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A B S T R A C T   

In this paper, the turbulent flow of a nanofluid in a channel is simulated in the presence of a pin- 
fin heatsink. Pin fins have different shapes, including hexagonal, circular, square, and triangular 
that are considered in two different arrangements. Constant heat flux is applied to the heatsink 
from its bottom due to the operation of an electronic chip. The nanoparticles suspended in water 
are alumina, which are in different shapes such as blades, bricks, cylinders, and plates. Their 
shape effect is investigated. The nanofluid enters the channel at a constant velocity in the range of 
1–3 m/s and a constant volume percentage of 2%, and exits after cooling the pin-fin heatsink. The 
standard k-ε turbulence model is used to model turbulent flow, and the SIMPLEC method is 
employed to linearize the equations. The variables include fin type, fin arrangement, nanoparticle 
shape, and nanofluid velocity. Their effect on the maximum and average heatsink temperature 
and pressure drop (ΔP) is studied. The results show that increasing the velocity leads to a 
reduction in heatsink temperature, and the use of brick-shaped nanoparticles and circular fin 
results in the best cooling performance. Also, the use of circular fin and brick nanoparticles re-
quires less ΔP than other cases.   

1. Introduction 

One of the major concerns in electronics systems is the heat generated by electronic devices. Various electronic devices produce 
heat during their operation and power consumption [1,2]. If they are not cooled, they may be seriously damaged or even burned [3,4]. 
Various devices such as heatsinks, microchannels, and other similar devices are employed for cooling electronic devices and chips. The 
heat generated by these devices has increased, and as a result, they need more cooling [5,6]. Small dimensions and lack of space for 
installing large parts have made it necessary to reject large heat in a small space. It is necessary to fabricate new heatsinks with higher 
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Fig. 1. Schematic of the problem.  
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performance. Many researchers have studied different types of heatsinks and have tried to produce heatsinks with higher performance 
[7,8]. Entropy generation (Sgen) in various devices indicates the energy loss amount in them. By examining the amount of Sgen in 
different devices, information can be obtained about the amount of losses. Various researchers have considered the rate of Sgen by 
different thermal devices [9–14]. Meanwhile, the study of Sgen can also help to better investigate heatsink. Evaluation of Sgen shows 
how much irreversibility and energy loss occur in different devices [15–18]. In one of these articles, Shahsavar et al. [19] studied a 
micro-heatsink with one input and four outputs and considered Sgen. Their findings revealed that increasing the Reynolds number 
diminishes the heatsink temperature. They demonstrated that the addition of nanoparticles does not affect heatsink temperature. It 
was found that thermal Sgen decreases with the Reynolds number. However, the addition of nanoparticles is more effective on thermal 
Sgen at higher Reynolds numbers and has a decreasing effect on it at higher Reynolds numbers. 

One of the most widely used types of heatsinks is the pin-fin heatsink. In this type of heatsink, fins in the form of the pin are placed 
in the cooling fluid flow path to cool the device properly. Researchers have studied this type of heatsink in the last years [20–25]. 
Hassan [26] studied the heat transfer rate (HTR) of nanofluids inside a micro-fin pin numerically. The variables in his paper included 
square, circular, and triangular pins and diamond-water and water-alumina nanofluids. The three-dimensional simulation was per-
formed using the FVM. His results showed that the use of nanofluids for all pin-fin geometries improves the HTR. Diamond-water 
nanofluids showed better thermal performance than water-alumina one. It was shown that the amount of HTR and the ΔP increase 
with the volume percentage of nanoparticles. Ambreen et al. [27] examined the influence of fin geometry and nanofluids on the heat 
transfer of heatsinks. Their results showed that nanofluids improve the heatsink performance. The amount of HTR from high to low 
was related to the circular, square, and triangular shapes of fins, respectively. When HTR increases, the ΔP is enhanced. 

A heatsink can be cooled with various fluids. The most common of which are water and air, which are widely used. Other types of 
fluid that have good cooling ability, according to previous studies are nanofluids. Nanofluids have been used in various articles as a 
cooling and heat transfer fluid [28–31]. This type of fluid that has been considered by many researchers in the last two decades has a 
good cooling ability and has been used for cooling heatsinks [32–34]. Nanoparticles can be prepared using different methods. The 
nanoparticles have different thermal conductivity and change the fluid viscosity. These researchers have also investigated the influ-
ence of nanoparticles shape on HTR [35–39]. For instance, Arani et al. [40] considered the effect of dissimilar nanoparticles on the 
thermal efficiency of a microchannel. Their results showed that the use of cylindrical nanoparticles has the best HTR and thermal 
efficiency among nanoparticles. Bahiraei et al. [41] evaluated the irreversibility of various nanofluids in a heatsink numerically. Their 
results showed that plate-shaped nanoparticles produce the lowest thermal Sgen. While this type of nanoparticle leads to the highest 
Sgen due to viscous dissipation. The minimum total Sgen also belongs to the plate-shaped nanoparticles. It was also demonstrated that 
the rate of thermal Sgen is much higher than the one due to viscous dissipation. 

The use of heatsinks for cooling various devices is very common. Thus, numerous investigations have been carried out in the field of 
heatsinks. Pin-fin heat sinks have attracted the attention of many researchers. The use of different types of pins can improve the 
thermal performance of heatsinks. Also, the use of nanofluids helps affect the HTR. Through comparing different pin fin structure, the 
usefulness of each shape is challenged. In this paper, the effect of different nanoparticle shapes as well as different pinfin shapes on 
heatsink performance in two different configurations is investigated. 

2. Problem statement and governing equations 

A heatsink located inside a channel in which nanofluid flows is employed for cooling an electronic chip, as shown in Fig. 1a. This 
heatsink has several pin fins. The fluid passes through the pin fins and cools them. The electronic chip is heated due to its operation and 
generates a constant heat flux of 100 W/m2. The dimensions of the heatsink and its other geometry details are shown in Fig. 1a. The 
nanofluid stream enters the channel with uniform velocity and temperature. The fully developed fluid flow exits the channel with a 
constant pressure boundary condition. Also, all parts except the area that has been subjected to heat flux are well insulated. Besides, a 
no-slip boundary condition is imposed on the walls. Pin fins can have two different arrangements. The arrangements, i.e. ES and ET, 
and the distance between pin fins are illustrated in Fig. 1b. 

Table 1 Shows the dimensions of channel and pin fin for dissimilar arrangements of pins. 
Pin fin can also have many shapes. The shapes studied in this paper include triangular, square, hexagonal, and circle, which is 

shown in Fig. 1c. Moreover, in Fig. 1d, the layout of each fin is illustrated. In the following, the effect of using each shape of pin fin will 
be evaluated. 

According to the following assumptions, the governing equations are expressed as Eqs. (1)–(6):  

• The flow is turbulent incompressible.  
• The nanofluid flow is homogeneous and single phase.  
• The acceleration of gravity and natural convection and radiation HTR is neglected.  
• Thermal effect due to viscosity is negligible. 

∂U
∂X

+
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+
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= 0 (1)  
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references [23,42,43] used the standard k-ε turbulence model to simulate the cooling of the pin fin heatsink at low fluid velocity. 
Due to the low-velocity turbulence flow, the standard k-ε model is also employed in the present simulations. Comparison between the 
k-ε and k-ω SST has been done to simulate pin fin heatsinks [44] and they indicated that there is no difference between the two 
equations. Hence, the standard k-ε turbulence model is applied in the present study: 
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Note that ε = 1.3, k = 1. 

3. Boundary conditions and numerical method 

The boundary conditions of the problem can be defined according to Fig. 1a as follows: 
1-Channel inlet (uniform flow):  

U =

UIn  

W = V = 0  T = TIn = 293.15   

2-Channel output (fully developed flow):  

∂U
∂X

=

0  

W = V = 0  ∂T
∂X

= 0   

3- Heatsink to pin fins (thermal conductivity and no-slip boundary condition):  

U = W = V =

0  
Tl = TS  

− kl
∂T
∂n

= kS
∂T
∂n

= 0   

In these relationships, the indices l and s refer to the working fluid and the solid, respectively. 
4-Channel walls (no-slip and insulated):  

U = W = V =

0  
− kl

∂T
∂n

= 0   

At the top of the heatsink wall, constant heat flux is applied. 
Finally, the geometry has meshed, and then the governing equations are solved numerically using the above boundary conditions. 

Table 1 
Dimensions of channel and pin fin for dissimilar arrangements of pins.   

d  h  SL  SD  ST  

ES  1–5 1–5 8 8 8 
ET  1–5 1–5 7.794 9 9  
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The SIMPLEC algorithm is used to couple the velocity and pressure fields in the momentum equation. The findings for the velocity 
equations are solved in 3-dimension with a convergence coefficient of 10− 4, and the energy equation is resolved with a convergence 
coefficient of 10− 6. 

4. Nanofluid properties 

Nanofluid properties including density and specific heat are defined as follows: 

ρnf =ϕρp + (1 − ϕ)ρf (9)  

Table 2 
Values of constants for different nanoparticle shapes of Al2O3 nanoparticles [45].   

Ck  A1  A2  

Platelets 2.61 37.1 612.6 
Blades 2.74 14.6 123.3 
Cylinders 3.95 13.5 904.4 
Bricks 3.37 1.9 471.4  

Table 3 
Thermophysical properties of water and nanoparticles.  

Properties CP (J /kg.K) k (w /m.K) ρ (kg /m3) μ (kg /m.s)

Water 4179 0.613 997.1 0.001 
AlOOH  618.3 30 6050 –  

Fig. 2. ΔP and HTR obtained from the present simulations and Hasan et al. [26].  

Table 4 
Grid independence test.  

ES  

h  ΔT  ΔP  
Mesh1(Size 0.0003) 2367828 312.988 23042 
Mesh2(Size 0.0002) 2201652 312.420 22958 
Mesh3(Size 0.0001) 2171797 311.590 22450 
Mesh4(Size 0.00009) 2170792 311.592 22458 
ET  

h  ΔT  ΔP  
Mesh1(Size 0.0003) 2101767 311.482 20042 
Mesh2(Size 0.0002) 2097453 310.42 19458 
Mesh3(Size 0.0001) 2066779 309.221 19337 
Mesh4(Size 0.00009) 2066772 309.225 19330  
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cp,nf =
(1 − ϕ)

(
ρcp

)

f + ϕ
(
ρcp

)

p

ρnf
(10)  

where p represents nanoparticles and the f indicates water to investigate the effect of nanoparticle shape that are proposed by Tim-
ofeeva et al. [45] who investigated the influence of dissimilar nanoparticle shapes of alumina boehmite nanoparticles. Their proposed 
relationships are as follows: 

kf

kbf
= 1 + Ckϕ (11)  

μf

μbf
= 1 + A1ϕ + A2ϕ2 (12)  

where ϕ is the volume percentage of nanoparticles and constants Ck, A1, and A2depend on the shape of nanoparticles (Table 2). 
Table 3 Shows the thermophysical properties of water and nanoparticles. 

5. Data acquisition 

Two important parameters in the study of pin fin structure are their hydraulic and thermal performance. The amount of heat in the 
heatsink is obtained as follows: 

Q= ṁCpf (TOut − TIn) (13) 

On the other hand, the convective heat transfer coefficient (h) is written as follows 

h=
Q

AS

[

Tw − TOut+TIn
2

] (14)  

where ASis the surface area of the heatsink plate and Tw is the average pin fin temperature. The pressure drop in the channel is as 
follows: 

ΔP=PInlet − POutlet (15)  

Fig. 3. The grid used for different shapes of pin fin.  
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where PInlet and POutlet represent the inlet and outlet pressure, respectively. 

6. Validation and grid independence test 

To evaluate the validity of the simulation, the present results are compared with the results of two articles presented by Refs. [26, 
46] The ΔP and HTR reported by Hasan et al. [26] are compared with the present results, as shown in Fig. 2. The results are obtained 
from the cooling of a pin-fin heatsink with circular pins. The average error between the present results and the ones of reference [26] is 
3.47%. 

In the validation, the ΔP and the HTR are compared with the experimental results of Horiuchi et al. [46]. 
Since the grid resolution has a important impact on the results, it is essential to perform the grid independence test. Hence, the 

results of several meshes are compared when inlet velocity is 1 m/s. The outlet temperature and ΔP are reported in Table 4. As evident, 
the results do not change when the grid size is 0.0001. Therefore, an unstructured grid is employed to simulate this problem (Fig. 3). 

7. Results and discussion 

Fig. 4 shows the heatsink temperature for different fins with two arrangements for the blade-shaped nanoparticles and the inlet 
velocity of 2 m/s. It can be observed that the fluid enters from the top and cools the heatsink. Thus, the inlet section is cooler, and the 
outlet section is warmer. The sides of the heatsink are warmer due to fluid passage. The fins have a lower temperature in the upper 
parts due to the cooling fluid flow, while the parts attached to the bottom have a higher temperature due to the application of heat flux 
from the bottom of the heatsink. The temperature of circular and hexagonal fins is less than that of square and hexagonal ones. The 
cross section of the fin is much effective in this regard. On the lower part of the heatsink, it can be seen that the parts that have fins have 
a lower temperature than the side parts, which is due to the conduction heat transfer from the fins to the top. 

It seems that as the fluid reaches the fins with different shapes and its velocity in the middle of the fins first increases due to the 
reduction in the fluid passage, but after passing the first series of fins, its velocity decreases sharply. A significant ΔP occurs due to 

Fig. 4. Temperature contours on the heatsink for two pin-fin arrangements for different shapes of the pin and blade-shaped nanoparticles and the 
inlet velocity of 2 m/s. 
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shear stress created in this area and increases energy losses, leading to a very low magnitude of velocity. The fluid loses its velocity after 
passing through the heatsink. In some places, the fluid velocity is negative due to the vortex formation, and the fluid flow direction is 
towards the inlet. The negative pressure in this area causes the fluid to move to the inlet section. Among the different types of fins, 
square one has a higher ΔP than other types of fins. In the ES arrangement, the fluid accelerates along the walls, and more fluid passes 
through this area while the other arrangement has less fluid passing through the walls. 

The increase in nanofluid velocity at the channel inlet increases the amount of velocity in the whole channel and between the fins. 
In the three-dimensional case, the fluid is accelerated by reaching the fins at the top. The reason is the narrow passage of the fluid 
passage in that area. However, the velocity decreases in the middle of the heatsink. 

Fig. 5 illustrates the temperature distribution for different velocities of nanofluid with blade-shaped nanoparticles for the ES 
arrangement of fins. Growing the velocity of the fluid in the channel inlet reduces the maximum temperature, indicating better 
heatsink cooling performance with higher nanofluid velocities. The increase in the velocity also changes the shape of the vortex after 

Fig. 5. Temperature contours for different velocities of nanofluid with blade-shaped nanoparticles for ES arrangement of fins.  
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heatsink. As observed, the increase in velocity causes the isothermal plates with lower temperatures to be pulled further to the channel 
outlet, indicating that the fluid at the outlet has a lower temperature at higher velocities. Increasing the velocity causes the fluid to pass 
faster over the fins and the hot part, reducing the heat transfer time. As a result, the temperature at the outlet decreases. The highest 
temperature is seen in the heatsink outlet corner. This part of the fluid has a higher temperature, so it is warmer than other regions. 

Fig. 6 shows the maximum heatsink temperature for different types of fins and different nanoparticle shapes for the ES model and 
inlet velocity of 2 m/s. Among the different fins, circular, hexagonal, square, and triangular, respectively, have the highest temper-
ature. Among the different shapes of nanoparticles, brick-shaped nanoparticles have the lowest maximum temperature. This 

Fig. 6. Maximum heatsink temperature for different types of fins and different nanoparticle shapes for ES model and inlet velocity of 2 m/s.  

Fig. 7. Heatsink average temperature for different types of fins and different nanoparticle shapes for ES model and inlet velocity of 2 m/s.  

Fig. 8. ΔP at the inlet and outlet of the channel for different types of fins, two velocities, and two arrangements of the fins.  
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nanoparticle has high thermal conductivity, leading to an enhancement in the viscosity slightly, which makes the lowest maximum 
temperature corresponds to the brick-shaped nanoparticles. The platelet-shaped nanoparticles create the highest temperature in the 
heatsink. These nanoparticles have the lowest increase in thermal conductivity and give the highest increase in base fluid viscosity. 

Fig. 7 shows the heatsink average temperature for different types of fins and different nanoparticle shapes for the ES model and inlet 
velocity of 2 m/s. As observed, the lowest average temperatures correspond to brick-shaped nanoparticles, which have the highest 
thermal conductivity and a lower viscosity among other nanoparticles with different shapes. The average temperature is the lowest for 
circular and hexagonal fins. The triangular fin has a very high average temperature, indicating that the cooling performance of the 
triangular fins is much weaker than the other ones, which causes the temperature at the ends of the fin to be high. 

Fig. 8 shows the ΔP at the inlet and outlet of the channel for different types of fins, two velocities, and two arrangements of the fins. 
Increasing the velocity causes the amount of shear stress on the solid parts to increase sharply. As a result, the loss increases. Hence, the 
amount of ΔP is also increased. In the ES model, the square fin causes the minimum amount of ΔP. In the ET model, the circular one 
leads to the minimum ΔP. The arrangement of the fins causes more or less ΔP for the fins with different shapes. Meanwhile, in both 
arrangements, the amount of ΔP of the triangular fins is more than other ones. 

8. Conclusions 

In the present paper, the turbulent flow of alumina nanofluid in a channel with a pin-fin heatsink in the middle of the channel was 
studied numerically. The nanofluid flow had a velocity range of 1–3 m/s. The fins had different shapes, including hexagonal, circular, 
square, and triangular, which were placed on the heatsink by two different arrangements. Nanoparticles with different shapes of blade, 
brick, cylinder, and platelet were considered, and their effect was considered. The main results are as follows:  

1 The use of circular and triangular fins creates minimum and maximum temperature in the heatsink, respectively. The use of brick- 
shaped and platelet-shaped nanoparticles creates minimum and maximum temperatures in the heatsink, respectively.  

2 The use of the ET model creates a lower average temperature at high and low velocities compared to the ES model.  
3 The use of circular fin requires less ΔP. The use of brick-shaped nanoparticles and platelet-shaped nanoparticles creates minimum 

and maximum ΔP, respectively. 
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