of gas and 
heat sink(K)  

Average 
Temperature 

of heat sink (K) 

Average 
temperature of 

gas (K) 

Inlet 
Knudsen 
number 

0.333 302.321 301.988 0.006 
0.531 304.773 304.242 0.012 

0.729 310.678 309.949 0.024 

0.691 327.212 326.521 0.048 

     
    According to equation 20, the difference between the two 
these temperature shown in Table 3 is significant to calculate 
Nusselt number. As it can be seen, with increasing Knudsen 
number from 0.006 to 0.024, temperature difference between 
gas and heat sink increases. According to equation 20, 
average Nusselt number decreases. Temperature difference 
between gas and heat sink decreases with increasing 
Knudsen number from 0.024 to 0.048 that lead to increasing 
average Nusselt number. Quantitative studies show that with 
increasing inlet Knudsen number from 0.006 to .024, average 
Nusselt number decreases about 54.4% and with increasing 
inlet Knudsen number from 0.024 to 0.048, average Nusselt 
number increases about 5.42%. The results show that at 
Knudsen number of 0.024, three types of heat sink have 
approximately the same average Nusselt number. For 
Knudsen numbers lower than 0.024 silicon heat sinks and for 
Knudsen numbers higher than 0.024 copper heat sinks are 
more efficient. 

The variation of thermal resistance in terms of Knudsen 
number is presented in Table 4 for three types of heat sink 
and heat flux of 500W/m2. As it is seen, thermal resistance 
increases with increasing Knudsen number because with 
increasing Knudsen number, pressure flow and gas velocity 
decrease except at walls. Convection heat transfer decreases 
with decreasing gas velocity, so the maximum temperature 
of solid part of heat sink enhances. Due to increasing the 
maximum temperature of heat sink, according to equation 
22, thermal resistance increases. Studies show that with 
increasing inlet Knudsen number from 0.006 to 0.048, 
thermal resistance enhances 966.34 percent. 

 
CONCLUSIONS 
    Numerical analysis for ideal helium gas flow was 
performed in the range of Knudsen number 
0.006<Kn<0.048. Constant heat flux of 500 W/m2 was 
applied at the base plate of the heat sink. The material of  
 heat sink and fins was considered aluminum. The following 
conclusions can be made based on the simulated results: 

1- With increasing pressure ratio, Knudsen number 
decreases and Poiseuille number increases. In other 
words, slip rate decreases and friction rate 
increases. 

2- Knudsen number increases along the microchannel 
because of decreasing helium gas pressure. 

3- With enhancing Knudsen numer from 0.006 to 
0.048, thermal resistance increases.  

4- For all heat sinks studied, with increasing inlet 
Knudsen number from 0.006 to 0.024, the average 
Nusselt number decreases and with increasing 
Knudsen number from 0.024 to 0.48, the average 
Nusselt number increases. 

5-  The copper microchannel heat sink, for all inlet 
Knudsen number, has the lowest thermal resistance. 
Also, it has the highest average Nusselt number for 
inlet Knudsen number higher than 0.024. 
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