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Abstract: For reliability and thermal management of power devices, the most frequently used
technique is to employ heatsinks. In this work, a new configuration of offset strip fin heatsink based
on using the concept of curvy fins and U-turn is proposed with the aim of improving the heat transfer
performance. With this aim, a three-dimensional model of heatsink with Silicon Insulated-Gate
Bipolar Transistors (IGBTs) and diodes, solder, Direct Bonded Copper (DBC) substrate, baseplate
and thermal grease is developed. Richardson’s extrapolation is used for increasing the accuracy of
the numerical simulations and to validate the simulations. To study the effectiveness of the new
offset design, results are compared with conventional offset strip fin heatsink. Results show that in
aspects of design of heatsinks (including heat transfer coefficient, maximum chip temperature and
thermal resistance), the new introduced model has advantages compared to the conventional offset
strip fin design. These enhancements are caused by the combination of the longer coolant passage
in the heatsink associated with generation of disturbance and recirculation areas along the curvy
fins, creation of centrifugal forces in the U-turn, and periodic breaking up boundary layers. Also,
it is shown that due to narrower passage and back-and-forth route, the new introduced design can
handle the hot spots better than conventional design.

Keywords: curvy fins; heatsink; numerical simulation; offset strip fin; thermal management; U-turn

1. Introduction

With the rising awareness of necessity of sustainable energy systems, power electronics (PE)
technologies are increasingly becoming the key technology of various energy conversion systems.
The insulated-gate bipolar transistor (IGBT) has been used as one of the key components in PE.
Advances in PEs has led to the need for manufacturing of highly compact IGBTs, associated with
high heat density generation. This trend stresses the necessity of studies regarding design of cooling
systems and providing proper thermal management of the IGBT modules to avoid intense heating and
even burn-out. An IGBT module can be seen in Figure 1.

Figure 1. An unpacked IGBT module.
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As a solution to the problem of high heat density, heatsinks have been introduced as additional
coolers for PE and they are widely used. A heatsink, which consists of several microchannels, is a
promising approach to cool electronic chips with a high rate of heat generation. A heatsink with
conventional straight microchannels can be seen in Figure 2a.
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Figure 2. Schematics of a heatsink with (a) Conventional straight microchannels, (b) U-turn path,
(c) Parallel curvy microchannels, (d) Offset strip fins.

The design and structure of microchannels have a significant impact on hydraulic and thermal
performance of heatsinks. In the last 50 years, much effort has been devoted to enhance the heat
dissipation ability of heatsinks in respect to the heatsink materials and fabrication methods [1-3], different
arrangements of equipment in cooling loops and systems [4], optimization tools [5], different coolants [6],
different phases of coolants [7,8], combination of thermoelectric coolers and heatsinks [9], compact
sandwiched press-pack SiC power module [10], using nanofluids [11], heat exchangers designs [12],
using porous materials in heatsinks [13] and different channel shapes and designs [14].

Different flow profiles are created by passing fluids through different heat sink configurations,
causing different temperature profiles and different cooling abilities. A structure which is commonly
used in heat exchangers and can improve the heat transfer rate is the U-turn (Figure 2b). Such a path
creates centrifuge forces and prolongs the cooling path inside the heatsink, both of which contribute to
the rising cooling efficiency.

Mohammed et al. [14] investigated different rectangular and parallel channel shapes including
curvy microchannels (Figure 2c). Their simulation results show that the curvy microchannels will
improve the heat transfer coefficient compared to the conventional straight microchannels.

One of the high-performance configurations is offset strip fin (Figure 2d). For a given pressure drop
and heat source base area, the offset strip fin heatsink offers a better thermal hydraulic performance
than the conventional straight microchannels [15].

In recent years, many studies have been conducted on offset strip fin configurations, investigating
different structures (Z type and H type) [16,17], the thermal and hydraulic behavior of single phase
flow experimentally [18] and two phase flow [19,20], predicting the thermo-hydraulic characteristics
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numerically [21], pressure drop and heat transfer correlations for single phase flow [22,23] and two
phase flow [19].

The development of new generation of power devices, such as wide bandgap devices (WBG) and
high-performance converter topologies leads to requiring of novel heatsink designs to overcome higher
heat flux and making new designed components. In this paper, to follow the efforts for improving
heat transfer rate of cooling systems and considering the advantages of offset design, curvy fins and
U-turn path, a new and modified configuration based on mentioned heatsinks concept (offset strip fin,
curvy fins and U-type design) is introduced and investigated. This new design is proposed to extend
the current limitations of the heat transfer dissipation of conventional offset strip fin design.

2. Numerical Details and Layouts for Analysis

2.1. Computational Domain

To simulate the convective flow and heat conduction in new introduced cooling configurations,
a 3D solid—fluid conjugate heat transfer model is made. The simulations are conducted using finite
element method based on the commercial package—Comsol Multiphysics 5.4. This software provides
a convenient and robust graphical user interface. This easy-to-work interface facilitates to set up a
simulation model, to run it and to visualize the results.

To model the heat sink, the conjugate heat transfer module is used. Continuity, Navier—Stokes
and energy equations for both the fluid and solid subdomains are solved, simultaneously. In addition,
conjugate heat transfer module provides necessary tools to do analysis of heat sink model in conduction
and convection heat transfer.

An Insulated-Gate Bipolar Transistor (IGBT) module is placed on a heatsink. IGBT chip and
diode chip on the top and other metal and isolation layers at the bottom are illustrated in Figure 3a,b.
It should be noted that in this model (Figure 3b) larger chips (IGBTs) and smaller chips (diodes)
produce 50 W and 30 W, respectively. Thermal characteristics of the materials used in the IGBT module
under study are given in Table 1. Also, the size of these layers can be seen in Table 2.

: IGBT
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Ceramic
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Figure 3. (a) An IGBT module with a heatsink and its different layers, (b) Schematic of the IGBT
module modeled in Comsol Multiphysics.

Table 1. Material thermal properties of the IGBT module.

Material Density/kgm =3  Specific Heat/Jkg~'K~1 Conductivity/Wm 1K1
Heatsink (Silicon) 2330 705 140
Baseplate (Copper) 8954 384 395
Ceramic (Al,O3) 3890 880 35
Solder 2600 1200 3

Thermal grease 7370 220 57
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Table 2. Geometric values of layers of IGBT module.

Description Length X Width X Height
Diode 5.5 x 4.78 x 0.13 mm?>
Solder (under Diodes) 5.5 x 4.78 x 0.025 mm?
IGBT 7.53 x 7.6 x 0.13 mm3
Solder (under IGBTs) 7.53 x 7.6 x 0.025 mm?>
Copper 20.5 x 28 x 0.3 mm?
Ceramic 22.5 x 30 x 0.63 mm?>
Solder (between copper and baseplate) 7.6 x 0.025 x 0.025 mm?
Baseplate 60 x 36 x 1.5 mm?
Thermal grease 60 x 36 x 0.01 mm?

To study the effectiveness of this new design, results are compared with conventional version of
the offset strip fin heatsink. Figure 4 shows the conventional offset strip fin along with the different
parameters used to describe the geometry. Table 3 lists the different dimensions in Figure 4a,b.
Schematics of the new offset design can be seen in Figure 4c.
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Figure 4. Geometries of (a) 3D Offset strip fin heatsink, (b) Detailed dimensions of a channel with fins,
(c) New offset design (Blue and red arrows show inlet and outlet flow, respectively).
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It should be noted that the coolant is water with an inlet temperature of 20 °C and inlet mass flow
rate in the range of 3-18.5 cm3s~!. The flow regime is laminar in this mass flow range. The geometric
parameters of A;, Ay and A3 have been chosen based on some preliminary simulations to obtain
the highest performance from a heat transfer point of view.
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Table 3. Dimensions of the heatsink.

Sign Description Value
H Heatsink height 10 mm
H.  Channel height 6 mm
H, Rib height 4 mm
W Heatsink width 36 mm

L Heatsink length 60 mm
Wy Fin width 0.86 mm
W, Channel width  1.14 mm
Ly Fin length 10 mm
Aq Curve angle 40°
Ay Curve angle 100°
Az Curve angle 40°

2.2. Grid Topology to Simulate

50f 15

Due to existence of sharp edges and offset fins, triangular, boundary layers and tetrahedral meshes
are employed to obtain a suitable mesh model to achieve flow field and heat transfer characteristics of
the proposed heatsink. A zoomed-in view of the mesh in the fluid is shown in Figure 5. As it can be
seen in Figure 5a, close to the solid fin and in the fluid, the boundary layer mesh is used. This mesh
is used when an intense gradient exists in the model. In this model, in the studied flow, there is a
relatively intense velocity gradient that quickly ended at U = 0 at the boundary.
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Figure 5. Mesh configuration to simulate the flow in the heatsink (a) Adjacent to boundary layers,

By moving away from the fluid and solid interface, anisotropic prismatic elements in the shape
of hexahedral are used for simulating the fluid and the solid. As a result, a mesh which is finer in
the water domain than the solid domain is created. Also, all sharp angles are identified and meshed by

finer elements (Figure 5b).

Table 4 lists the different geometric parameters (which are used in Comsol multiphysics) of
the mesh configuration. This table shows that the finest and least fine mesh belongs to wetted walls

and IGBT module, respectively.



Appl. Sci. 2020, 10, 1112 6 0f 15

Table 4. Geometric values of mesh configurations.

Max Element Size Min Element Size Max Element Growth Rate

Fluid domain 5.12 mm 0.64 mm 1.45
IGBT module domain 1.5 mm 0.448 mm 1.15
Wetted walls 0.829 mm 0.0897 mm 1.1

2.3. Richardson’s Extrapolation

Richardson extrapolation is a method to attain a higher-order estimation of the continuum value
from a series of lower-order discrete values [24] and is used as a computational tool for increasing
the accuracy of numerical simulations. Moreover, this method can be used to validate the simulation
results [25,26]. Four different mesh structures with 0.5, 1, 2 and 4 million cells are generated by
increasing the number of grids. This grid structure sequence is generated with a constant refinement
ratio (r) of 2. The extrapolated exact numerical solution is estimated using Richardson’s method.
Roache [27] suggested the Grid Convergence Index (GCI) to estimate the required grid resolution.
The GCl is defined as:

Fslel

GCl= —*

)

where F; is a safety factor, € is the relative error between the two grids,  is the grid refinement ratio
and p is the order of convergence. Roache [27] suggested safety factor (F) of 1.25 for such mesh study,
confirming convergence of the mesh.

Using the GCI, the error band is calculated as follows:

Error band = fexact + fexact -GClyp @

in which fexact is the approximate exact solution and 1 and 2 are grid structures.
The sensitivity of changes with number of cells on the thermal resistance (R;) is shown in Figure 6
along with the estimated exact solution and the error band estimated.

0.23 T T T T T T T T T
—e— Presented simulations
- - - Extrapolated exact solution
0.23 || — Error band |
HT 0.22 |- =
=
~ 022
0.21 |- =
021 Il Il Il Il Il Il Il Il Il

1 2 3 4 5 6 7 8 9
Number of cells 106

Figure 6. Sensitivity of changes with number of cells on thermal resistance (Ry).
As shown in Figure 6, the thermal resistance R; is calculated by the mesh having 4 million cells

within the error band and therefore this grid resolution is used for the rest of the simulations to obtain
a valid solution.
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3. Results and Discussion

Results are shown in terms of thermal resistance, maximum chip temperature, heat transfer
coefficient and pumping power. Also, the temperature and velocity distributions are presented for a
visual comparison and investigating the reasons behind the differences in performance of two studied

heatsink configurations.

3.1. Velocity Distribution

In this section, first the velocity distribution in this new offset configuration and its influence on
heat transfer are shown in Figure 7. The information presented in this section will be used to explain
why a high thermal and low pressure performance are achieved with this new design in next sections.

\

\
\
\

\

(a)

(c)

Figure 7. Recirculation areas at volumetric flow rate of 18 cm3s~1 (a) After an offset fin, (b) In a curve

and (c) In a U-turn (red lines show stream lines).

In offset strip fin configurations, the flow is facing obstacles and its direction is changing
periodically. Therefore, large vortices and recirculation areas are created around the corners at
the end of strip fins, as it can be seen in Figure 7a. These recirculation areas are associated with
a better and easier mix of the hotter water adjacent to fins and the colder water flowing in the middle
of the channels, and thereby improving the heat dissipation. Also, the thermal boundary layer
development is disrupted periodically as a result of channel walls being broken up because of strip
fin design.

In Figure 7b, creation of recirculation areas along the curvy fin is shown. For curvy configuration,
dean vortices develop along the flow direction and can create recirculation areas and disturb
the boundary layer.

In Figure 7c, the creation of recirculation areas in a U path is shown. The Creation of a U-turn
is associated with providing the chances of heat transfer between the inlet and outlet flow, and on
the other hand, increasing the length of fluid flow passage inside the heatsink.

Moreover, U-turns cause centrifugal forces that can contribute to the creation of secondary flows
and recirculation areas. These leads to strengthen the mixing of flow adjacent to walls and in the middle
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of channels, which cause making convective heat transfer stronger. As it can be seen, streamlines in
the U-turn are denser than those in straight paths, showing that the velocity is higher in this area.

3.2. Temperature Uniformity

In a reliable design of power module heatsink, it is important to cool down all chips uniformly.
This will improve the current sharing and loss distribution among the chips and enhance the whole
lifetime of the power module. Distribution of temperature in chips is investigated and presented
in Figure 8. It can be seen that the temperature distribution is better in the new offset design and
temperature in the chip areas (hot spots) is lower compared to the conventional offset heatsink.
The back-and-forth path (serpentine passage) in this new design is the main reason of this ability to
face hot spots.

- -
- -
90 C
— —
- -
Tmax=75C (@) 60
<—
4_
“ 30
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4_

T m§;= 68 C (b)

Figure 8. Temperature distribution from chips point of view at volumetric flow rate of 18 cm3s~! in

(a) Offset strip fin design, (b) New offset design.

3.3. Thermal Resistance

Thermal resistance is the ratio of the temperature difference between the two faces of a heatsink
to the heat flux. In heatsinks, the higher the thermal resistance, the lower is the heat dissipation and it
has less ability to cool down power devices. Thermal resistance is defined as:

(Tmux - Tmin)

R =
t qAn

®)
in which, Ty;ay is maximum temperature, T,;, is minimum temperature, g is the heat flux and Ay, is
the area of heater surface.

Figure 8 shows that for both configurations the maximum temperature in the system is occurring
in the third IGBT from the inlet, due to geometric position of this IGBT and also thermal coupling
between the chips. As shown in Figure 9, minimum temperature of heatsink occurs at inlet area. At
inlet area, the temperature of coolant is at its lowest value and this area is far from the hot spots.
Therefore, minimum temperature of heatsink will be at inlet areas. In this study, the thermal resistance
is calculated between the IGBT and the inlet area (maximum and minimum temperature).
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Figure 9. Temperature distribution from heatsink point of view at volumetric flow rate of 18 cm3s~! in

(a) Offset strip fin design, (b) New offset design.

Another point, which is worthy of mention in Figure 9b, is temperature profile in the area of
U-turns. As the flow progresses in the channel, the temperature should increase. However, as it can be
seen, the temperature is lower in the U-turn areas than fins before the U-turn areas. This decrease in
the temperature is caused by the combinative effects generation of disturbance and recirculation areas
along the curvy fins and creation of centrifugal forces in the U-turn (Section 3.1, Figure 7b,c).

Figure 10 shows that the thermal resistance for both designs is decreasing by the increase of
volumetric flow. It can be seen that the thermal resistance of the new offset design is lower than
the conventional one (10-15%).

—o— Offset strip fin
—e—New offset design
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Figure 10. Thermal resistance (R;) in different volumetric flow rates (Q) for conventional offset strip
fin design and new offset design.
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3.4. Maximum Chip Temperature

In Figure 11, comparison of the maximum chip temperature for the new introduced design
and conventional offset strip fin design is presented as a function of different volumetric flow
rates. These values for different designs of heatsinks either new or conventional one decreases
with the increase of volumetric flow rate. Also, this figure shows that the maximum chip temperature
values of new introduced heatsink is lower than those of traditional offset strip fin heatsink for all
the modeled volumetric flow rate. This decrease is in the range of 8-11% for different volumetric
flow rates.

110 T T T T T T T T
—o— Offset strip fin

—e— New offset design
100 - 2

90 |- a

Tax [o C]

80

70

60 | | | | | | | |

Q [em3s71]

Figure 11. Maximum chip temperature (T};,y) in different volumetric flow rates for conventional offset
strip fin design and new offset design.

3.5. Heat Transfer Coefficient

Heat transfer coefficient is considered to be a quantitative characteristic of convective heat transfer
between a fluid medium (water) and the surface (wall) flowed over by the fluid [28]. It is defined as:

gAp

h=—1————
Ac(Ti,av - Tf,uv)

@)
in which, g is the heat flux, A, is the area of heater surface, A is contact area of fluid and solid, T; 4, is
average temperature of the interface of fluid and solid, T ,, is average temperature of fluid and Dj, is
hydraulic diameter which is defined as:

o 4A5

D
P="p

©)

where Ag and P are cross-section area of channel and wetted perimeter of channel, respectively.

Results show that the new offset serpentine design brings 65-72% growth in heat transfer
coefficient (Figure 12).

These enhancements are caused by the combinative effects of a longer coolant passage in
the heatsink associated with back-and-forth route, generation of disturbance and recirculation areas
along the curvy fins, creation of centrifugal forces in the U-turn (Section 3.1), and periodic breaking up
boundary layers.
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Figure 12. Heat transfer coefficient (%) in different volumetric flow rates for conventional offset strip
fin design and new offset design.

The advantage of having U-turns becomes apparent when studying the local heat transfer
coefficient of the new offset design shown in Figure 13. Heat transfer coefficient enhancement is much
larger in the region of U-turns; and the highest heat transfer coefficient is happening in the second
U-turn. Also it can be seen, the line of the local heat transfer coefficients have non-linear distribution.
It should be noted that the local heat transfer coefficient is calculated using constant heat flux under
the heat sink.

7,000 I I —— E——
—o— New offset design

6,000 -

5,000

4,000

hy [Wm—2K=1]

3,000

2,000 | | | | | | |
0 20 40 60 80 100 120 140 160 180

L [mm]

Figure 13. Local heat transfer coefficient (/1) enhancement of new offset design as a function of position
within a serpentine passage at volumetric flow rate of 3.6 cm3s~! (start and end of each U-turn is
shown by dashed lines).

3.6. Pumping Power

The pumping power which is needed to circulate the coolant in the heatsink versus volumetric
flow rate is studied in Figure 14. Pumping power is defined as:

Py = QAp (6)
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where Q is volumetric flow rate and Ap is pressure drop.

1072
2 T T T | I I I I
—o— Offset strip fin
—e— New offset design
1.5} :
= |
A
05} .
0 - l l l l
4 6 8 10 12 14 16 18
Q [em®s™!]

Figure 14. Pumping Power (Py) in different volumetric flow rates for conventional offset strip fin
design and new offset design.

As it can be seen in Figure 14, a downside of the new design is the large increase in the pumping
power required to circulate the water through the microchannels.

It should be noted that these values of pumping power are just in the order of 0.01 W. Considering
Equation (6) and the fact that volumetric flow rate is equal for both configurations, it can be concluded
that pressure drop is higher in the new design than the conventional one. Pressure drop in the channel
is defined by:

pLV?
2D, @)

Ap

where p is the fluid density, V is flow velocity, L is length of flow passage and Dy, is the hydraulic
diameter. With respect to Equation (7), a part of this higher pressure drop is caused by the longer path
and also higher velocity of flow in the new offset design (as a result of smaller cross-section area in
new design compared to conventional one).

As depicted in Figure 15, the flow velocity in the conventional offset strip fin configuration
is mostly in the range of 0.1-0.3 m/s, while it is mostly in the range of 0.4-0.6 m/s for the new
offset design.

Moreover, Figure 15b shows that the velocity distribution in the first and second U-turn is different.
This phenomenon is the result of the difference in fin configurations in the first and second U-turns.

In other words, the number of fins in the first and second U-turns is different.

Also, it is worthy of mention that there are three fins before and after the first U-turn, while there
are two fins before and after the second U-turn. These differences in geometry leads to the difference
in the velocity distribution. In addition, in the new design, recirculation areas (explained in Section 3.1
and shown in Figure 7 are causing higher pressure drops, leading to higher required pumping power.
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Figure 15. Velocity distribution at volumetric flow rate of 18 cm3s~! in (a) Offset strip fin design
(b) New offset design.

4. Conclusions

In this paper, a 3-D numerical simulation is conducted for laminar forced convection of water to
study a new introduced turbulator configuration for a heatsink. This new heatsink design is based
on the concept of U-turn path and curvy pins in offset strip fin microchannel heatsink. IGBTs and
diodes, solder, DBC substrate, baseplate and thermal grease were considered in the model simulation.
Based on the results presented above, some essential conclusions are drawn as follows:

e Heat transfer coefficient through this new design increased by 65-72% compared to offset strip fin.
®  The line of the local heat transfer coefficients has non-linear distribution and are much higher at

the second U-turn region. U-turns play a vital role on heat transfer performance.
* A decrease in the maximum temperature of heat source (in the range of 8-11%) can be seen in

the new design compared to offset strip fin.

e  Thermal resistance in the new design is lower than that in the offset strip fin (about 10-15%).

®  Pressure drop is higher in the new design than the conventional one; and this is the drawback of
this new design.

e  The improved heat transfer performance results from the compound augmentation of the longer
coolant passage, recirculation areas and vortices along the curvy fins, centrifugal forces in U-turns
and the redeveloping boundary layer.

In overall, heat transfer performance of the conventional offset strip fin design in areas of heat
transfer coefficient, maximum chip temperature and thermal resistance is improved in this work.
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