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Abstract 
 
Electronic devices and systems are increasingly miniaturized with enhanced 
power density and high heat flux. The high heat flux is being handled with 

different cooling techniques. In this paper, an inverse trapezoidal fin heat-

sink with a liquid coolant mechanism for a 30 W DC-DC converter has been 

proposed. Simulations were performed for harsh ambient temperatures (Ta) 
fromTa=233 K to Ta=343 K, under the influence of the laminar flow of 

liquid and large Richardson number. A comparative study of heat dissipation 

effectiveness at the maximum temperature attained by the DC-DC converter 
has been carried out. The proposed mechanism comprises a coolant reservoir 

integrated with three inlet/outlet pipes for the flow of coolant, 30 W thermal 

module, and a heat-sink thermal plate. Besides, inverted trapezoidal fins 

modify the thermal plate to increase the effective exposed area to the 
surroundings for enhancement of heat dissipation. The inverted trapezoidal 

fin heat-sink with water as coolant and kerosene-Fe3O4 as coolant, achieved  
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maximum temperatures of 383K and 381K respectively at Ta = 343 K, 

maintaining the DC-DC converter within its safe operating temperature area. 

Thus, there is significant heat transfer enhancement using kerosene-based 
fluid. 

 

Key words: Trapezoidal fins, Ferrofluid, Liquid Cooling, Magnetocaloric 

Pumping, power density and high heat flux. 

 
 

1 Introduction 
 

Heat generation is an inevitable offshoot of electronic devices and 
systems and it is required to be dissipated in efficient manners to get the 

performance and reliability of the system. A chip design process flow has 

helped in miniaturisation of systems but has enhanced the heat flux of the 
system. The architectural design and physical design of electronic chip and 

system are very important steps to mitigate the thermal problems. The 

performance of devices and systems is maintained by utilizing the best 

cooling technologies. . Recent research trends are mostly focused on 
magneto-hydrodynamic in natural convection heat transfer technique. In 

magneto-hydrodynamics, external magnetic field is used to control the flow 

parametersof magneto fluids. It has been proved that thermal loads are 
handled by applying closed-loop liquid-based thermoelectric electronic 

cooling to a 9TE module.The system performance is improved by 14.23% as 

compared to conventional commercial cooling techniques [1]. Electronic 

chip is cooled with jet impingement body cooling (JIBC) and channel 
impingement hybrid body cooling (HBC). Chip temperature was maintained 

upto 32°C with DI-water flow rate of 1500mL/min. The lowest thermal 

resistance (0.041 k/W) was achieved at a flow rate of 1800 mL/min. [2]. A 
compact spray cooling modulewas demonstrated for multiple heat sources by 

using a mixture of 40% v.t. ethylene glycol coolant and water. A heat flux of 

304.7W/cm
2
 and temperature variation below 6.5°C was achieved in a 

multiple heat-source device [3]. 

The liquid cooling mechanismneeds extra energy to pump the coolant 

from the reservoir to heat-source and vice-versa. DI - Water and ferrofluids 

are mostly preferred coolants for electronic devices and systems. In the 
eventuality of water leakage, a single drop of water coolant can rush the 

corrosion of metal parts and lead to failure of electronic components and 

systems. Ferrofluids do not corrode the metal parts, hence are the best 
coolant for miniaturized electronic systems.It is a colloidal solution 

consisting of magnetic nanoparticles coated with a suitable surfactant in a 

non-magnetic carrier fluid. The temperature gradient and alignment of the 
magnetic nanoparticle domains in the presence of an external magnetic field 

allow pumping the fluid from colder to hotter regions.  
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Ferrofluids at a comparatively higher temperature have less 

magnetization, and their viscosity can increase due to the formation of chain-

like structures by coagulation in the thermal gradient direction and surfactant 
concentration. The thermal conductivity of ferrofluids can be increased by 

reducing the size and increasing the volume fraction of nanoparticles [4].The 

base fluid has varying properties in terms of thermal conductivity and the 

thermal conductivity of a base fluid is comparatively much lower (300 times) 
than that of a ferrofluid. Theheat transfer enhancement depends on the 

particle concentration, preparation of ferrofluid, and base fluid. It is 

investigated that the heat transfer coefficient of Fe3O4 magnetic 
nanoparticles dispersed in water can be increased with larger magnetic flux 

and ferrofluid concentration [5-7].Local convective heat transfer has been 

enhanced by using an oscillatory magnetic field and high-volume 
concentration [8]. Ferrofluids with kerosene base have a higher heat transfer 

rate than those with a water base and Fe3O4 nanoparticles exhibit enhanced 

heat transfer compared to cobalt ferrite and Mn-Zn ferrite[9]. Use of water 

base for magnetic nanoparticles, flow is continuous but pulsating, thus being 
posing resistance in the flow for the system, whereas a kerosene base 

provides smooth and uniform flow. The damping characteristics of 

ferrofluids can vary instantly under an external magnetic field [10].In self-
pumping magnetic fluid-based cooling devices and mechanism, various 

forces acts on ferrofluids such as gravitational, Brownian, and Kelvin body 

forces, van Der Waals attraction potential, dipole-dipole magnetic potential, 

and Stokes’ drag [11]. Numerical analysis were carry to investigate the 
interaction between the external magnetic field (H) and molecular magnetic 

moments (M) in magnetic fluids, only the Kelvin body force was considered 

along the x-axis direction. Due to the magnetization of ferrofluid 
nanoparticles in the presence of an external magnetic field, the fluid 

experiences the following magnetic force [12]:  

. 10F H Hm m              (1) 
where,F is the Kelvin body force, µo is the permeability of air or vacuum (4π 

× 10
–7

 H/m), H is the magnetic field (A/m), and χ is a temperature-dependent 

quantity given by:  

0

1 0
T

T T
                          (2) 

Having α being the temperature coefficient, T the fluid temperature, and 

T0 the ambient temperature. The energy equation for incompressible 
ferrofluids follows the modified Fourier’s law: 

 

2. .0
T M

C u T k T v Hp
t T           (3) 
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where ρ is the ferrofluid density, Cp is the specific heat at constant pressure, u 

is a velocity vector, k is the fluid thermal conductivity, and μФ is the viscous 

dissipation.Ferrofluid based cooling have been analysed in macrosystems 
like transformers, servers, computers, etc. A ferrofluid based on UTR- 40 

(transformer coolant) uses Fe3O4 particles with monolayer surfactant as 

oleic acid is used to cool down a step up/ step down low power single-phase 
transformer which uses medium voltage [13]. Numerical analysis in square 

cavity of wavy or plane wall filled with a Newtonian or non-Newtonian 

nanofluid under the influence of uniform or sinusoidal varying temperature 
to predict average and local Nusselt number (Nu). It was observed that the 

pattern of Nu variation is similar for both temperature cases. The addition of 

nanoparticles in shear-thinning fluid enhanced the heat transfer and is 

effective with the application of an external magnetic field [14].The effect of 
external magnetic field strength on the heat transfer is significant. Heat 

transfer rate decreases with an increase in strength of the external magnetic 

field. Natural convection heat transfer in a rectangular insulated cavity filled 
with ferrofluid enhances the heat transfer within a certain range of block size 

and magnetic field. Newtonianbehaviour was observed on stable magnetic 

fluids and the weight and volume of the transformer were significantly 

reduced. Furthermore, the usage of raw materials like magnetic steel sheets 
and copper was also reduced [15-16].Presence of nanoparticles in the fluid 

increases the temperature gradient and maximum heat transfer near the solar 

cell considered for the experiment. The numerical results show that a large 
Richardson number enhances the natural convection with an increase in 

temperature gradient and heat transfer [17].Nanofluids used for thermal 

runaway in electronic circuits and dissipating the heat from sources to the 
environment. Use of ethylene glycol-based fluids at different flow rates 

resulted significant enhancement of heat transfer coefficient with a very less 

flow rate of 0.2–2 mL/min without pressure drops of different fluids 

concentrations. It was concluded that metal-based fluids have more heat 
transfer than water-based fluids [18]. 

 

2 Problem Definition  
 

In this research, a liquid cooling mechanism with inverted trapezoidal 

fins heat-sink for the triple output DC-DC converter has been analyzed for its 
application and use in varying harsh ambient temperatures; Ta= 233 K to 

343K. Numerical analysis with liquids (water and ferrofluid) as coolants has 

been carried out for removal of high heat flux from DC-DC converter in 
varying harsh ambient temperature (Ta) conditions. The proposed liquid 

cooling mechanism is an extension of research work published of authors 

[19]. The authors proved mathematically and numerically that at Ta = 298 K 
natural convection cooling with an inverted trapezoidal heat-sink, decreased 

the temperature of the converter from 593 K to 352 K.  
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The major assumptions considered for numerical analysis are laminar, 

steady-state, and incompressible flow. The analysis was done for transient 

time and soaking time as per Figure 1. Water as DI-water and ferrofluid are 
treated as homogeneous material with constant properties. 

 

 
Figure 1. Thermal test profile 

 

3 Experiment Setup 
 

DC-DC converter with 30W of output power has been considered for 
simulation analysis at different ambient temperatures. Initially, no heat-sink 

was used to observe the extreme temperature of the converter at 30 W peak 

load. At Ta =343 K, the temperature of DC-DC converted rise to 638 K 

which is much beyond its safe operating temperature limit. A thermal plate 
embedded with three input/output pipes at the back of the plate was attached 

to the DC-DC converter as per system – interconnect cooling 

techniqueswherein, front-side of an electronic device is attached to the back-
side coolingmechanism [20]. Simulation analysis at Ta= 343 K shows that the 

temperature of the DC-DC converter reduces from 638 K to 402 K with 

water as a coolant. An external pumping mechanism is used to pump the 

water and to maintain the flow in this active cooling system. A minimum of 
0.062 μW fluid power is required for optimal heat transfer. The power 

required for the functioning of thepump impacts the overall system. 

Therefore, we introducedflow of ferrofluid through the pipes, and the flow 
was governed based on temperature gradient and applied magnetic field [21]. 

This proposed experiment was acting as a passive cooling system wherein no 

electric energy was used to pump the fluid. The external pump was replaced 
with three permanent magnets which produce a combined magnetic flux of 1 

Tesla. Simulation analysis with this improved system shows the reduction in 

DC-DC converter69* temperature to 398 K which is at the extreme operating 

temperature of the converter.  
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Further, the thermal plate with condenser pipes was modified with 

inverse trapezoidal fins to increase the surface area for the enhancement of 

heat transfer. This improvised heat-sink when used with water as a coolant, 
the temperature lowers down to 383 K at Ta= 343 K. Although, the 

temperature attained by the system is under the safe operating area of the 

DC-DC converter, the overall efficiency of the system will be reduced due to 
the use of external pump. So, water was replaced by ferrofluid, and a 

decrease in temperature was observed i.e. 381 K achieving the ultimate goal 

of reducing temperature as well as improving the overall efficiency of the 
system. 

 

4 Simulation Design 
 

DC-DC converter(MTR28512T) having an outer casing of cold-rolled 

steel with a length of 49.28 mm, breadth of 34.29 mm, and a height of 
10.29 mm. It is used to drive an electrical load of 30 W with triple output 

voltages; 5Vdc@4A and±12Vdc@0.75A. Simulations were performed to 

meet the thermal cycling test profile required for avionics application defined 

in the military standards test methods MIL-STD810F. The thermal cycling 
test profile tailored to meet the thermal envelope with respect to time is 

shown in Figure 1. Temperature variations from 343K to 233K and back to 

343K completes one cycle of the thermal profile. At Ta= 233 K and Ta = 
343 K, simulations were performed for 3600 s, establishing a soaking time. 

At Ta = 300 K and Ta = 323 K, simulations were performed for 1320 s 

corresponding to a change of 5 K/min. 

The following conditions were considered to evaluate the converter 
under extreme thermal stress: 

Independent converter with air as coolant. 

Converter with a thermal plate and water/ferrofluid flowing through pipes. 
Converter with a thermal plate and inverted trapezoidal fins using 

water/ferrofluid flow through pipes. 

 

5 Assumptions 
 

Model assumptions on which the simulations have been performed are: 
(1) The flow regime is laminar, incompressible, single-phase, and 

steady. 

(2) Properties of the fluids are constant. 
(3) Radiation heat transfer to surroundings is negligible and assumed 

to be zero. 

(4) Heat gets transferred to the heat-sink from the base of the DC-

DC converter 
There is natural air convection i.e. velocity of the surrounding air is zero. 
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6 Simulation Analysis 
 

The simulations were performed using COMSOL Multiphysics v5.4 
using heat transfer (ht) and laminar flow (spf) modules. The temperature of 

the converter with water and ferrofluid as coolants on two different setups 

were analyzed by varying the ambient temperature (Ta).The heat transfer 
coefficient (h)of surrounding air was assumed to be constant at 

h = 30 W/m
2
K. 

 

6.1 Independent Converter with Air as Coolant 
 

At the full load of 30W, the DC-DCconverter was exposed to Ta=233 K, 

Ta = 300 K, Ta = 323 K, and Ta = 343 K. The maximum temperature attained 
by converter at Ta = 343 K is 638K as shown in Figure 2. The figure 02 

shows the variation of the temperature. 

 
Figure 2. Thermal profile at Ta=343K without cooling 

 
The converter reached temperatures of 496 K, 553K, 573 K, and 638K at 

Ta values of 233K, 300 K, 323K, and343K, respectively. The maximum 

temperature of 638K was very high compared to the maximum rated 

temperature of 398K for the converter, whoseheat flow is shown in Figure3. 
This elevated temperature must be dissipated for proper operation of the 

converter as a power source for other miniaturized electronic circuits. 

 
Figure 3. Heat flow at Ta = 343 K 
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6.2 Converter with Thermal Plate using Water/Ferrofluid Flow 
through Pipes 
 

The DC-DC converter was simulated as mounted on a 

74.28 mm × 59.69 mm × 5mm aluminium 6061-T6 thermal plate, where 
three semi-cylindrical grooves of diameter 5 mm were placed along the 

length of the thermal plate, as shown in Figure 4. The figure 4 shows the 

basic schematics of the system. Three copper pipes with an outer diameter of 
5 mm and an inner diameter of 4 mm were embedded into the grooves with 

thermal grease. The dimensions of complete assembly are 204mm × 141.6 

mm. The properties of the simulated materials are listed in Table 1. 
Table 1: Properties of materials for the thermal plate 

 
 

 
Figure 4. Layout of thermal plate 

Figure 5 shows the mesh diagram of the thermal plate with condenser 
pipes. Grid independence was studied and the results have been listed in 

Table 2. The grids are shown in figure 5.  

 
Figure 5. Mesh diagram of the thermal plate with condenser pipes 
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Table 2: Grid independence for thermal plate assembly 

Maximum element size 4.24 

Minimum element size 0.8 

Number of elements 584535 

Minimum elements quality 0.05229 

Average elements quality 0.6568 

Elements volume ratio 1.039E-7 

Mesh volume 55370.0 mm3 

Maximum growth rate 1.13 

 

6.2.1 Water as Coolant 
 

Water was used as a coolant for thermal analysis flow through the pipes. 
Simulations with this setup were performed at Ta values of 300 K, 323 K, and 

343 K with an average flow of 0.25 mm/s. The simulation at Ta of 233 K was 

not conducted because the temperature is below the freezing point of water, 

impeding the system to operate. The maximum temperature attained by the 
converter was reduced to 402 K at Ta of 343K, as shown in Figure 6. Still, the 

maximum temperature remained outside the range for safe converter 

operation. 

 
Figure 6: Thermal profile at Ta = 343K with thermal plate and water 

 

6.2.2 Ferrofluid as Coolant 
 

We then analysed the effectiveness of a ferrofluid as a coolant to reduce 

temperature using the same setup as with water as a coolant. A head of 
7.5 mm was placed between the ends of the pipes to aid the flow. Three 

permanent magnets with a total magnetic strength of 1 T were modelled at 

4 mm from the thermal plate to align the magnetic domains of the ferrofluid 
along the direction of the applied magnetic field. Kerosene was used as a 

carrier for the magnetic nanoparticles in the ferrofluid. The ferrofluid 

properties are listed in Table 3. In the table, different properties of the 

ferrofluid are described. 
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Table 3- Properties of ferrofluid for this study 

Property Value 

Density (kg/m3) 879.6 

Viscosity @30˚C (cP) 2 ± 0.2 

Susceptibility 0.3860 

Thermal conductivity @30˚C (mW/m-K) 133 ± 2 

Specific heat (Jkg–1K–1) 1715.0 

Thermal expansion coefficient (K–1) 0.0009 

Curie temperature (K) 420 ± 10 

Pyro-magnetic coefficient (emu/cc-K) 2.5 

Saturation magnetization (Gauss) 45 ± 5 

Carrier Kerosene 

Simulations with this setup were performed for Ta values of 233 K, 

300 K, 323 K, and 343 K with an average flow of 0.25 mm/s. The 

temperature profile of the converter in Figure 7 shows that the converter 

temperature reduced to 398 K at Ta of 343 K. Ferrofluid decreased the 
temperature by 4 K compared to water, achieving the limit for the safe 

operation of 398 K. If overloading occurs, however, the maximum 

temperature can further increase, leading to a dangerous operating condition. 

 
Figure 7: Thermal profile at Ta = 343K with thermal plate and ferrofluid 

 

6.3 Converter with a Thermal Plate and Inverted Trapezoidal Fins 
Using Water/Ferrofluid Flow through Pipes 
 

To further decrease the converter temperature, a heat-sink design with an 

inverted trapezoidal fins design has been used for simulation analysis using 

water or ferrofluid as coolant. Kumar et al. [21] have mathematically 
demonstrated as best fit design for a significant reduction of temperature of 

the DC-DC converter. The heat-sink has three extended inverse trapezoidal 

fins along all sides of the converter. The thickness of each fin has been kept 
2mm with 2mm spacing between them. There are a total of 12 fins, which are 

divided into two sets of dimensions keeping in view the rectangular shape of 

the converter and each dimension having six fins as shown in Figures8-10.  
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Increment in the effective temperature difference is observed by using 

these fins as air near the bottom of the fin is heated, rises, and exits from the 

top of the heat-sink. The dimensions of the pipes were the same as those in 
the previous setup. The dimensions of the complete assembly depicted in 

Figure 11 are 204 mm × 140.5 mm. 

 
Figure 8: Dimensions of fins (set 1) 

 

 
Figure 9: Dimensions of fins (set 2) 

 

 
Figure 10: Dimensions of Inverse Trapezoidal Fin Heat-Sink 

 

 
Figure 11: Layout of Inverted trapezoidal fin heat-sink and position of magnets 
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Figure 12: Mesh diagram of inverted trapezoidal fin heat-sink 

 

Figure12 shows the mesh diagram of the inverted trapezoidal heat-sink. 
The simulations were similar to those reported above. Grid independence 

was studied and the results have been listed in Table 4. The table 4 explains 

the properties of the elements and the meshing details. 
Table 4: Grid independence for thermal plate and inverted trapezoidal fins assembly 

Maximum element size 4.74 

Minimum element size 0.894 

Number of elements 469648 

Minimum elements quality 0.06692 

Average elements quality 0.6343 

Element volume ratio 1.55E-6 

Mesh volume 62970 mm
3
 

Maximum growth rate 1.13 

 

6.3.1 Water as Coolant 
 

Ambient temperature (Ta) of 300 K, 323 K, and 343 K were evaluated in 
simulations. The maximum temperature achieved by the converter at the 

highest ambient temperature was 383 K, being below the maximum safe 

operating temperature of 398 K, as shown in Figure 13. Still, as previously 
discussed, additional power is required for pump operation. 

 
Figure 13: Thermal profile at Ta=343K with Inverted Trapezoidal fin heat-sink and 

water 
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6.3.2 Ferrofluid as Coolant 
 

To prevent using additional power for pumping of coolant, we used a 

ferrofluid as coolant. Three magnets were again modelled at 4mm from the 
thermal plate for magneto caloric pumping of the ferrofluid, preventing the 

use of additional power. Simulations were performed at Ta values of 233 K, 

300 K, 323 K, and 343 K with an average flow of 0.25mm/s. At Ta of 343 K, 
the maximum temperature achieved by the converter was 381 K, as shown in 

Figure 14. Thus, by using the ferrofluid instead of water, a further decrease 

of 2 K was observed in the maximum converter temperature. 

 
Figure 14: Thermal profile at Ta=343 K with Inverted Trapezoidal fin heat-sink and 

ferrofluid 

 

7 Results and Discussion 
 

The heat transfer using water and ferrofluid (Kerosene + Fe3O4) as 

coolants embedded with a thermal plate and inverted trapezoidal fins heat-
sink was numerically investigated at different ambient temperatures. The 

simulated results for DC-DC converter at its 30 W full load, are summarized 

in Table 5.  
Table 5: Comparative analysis 

Ambient 

temperature 

(Ta) (K) 

Without 

cooling  

(K) 

Thermal plate 

with water 

coolant 

 (K) 

Thermal plate 

with ferrofluid 

coolant 

 (K) 

Inverted 

trapezoidal fins 

with water 

coolant 

(K) 

Inverted 

trapezoidal fins 

with ferrofluid 

coolant 

 (K) 

233 496 – 288 – 271 

300 553 358 355 339 338 

323 573 381 378 362 360 

343 638 402 398 383 381 

At Ta = 233 K, numerical analysis with water as coolant was not done 
because Tais much below the freezing point. Analysis with ferrofluid at Ta = 

233 K shows that an independent DC-DC converterattains 496 K 

temperature. It is reduced to 288 K and 271 K when the thermal plate and 
inverted trapezoidal heat-sink embedded with ferrofluid was used. At peak Ta 

= 343 K, the temperature of DC-DC rise to 638 K.  
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This was significantly reduced to nearly 381 K with water and ferrofluid 

coolants embedded with inverted trapezoidal heat-sink. Also, no hot-spots on 

the surface of the converter are observed and surface temperature was quite 
uniform. 

However, complications may arise when water is used as coolant below 

Ta = 233K because water expands upon freezing, possibly damaging the 
system. Besides, water is harmful if leakage occurs and can cause rusting. It 

is due to the presence of turbidity remover additives such as 

aluminiumsulphate and ferric chloride which are acidic in nature and can 
enhance the corrosive nature of water. The flow velocity of water also 

decreases as the temperature gradient in the liquid decreases due to its 

intrinsic property of heat capacity. This may lead to no flow condition. On 

the other hand, ferrofluids do not cause rust to the components and system. 
The thermo-magnetic ferrofluid flow can be increased by increasing the 

external magnetic field and temperature gradient in the fluid. Moreover, 

these fluids have an operating temperature and can damage the pipes if 
heated above the temperature limit. If the temperature rises above the Curie 

temperature, the ferrofluid may coagulate and cannot be re-used. 

 

8 Conclusion  
 

A numerical evaluation was carried out with various methods to reduce 
the temperature of the 30W DC-DCconverter. Simulations were performed in 

COMSOL Multiphysics using conjugate heat transfer and magnetic field 

modules. It has been analyzed that the water-based cooling mechanism is not 

workable for electronic systems that are to be operated at or below the 
freezing points. However, ferrofluid is a more effective coolant as it flows by 

its characteristics of heating and magnetization, with the application of an 

external magnetic field. Ferrofluid coolant also eliminated the use of a 
mechanical pump which is required for water-based fluid flow. Results show 

that inverted fins heat-sink embedded with ferrofluid cooling mechanism is 

the best cooling technique which has significantly reduced the temperature of 
the converter from 638 K to 381 K. Moreover, this cooling mechanism 

technique is also workable from Ta = 233 K to Ta = 343 K.The work 

demonstrated a significant enhancement in the heat transfer using ferrofluid 

with inverted trapezoidal fins heat-sink.  
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