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Abstract
In the recent era, electronic equipment like laptops and mobiles have immense popularity among people due to digitaliza-
tion in every field and sector. The easy handling in fast and busy life requires, the compact shape and light weight of the 
electronic components. The reduction in the size of the electronic chips enhanced, the energy density per unit volume on 
the chip material. The increased energy density fails the chips quickly if the produced heat is not removed. In this research 
article, a heat sink of five rectangular fins has been optimized to maintain the temperature of the microchip of the size 
10 mm × 10 mm × 1 mm in the range of 47 °C–50 °C. Initially, the ANSYS 18.1 has been used for determining the chip 
temperature, pressure drop, and velocity field in the heat sink by using the numerical investigation at varying inlet air veloc-
ity, air inlet temperature, and heat generation in the range of 2–4 m/s, 25 °C–35 °C and 1 × 107–2.5 × 107 W/m3. The data 
generated by numerical investigation and modeled equations have been optimized using the Response Surface Methodol-
ogy (RSM). Based on the optimization, the optimum values of the input variables namely air inlet velocity 3.03 m/s, air 
inlet temperature 25.1010 °C and heat flux 1.12 × 107 W/m3 on which responses Nusselt Number 6.3670, chip temperature 
320.0288 K, pressure 2.077 pa, fan power 0.004 W and friction factor 0.1334.
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Introduction

The higher RAM size and the fast processor enhanced the 
computer's working speed. It will require fast cooling of the 
electronic components to avoid heat stroke due to the gen-
eration of the higher heat flux (Lin et al., 2005). In 2020, the 
electronic components were designed up to 100 W/cm2 but 
high technical military weapons, laser-guided missiles, and 
radar technology increase the heat load upto 1000 W/cm2 
(Xie et al., 2013). The above-said problem can be solved 
by using a heat sink, it will provide the effective cooling of 
the electronic components by various cooling fluids like air, 
Nanofluids, Phase Change Material (PCM), and composite 

fluids (Naqiuddin et al., 2018). The heat sink has been used 
in every field of engineering like bioengineering, solar pan-
els, fuel cells, and the processor of the computer. The selec-
tion of the cooling techniques has been done based on the 
heat flux generated in the electronic chip. Figure 1 represents 
the use of cooling techniques based on heat flux supply. For 
higher heat flux density, forced convection in liquid is desir-
able since evaporative cooling is much more effective due 
to latent heat transfer. Table 1 represents the heat transfer 
coefficient of air and water in free and forced convection. 

The heat generated inside the electronic components 
is carried away by the heat sink through conduction and 
convection, if the performance of the heat sink is low then 
a lower amount of heat will flow which causes the failure 
of the electronic component. However, a number of factors 
are responsible for the failure of electronic components as 
shown in Fig. 2. Figure 2 shows that there are four major 
causes of electronic failure namely dust, humidity, vibra-
tion and temperature but 55% of failures in electronic 
components occur due to temperature. The temperature 
failure of the electronic components vary exponential with 
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temperature and represented by following Eq. 1 (Black, 
1969; Sohel Murshed & Nieto de Castro, 2017). (1)MTF =

1

AJ2
exp

(

EA

KBT

)

Fig. 1   Cooling methods based 
on heat flux

Table 1   Heat transfer coefficient 
of air and water

S. No. Cooling Modes Heat Transfer coefficient of air 
(W/m2.k)

Heat Transfer coef-
ficient of water (W/
m2.k)

1 Free Convection 5–100 100–1200
2 Forced Convection (Medium 

mass flow rate)
10–350 500–3000

3 Boiling – 3000–100,000

Fig. 2   Causes of the electronic components failure
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The MTF represents, the Median Time of Failure, A is 
the constant, j is the current density (per/cm2), EA is the 
active energy in (eV), it is around 0.68 eV for the silicon 
semiconductor, KB is the Boltzmann Constant and T is the 
temperature in (K). Sohel Murshed and Nieto de Castro, 
(2017) represented that after crossing the temperature limit 
of 75 °C, drastic failure of the electronic components occurs. 
The author further proved in their findings that at 75 °C, 
the failure factor is 1 and it reached to be 10 at a tempera-
ture of 126 °C. So, heat must be conducted and convected 
away from the electronic components for safe operation. The 
performance of the heat sink has been enhanced by either 
optimizing the geometry or enhance the thermal properties 
of the heat-carrying fluid. The various geometries of heat 
sinks adopted in previous research like flat plate (Ahmed, 
2016), pin fin (Yang et al., 2019), and the micro-channel 
for enhancing the performance of the heat sink (Moradika-
zerouni, et al., 2019). Furthermore, performance has been 
enhanced by using various types of fluids like air, and water. 
Nano-fluids (Ranjbarzadeh et al., 2018) (Alsarraf et al., 
2019), Phase Change Material (PCM) (Kumar et al., 2023; 
Zhao et al., 2020).

Among, all fluids air cooling is the best option due to 
its easy handling, low cost and reliability (Kanargi et al., 
2017; Li & Chao, 2009). The main drawback with the air 
cooling is the low thermal diffusivity due to that its heat 
transfer capacity is low. As the heat flux increased due to 
the reduction in the size of the electronic chip water, nano-
fluids, Phase Change Material (PCM), and composite fluids 

are preferred. The water is also mostly used as cooling fluids 
but it has low thermal conductivity (0.59 W/m.K at 20 °C), 
the thermal conductivity of the water has been enhanced by 
mixing the nanoparticles in various concentrations. Along 
with these cooling fluids three types of the design of the heat 
sink has been studied in previously published work as pre-
sented in Fig. 3. Figure 3 represents the three types of heat 
sinks namely flat fins, pin fins, and microchannel heat sink.

The heat sink is the main component of the electronic 
and computing industries for thermal management of the 
generated heat. The heat sink is generally made by the high 
thermal conductivity material like the aluminium and cop-
per. The heat sink has been pasted over the heat generated 
part of the electronic component where generated heat con-
ducted and then convected in the surrounding for maintain 
the temperature of the electronic component in the desir-
able limit. The heat sink increases the heat transfer rate by 
increasing the surface area for that fins are attached at the 
base of the heat sink. Based on the type of the fins, the heat 
sink has been classified. In most of the fin-type heat sink air 
is the cooling fluid which requires less maintenance. The two 
of the active (Forced Convection) and passive (Free convec-
tion) cooling has been used in the heat sink (Singh Yadav 
et al., 2022; Tejas Sonawane et al., 2016).

First is the flat plate types of heat sinks, these are conven-
tional heat sinks and used for a long time for removing the 
heat from the confined space. It is used in commuters, space, 
defense, and solar cells. The air and the water both fluid can 
be used for transferring the heat but air is more privileged 

Fig. 3   Various types of heat sink
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as compared to water. This type of heat sink is simple, low 
cost, and easily manufactured. Now at higher solar flux it 
is obsolete but heat transfer performance is enhanced by 
creating holes, interruption, and making the surface rough 
(Singh & Patil, 2015).

Rectangular Flat Plate Heat Sink (RFPHS) is mounted on 
the slat surface of the heat transfer surface. Figure 6 repre-
sents the RFPHS configuration. The configuration of Fig. 6 
shows, the flat surface mounted over the rectangular fin. The 
length of the fin is the same as the flat surface but the height 
and thickness are different. The selection of the fin height, 
thickness and pitch done by the optimization methods. The 
thickness and pitch of the fins are majorly affected the heat 
transfer characteristics of the heat sink. The number of the 
previous Numerical and Experimental studies has been pub-
lished on the flat plate heat sink under the free and forced 
convection.

The numerical studies are very much effective in the case 
of heat sink for determining the temperature and pressure 
through groves provided without spending money in lab 
experiment. The free and forced convection both types of 
studies are conducted through the numerical methods. In this 
section, both studies are discussed one by one.

Tari et al. (2013) investigated, the vertical flat plate heat 
sink numerically and experimentally at various inclination 
angles. Their results indicated that at low inclination angles, 
the convection heat transfer rate remains constant, and slight 
enhancement is noted at downward inclination. Moreover, 
the correlation developed by the simulation study have been 
validated with experimental at wide ranges of the angles 
namely − 60° to + 80°. Feng et al. (2018) investigated the 
conventional flat plate heat sink and cross-flow heat sink 
as presented in Fig. 7. The cross-flow heat sink results have 
been compared with the conventional heat sink under natural 
convection conditions. Their results demonstrated that the 
cross flow heat sink enhanced the overall and convection 
heat transfer coefficient by 11% and 15% respectively.

Huang et al. (2008) tested the flat fin heat sink in vari-
ous orientation in natural convection as presenting in 
Fig. 8. The results demonstrated that downward-face heat 
sinks have lower heat transfer coefficients and upward and 
side-way heat sinks have comparable heat transfer coef-
ficients. The heat transfer augmentation for the upward, 
downward and the sideway heat sink was 1.1–2.5, 0.8–1.8 
and 1.2–3.2 respectively. Muneeshwaran et al., (2023) 
enhanced the performance of the rectangular plate heat 
sink by doubling the height and spacing of the fin. It aug-
mented the 21% surface area of the heat sink and 17% 
reduction of the thermal resistance. Their results also indi-
cated the effect of the emissivity on the thermal perfor-
mance, enhancing the emissivity from 0.15 to 0.9 reduced 
the thermal resistance by 23%. Luo et al., (2024) con-
ducted a topology optimization on various type of the heat 

sink design under the CFD analysis. If, the Grashoff Num-
ber vary from 2.4 × 102 to 1.2 × 105, the heat transfer rate 
is enhanced in the range of 37.7% to 49.1%. The primitive 
design work well at all range of the Grasoff Number due 
to higher thermal conductivity.

Adhikari et al., (2020) optimized the fins performance in 
natural convection heat sink. The fin performance has been 
optimized based on three input variables like height, spac-
ing and length of the fins. The simulation CFD results have 
been obtained by the Q-Algorithm. Lampio and Karvinen, 
(2018) developed a model for the reduction time of the CPU 
calculations. It is made possible by multiobjective optimi-
zation for optimizing the geometry of the heat sink. Silva 
et al., (2019) studied the rectangular heat sink by Open Foam 
software. The results have been obtained in term of Nusselt 
Number, temperature, velocity and vorticity field. The open 
foam results have been validated with the experimental and 
empirical relation data. Hameed and Khaleel, (2019) numer-
ically investigated the seven different types of the fins. The 
six wavy shape fins performance has been compared with 
respect the reference flat fins. The artificial 1000 W heater 
supply the heat to the heat sink through which 300, 500, 
and 700 W heat supplied. Results demonstrated that wavy 
fins with perforation give the best performance. Hooman, 
(2018) investigated the foam-filled enclosure under theo-
retical analysis. The scale and thermal resistance analyses 
both conducted compared and further results validated with 
literature experimental data. Haghighi et al. (2018) inves-
tigated the various types of the flat plate heat sink under 
natural convection (Fig. 10). The results were determined 
at various heat input, Rayleigh Number and number of the 
fins. The heat transfer rate enhanced to be 10–41.6% at 7 
fins and spacing 8.5 mm. At, the end the Nusselts Number 
correlation developed at above said input variables namely 
the number of fins, fin spacing to height ratio, and Rayleigh 
Number.

Research gap and aim of the study

The various designs of the heat sink have been investigated 
in the previous research but air-cooled micro heat sink analy-
ses at various heat generation, inlet air temperature, and inlet 
air velocity were missing. The main aim of this study is to 
determine the optimum value of the heat generation, inlet air 
temperature, and inlet air velocity so that the temperature of 
the heat sink is lower than 50 °C. The heat sink analyses on 
microchip of the size 10 mm × 10 mm × 1 mm by numeri-
cally and experimentally is novel and new and not found in 
previous research. This research article also included the 
optimization by RSM based on the data found through the 
experimental observations and model equations.
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Materials and methods

Methodology for performing the research 
work

After careful examination of the literature review, it is 
concluded that the air cooling on the rectangular fins is 
very cost effective and easy to implement on electronic 
devices like chip. Put these facts in mind, in this research 
a microchip of the size 10 mm × 10 mm × 1 mm have 
been cooled at the various heat generation and flow prop-
erties like the inlet air velocity and the heat generation 
rate. The chip temperature, heat sink, air temperature, 
velocity, and pressure distribution has been determined 
by the ANSYS 18.1. Furthermore, the optimum values of 
the input parameters and responses have been determined 
by the using Response Surface Methodology (RSM).

Numerical analysis

The numerical analysis of the heat sink has been done in 
ANSYS 18.1, the fluent tool prefers for the solution of the 
conservation equations. Fluent uses the finite volume tech-
nique to solve the partial differential equation of conserva-
tion of mass, momentum, and energy to define the velocity, 
pressure, and temperature field. Fluent can solve structured 
and unstructured meshes. Fluent have the capability to solve 
the variety of the flow problems including the laminar, tur-
bulent, multiphase and chemical mixture. The RNG and k-ε 
turbulence model has been the approximation used to solve 
the Navier–stokes equations (Okab et al., 2022; Waila et al., 
2022), it is the refined form of the k-ε turbulence model. 
The RNG k-ε model have the capability to handle rapidly 
strained fluid flow, it is valid for the high and low Reynolds 
Number flows. It is assumed that the duct is large enough for 
the heat sink. So, heat sink and duct both are considered as 
the isolated system. The duct has a uniform cross-sectional 
area throughout, which assumed to constant mass flow rate 
at the inlet and outlet. The wall of the duct is considered as 
the insulated wall and pressure at the outlet of the duct is the 
pressure outlet. The heat flux at the base of the heat sink is 
assumed to be constant and velocity at the inlet of the duct 
is constant with known magnitude. So, the following are the 
modified form of the Navier Stokes equations in RNG, k-ε 
models presented in Kanargi et al. (2018).

Conservation of mass equation presented in Okab et al. 
(2022).

where ρ is the density of the fluid and u is the velocity of 
the flow.

Navier–Stokes equation (Maheswari & Prajapati, 2022).

where P is the pressure and μ is the dynamic viscosity.
Energy equation (Maheswari & Prajapati, 2022)

where T is the temperature of the fluid and Pr is the Prandlt 
number.

where k is the turbulent kinetic energy.
The turbulent stress is represented by following equation 

(Bondareva & Sheremet, 2022).

where μt is the turbulent viscosity and δij is the Kronecker 
delta. The δij = 1 if i = j and δij = 0 if i ≠ j.

The turbulent heat flux in Eq. (3) is represented as follows 
(Subasi et al., 2016).

The turbulent flow is quite complicated in which fluid 
flow takes place due to mean velocity and velocity fluctua-
tions due to the formation of eddies (Xiang et al., 2022). The 
mean velocity has been represented by the turbulent kinetic 
energy (k) and velocity fluctuations have been represented 
by the dissipation of energy (ε). The two transport equations 
have been used for calculating the mean kinetic energy (k) 
and dissipation rate (ε) which are represented below.

Turbulent kinetic energy (k) model equation (Khattak & 
Ali, 2019)
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SK and GK represent turbulent kinetic energy and energy 
generation due to mean velocity gradient. It is represented 
by the following equation (Khattak & Ali, 2019).

The turbulent viscosity has been determined by determin-
ing the k and ε (Maheswari & Prajapati, 2022).

The effective viscosity determined by following equation 
(Maheswari & Prajapati, 2022)

where μe is the effective viscosity.
The C*

2ε is the constant determined by following equation 
(Maheswari & Prajapati, 2022).

where η is the ratio of the turbulence kinetic energy to the 
rate of dissipation of turbulence kinetic energy (Maheswari 
& Prajapati, 2022).

The values of constants Cμ, C1ε, C2ε, ηO, β, αk and αE are 
as follows namely 0.085, 1.42, 1.68, 4.38, 0.012, 1.393 and 
1.393 (Maheswari & Prajapati, 2022).

The base of the heat sink has the dimensions of 
10 mm × 10 mm x 1 mm and the fin length, height and thick-
ness is 10 mm × 10 mm × 0.8 mm. The length of the entrance 
and exit region is provided to be 15 mm and 50 mm. The gap 
of the fins is provided to be 1.5 mm as shown in Fig. 4a. Fig-
ure 4b represents the meshing on the enclosure and the heat 
sink. The number of the element and nodes in the geometry 
are 52,732 and 53,317. The transition ratio represents the 
growth of the adjacent elements on the one another, if the 
transition ratio increases then the gap between the elements 
increases. In the meshing the transition ratio, maximum 
layer and growth rate has to be measured as 0.272, 5 and 1.2.

The minimum and maximum element size of the mesh is 
0.25 mm and 1 mm. Figure 5a represents the skewness of the 
meshing elements, the maximum skewness of the Fig. 5a is 
0.8871. The skewness represents the similarity of the mesh 
elements with the ideal elements. The skewness of the ele-
ments varies between the 0–1. The 0 represents the worst 
quality of the mesh and 1 represents the maximum quality of 
the mesh. The average skewness of the meshing in Fig. 5a is 
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0.59. The 2nd criteria of the mesh quality are orthogonality. 
The orthogonality depicted, the angular deviation between 
the faces of the actual mesh and ideal geometry. The mini-
mum, maximum and average orthogonality of the meshing 
elements are 0.11282, 1 and 0.70 as presented in Fig. 5b.

Figure 5c represents the quality of the mesh. Figure 5c 
represents the minimum mesh quality is 0.20937 and maxi-
mum mesh quality is 1 which shows good quality of mesh. 
Figure 5d represents the aspect ratio, the aspect ratio meas-
ures the twisting of the mesh element. It is simply measure 
by dividing the node distance from the centroid of the mesh 
and the centroid to the face centroid distance. The most of 
the element have the aspect ratio less than the 2.0 shows the 
good quality of the mesh (Verma et al., 2023).

Optimization techniques

Optimization is the important technique used for maximiz-
ing the performance of the system in every field of the work 
like engineering and medical sciences. The heat transfer 
problem solution of the heat sink requires to maximize the 
heat transfer variables and minimize the pumping losses var-
iables. In this research, a method has been presented which 
optimized the heat sink, flow and heat transfer variables like 
flow velocity, air inlet temperature and the heat flux.

The Response Surface Methodology (RSM) has been 
preferably used for optimization. The MINITAB 17 and 
Design Expert software were used for ANOVA analyses and 
surface and contour plots of the responses. The Box-Behen-
ken Design (BBD) technique has been selected in RSM for 
defining the input and output variables. The best thing with 
the BBD is that it requires only three level as compare to 
five level design in Central Composite Design (CCD) for 
every input variable. it requires the mid-level between the 
low and high values of every factor (Singh et al., 2023a). The 
coded value of mid-level is 0, + 1 represents the maximum 
value of the factor and -1 represents the minimum value of 
the input variables. Table 2 represents the code and coded 
values of the input variables. Based on three input variables 
total number of the runs for design matrix is 17. Table 3 
represents the total number of runs and corresponding values 
of the responses (AlShaar et al., 2022; Kumar et al., 2023).

Tables  4, 5 and 6 represent the model analysis by 
ANOVA. Whether the model is significant or not that has 
been tested by the P and F values of the model. The F test 
is the ratio of the variability between the treatment and 
error. So, larger F values justified the accuracy of the model 
(“Experimental and Computational Investigation of Flow 
Fields using Accelerated Erosion Test Ring (AETR)” 2021). 
In Tables 4, 5 and 6, the F values of chip temperature, pres-
sure drop, fan power, friction factor and Nusselt Number 
are 3983.59, 365.70, 87.04, 474.69 and 58.98 implies that 
model is significant. The P values represent the probability 
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of rejection of the null hypothesis in ANOVA analysis 
(Singh & Yadav, 2022). In ANOVA analysis, the chance of 
rejection of null hypothesis is 5% so that the P values less 
than 0.05 shows the significance of model. The Tables 4, 5 
and 6 the P values of the chip temperature, pressure drop, 
fan power, friction factor, and Nusselt Number are less than 
0.0001 showing the significance of the model (Singh et al., 
2023b).

Table 7 represents the fit statics of ANOVA analysis. 
The accuracy of the predicted model and actual values are 
measured by the R2, adjusted R2, Predicted R2 and adequate 
precision. For the chip temperature, the predicted R2 and 
adjusted R2 are 0.9998, and 0.9996 shows very little vari-
ation. The adequate precision shows the ratio between the 
signal and the noise present in the model and values of the 
adequate precision greater than 4 are desirable. The adequate 

precision values for chip temperature, pressure drop, fan 
power, friction factor, and Nusselt Number is 242.0344, 
48.2841, 23.5553, 55.0106and 22.4582. The models of the 
responses in term of input variables are represented by 2nd 
order polynomials. The following model equations of the 
responses represented in terms of the input variables.

(15)
Tchip = 279.76 − 3.14V + 0.9052Tair

+ 0.000002qgen + 0.523V2 + 0.00088T2
ain

(16)P = −0.1 + 0.13V + 0.19V2

(18)FPower = 0.000274 − 0.000302V + 0.00011V2

Fig. 4   Geometry and Meshing 
on the heat Sink

(a) Geometry modelling of the heat sink

(b) Meshing on the heat sink
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Fig. 5   Mesh quality check by 
various parameters

(a). Skewness in the meshing

(b). Orthogonality in the meshing

(c). Element quality in meshing

(d). Aspect ratio of the mesh element
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where Tair is the inlet air temperature (°C), V is the inlet air 
velocity (m/s), qgen is the heat generated (W/m3).

(19)f = 0.1508 − 0.007387V + 0.000543V2

(20)
Nu = 3.864 + 0.784V + 0.0323Tain − 0.0691V2 − 0.000299T2

ain

Table 2   Code and coded values of the input variables

Input Variables Coded level

Code –1 0 1
Air Inlet velocity (m/s) 2 3 4
Atmospheric Temperature (°C) 25 30 35
Heat Flux (W/m3) 1 × 107 1.75 × 107 2.5 × 107

Table 3   Total number of runs 
and corresponding responses

S. No. V Tain q Tchip (K) P (Pa) FPower (W) f h Nu

1 3 15 2.50 × 107 333.43 2 0.00036 0.13354667 46.63535 6.369878
2 3 25 1.75 × 107 329.76 2 0.00036 0.13354667 46.69556 6.378101
3 2 15 1.75 × 107 322.25 0.92 0.0001104 0.1382208 43.30075 5.914408
4 4 35 1.75 × 107 338.49 3.46 0.0008304 0.1299576 48.64057 6.643768
5 3 25 1.75 × 107 329.76 2 0.00036 0.13354667 46.69556 6.378101
6 4 25 1.00 × 107 315.36 3.46 0.0008304 0.1299576 48.81668 6.667823
7 3 25 1.00 × 107 306.8 2 0.00036 0.13354667 45.07753 6.157097
8 3 35 2.50 × 107 353.43 2 0.00036 0.13354667 46.63535 6.369878
9 2 35 1.75 × 107 342.25 0.92 0.0001104 0.1382208 43.30075 5.914408
10 3 35 1.00 × 107 326.08 2 0.00036 0.13354667 46.87266 6.402291
11 4 15 1.75 × 107 318.49 3.46 0.0008304 0.1299576 48.64057 6.643768
12 2 25 2.50 × 107 346.99 0.92 0.0001104 0.1382208 43.24646 5.906992
13 2 25 1.00 × 107 317.51 0.92 0.0001104 0.1382208 43.43709 5.93303
14 3 25 1.75 × 107 329.76 2 0.00036 0.13354667 46.69556 6.378101
15 4 25 2.50 × 107 341.62 3.46 0.0008304 0.1299576 48.57047 6.634194
16 3 25 1.75 × 107 329.72 2 0.00036 0.13354667 46.75444 6.386144
17 3 25 1.75 × 107 329.73 2 0.00036 0.13354667 46.73971 6.384131

Table 4   P-value and F value for checking the effectiveness of the regression analysis on chip temperature and pressure drop

Sources DF Chip Temperature Pressure drop of air

Adj. SS Adj. MS F-value P-value Adj. SS Adj. MS F-value P-value

Model 9 2322.79 258.087 3983.53  < 0.0001 12.90 4.30 365.70  < 0.0001
Linear 3 1101.11 2318.73 35,789.848  < 0.0001 12.90 12.90
V 1 28.27 28.27 436.422  < 0.0001 12.90 12.90 1097.11  < 0.0001
Ta 1 785.66 785.66 12,126.595  < 0.0001 0.000 0.000 0.000 1.0000
q 1 1504.80 1504.80 23,226.469 0.0001 0.000 0.000 0.0000 1.0000
Square 3 47.23 1.2552 19.3803 0.4314
V*V 1 1.18 1.180 42.0115 0.0037 – – – –
Ta*Ta 1 0.03760 0.0376 40.008 0.0539 – – – –
S*S 1 0.0376 0.0376 2.00035 0.4711 – – – –
2-way Interaction 3 32.94 2.77216 14.43 1.116
V*Ta 1 25.00 0.000 10.95 1.0000 – – – –
V*S 1 7.94 2.592 3.48 0.0004 – – – –
Ta*S 1 0.000 0.1296 0.000 0.2002 – – – –
Error 7 15.98 0.0003 – – 0.1529 3.21e-07 – –
Lack of Fit 3 0.452 0.1506 –  < 0.0001 0.1529 0.0170 30,784.03 0.000
Pure Error 4 0.0015 0.000 – – 0.00 0.0000 – –
Total 16 2323.239 – – – 13.06 – – –
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Experimental setup

Figure 6 shows the experimental set-up of the heat sink 
cooled by air. The experimental setup consists of the trans-
former, temperature display meter, speed regulator, multi-
meter, and a duct having the compressor for air flow. The 
transformer supplies the optimum voltage and current to the 
micro heater to supply the heat to the heat sink, the measure-
ment of current and voltage has been done by the multimeter. 
The speed regulator is used to regulate the speed of the com-
pressor at varying mass flow rates. The temperature display 
meter measured the temperature of the inlet air, outlet air, 
and heat sink base, mid, and top surface. Figure 7 represents 
the location of the various instruments in the experimental 
setup. At the time of the experiment, the experimental setup 
started before 15 min. The current, voltage, air flow veloc-
ity, temperature at various locations, and pressure drop have 
been noted at various heat flux. Based on the experimental 
data, pan power, heat transfer coefficient and Nusselt Num-
ber have been determined by the model equations.

Results and discussion

CFD results

Temperature contour

Figure 8 represents the temperature contour of the heat sink 
at various conditions of the air inlet velocity, air inlet tem-
perature and heat generation inside the heat sink. Figure 8a–j 
represents that if the heat generation and inlet air tempera-
ture of the heat sink enhanced then the chip temperature 
increases, on other hand if the inlet air velocity increased 
then the chip temperature is reduced. If the inlet air tem-
perature is increasing, then heat transfer in air by heat sink is 
reduced which increase the temperature of heat sink. If inlet 
air temperature increases, then the convection heat transfer 
coefficient increases which enhances the heat transfer rate 
and reduced the heat sink temperature.

Pressure contour

Figure 9, pressure contour plot shows that if the inlet air 
Velocity increased then the pressure drop on heat sink 
increased since dynamic pressure is directly proportional to 
the square of velocity. The effect of the heat generation and 
inlet air temperature is neglected on pressure drop since air 
properties are not much changed due to lower working air 
temperature. Figure 9a–c show that the maximum pressure 
drop of the air occurs at the base of the heat sink represented 
by the red colour. The maximum pressure drops in Fig. 9a–c 

Table 5   P-value and F value for checking the effectiveness of the regression analysis on fan power and friction factor

Sources DF Fan power Friction factor

Adj. SS Adj. MS F-value P-value Adj. SS Adj. MS F-value P-value

Model 3 1.037E-06 3.456E-07 87.04  < 0.0001 0.0001 0.0000 474.69  < 0.0001
Linear 3 1.037E-06 1.037E-06 261.11  < 0.0001 0.0001 0.0001 1424.08  < 0.0001
V 1 1.037E-06 1.037E-06 261.11  < 0.0001 0.0001 0.0001 1424.08  < 0.0001
Ta 1 0.0000 0.0000 0.0000 0.0001 0.000 0.000 0.000 1.0000
q 1 0.0000 0.0000 0.0000 0.0001 0.000 0.000 0.0000 1.0000
Square – – – – – – – – –
V*V – – – – – – – – –
Ta*Ta – – – – – – – – –
S*S – – – – – – – – –
2-way Interaction –
V*Ta – – – – – – – – –
V*S – – – – – – – – –
Ta*S – – – – – – – – –
Error 13 5.162E-08 3.971E-09 – – – –
Lack of Fit 9 5.162E-08 5.736E-09 – – – – – –
Pure Error 4 0.0000 0.0000 – – – –
Total 16 1.088E-06 – – – – –
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are 2.0 Pa, 0.92 Pa, and 3.46 Pa. As the air reaches the inlet 
of the heat sink, the air strikes the heat sink surface giv-
ing the maximum pressure and when air further moves and 
passes through the gap between the two fins, the air velocity 
increases, and the pressure is reduced. So blue colour region 
gives the negative pressure and red colour gives the maxi-
mum pressure at the inlet of the heat sink. The intensity of 
the negative pressure also depends on the air inlet velocity. 
The higher pressure drop across the heat sink leads to higher 
blower power. As the inlet air velocity increases from 2 m/s 
to 4 m/s in Fig. 9b and c, the maximum pressure drops from 
– 3.23 Pa to – 14.32 Pa.

Velocity contour

Figure 10 represents the velocity contour of the air through 
the heat sink. Figure 10a–c show that air velocity is maxi-
mum above the heat sink represented by the red color on all 
three contour plots. The blue colour of the airflow velocity 

represents the zero velocity due to no-slip boundary con-
ditions and consideration of the adiabatic wall of the base 
of the panel of the heat sink. The Fig. 10a–c contour plots 
clearly show that the velocity of the air flow increased due 
to the reduction of the flow area in between the two consecu-
tive fins. This is due to satisfying the boundary conditions 
of the conservation of the mass. The maximum velocity of 
air is 3.61 m/s in Fig. 10a and 2.43 m/s in Fig. 10b due to 
in Fig. 10a the boundary layer is narrow and in Fig. 10b the 
boundary layer is broader.

Table 6   P-value and F value for checking the effectiveness of the regression analysis on Nusselt Number

Sources DF Nusselt number

Adj. SS Adj. MS F-value P-value

Model 9 1.12 0.1245 58.98  < 0.0001
Linear 3 1.07 1.037E-06 261.11  < 0.0001
V 1 1.07 1.07 505.03  < 0.0001
Ta 1 0.0075 0.0075 3.56 0.1012
q 1 0.0018 0.0018 0.8625 0.3840
Square 3 0.0277 0.0277 13.11 –
V*V 1 0.0210 0.0210 9.93 0.0161
Ta*Ta 1 0.0041 0.0041 1.95 0.2052
S*S 1 0.0026 0.0026 1.23 0.3037
2-way Interaction 3 0.0150 0.0150 7.1268
V*Ta 1 0.0000 0.0000 0.0000 1.0000
V*S 1 0.0000 0.0000 0.0068 0.9365
Ta*S 1 0.0150 0.0150 7.12 0.0321
Error 7 0.0148 0.0021 – –
Lack of Fit 3 0.0147 0.0049 319.40  < 0.0001
Pure Error 4 0.0001 0.0000 – –
Total 16 1.14 – –

Table 7   Fit statics analysis of the responses of the heat sink

S. No. Statics measure-
ment variables

Chip temperature Pressure drop Fan power Friction factor Nusselt number

1 R2 0.9998 0.9883 0.9526 0.9910 0.9870
2 Adjusted R2 0.9996 0.9856 0.9416 0.9889 0.9702
3 Predicted R2 0.9969 0.9784 0.9127 0.9833 0.7925
4 Adeq Precision 242.0344 48.2841 23.5553 55.0106 22.4582
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Optimization plots

Chip temperature contour and surface plot

Pressure variation with input variables

Nusselt number variation with input variables

Optimization plots

Figure 11a–e represent the chip temperature surface plot and 
contour plot with input variables. Figure 11a shows that chip 
temperature increases due to both heat generation and inlet 
air temperature.

Fig. 6   Experimental setup of the heat sink cooled by atmospheric air

Fig. 7   Schematic representation of the Experimental setup
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Fig. 8   Numerical simulation 
temperature plot of heat sink at 
various flow conditions

(a) Temperature contour at V = 3 m/s, Tain = 15°C 
and qgen = 2.5 × 107 W/m3.

(b) Temperature contour at V = 3 m/s, Tain = 

25°C and qgen = 1.75 × 107 W/m3.

(c) Temperature contour at V = 2 m/s, Tain = 15°C 

and qgen = 1.75 × 107 W/m3.

(d) Temperature contour at V = 4 m/s, Tain = 

35°C and qgen = 1.75 × 107 W/m3.

(e) Temperature contour at V = 4 m/s, Tain = 25°C 

and qgen = 1 × 107 W/m3.

(f) Temperature contour at V = 3 m/s, Tain = 

15°C and qgen = 1.75 × 107 W/m3.

(g) Temperature contour at V = 3 m/s, Tain = 35°C 

and qgen = 2.5 × 107 W/m3.

(h) Temperature contour at V = 2 m/s, Tain = 

35°C and qgen = 1.75 × 107 W/m3.

(i) Temperature contour at V = 3 m/s, Tain = 35°C 

and qgen = 1 × 107 W/m3.

(j) Temperature contour at V = 4 m/s, Tain = 

15°C and qgen = 1.75 × 107 W/m3.
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Fig. 9   Pressure contour of heat 
sink at various flow conditions

(a) Pressure contour at V = 3 m/s, Tain = 15 °C and qingen = 2.5 × 107 W/m3

(b) Pressure contour at V = 2 m/s, Tain = 15°C and qgen = 1.75 × 107 W/m3

(c) Pressure contour at V = 4 m/s, Tain = 35°C and qgen = 1.75 × 107 W/m3.
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Figure 11b red color represents the chip temperature more 
than 350 K, the region of maximum inlet air temperature, 
and the maximum heat generation. Figure 11c represents 
the surface plot between the chip temperature and the inlet 
air velocity and the heat generated inside the chip. It is seen 
from Fig. 11c that if the inlet air velocity increased then the 

chip temperature is reduced. Figure 11d shows the contour 
plot between the chip temperature and inlet air velocity and 
the heat generated inside the chip. Figure 11e and f repre-
sent the surface and contour plot of the chip temperature 
with inlet air temperature and the inlet air temperature (Jaffar 
et al., 2022).

Fig. 10   Velocity contour of heat 
sink at various flow conditions

(a) Velocity contour at V = 2 m/s, Tain = 15 °C and qingen = 1.75 × 107 W/m3

(b) Pressure contour at V = 4 m/s, Tain = 35 °C and qingen = 1.75 × 107 W/m3

(c) Pressure contour at V = 4 m/s, Tain = 35 °C and qingen = 1.75 × 107 W/m3
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(a) Chip temperature variation with Heat Generated and 

Air inlet Temperature

(b) Contour plot of chip temperature with heat 

generated and air inlet temperature

(c) Surface plot of chip temperature with heat generated 

and air inlet velocity

(d) Chip temperature contour plot with 

heat generated and air inlet velocity

(e) Surface plot of chip temperature with air inlet 

temperature and air inlet velocity

(f) Contour plot of chip temperature with 

air inlet velocity and air inlet 

temperature

Fig. 11   Surface and contour plots of the chip temperature
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Figure 12a–d depicted pressure variation with the input 
variables namely inlet air temperature, inlet air velocity, 
and heat generation inside the chip. Figure 12a shows the 
pressure variation with the inlet air temperature and inlet 
air velocity. Figure 12a shows that as the inlet air velocity 
increased then pressure drop increased. The pressure through 

the inlet air temperature is neglected due to less variation in 
the air temperature. The contour plot of the pressure with the 
inlet air velocity represents the vertical line as presented in 
Fig. 12b. Figure 12c and d represents the constant pressure 
with the heat generation but variation with the velocity of 
air is noted (Herlambang et al., 2022).

(a) Pressure variation with air inlet temperature 

and air inlet velocity

(b) Contour plot of pressure with air 

inlet temperature and air inlet 

velocity

(c) Surface plot of pressure with heat generated 

and air inlet velocity

(d) Pressure contour plot with Heat 

generated and air inlet velocity

Fig. 12   Surface and contour plot of the pressure drop
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(a) Nusselt Number variation with heat 

generated and air inlet Temperature

(b) Contour plot of Nusselt Number 

with heat generated and air inlet 

temperature

(c) Surface plate of Nusselt Number with heat 

generated and air inlet velocity

(d) Nusselt Number contour plot with 

heat generated and air inlet 

velocity

(e) Surface plot of Nusselt Number with air inlet 

temperature and air inlet velocity

(f) Contour plot of Nusselt Number 

with air inlet velocity and air inlet 

temperature

Fig. 13   Nusselt Number variation with input variables
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Figure 13a represents the Nusselt Number variation with 
the heat generation and the inlet air temperature.

It is to be noted from Fig. 13a that if the heat generation 
and inlet air temperature increased then the Nusselt Number 
initially increased and then started to decrease, the main rea-
son behind this change in curvature is that if the temperature 
of the air increased then Reynolds Number increases and due 
to that Nusselt Number increased. The contour plot of Nus-
selt Number in Fig. 13b also represents the same behavior 
(Choudhary et al., 2020).

Figure 13c represents the surface plot of the Nusselt Num-
ber variation with the heat generation and inlet air velocity. 

Figure 13c shows that if the inlet air velocity increased the 
Nusselt Number increased due to incensement of the Reyn-
olds Number. Figure 13d contour plot red colour shows the 
maximum Nusselt Number at higher inlet air velocity at all 
values of the heat generation. Figure 13e and f also shows 
the Nusselt Number variation with the inlet air velocity and 
the inlet air temperature. Figure 13e and f both shows that 
the increase in inlet air velocity enhance the Nusselt Number 
but the enhancement in the inlet air temperature does not 
much change the Nusselt Number.

Figure 14a and b represent the optimization responses 
with the weight given to the inputs and the optimization 

(a) Optimizer setup of responses

(b) Optimum values of the responses with input variables

Fig. 14   Optimization plots of the responses with input variables
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plots of the responses. Figure 14a represents the responses 
with the goal, upper, lower, and target values of the 
responses. Figure 14b represents the composite desirability 
of the optimization is 0.6599, the desirability represents the 
correlation between the responses and the input variables. 
The desirability 1 represents the perfect correlation between 
the input and responses. Figure 14b shows that the optimum 

value of the input variables like inlet air velocity 3.033 m/s, 
air inlet temperature 25.1010 °C, and the heat generation 
1.12 × 107 W/m3. On which responses are chip temperature 
320 K, pressure drop 2.03 Pa, Nusselt Number 6.3670, fric-
tion factor 0.1334, and fan power 0.0004 W.

Validation of the simulation results 
with experimental results

Figure 15 represents the validation of simulation results 
with the experimental results. Figure 15a shows the chip 
temperature variation with the heat generation at an inlet air 
temperature of 35 °C and inlet air velocity of 4 m/s; if the 
heat generation increases, the chip temperature increases. 
Figure 15a shows that at heat generation of 2.5 × 107 W/
m3, the chip temperature is found to be 330 K and 320 K 
due to simulation and experimental observation respectively 
at 35 °C inlet air temperature and 4 m/s inlet air velocity. 
Figure 15b shows the chip temperature variation with the 
inlet air temperature. Figure 15b shows chip temperature 
enhancement due to the increase in the inlet air temperature, 
as the inlet air temperature is 40 °C, the chip temperature 
recorded to be 300 K and 294 K due to simulation and exper-
imental results respectively at the heat generation 1 × 107 W/
m3 and inlet air velocity of 4 m/s. Figure 15c shows the chip 
temperature with the inlet air velocity, if the inlet air velocity 
increases, the chip temperature reduces. The chip tempera-
ture is found to be 296 K and 285 K respectively at inlet air 
velocity of 4 m/s, heat generation 1 × 107 W/m3, and inlet 
air temperature of 25 °C by numerically and experimentally.

Conclusion

This study focused to determine the optimum heat flux, air 
inlet velocity and optimum environment conditions to avoid 
the failure of the electronics chip. In this study, the constant 
temperature to avoid the failure is considered the be 50 °C, 
that is the optimization constraint. So, if these optimum set-
ting of the input variables like heat flux, inlet air velocity is 
maintained then the system remain safe at the time of work-
ing. In the heat sink cooling, the heat flux, inlet air veloc-
ity and the inlet air temperature are considered to be most 
important factor that affect the performance of the electronic 
chip. In these three variables, the heat flux is the big cause of 
the failure of the electronic chip. If the heat flux is very high 
then the failure of the electronic chip is 100% to avoid the 
failure the cooling fluid must be changed. The study reveals 
that the inlet air temperature also responsible to increase the 

(a) Chip temperature variation with the heat generation

(b) Chip Temperature variation with the air inlet temperature

(c) Chip Temperature variation with air inlet velocity

Fig. 15   Validation of simulation results with experimental results
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temperature of the electronic chip. The increasing the inlet 
air temperature increase the chip temperature.

The air inlet velocity enhances the heat transfer coef-
ficient and heat transfer rate but air inlet velocity cannot 
increase after certain values otherwise noise problems can 
create other undesirable problems. In this research, the simu-
lation results show that if the inlet air velocity increases 
then the fan power and pressure drop enhanced. If heat flux 
is more than 2.5 × 107 W/m3 then chip temperature reached 
be more than 80 °C. To avoid the failure of electronic chip, 
the optimum values of the input variables namely air inlet 
velocity 3.03 m/s, air inlet temperature 25.1010 °C and heat 
flux 1.12 × 107 W/m3 on which responses Nusselt Number 
6.3670, chip temperature 320.0288 K, pressure 2.077 pa, fan 
power 0.004 W and friction factor 0.1334.
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