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In today’s world, research on cooling systems that can effectively reduce the
cooling time of heat sinks and enhance heat transfer efficiency in a shorter
duration is extremely crucial. This experimental study analyzed the cooling time
by simultaneously utilizing two cooling techniques. This involved the passage of
ferrofluid (Fe3O4/water) through three channels of a heat sink under the influence
of amagnetic field, as well as the application of an air impingement jet on the heat
sink’s surface. A novel plate-fin heat sink with dimensions of 40 mm (L) ×
31.32 mm (W) × 23.5 mm (H) consists of three channels with a diameter of
3 mm for crossing ferrofluid flow and 24 channels on the top of the heat sink for
crossing the air was designed and built for the study. The heat sink was exposed to
an air impingement jet and an external magnetic field simultaneously. Multiple
tests were conducted to determine the convective heat transfer coefficients of
the heat sink over time under specific conditions, including a magnetic field of
800G, a volume fraction of 3%, a Reynolds number of 600 for the ferrofluid, and a
mass flow rate of 0.1 kg/s. It was discovered that using the combined method of
magnetic field and impingement jet (MF-IJ) compared to cooling by air
impingement jet with the simultaneous passage of pure water through the
ferrofluid channels (Water-IJ), as well as the ferrofluid flow under a magnetic
field without the impingement jet (MF) methods for the designed heat sink, can
increase themaximum heat transfer coefficient by 27.4% and 46.4%, respectively.
The findings of this study suggest that using the MF-IJ cooling method as a flow
control mechanism, along with this innovative geometry, can reduce the cooling
time of the heat sinks.
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1 Introduction

Flow control refers to any method by which fluid flow is
regulated in a desired manner. Over the past few decades,
advancements in flow control have been made through the
utilization of various mechanisms, including pulse jet
(Abdolahipour, 2023), modulated pulse jet (Abdolahipour et al.,
2021; Abdolahipour et al., 2022a; Abdolahipour et al., 2022b),
surface acoustic waves (Noori et al., 2020a; Noori et al., 2020b;
Noori et al., 2021; Rahni et al., 2022; Shams Taleghani and
Sheikholeslam Noori, 2022), plasma actuators (Mirzaei et al.,
2012; Taleghani et al., 2012; Salmasi et al., 2013; Mohammadi
and Taleghani, 2014; Taleghani et al., 2018), and subcavity
(Bhaduri et al., 2024). These developments have proven
instrumental in addressing engineering challenges and
requirements. These methods offer significant potential for
achieving engineering objectives, such as improvement of heat
transfer and drag reduction. Moreover, extensive studies have
been conducted on improving heat transfer using a magnetic
field (Sadighi et al., 2022; Sadighi et al., 2023a; Sadighi et al.,
2023b). Based on studies conducted thus far, another application
of flow control is improving heat transfer in heat exchangers (Shabi
et al., 2024). The electronics industry is confronted with a major
challenge: achieving a low and monotone temperature dispensation
on the surface of heat sink body, while also maximizing convective
heat transfer. It is imperative to thoroughly study and explore
different cooling methods for heat sinks as the use of electronic
devices and their subsequent heat production continue to increase.
The potential of advanced cooling technologies is to significantly
improve thermal performance in cooling heat sinks, while also
reducing greenhouse gas emissions and minimizing the
environmental impact of cooling systems. Nevertheless, despite
the numerous researches on heat sink cooling methods, there is
still a lack of research on the reduction of cooling time in the
combined method of magnetic field and impingement jet (MF-IJ)
and the influence of air jet transfer channels in this method. In a
numerical study conducted by Azadi et al. (2023), researchers found
that, using of the MF-IJ method can lead to improvement the heat
transfer coefficient by 32% in the heat sink. Ferrofluid is a type of
nanofluid, has shown remarkable magnetization properties and
outstanding thermophysical properties. Combining these unique
characteristics has made it highly effective in cooling applications.
The magnetization properties of ferrofluid allow it to respond to
magnetic fields, making it suitable for applications where heat needs
to be efficiently transferred or removed. By applying a magnetic
field, the ferrofluid can be directed to specific areas and enhancing
heat transfer within a system. This magnetic responsiveness allows
for precise control and adjustment of cooling mechanisms, making
ferrofluid a proper option for cooling electronic devices and other
heat-generating components (Hwang et al., 2022). As yet, numerous
studies have been carried out on investigating the increase of heat
transfer using ferrofluid subject the impact of a magnetic field: Hai
et al. (2023) studied the hydrothermal efficiency of thermal
management devices by integrating active and passive heat
transfer techniques. Specifically, the focus was on analyzing the
performance of pin-finned heat sinks when a magnetic field is
present. The analysis was conducted by numerically studying the
flow of a Fe3O4 ferrofluid with a nanoparticle concentration ratio of

2% inside different pin-finned heat sink configurations (squares,
circles, and triangles). Shahsavar et al. (2023), conducted an
experimental study on the effect of ferrofluid flow inside the
rifled tube under vibration and rotational magnetic field (RMF).
The investigators discovered that the application of vibration can
improve hydrothermal performance by disrupting the thermal
boundary layer. Additionally, they found that using a magnetic
field can enhance the mixing of ferrofluids. Wiriyasart et al. (2023),
studied the heat transfer performance of a thermoelectric cooling
system combined with a wavy channel heat sink at various magnetic
distances. Studies have shown that, utilization of pulsating flow has
been shown to significantly enhance thermal efficiency, leading to an
approximate improvement of 23%. Hashemi et al. (2012), conducted
a study where they examined how the heat transfer coefficient is
influenced by the channel aspect ratio and porosity in a miniature
plate-fin heat sink. The investigators discovered a straight
relationship among the convective heat transfer and parameters
they studied, namely, the porosity and channel aspect ratio. In recent
years, many researchers have been exploring the use of a magnetic
field to improve heat dissipation. (Li and Xuan, 2009; Zamzamian
et al., 2011; Selvakumar and Suresh, 2012; Bezaatpour and
Goharkhah, 2019; Zhong et al., 2021). Furthermore, Ashjaee
et al. (2015) conducted an experiment on the influence of
magnetic field on the pressure drop and convective heat transfer
of a magnetic nanofluid in a tiny heat sink. Results showed, the
presence of ferrofluid results in a maximum of 14% enhancement in
heat transfer contrasted to pure water. This improvement in heat
transfer is increased by 38% when 1200G magnetic field intensity is
applied. Fateh et al. (2024) found that applying a magnetic field to
ferrofluids enhances heat transfer by altering their flow
characteristics. The impact of a constant magnetic field on
laminar ferrofluid flow was investigated, and the results showed
that the magnetic field significantly improved fluid acceleration and
heat transfer. This led to the creation of recirculation zones that
enhanced fluid mixing. Suqi et al. (2024) have studied the
simultaneous use of a magnetic field, ferrofluid, and turbulator,
along with changes in the cross-section of the absorber tube and
finally the numerical results showed that these proposed
modifications led to improvements in the parameters. Neural
network modeling was utilized to predict the total rate of entropy
generation and useful heat generation under the influence of a
magnetic field. The application of impingement jet (IJ) to
improve heat transfer in constant heat flux flat plates (Kotb
et al., 2023), engine components (Nasif et al., 2024), and heat
sinks has been thoroughly investigated to date. Zhang et al.
(2023) used numerical methods to analyze the thermal and
hydraulic performance of a heat sink composed of stacked-plate
jet-impingement and microchannels (SP-JIMC). The investigators
found that the use of SP-JIMC heat sink with highly-dense micro-
fins can enhance cooling performance and improve temperature
uniformity when implemented. The use of a hydrogen
impingement-effusion array jet to cool a heat sink was
numerically investigated by Salehi and Fattahi (Salehi and
Fattahi, 2024). Researchers have observed that using hydrogen as
a coolant decreases the maximum temperature by up to 2% and
increases heat transfer by around 10%. Additionally, the use of
porous fins further enhances heat dissipation by approximately 10%
and 17% for air and hydrogen coolants, respectively, compared to
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cases without fins. Furthermore, a study conducted by Mostafa et al.
(Mostafa et al., 2023) investigated a hybrid double layer
microchannel heat sink with jet impingement. The results of
their numerical analysis revealed that increasing the channel
height led to a decrease in pressure drop and improved
temperature uniformity. Also, Li et al. (2023) studied the
performance of heat transfer using an array of finned channels
coupled with a jet heat sink. This research was aimed at addressing
the issue of the fast increase in temperature of perovskite tandem in
solar cells when exposed to high concentration ratios. To tackle this
problem, the researchers designed an array finned channel coupled
jet heat sink and the findings indicated that the micro-jet heat sink
outperforms the smooth cooled surface heat sink in terms of
efficiency. Additionally, extensive studies have been conducted in
the field of heat sink cooling using impingement jet, demonstrating
the significance of this topic in recent years (Do et al., 2010; Yakut
et al., 2016; Naphon et al., 2019; Wang et al., 2019; Gan et al., 2020;
Kempers et al., 2020; Huang et al., 2021; Thakar et al., 2021; Cui
et al., 2022; Yi et al., 2022; Cui et al., 2023). Salehi and Fattahi (2024)
investigated the use of hydrogen impingement jets to numerically
cool hot surfaces of electrical devices. The findings indicated that
using hydrogen as a coolant leads to a decrease in the maximum
temperature by up to 2% and increases heat dissipation by roughly
10%. Baz et al. (2024) studied a new cooling technique that uses a
double air jet to cool protruding heat sources in a rectangular
channel. Scientists investigated parameters such as the aspect
ratio, Reynolds number of the air, jet inclination angle, and
double jet position ratio. The results show that improved
performance and longevity of heat sources are achieved by the
novel double-air jet method.

A review of previous studies on heat sink cooling reveals that the
primary challenge is to develop a cooling method that can efficiently
dissipate heat from the heat sink at a faster rate and with a uniform
temperature distribution across its surface. With the increase in
electronic device usage and heat production, it is essential to explore
and investigate new cooling methods to reduce the cooling time of
heat sinks. Since there has been no study conducted on the impact of
using the MF-IJ in reducing the cooling time of the heat sinks, the
main objectives and innovations of this experimental study are:

• Investigate the effects of using the MF-IJ method in reducing
the cooling time of the heat sinks.

• A novel heat sink geometry was designed and produced,
including channels for the transfer of ferrofluid and air flow.

• The local convective heat transfer coefficient, temperature
values of the heat sink surface, and pressure drops at the
inlet and outlet of the heat sink were measured over time.

• Finally, the improvement in heat transfer and cooling time
with the MF-IJ method was compared to the Water-IJ and MF
methods, evaluating the efficiency of each method.

2 Experimental method

2.1 Preparation of the ferrofluid

To prepare Fe3O4 ferrofluid solution, the conventional
coprecipitation method was used in this experimental research

(Ahmadi et al., 2013). In this process, by dissolving FeCl2-4H2O
and FeCl3-6H2O in deionized water, it will lead to the chemical
composition of Fe3O4. In the next step, the obtained solution is
degassed using argon gas to remove oxygen (Ahmadi et al., 2011;
Ahmadi et al., 2013). Also, NH4OH is slowly added to the Fe3O4

solution until the pH level reaches 12. The reason for creating this
alkaline environment is that under these conditions, the stability
of the solid Fe3O4 product increases, as well as the solubility and
reactivity of the materials and the dispersion of Fe3O4 particles
also increase. During this process, the black deposit is separate
mechanically which is separated from the liquid phase using
centrifugal separation techniques and it was rinsed multiple
times with acetone and deionized water. In the subsequent
step, after adding NH4OH to the Fe3O4 solution until the
pH reaches 12, the resulting solid product is carefully
dispersed in deionized water. This dispersion process involves
gently mixing the solid product with deionized water to create a
homogeneous mixture. The purpose of dispersing the solid
product in deionized water is to facilitate further processing
or analysis. By dispersing the solid in water, it allows for
better solubility or suspension of the particles, making it
easier to study the material’s properties. The deionized water
used in this step is free from any impurities or ions, ensuring that
the dispersion process is carried out under controlled conditions.
Finally, to achieve a volume fraction value of 3%, TMAH
(Tetramethylammonium hydroxide) under stirring process is
added to the solution. The chemical structure of TMAH
includes a hydrophilic end (OH) and a hydrophobic end
(CH3), which ultimately prevents the accumulation of
nanoparticles. In other words, TMAH acts as a surfactant and
dispersing agent, primarily through its hydrophilic end. The
hydrophilic end allows TMAH to dissolve in water and form a
stable colloidal suspension of Fe3O4 nanoparticles. The
hydrophobic end of TMAH interacts with the nanoparticle
surface, providing stability and preventing agglomeration
(Andrade et al., 2012; Sunaryono et al., 2018). With this
process, the volume fraction amount can be controlled.

The solution is then stirred continuously for 1 h to ensure the
formation of a stable ferrofluid. Eventually, a transmission electron
microscopy (TEM) image is captured using the obtained stable
solution. This image according to Figure 1A is utilized to analyze
and determine the average dimensions of the ferrofluid
nanoparticles.

Based on Figure 1B, the average size distribution of Fe3O4

nanoparticles has been investigated for at least 40 particles. In
this analysis, it was found that most of the particles have a
spherical structure, and according to Figure 1A are formed larger
agglomerates. Also, after TEM analysis, according to the histogram
diagram in Figure 1B, the average size of the nanoparticles was
reported to be 16.2 nm. In this study, the volume fraction of the
sample was determined using Equation 1 (Ashjaee et al., 2015):

φ � Volume of nanoparticle
Volume of nanoparticle + volume of base fluid

�
mP
ρP

mP
ρP

+ mf
ρf

(1)
The bulk density, specific heat, and viscosity values of the

nanofluid obtained are expressed as Equations 2–4, respectively:
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ρnf � φρP + 1 − φ( )ρf (2)

CP,nf �
φρPCP,P + 1 − φ( )ρf CP,f

ρnf
(3)

μnf � μf 1 + 2.5φ( ) (4)

In these Eq.s, ρf is the density of the base fluid, ρp is the density
of the nanoparticle, Cp,f is the specific heats of the base fluid and
Cp,p is specific heats of the nanoparticle. According to Ref.
(Ghofrani et al., 2013), the results of Equation 4 estimated by
Einstein, are reliable compared to experimental measurements of
viscosity. Also, in this study, Equation 5 from Ref (Sawada et al.,
1993). Was used to compute Knf that in this Equation, Kp is the
thermal conductivity of the particle and Kf is the thermal
conductivity of the base fluid:

Knf � Kf
2Kf + KP − 2φ Kf − KP( )
2Kf + KP + φ Kf − Kp( )( ) (5)

2.2 Experimental device

The experimental device used in this research is illustrated in
Figure 2. This study focuses on investigates the cooling time using a
combined coolingmethod ofMF-IJ (Azadi et al., 2023). This method
involves two flows: the impingement jet flow and the ferrofluid flow
under the impact of a magnetic field. According to Figure 2A, the
impingement jet flow hits the top of the heat sink and enters the heat
sink through the microchannels located on the top surface.
Simultaneously, the ferrofluid flow passes through three channels

FIGURE 1
(A) TEM image of the sample preparation. (B) Average particle size of the ferrofluid.

FIGURE 2
The schematic diagram and components of the experimental apparatus.
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with circular cross-sections, as depicted in Figure 3B, and enters the
heat sink. The setup includes a closed-loop for the ferrofluid flow,
which consists of a constant temperature bath and a magnetic field
generation system. Additionally, the impingement jet part of the
setup comprises a blower fan, flow meter, and nozzle. The overall
schematic of the setup can be seen in Figure 2A.

2.2.1 Heat sink test section
The heat sink test section includes a heat sink with a structure

shown in Figure 3. Additionally, there is a heater block under the
heat sink designed to accommodate cartridge heaters. To reduce the
impact of thermal conductivity near the test section, the heat sink
and heater block are placed inside a plexiglass chamber, except for
the top part of the heat sink. This is to minimize the effects of
thermal conductivity on the test section. This was done to ensure
that heat transfer occurred only between the heater block and the
heat sink, without any interference by the ambient environment. In
this study, a heat sinkmade of aluminum 6,061 is utilized. According
to Figure 3, the dimensions of the heat sink are 40 mm (L) ×
31.32 mm (W) × 23.5 mm (H). The heat sink consists of 3 channels
with a diameter of 3 mm, which serve the purpose of transferring the

ferrofluid flow and also to transfer the impingement jet flow
according to Figure 3A, there are 24 channels on the top of the
heat sink with a diameter of 2 mm, and as shown in Figure 3C, they
end to 4 channels at the back and front of the heatsink.

Based on Figure 3B, to measure the base temperature of the heat
sink, four holes with a diameter of 4.12 mm and a depth of 25 mm
were made to install four PT100 temperature sensors in the wall of
the heat sink and near its bottom wall. All four temperature sensors
were calibrated before the experiment, and their uncertainty value
was calculated to be 0.21°C.Moreover, two temperature sensors were
installed at the inlet and outlet of the heat sink to measure the
nanofluid temperature at the inlet and outlet. For producing a
constant heat flux from the downward of the heat sink, a heater
block made from aluminum 6,061 with measurements of 40 mm
(L) × 31.32mm (W) × 20mm (H) was used that the heater block and
the heat sink are shown in Figure 4. In this investigation, two
cartridge heaters were positioned inside the aluminum heater block.
For this purpose, according to Figure 4, two holes with a diameter of
6.48 mm were created inside the heater block.

Also, as depicted in Figure 4, two holes with a diameter of 1 mm
and a depth of 15mm are drilled in the upper part of the heater block

FIGURE 3
The geometrical model of designed heat sink. (A) Top view. (B) Front view. (C) Transparent view.
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to measure the amount of heat flux added under the heat sink by
thermocouples. Moreover, as shown in Figure 2B, an ABS
(Acrylonitrile Butadiene Styrene) stand was used to hold the jet
nozzle, heat sink, and heater block set in the space of the
electromagnet device. The ABS stand was chosen because it has
low thermal conductivity and non-magnetic nature. It should be
mentioned that in this experimental research, thermal grease was
used to enhance the heat conduction between the interface of the
heater block and the heat sink.

2.2.2 Nanofluid flow circulation device
In this study, a ferrofluid (Fe3O4/water) flows in a closed-loop

system from a reservoir tank using a 12V DC pump, model R385,
with a flow rate of 3 lit/min, and manufactured by REES52, is
powered by a power supply as depicted in Figures 2A, B. Table 1
shows the thermophysical properties of the nanoparticles and the
base fluid (water). Additionally, a calibrated flow meter with
accuracy of ±2% was used to measure the volumetric flow rate of
the nanofluid flowing through the loop. The DC power supply
voltage was altered to control the flow rate. Considering that the
temperature of the ferrofluid rises after each pass through the heat
sink channels, a digital constant temperature bath, as shown in

Figure 2, was used in this experimental study for controlling the
temperature of the ferrofluid flow.

2.2.3 Impingement jet flow device
In this experimental study, a blower fan with an impingement jet

inlet temperature of 298 K according to Ref. (Li H. Y. et al., 2005),
and the following specifications was used: maximum air volume of
10 m3/min, rated power of 2100 W, and speed of 16,000 rpm.
Additionally, a digital flow meter, the cdi 5,200, with a flow rate
range of 100 cfm was used to measure the air flow rate, and a
converging nozzle with a diameter of 18 mmwas utilized to generate
a jet flow on the heat sink, as depicted in Figure 2. Also, an ABS
confining plate was used for confine the impingement jet and to
install the jet device, heater block and heat sink at the center of the
electromagnet. The space among top of the heat sink and the nozzle
is set as 15 mm and in the jet inlet, a K-type thermocouple was used
to measure the jet inlet temperature. It should also be mentioned
that the nozzle was positioned in such a way that the center of
the heat sink.

2.2.4 Magnetic field production apparatus
In this study, an electromagnetic device shown in Figure 4 is

used to create a uniform magnetic field. Due to the high magnetic
susceptibility of the ferrite core, it was used in the basic material
of the electromagnet device. Additionally, the electromagnet
device had a height of 350 mm and a coil diameter of 1.5 mm.
As well, the coil is wrapped around the ferrite core, and its total
electrical resistance is 14 Ω. To place the heat sink experiment
part, there is 190 mm of free space between the tips of the ferrite
core. Furthermore, by using a DC power supply and adjusting the

FIGURE 4
Schematic of the heat sink and heating block in the air gap of the electromagnet.

TABLE 1 Thermophysical properties of the base fluid (water) and
nanoparticles (Bezaatpour et al, 2019).

Cp(J/Kg · K) ρ(Kg/m3) k(W/m · K)
H2O 4181 998.2 0.6071

Fe3O4 640 4950 7
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current voltage to ranges of 0–5 A and voltage to ranges of 0–24V,
the magnetic flux density was controlled within the range of
0–1,000 G. As shown in Figure 4, the magnetic field is applied in
the Z direction. According to Ref. (Ashjaee et al., 2015), it is
assumed that the magnetic field remains constant under these
conditions in the middle of the air gap and the installation site of
the heat sink test section. Moreover, in this experimental study,
during the experiment the intensity of the magnetic field was
measured using a HT 208 digital Gauss meter that had an
error within 2%.

2.2.5 Pressure drop measurement throughout the
ferrofluid channels

Two Dust Spares model pressure gauges made in England were
used to measure the pressure drop at the inlet and outlet of the
ferrofluid channels manifold in the heat sink, as shown in Figure 2B.
The operational range of these pressure gauges is 0–500 Pa, and they
have been calibrated by the manufacturer to have an
accuracy of ±1.5%.

3 Data processing

In this section, the Equations used in data processing are
provided. As mentioned in section 2.2.1, a heater block and two
cartridge heaters have been used for heat generation. Additionally,
Equation 6 has been used to compute the heat flux produced by the
heater block.

q″ � kal
ΔT
d

� kal
Tl − Tu( )

d
(6)

Where, kal is the thermal conductivity of the aluminum heater block,
and Tu and Tl denotes the temperatures of the upper and lower
thermocouples, respectively. In addition, d indicates the distance
between the lower and upper thermocouples. Furthermore, in this
study, Equation 7 has been used to calculate the h(x) inside the
ferrofluid channels:

h x( ) � q″
Ts x( ) − Tm x( ) (7)

Where, Tm (x) and TS (x) are the bulk fluid temperatures and surface
temperatures of the heat sink, respectively. According to Figure 3B,
four holes were created on the flank of the heat sink to install four
PT100 temperature sensors. TS (x) values have been obtained at
positions of x = 5, 15, 25, and 35 mm along the length of the heat
sink, which are relative to time. Moreover, Tm (x) values were
determined based on the energy balance using Equation 8
(Ashjaee et al., 2015).

Tm x( ) � qx
L _mCP

+ Tmi (8)

In Equation 8, Tmi is the inlet temperature of the ferrofluid, q is
the total heat flow, L is the heat sink length and _m is the mass flow
rate of ferrofluid. Equation 9 has been used to calculate the Re
number inside the channels of the ferrofluid.

Re � ρnf VD

μnf
(9)

Where, ρnf is the density of the ferrofluid and μnf is the dynamic
viscosity of the ferrofluid, obtained from Equations 2, 4, respectively.
Also, V is the velocity of the ferrofluid inside the heat sink channels,
and D is the diameter of the ferrofluid channels as depicted
in Figure 3B.

4 Uncertainty analysis

Uncertainty estimation involves considering various factors,
including instrument errors, and calibration errors. These factors
contribute to the overall uncertainty associated with a measurement.
Measurement errors in quantities like heat flux or temperature can
lead to uncertainty in experimental data. Table 2 presents the
measurement uncertainties in this experimental research.
According to Equation 6, the uncertainty of the heat flux is
obtained by Equation 10:

δq″
q″ �

������������������������������������
δk
k

( )2

+ δTu

Tl − Tu
( )2

+ δTl

Tl − Tu
( )2

+ δd
d

( )2

√√
(10)

In addition, to calculate the uncertainty of the h, as
demonstrated by Equation 7, the following relationship is
obtained (Ashjaee et al., 2015):

δh
h

�

�������������������������������
δq″
q″( )2

+ δTs

Ts − Tm
( )2

+ δTm

Ts − Tm
( )2

√√
(11)

As reported in Ref. (Holman, 2012), the uncertainty of the
thermal conductivity is also calculated in a similar manner. In
addition, the average uncertainty of the h has been determined to
be 8.4% using Equation 11.

5 Data logging of the temperature

In this experimental investigation, four holes were provided in
the heat sink body to embed four PT100 sensors. Additionally, two
holes were drilled on the heater block to install thermocouple
sensors, as shown in Figure 4. To facilitate the measurement and
recording of temperatures, six electronic circuits were employed to
trigger the PT100 and thermocouple sensors. These sensors were
connected to an Arduino board. Each circuit was integrated with a
120 Ω resistance to generate a voltage difference, with a current of
20 mA passing through each circuit. The fluctuation in temperature
on the PT100 and thermocouple sensors resulted in corresponding
changes in the voltage passing through the circuits. This allowed the

TABLE 2 Uncertainty of the measured parameters.

Uncertainty Quantity

0.01 ΔL(mm)

0.1 Δk(W/mk)

0.21 ΔT(℃) of the PT100

0.1 ΔT(℃) of the thermocouple
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heat sink temperature to be recorded using RAM, while
simultaneously displaying and recording the information on a
PC. Additionally, an LCD was utilized to display the data values,
as depicted in Figure 2. Throughout the study, data were recorded at
regular intervals of every 2 s.

6 Results and discussion

6.1 Heat transfer experiments in the MF-IJ

In this experimental study, the main goal is to investigate the
cooling time of a cooling heat sink using the MF-IJ combined
method. Also, ferrofluid flow and air impingement jet flow cross
through the channels simultaneously. For this intention, the
ferrofluid were entered into the heat sink in three states of inlet
temperature of 293, 296 and 298 K and as well, the inlet temperature
of the impingement jet of 298 K, where a steady heat flux of
54,000 W/m2 is simultaneously applied of the base surface of the
heat sink. The ferrofluid volume fraction is 3% and the Reynolds
number (Re) of the ferrofluid in the laminar flow range has been
prepared for seven different Re values: 250, 400, 500, 600, 700, 800,
and 900. Moreover, the mass flow rate of the air impingement jet
produced by the blower have been considered 0.05, 0.1, 0.15 and
0.2 kg/s for this experimental study.

To investigate impact of the uniform magnetic field on cooling
time of the heat sink surface temperature in the case of using the
combined MF-IJ cooling method, five magnetic field values of 200,
400, 600, 800 and 1,000 were applied. Also, to obtain the h, the
surface temperature of the heat sink has been measured in four
different locations with the same distance at 5, 15, 25, and 35 mm
along the lengths of the heat sink.

To ensure the experimental setup is functioning properly, the
outcomes of the current work were compared to the empirical

outcomes of Ashjaee et al. (2015). This comparison was done
using the heat sink geometry from Ref (Ashjaee et al., 2015).
under the flow of DI-water and without the magnetic field and
impingement jet flow and also, under the magnetic field of 600 G
and without applying the impingement jet flow, have been
investigated according to Figures 5A, B.

As is evident from Figure 5B, the maximum variation between
the current work and the experimental results is 2.8% for the state of
B = 0 and also about 3% for the state of B = 600G. Therefore, the
experimental results of Ashjaee et al. are in good agreement with the
outcomes of this experimental research.

FIGURE 5
Validation of this experimental study compared with the experimental study of Ashjaee et al. (2015). (A) Schematic of the heat sink and heater block
of Ref. (Ashjaee et al., 2015). (B) Variation of the h along the heat sink length.

FIGURE 6
The TS changes over time in different methods for a ferrofluid
inlet temperature of 293 K, Re = 600, ∅ = 3%, and a mass flow rate of
the impingement jet of 0.1 kg/s.
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6.2 Comparison of improvement
heat transfer

In this investigation, the essential aim is to determine the cooling
time of the combined MF-IJ system. As a result, all tests were
conducted with the heat sink surface temperature initially set at an
average temperature of 321 K. This temperature was measured by
PT100 sensors that were installed on the heat sink, as shown in
Figure 4, and it remained consistent for each test. Additionally,
considering the heat sink’s geometry and the test conditions, the
experiments were performed for up to 80 s in each mode. As shown
in Figure 6, the cooling time of the heat sink surface temperature is
depicted at x = 0.005 m with utilizing the MF-IJ, MF and IJ cooling
methods. It can be seen that if the MF-IJ cooling method is used
under Re = 600, _mJet � 0.1 kg/s, B = 800 G, and ∅ = 3% for the
designed heat sink, the surface temperature of the heat sink can be
reduced to 304.15 K until reaching a steady state. It is also known
that using MF and IJ methods separately has resulted in the surface
temperature of the heat sink reaching 313.7 K and 315.6 K,
respectively. This also indicates that the MF and IJ methods
reach a steady temperature faster than the MF-IJ method, while
the use of the MF-IJ cooling method results in a greater reduction in
the surface temperature of the heat sink. Additionally, Figure 6
demonstrates that both the MF and IJ techniques maintain a steady
temperature after 40–50 s. However, when using the combined MF-
IJ approach, this duration extends to 70 s. Employing the MF-IJ
system for cooling the heat sink allows for more effective dissipation
of heat into the surrounding environment. This is attributed to the
fact that both the impingement jet and magnetic field enhance the
heat transfer coefficient, resulting in a longer time required for the
heat sink surface to reach a stable temperature.

The temperature difference between the surface and internal
areas of the heat sink must equilibrate, necessitating more time for
the surface temperature to stabilize. Consequently, as illustrated in

Figures 7, 9, the MF-IJ method enhances heat dissipation from the
heat sink and decreases the surface temperature due to the increased
heat transfer coefficient.

Furthermore, according to Figure 6, the drastic reduction in
temperature seen when employing both magnetic field and
impingement jet cooling techniques, as opposed to using them
individually for cooling and dissipating heat from the heat sink,
can be credited to the collaborative effects of these methods. When
the magnetic field and impingement jet work simultaneously, they
synergistically enhance heat transfer from the surface of the heat
sink to the surroundings. The impingement jet boosts convective
heat transfer by directing a swift fluid stream onto the heat sink
surface, effectively carrying away heat. On the other hand, the
presence of a magnetic field influences the behavior of
nanoparticles in the nanofluid, resulting in improved heat
transfer characteristics. The magnetic field can induce particle
alignment or motion, disrupting the formation of thermal
boundary layers and promoting even heat distribution
throughout the fluid. Combining these techniques results in a
more effective heat dissipation process, enabling the heat sink to
maintain a lower temperature than when using only the
impingement jet or magnetic field methods alone.

The temperature changes on the heat sink surface against time
are depicted in Figure 8 for three different ferrofluid inlet
temperatures of 293, 296, and 298 K using the MF-IJ method.
Figure 8 demonstrates how the TS changes as the inlet temperature
of the ferrofluid flow decreases. The steady state results for various
investigations of this study are summarized in Table 3. As expected,
when the inlet temperature of the ferrofluid reductions, due to the
gain in temperature gradient, the TS also reductions over time.

It is worth noting that in three different ferrofluid inlet
temperatures, the TS eventually reaches a steady-state
temperature after approximately 70 s. This indicates that the MF-

FIGURE 7
Variations of the h against time at x = 0.005 m, under the
conditions of Re = 600, ∅ = 3%, B = 800 G, impingement jet inlet
temperature of 298 K, ferrofluid inlet temperature of 293k and mass
flow rate of impingement jet of 0.1 kg/s for different methods.

FIGURE 8
Variations of the TS at x = 0.005 m in response to changes the
ferrofluid inlet temperature against time, under the conditions of Re =
600, ∅ = 3%, mass flow rate of the impingement jet of 0.1 kg/s, and
impingement jet inlet temperature of 298 K by using the MF-
IJ method.

Frontiers in Mechanical Engineering frontiersin.org09

Azadi et al. 10.3389/fmech.2024.1450972

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fmech.2024.1450972


IJ system under these conditions after 70 s reaches a thermal
equilibrium.

Interestingly, the temperature of the heat sink surface
experiences the most significant changes until reaching 45 s.
Beyond this point, the temperature variations become less,
suggesting that the MF-IJ system has stabilized. This observation
can be attributed to the time required for the heat sink to effectively
dissipate the heat by simultaneously affecting the ferrofluid flow and
the air impingement jet.

Furthermore, these findings highlight the importance of
controlling the inlet temperature of the ferrofluid flow for
efficient thermal management. By adjusting the inlet temperature
of the ferrofluid, it is possible to regulate the TS and ensure optimal
cooling performance.

The variations of the h along the heat sink length against time are
presented in Figure 9. It is observed that as the heat sink length
increases, the rate of increase in the heat transfer coefficient gradually
decreases. This can be attributed to the decrease in the temperature
gradient between the ferrofluid and the wall of the heat sink channels.
Furthermore, up to 50 s, the changes in the h are very intense, and
after 70 s, these values become steady. The steady-state values of the h
at lengths of 0.005, 0.015, 0.025, and 0.035 m are determined as
4909.091, 4153.846, 3776.224, and 3576.159 W/m2K, respectively.

For compare the cooling time of all three cooling methods,
namely, the MF-IJ, MF and Water-IJ methods the values of the h
against time to reach a steady heat transfer coefficient are depicted in
Figure 7. As is evident, the steady heat transfer coefficient values for

the methods of MF-IJ, Water-IJ, and MF have been obtained
4909.091, 3562.59, and 2627.73 W/m2K respectively, at the length
of x = 0.005m. It can also be seen that the use of theMF-IJ method in

TABLE 3 Steady state results in different cases.

Investigated case

At different length of heat sink x = 0.005 m h = 4909.091 W/m2K

x = 0.015 m h = 4153.846 W/m2K

x = 0.025 m h = 3776.224 W/m2K

x = 0.035 m h = 3576.159 W/m2K

At different inlet mass flow rate _mJet � 0.05 kg/s Ts = 316.7 K

_mJet � 0.1 kg/s Ts = 315.6 K

_mJet � 0.15 kg/s Ts = 312.05 K

_mJet � 0.2 kg/s Ts = 308.4 K

At different magnetic field B = 0 Ts = 306.19 K

B = 200 G Ts = 305.45 K

B = 400 G Ts = 305.2 K

B = 600 G Ts = 304.85 K

B = 800 G Ts = 304.15 K

At different ferrofluid inlet temperature Tin = 293 k Ts = 304.15 k

Tin = 296 k Ts = 306.06 k

Tin = 298 k Ts = 307.5 k

Comparison of heat sink surface temperatures between MF-IJ, MF, and IJ methods MF-JJ Ts = 304.15 K

MF Ts = 313.7 K

IJ Ts = 315.6 K

FIGURE 9
Variations of the h along the heat sink length against time, under
the conditions of Re = 600, B = 800 G, ∅ = 3%, impingement jet inlet
temperature of 298 K, ferrofluid inlet temperature of 293k, and mass
flow rate of the impingement jet of 0.1 kg/s by using the MF-
IJ method.
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this provided heat sink, compared to the Water-IJ and MF methods,
can increase the maximum h by 27.4% and 46.4%, respectively. As
mentioned earlier, the combination of magnetic field and
impingement jet methods improves the heat transfer process
from the heat sink’s surface to its surroundings more effectively
than other methods. The results presented in Figure 7 demonstrate
that the heat transfer coefficient steadily increases from 0 to 70 s, and
then become constant at 4909.091 W/m2K.

The impingement jet’s mass flow rate can affect the temperature
of the heat sink surface over time, as demonstrated in Figure 10. It

can be seen that the TS decreases when the impingement jet’s mass
flow rate increases. This is because, with an increase in the mass flow
rate, the temperature gradient increases. Therefore, the h is also
improved. Furthermore, this reduction in the temperature of the
heat sink surface is more intense up to 30 s, and after approximately
45 s, the temperature of the heat sink surface reaches a steady state.
Additionally, the steady values of the TS have been obtained for the
MF-IJ method in the mass flow rates of 0.05, 0.1, 0.15, and 0.2 kg/s,
which were 316.7, 315.6, 312.05, and 308.4 K respectively.

The impact of magnetic field intensity on the surface
temperature of the heat sink over time is depicted in Figure 11
of this research.

It is observed with rise in magnetic field, the temperature of the
heat sink surface gradually decreases over time. For example, for
magnetic fields of 200 G and 800 G, the temperature of the heat sink
surface in a steady state has reached 305.45 K and 304.15 K,
respectively.

Additionally, these temperature changes exhibit the most
significant variations within the first 45 s. As mentioned before,
in this experimental study, the initial TS was considered to be 321 K
for each experiment. This means that before starting each
experiment, the TS was raised to 321 K using a heater block
installed beneath it, and then each test was performed.

The efficiency values are calculated with Equation 12 from Ref.
(Ashjaee et al., 2015). Where, hnf and hf were obtained with respect
to time. Therefore, the maximum efficiency value of the combined
MF-IJ method has improved by approximately 10.6% compared to
the Water-IJ method and 19.1% compared to the MF method in this
novel heat sink.

η �
hnf
hf
ΔPnf

ΔPf

(12)

According to Figure 12, the efficiency values against time are
shown for each of the methods MF-IJ, Water-IJ, and MF. It is
observable that the changes in efficiency with respect to time for

FIGURE 10
Variations of the TS against time at x = 0.005 m for different mass
flow rates, under the conditions of Re = 600, ∅ = 3%, B = 800 G,
impingement jet inlet temperature of 298 K, ferrofluid inlet
temperature of 293 k by using the MF-IJ method.

FIGURE 11
Impact of magnetic field on variation of the TS against time at x =
0.005 m, under the conditions of Re = 600, ∅ = 3%, impingement jet
inlet temperature of 298 K, ferrofluid inlet temperature of 293k and
mass flow rate of impingement jet of 0.1 kg/s by using the MF-
IJ method.

FIGURE 12
Variation of efficiency against time for different methods.
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each of the mentioned methods decrease from 75, 65 and 45 s
onwards, respectively. In addition, the constant efficiency values for
the MF-IJ, Water-IJ and MF methods for the designed heat sink
were obtained as 1.175, 1.05, and 0.95, respectively.

For the MF-IJ method, the variations of the Nu against time in
different lengths of the heat sink are depicted in Figure 13. As shown,
the values of the Nu increase with time, and this increase is more
intense until 45 s. It is also found that the variations in the Nu at the
beginning of the channel (x = 0.005 m) are greater than other
lengths. The Nusselt numbers at x = 0.005, 0.015, 0.025, and 0.035 m
have reached steady state as 32, 27, 24.7, and 23.3, respectively. Due
to the high flow velocity at the beginning of the channel, this
phenomenon occurs, which enhances convective heat transfer.
The temperature gradient is also steeper at the inlet, resulting in
more significant variations in the Nu.

6.3 Pressure drop experiments in the
channels of ferrofluid

In this experimental research, the pressure drop along the
ferrofluid channels was measured using pressure gauges at the
inlet and outlet of the heat sink, as shown in Figure 2. According
to Figure 14, the effect of magnetic field variations on the pressure
drop in the ferrofluid channels within the heat sink is shown under
the following conditions: a volume fraction of 3%, an impingement
jet inlet temperature of 298 K, and a ferrofluid inlet temperature
of 293 K.

As shown, the pressure drops increases with rise in the magnetic
field and the Reynolds number inside the ferrofluid channels. When
an external magnetic field is existence, the magnetic particles in the
base fluid align in a chain-like pattern in line with the field’s
direction and therefore, the ferrofluid’s viscosity increases due to

this alignment (Li Q. et al., 2005). Thus, even though there is an
improvement in heat transfer with magnetic field, it also results in a
higher pressure drop (Ashjaee et al., 2015). Furthermore, it can be
concluded that with an increase in the magnetic field, a higher
pressure drop at the same Reynolds number can be observed.

7 Conclusion

The current study experimentally investigated the combined
effects of using an impingement jet (IJ) on the surface of a heat sink
with air flow channels and passing ferrofluid under the influence of a
magnetic fields (MF) to reduce cooling time and improve heat
transfer. The h, TS, pressure drop throughout the heat sink, and
the variation of efficiency against time have been calculated for the
MF-IJ, Water-IJ, and MF methods. Finally, the aforementioned
findings have been obtained:

• It was observed that when using the MF-IJ, only MF, and only
IJ methods for the proposed heat sink under the conditions of
Re = 600, _m jet � 0.1 kg/s, and ∅ � 3%, the Ts decreases to
304.15, 313.7, and 315.6 K, respectively, at a length of 5 mm
until reaching the steady-state condition.

• The TS at x = 0.005 m was reduced with changes in the
ferrofluid inlet temperature to 293, 296, and 298 K
against time.

• During the heat sink length, the rate of increase in h gradually
decreases. After 70 s, the steady-state values of convective heat
transfer coefficient at lengths of 0.005, 0.015, 0.025, and
0.035 m are obtained as 4909.091, 4153.846, 3776.224, and
3576.159 W/m2K, respectively.

• By comparing the cooling times of three methods, MF-IJ,
Water-IJ, and MF, it is evident that using the MF-IJ method in
the heat sink being studied can increase the maximum
convective heat transfer coefficient by 27.4% and 46.4% in
comparison to the Water-IJ and MF methods, respectively.

FIGURE 13
Variations of the Nu in the channels of ferrofluid against time for
different lengths of the heat sink under the conditions of Re = 600,∅=
3%, impingement jet inlet temperature of 298 K, ferrofluid inlet
temperature of 293k and mass flow rate of impingement jet of
0.1 kg/s.

FIGURE 14
Investigation of variations in magnetic field intensities on the
pressure drop along the channels of the ferrofluid for the MF-
IJ method.
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• By increasing the mass flow rate of the impingement jet to
values of 0.005, 0.1, 0.15, and 0.2 kg/s, the TS under cooling by
the MF-IJ method at x = 0.005 m decreased by 316.7, 315.6,
312.05, and 308.4 K, respectively.

• As the B increased, the TS slowly decreased over time.
• The maximum efficiency of the combined MF-IJ method has
improved by approximately 10.6% compared to the Water-IJ
method and by approximately 19.1% compared to the MF
method in this novel heat sink.

Based on the results obtained in this study, the use of the MF-IJ
method can decrease cooling time compared to theWater-IJ andMF
methods, while also enhancing heat dissipation from the heat sinks.
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Nomenclature

B Magnetic flux density (T)

T Temperature (K)

CP Specific heat (J/kg K)

d Distance between two thermocouples in the heater block

P Pressure (Pa)

Nu Nusselt number

G Magnetic flux density unit (Gauss)

h Local convective heat transfer coefficient (W/m2 K)

L Heat sink length (m)

W Heat sink width (m)

H Heat sink height (m)

l,u Heater block thermocouples

K Thermal conductivity of fluid (W/m K)

q// Heat flux (W/m2)

Re Reynolds number

V Velocity of the ferrofluid (m/s)

D Diameter of the ferrofluid channels (m)

t Time (s)

m Mass (kg)

_m Mass flow rate of air (kg/s)

MF-IJ Magnetic field and impingement jet cooling method

MF Magnetic field cooling method

Water-IJ Cooling by air impingement jet with simultaneous passage of pure water

IJ Impingement jet cooling method

Greek

µ Dynamic viscosity (kg/ms)

φ Volume fraction

η Efficiency

ρ Density (kg/m3)

Subscripts

f Base fluid

nf Nanofluid

m Bulk

s Heat sink surface

P Particle
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