10

11

12

Additive-manufactured topology-optimized heat
sinks for enhancing thermoelectric generator

conversion efficiency

Junyoung Park!, Hyun Yu?, Ki Mun Bang?!, Woochul Kim?, Hyungyu Jin'*"

!Department of Mechanical Engineering, Pohang University of Science and Technology
(POSTECH), Pohang 37673, South Korea

2School of Mechanical Engineering, Yonsei University, Seoul 03722, South Korea

3Institute for Convergence Research and Education in Advanced Technology, Yonsei
University, Seoul 037, South Korea

*Corresponding author

E-mail address: hgjin@postech.ac.kr (H. Jin)



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Abstract

Thermoelectric generators (TEGS) are gaining great attention as a promising
technology for waste heat recovery due to their ability to directly convert heat into electricity.
However, their relatively low conversion efficiency limits widespread adoption. While
efficient thermal management of TEGs is crucial to achieve high conversion efficiencies, less
attention has been paid to this aspect thus far compared to materials development. Efficient
TEGs require efficient heat dissipation on the cold side of TEGs, demanding careful heat sink
design. In this study, a topology optimization model was developed to design air-cooled heat
sinks specifically for TEG applications, incorporating both thermoelectric properties and
geometric structure of TEGs. The optimized heat sink was fabricated using additive
manufacturing, and its performance was experimentally validated. Compared to a conventional
rectangular fin heat sink, the topology optimized (TO) heat sink significantly reduced thermal
resistance across a wide range of pressure drops (6 Pa to 30 Pa), achieving a 33.5% reduction
at a 12 Pa pressure drop. This led to a 44.7% increase in the output power of a commercial
TEG. Despite a ~40% increase in power consumption, the TO heat sink resulted in a 21.3%
improvement in conversion efficiency. This improvement is equivalent to a 27% increase in
the device thermoelectric figure of merit (ZT). Numerical simulations revealed that the TO heat
sink can enhance temperature uniformity on the cold side of the TEG, further contributing to
performance gains. These findings highlight the effectiveness of heat sink topology

optimization in enhancing conversion efficiency of TEGs.

Keywords: thermoelectric generator, topology optimization, air-cooled heat sink, additive

manufacturing, forced convection
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Greek symbols

Thermoelectric generator
Thermoelectric

Fluid velocity vector

Pressure field (Pa)

Brinkman friction coefficient
Maximum inverse permeability of the porous medium (s-N/m*)
Interpolation convexity parameter
Temperature (°C)

Heat transfer coefficient (W/m?-K)
Thickness (m)

Electrical current (A)

Device Seebeck coefficient (V/K)
Electrical resistance ()

Thermal conductance (W/K)
Device thermoelectric figure of merit
Heat flux (W/m?)

Heat rate (W)

Power (W)

Flow rate (m3/s)

Pressure drop (Pa)

Thermal resistance (K/W)

y Density variable

7 Filtered density variable

Pt Fluid density (kg/m?)

Cr Specific heat capacity of fluid (J/kg-K)
7, Dynamic viscosity (Pa-s)

K Thermal conductivity (W/m-K)

n Conversion efficiency (%)
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1. Introduction

The rising global energy demand and the escalating climate crisis have intensified the
focus on improving energy generation efficiency and increasing the production of renewable
energy [1]. In the process of converting primary energy sources, such as fossil fuels, up to 70%
of the input energy is typically lost as waste heat [2]. Thus, efficiently harnessing this waste
heat presents a substantial opportunity to improve overall energy generation efficiency. Waste
heat recovery technologies address this challenge by converting thermal energy into usable
forms of energy (e.g. electrical energy, chemical energy). Among these technologies,
thermoelectric generators (TEGS) have emerged as a promising solution as they can directly
convert waste heat into electrical energy [3]. Unlike conventional heat engines, TEGs are solid-
state devices with no moving parts, making them simpler, more reliable, and requiring low
maintenance. Additionally, TEGs generate electricity without the use of fossil fuels, thereby
producing no greenhouse gas emissions. These advantage s make TEGs suitable for various
applications, including industrial and vehicle waste heat recovery [4-6]. However, their
relatively low energy conversion efficiency and output power compared to traditional heat
engines limit their broader adoption, confining their use primarily to niche markets [7].

The primary working principle of TEGs is based on the Seebeck effect, where the output
voltage is proportional to the temperature difference across the device [3,7]. Consequently, the
conversion efficiency and output power of TEGs increase proportional to the temperature
difference between the hot and cold sides of the device. To achieve this temperature difference,
TEGs are typically attached to high-temperature heat sources to keep one side of the device
hot, while heat sinks are used on the opposite side to dissipate heat and maintain a cooler
temperature [8-10]. In such configurations, the temperature on the cold side is primarily

determined by the thermal resistance of a heat sink [11]. Therefore, the use of heat sinks with
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low thermal resistances, which enhance heat dissipation and increase the temperature
difference, is important to achieve high conversion efficiency and output power.

Air-cooled heat sinks are commonly employed in this setup due to their reliability and
compact design, which align with the advantages of TEGs [8,12,13]. In air-cooled heat sinks,
convective heat transfer is the main cooling mechanism, where fin geometry plays a crucial
role in determining the effectiveness of convective heat transfer by influencing fluid flow [11].
Consequently, research has focused on optimizing fin geometry in a way to reduce the thermal
resistance of heat sinks, so that the power generation performance of TEGs can be enhanced
[12,14-17]. However, most of previous studies thus far have been limited to modifying
conventional fin geometries, typically consisting of periodic arrays of uniform rectangular fins.
This limitation results in heat sinks with suboptimal cooling performance, which subsequently
constrains the power generation potential of TEGs.

In other applications where heat sinks are used, topology optimization has emerged as a
powerful technique that can overcome this limitation. Topology optimization is an advanced
shape optimization method that allows for the design of non-intuitive, complex structures [18—
20]. Borrvall et al. first introduced topology optimization as a method to optimize fluid flow
for effective heat transfer [21]. Since then, this approach has been further developed and
applied to various types of heat sinks, including those for natural air convection [22], forced
air cooling [23,24], and liquid cooling [25,26], primarily for arbitrary or generic heat sources.
Building on these generalized approaches, researchers have recently extended the use of
topology-optimized (TO) heat sinks to meet specific needs, such as cooling in electronic
devices [27,28], batteries [29,30], and latent heat storage systems [31]. Despite expanding
research on TO heat sinks across various applications, only a few studies have experimentally
validated their effectiveness [32], and none have yet applied TO heat sinks to thermoelectric

(TE) power generation, leaving this area largely unexplored. Incorporating TO heat sinks in
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TEGs is expected to further improve conversion efficiency and output power, resolving the
aforementioned issues arising from the continued use of conventional rectangular-fin heat sink
designs.

In this study, we developed and experimentally validated a topology optimization model
integrated with a TEG module to design an optimized fin structure specifically for TE power
generation applications. The model accounts for both the TE properties and the geometric
structure of TEGs, enabling the incorporation of precise heat source boundary conditions
during the topology optimization process. The TO heat sink was fabricated using additive
manufacturing, and its performance was experimentally validated. Compared to a conventional
rectangular fin heat sink, the TO heat sink demonstrates a significant reduction in thermal
resistance over a wide range of pressure drops (6 Pa to 30 Pa). When this TO heat sink is used
for a commercial TEG, its output power and conversion efficiency are increased by 44.7% and
21.3%, respectively, compared to the case where the conventional rectangular-fin heat sink is
used. Numerical simulations reveal underlying mechanisms for the observed enhancement in

the TO heat sink-integrated TEG.
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2. Topology optimization
2.1. Topology optimization model

Since topology optimization can accommodate complex, non-intuitive geometric
structures with a high degree of freedom, it requires substantial computational resources.
Therefore, constructing an efficient optimization model that reduces computational cost is
crucial. To address this, we employed a simplified 2D two-layer model for topology
optimization, a method widely used to mitigate the high computational cost of 3D simulations
[23,33]. In this model, the components of a heat sink (fins, fluid channels, and a solid base) are
represented by two 2D surfaces by assuming a uniform temperature in the height direction of
each component: fins and fluid channels by the top layer, and a solid base by the bottom layer.
Under this assumption, heat transfer within and between the fins and fluid is modeled in the
top layer, whereas heat transfer within the base plate is modeled in the bottom layer. Heat
transfer between the fins and the base, as well as between the base and the fluid, is simplified
to heat transfer between the two layers as shown in Fig. 1a. In this way, the computational cost
of the original 3D heat transfer problem can be significantly reduced.

The primary mechanism of topology optimization for fin structure design is to determine
the optimal distribution of fluid and solid domains [18]. Each domain is represented by a
density variable (y), where y = 0 indicates a solid domain (representing the fin structure) and y
= 1 indicates a fluid domain. The fluid flow and heat transfer in the topology optimization are
calculated using modified governing equations that incorporate an interpolation function ¢(y),
with y as a variable. Assuming an incompressible fluid, fluid dynamics are governed by the

continuity equation and Navier-Stokes equation:
pi(V-u)=0 (1)

o, (U-V)u=-Vp+V?u+F 2)
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where ps is the fluid density, u is the fluid velocity vector, p is the pressure field, 4 is the

dynamic viscosity of the fluid, and F is the volumetric force. In topology optimization, F is the
Brinkman friction coefficient, set to 0 in fluid domains and a large value in solid domains to
penalize fluid flow, effectively reducing fluid velocity to zero in solid regions [21]. The force

F is defined as:

F=—ag,()u 3
@oo=f‘7 4)
+q,7

where, a is the maximum inverse permeability of the porous medium and g is the interpolation
convexity parameter. For strong penalization, a was set to a large constant value of 108 s-N/m?*.
For heat transfer, the governing equation is based on the principle of energy conservation.

In the top layer, where both convection and conduction occur, the governing equation is:

hf¢h (}/)(Tbot _Ttop)
dz

PG U vTtop =V (Kf¢;< (7)VTbot) + (5)

fin

where cs is the specific heat capacity of the fluid, Tiwp is the temperature of the top layer, Toot is
the temperature of the bottom layer, ¢ is the thermal conductivity of the fluid, hs is the heat
transfer coefficient in the fluid domain, and dzsin is the fin height. The interpolation functions

é(y) and ¢n(y) are defined as:

e @ a)—K) +x, .
¢.(7) o (Lr0) (6)
A @eg)~h)+h
A= ) ")

where s is the solid thermal conductivity, hs is the heat transfer coefficient in the solid domain,
and gn and g, are interpolation convexity parameters. These interpolation functions enable

efficient heat transfer calculations in the 2D simplified model by modifying the governing
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equations in the solid and fluid domains depending on the y value. In the bottom layer, where

conduction dominates, the governing equation is:

q" + hf¢h (y)(Tbot _Ttop)

V- (« VT _)=—
(Ks bot) dZ dZ

(8)

base base

where dzpase is the thickness of the heat sink base, and q is the extracted heat flux at the bottom
layer. For heat sinks attached to the cold side of TEGs, the extracted heat rate Qsink can be

approximated using a 1D heat conduction assumption [34]:
J.quz Qsink ~ ISTsink +% I 2R + K(Tsource _Tsink) (9)

Tk = Toot (10)
where | is the electrical current flowing through the TEG, S is the device Seebeck coefficient,
R is resistance, K is thermal conductance, Tsource and Tsink are the heat source and heat sink side
temperatures of the TEG, respectively, and A is the cold side surface area of the TEG. In
potential applications for TEGs, including waste heat recovery, the heat source typically has a
significantly larger thermal mass than the TEG itself. As a result, the heat source can be
assumed to maintain a constant temperature [2]. Under this condition, Tsink, and consequently
the extracted heat flux q, is influenced by heat sink performance. As fin shapes change during
iterations in topology optimization, heat sink performance also changes, altering q .
Conventional topology optimization models for heat sinks often do not account for these
variations as g is typically set as a constant in boundary conditions [19,23,33,35].

To address this issue, as shown below in Fig. 2, we modified the topology optimization
model by integrating a 3D TEG module to numerically calculate the changing q  during
optimization process. This integration accounts for both the TE properties and geometric

structure of the TEG, which influence q . The energy generated by the TEG was calculated by

creating a closed circuit with an external resistive load. The output power of the TEG
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corresponds to the power consumed by the resistive load, and the external load resistance was
matched to the R of the TEG, since the output power is maximized under this condition [36].
The computational cost of the topology optimization model was further reduced by
leveraging the geometric periodicity of the TEG. Since the n-type and p-type TE legs in
conventional TEGs are connected in series and share the same geometric shape, we applied
symmetry boundary conditions, reducing the computational domain to a single geometric
period as shown in Fig. 1b. This resulted in a TO model with reduced computational cost,

making it well-suited for optimizing heat sinks in TE generation applications.

(a) Fluid domain
Fin Ai /_ — Solid domain

Conduction Ir _=>>*>
_TT’ %ﬁ’ Top layer

h
» f hs
Bottom layer
-

Heat source (4") Heat source (¢")

(b) Air .
\\Q;A\ ~ Repeated

Convection

Base plate

Computational

—
—
—_—
i Air —» -
domain
>, —_
—
Reduce domain size

symmetry
Air = | [ [ |
symmetry

N

geometric
period

Figure 1. (a) Simplified 2D two-layer topology optimization model for heat transfer simulation.
(b) Domain size reduction by leveraging the geometric periodicity of a thermoelectric generator

(TEG).
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2.2. Optimization model construction

The topology optimization model was constructed using a COMSOL Multiphysics 6.2 as
shown in Fig. 2. Materials properties and constant parameter values were determined to
numerically solve the governing equations. AISi10Mg was selected as the fin material due to
its compatibility with additive manufacturing through the laser powder bed fusion method and
its high thermal conductivity of 130 W/mK at room temperature, making it suitable for a heat
sink [37]. The fin height dzsin and base height dznase Were set to 7 mm and 2 mm, respectively.
The heat transfer coefficients, hs and ht, were determined by the geometry and material
properties of the heat sink and are listed in Table 1 [23,33].

The TE properties and geometry of the TEG module in the topology optimization model
were based on a commercial TEG (ETX4-3-F1-2020-TA-RT-W6, Laird Thermal Systems).
The TE properties of the commercial TEG were derived from its performance curve, provided
by the manufacturer [38]. The cooling performance curve at 85 °C was fitted to a quadratic
function, as the cooling rate Qcool Of the TE device is described by:

Qcool = ISTsource _% I 2R + K(Tsource _Tsink) (11)

From the coefficients of the fitted quadratic function, S, R, and K were determined to be
0.01331 V/K, 1.14348 Q, and 0.7766 W/K, respectively. The commercial TEG measured 20
mm x 20 mm x 4.7 mm and consisted of an 8 x 8 array of TE legs (each measuring 1.35 mm
x 1.35 mm x 2.4 mm) and two 0.8 mm thick Al.Os substrates. By leveraging the geometric
periodicity of the TEG, the computational domain was reduced to 1/8 of the total area, resulting
in a domain size of 20 mm x 2.5 mm. The fluid flow inlet and outlet were extended by 10 mm
to ensure developed flow and prevent reverse flow issues. The properties of air used in the

topology optimization model are listed in Table 1.

11
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Table. 1. Constant parameters used in the topology optimization model

Parameters Value
ks [W/m-K] 130
ket [W/m-K] 0.024
pr [kg/m3] 1.229
cr [J/kg-K] 1007
hs [W/m?-K] 25

hs [W/m?2-K] 62000
a [s:N/m?] 106

: Top Iia;);é'r*;;)' Longe .

-

Power

generation Constant
temperature

Figure 2. Schematic illustration of the topology optimization model for the heat sink in

thermoelectric (TE) generation.

2.3. Optimization problem setup
In this study, a constant Tsource 0f 150°C was applied as the boundary condition to simulate
a low-grade waste heat recovery scenario, with an ambient temperature of 20°C [2]. When an

air-cooled heat sink is attached to the TEG, the conversion efficiency () is defined as follows:

P Pe—R um
77: Q net _ TZ pump (12)
Pump =VAp (13)

, Where Pret IS net output power, Qsource 1S the applied heat by the heat source, Pre is output

power generated by the TEG, Ppump is the power consumed by the pump, V is the volumetric

12
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flow rate of air, and Ap is the pressure drop between inlet and outlet of the heat sink. According
to the equation, # is a multiphysics parameter related to fluid flow, electric potential, and heat
transfer. To simplify the optimization by decoupling these multiphysics aspects, the objective
was set to maximize Pe rather than directly maximizing #. To prevent the optimized heat sink
from resulting in excessive Ppump, @ constraint was applied to keep Ap below 12 Pa, which is a
practical Ap range used for forced convection air-cooled heat sinks [39]:

maximize P

. (14)
subject to Ap <12 Pa
In Equation (12), under the assumption of 1D heat conduction, ratio between Pte and Qsource

can be expressed as:

source _Tsink V1+ZT -1
Qsource Tsource o /1+ ZT + _I:I-Sink

source

Pe T

(15)

, Where ZT (= S/ KR) is a device thermoelectric figure of merit [40]. From Equations (12) and
(15), n increases as the temperature difference (Tsource - Tsink) Increases. Therefore, with the
constant heat source temperature Tsource Of 150°C, improving the fin structure to decrease Tsink
leads to increased 7. Thus, another optimization problem was solved to minimize Tsink under
the same Ap constraint used in Eq. (14):

minimize T,

sink
16
subject to Ap <12 Pa (16)

When solving Egs. (14) and (16) using topology optimization, a Helmholtz-type density
filter was applied to prevent the checker board problem and control the minimum size of the
fin shape [41]:
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where r controls the minimum fin size and 7 is the filtered design variable. After applying

the density filter, 7 replaces y in all governing equations. Subsequently, topology
optimization was conducted following the process shown in Fig. 3. In this process, the
convexity parameters were gradually changed every 100 iterations to apply stronger

penalization. The values of convexity parameters are listed in Table 2.

Construct topology
optimization model

|

Define boundary conditions,

objective function and constraints
N |

| Finite element analysis |

|Sensitivity analysis |

| Update design variables |

|
—i-l Convergence |

Yes

Extraction of the
optimized structure

Figure 3. Diagram of multi-stage topology optimization process

Table 2. Convexity parameters used in the topology optimization model

Parameters Value

Oa {500, 100, 10}
O« {10, 50, 100}
Oh {10, 50, 100}

2.4 Topology optimization results
The optimization results are shown in Fig. 4. Two TO heat sinks were obtained by solving
the optimization problems in Egs. (14) and (16). A threshold value of 0.5 was applied to the

resulting y field: regions with y lower than 0.5 were identified as solid fins, while regions with

14
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y higher than 0.5 were considered fluid domains. Using this extracted fin structure, a 3D heat
sink model was created by extruding the fins to a height of 7 mm with a 2 mm thick base plate.
The two optimization results showed negligible differences in their topology, confirming that
the primary mechanism for enhancing Pre is the reduction of Tsink. This highlights the
importance of using a heat sink with low thermal resistance to achieve high Pte in a TEG.
Since the geometries of the two TO heat sinks were nearly identical, further discussion will

focus on the TO heat sink optimized for maximizing Pte (Fig. 4a).

(a) Maximize output power (b) Minimize heat sink side temperature
@ODQO Goc — [ S—

ArlllET T Fin

Figure 4. Topology optimization results and 3D models of the optimized fin structures
obtained by solving the optimization problems: (a) maximizing output power (Pte), and (b)

minimizing the heat sink side temperature of the TEG (Tsink).

3. Numerical simulation and experimental setups
3.1. Numerical simulation setup

The numerical simulation was performed using a 3D heat sink model under the same
boundary conditions as the topology optimization model. The heat source temperature was set
to 150°C, and a 3D TEG model with identical properties and geometry to the topology
optimization model was attached. The material properties of other components, including the

heat sink and air, were set to match those in the topology optimization model. The performance
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of the heat sink was evaluated under flow conditions with a Ap ranging from 6 Pa to 30 Pa,
with extended inlet and outlet sections of 10 mm each, assuming incompressible flow at steady
state. The simulation was conducted using the COMSOL Multiphysics 6.2.

A mesh dependency study was performed at the optimization condition of 12 Pa. The
mesh density was gradually increased until the inlet air velocity, Tsink, and Pte showed
deviations of less than 1% with further refinement, as shown in Table 3. Based on this study,
the final mesh was set to approximately 4.8 million elements. To evaluate the performance of
the TO heat sink by comparison, a conventional rectangular-fin heat sink was also modeled
and simulated under the same boundary conditions. The conventional heat sink featured six

rectangular fins, each measuring 1 mm x 2.3 mm with a 1.24 mm spacing.

Table 3. Mesh refinement study results

Number of Mesh elements  Air velocity [m/s]  Tsink [°C] Pre [W]
3157220 2.312 343.80 0.0275
4321865 2.341 343.82 0.0275
4848890 (selected) 2.361 343.82 0.0275

3.2 Experimental setup

The experimental validation was conducted using the same fin geometry as the numerical
simulations for both the TO heat sink and the conventional heat sink. To match the size with
the commercial TEG, the reduced domain size (used in the simulation through geometric
periodicity) was restored to full size using mirror symmetry, as shown in Fig. 5a and b. As a
result, 3D models of the conventional and TO heat sinks, each with the full dimensions of 20
mm x 20 mm x 7 mm, were obtained and fabricated using laser powder bed fusion with
AISi10Mg, as shown in Fig. 5c. The additive manufacturing method was selected due to its

suitability for producing the non-intuitive TO structure.
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Figure 5. 3D models of (a) conventional heat sink with rectangular fins and (b) topology
optimized (TO) heat sink. (c) Schematic of the heat sink fabrication process using laser

powder bed fusion.

The performance of both the conventional and TO heat sinks was experimentally
evaluated using a wind tunnel experiment as shown in Fig. 6a. A 6-ohm resistive heater was
attached to a high thermal conductivity BeO plate heat spreader (275 W/mK, MTI Instruments
Inc.), which was then mounted on one side of a commercial TEG (ETX4-3-F1-2020-TA-RT-
W6, Laird Thermal Systems) using thermal grease (H grease, Apiezon) to minimize thermal
contact resistance. The TO or conventional heat sink was attached to the other side of the TEG
using thermal grease. Two T-type thermocouples were placed on the heater-attached side (hot
side) and the heat sink-attached side (cold side) of the TEG. Subsequently, the assembled TEG
module was inserted into a Teflon insulating block with a low thermal conductivity (0.2 W/mK)
to minimize parasitic heat loss, as shown in Fig. 6b. The TEG module, enclosed by the Teflon
block was positioned at the test section of the wind tunnel (Fig. 6a). The hot side temperature

was maintained at 150°C by adjusting the heat supplied by the heater.
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For the wind tunnel experiment, a 500 mm-long rectangular duct with a flow straightener
at the inlet, featuring a 7 mm x 20 mm cross-sectional area, was placed before the test section
to ensure fully developed laminar flow. Another 250 mm-long rectangular duct was placed
after the test section, with a blower (CBM-5015BF-055-391-20, Same Sky) installed at the end
of the duct to create air flow from the inlet to the outlet. The ambient temperature was
maintained at 20°C using an air conditioning unit to match the topology optimization boundary
conditions. A T-type thermocouple was used to measure the inlet air temperature outside the
test section. The Ap across the test section was measured by a differential pressure transducer
and varied from 6 Pa to 30 Pa by the blower. The maximum inlet flow velocity (Vmax) was
measured by a pitot tube located before the test section. Another differential pressure
transducer measured the difference between total pressure (pt) and static pressure (ps) in the

pitot tube to calculate Vmax as follows:

Vy =, AP P) (18)
Pr

The calculated Vmax was then converted into an average flow velocity (Vavg) using the following

relation [42]:

(19)

2
v, 025V, (F(l/ 2r(1+1/ n)j

r(3/2+1/n)

, Where I" is a gamma function, and n was taken as 7 as suggested by [42].
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Figure 6. (a) Image and schematic illustration of the test section. (b) Image of the wind tunnel

experimental setup.

4. Results and discussion
4.1 Fluid flow and heat transfer characteristics of topology optimized heat sink

The Vayg for both the conventional and TO heat sinks was derived from Eq. (19), over Ap
range from 6 Pato 30 Pa, as shown in Fig. 7a. For both heat sinks, the simulation results closely
match the experimental data, confirming that the additive manufacturing successfully produced
the fin geometries. The slightly higher deviation between the simulation and experiment for
the TO heat sink, compared to the conventional heat sink, is likely due to the non-intuitive
shape of the heat sink, which may introduce minor discrepancies between the simulation model
and the fabricated heat sink. At the same Ap, the inlet Vayg Of the TO heat sink is approximately
40% higher than that of the conventional heat sink, leading to a corresponding ~40% increase

in Ppump, @s shown in Fig. 7b.
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Figure 7. (a) Experimental (EXP) and simulated (SIM) result of inlet air velocity (Vavg)and (b)
power consumption (Ppump) Of conventional (Conv.) and TO heat sink as a function of pressure

drop across heat sink (Ap).

The performance of the heat sinks can be compared by evaluating their thermal

resistances (Rw). R of a heat sink is calculated using the equation:

Rth — TsinkQ_ Tamb (20)
sink

, Where Tamp is the ambient temperature. In the case of a closed-circuited TEG, the generated
electrical current induces the Peltier effect, making it difficult to accurately evaluate Qsink (EQ.
(9)). To accurately determine Qsink Without the influence of the Peltier effect, Rt was measured
with the short-circuited TEG. Under this condition, Qsink = Qsource, @8ssuming negligible heat
loss from the TEG to the insulating block. While Qsource Can be derived from the experimental
heat rate value applied by the heater, parasitic heat loss through the insulating block must be
taken into account for reliable estimation of Qsource. TO address this issue, the parasitic heat loss
was approximated by measuring the bottom-side temperature of the insulating block. When the
heat source was maintained at 150°C, the temperature at the center of the bottom side of the
insulating block was consistently measured at 60°C. The parasitic heat loss through the
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insulating block was determined to be 2.6 W, by numerically simulating the temperature
distribution of the insulating block under the aforementioned temperature conditions using the
COMSOL Multiphysics 6.2. As a result, Qsourcce In the experiment was determined by
subtracting 2.6 W from the heat rate applied by the heater. With varying Ap, Qsource from the
experiment closely matches the Qsource Calculated by the numerical simulation (Fig. 8a),
wherein Qsink = Qsource. This result indicates that the proposed method can successfully obtain
reasonably accurate Qsource (@nd thus Qsink) values.

As shown in Fig. 8b, Tsink decreases by approximately 13 K when the TO heat sink is
attached compared to the conventional heat sink. Due to the decrease of Tsink, the TO heat sink
shows lower Ry compared to the conventional heat sink at the same Ap, specifically 33.5%
lower Rin at 12 Pa (Fig. 8c), which corresponds to the upper limit of Ap used for topology
optimization as given in Egs. (14) and (16). This indicates that the fin structure of the TO heat
sink was successfully optimized to reduce Re. Although the TO heat sink consumes more Ppump
than the conventional heat sink, the significant reduction in Ri allows the TO heat sink to

achieve a lower R than the conventional heat sink at the same Ppump, as shown in Fig. 8d.
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Figure 8. Experimental and simulated results for (a) heat applied from heat source (Qsource),
(b) heat sink side temperature of the TEG (Tsink), and (c) thermal resistance (Rw) of the heat

sinks as a function of Ap. (d) R of the heat sinks as a function of Ppump.

4.2 Performance of commercial thermoelectric generator with topology optimized heat sink
Pre was measured by performing I-V curve analysis on the closed-circuited TEG. The
voltage across TEG was measured while applying electrical current from 0 mA up to the
optimal current that maximizes Pte. The Pte was calculated by multiplying the measured
voltage by the applied current. Due to the reduced R, the TO heat sink induces a larger
temperature difference across the TEG compared to the conventional heat sink. This increased
temperature difference resulted in higher Pte for Ap of 6 Pa to 30 Pa, specifically 44.7%

increased P+e at 12 Pa (Fig. 9a). This significant improvement in P leads to a 21.3% increase
22
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inz at 12 Pa from 1.78 % to 2.16 %, as shown in Fig. 9b, despite the TO heat sink consuming
40% more Ppump.

Assuming the same temperature difference across the TEG (Tsource - Tsink) for both cases
of the conventional and TO heat sinks, # can be converted into ZT of the TEGs using Eqg. (15)
over the Ap range of 6 Pa to 30 Pa (Fig. 9c). This approach translates the difference in 5 between
the two heat sink cases, where ZT of the TEGs are the same, into the difference in ZT between
the two TEGSs, where use of the same heat sink (thus the same Tsource - Tsink) 1S assumed. We
label such a ZT estimated under the same Tsource - Tsink assumption as the effective ZT for the
following discussion. At 12 Pa, the effective ZT of the TEG is 0.49 with the conventional heat
sink, while the effective ZT with the TO heat sink is 0.62, representing a 27% improvement.
Therefore, 21.3% improvement in  at Ap of 12 Pa is equivalent to a 27% increase in the ZT of
the TEG without modifying the heat sink. The 27% improved ZT corresponds to a highly
challenging achievement, as it would typically require the discovery of novel TE materials with
high figure of merits, which is both time-consuming and costly. It is remarkable that the
equivalent improvement was simply achieved in this study by optimizing the fin structure
through topology optimization. Furthermore, despite the higher Ppump Of the TO heat sink, it
still showed much higher P+g, 7, and effective ZT compared to the conventional heat sink when
evaluated at the same Ppump, as shown in Figs. 9d-f. This highlights the effectiveness of TO

heat sink in achieving superior Pte and # in TE power generation.
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Figure 9. Experimental and simulated results of (a) output power (Pte), (b) conversion
efficiency (»), and (c) effective device thermoelectric figure of merit (effective ZT) of a
commercial TEG as a function of Ap. Experimental and simulated results of (d) P+, (e) #, and
() effective ZT of a commercial TEG as a function of Ppump. Effective ZT values in (c) and (f)
were estimated by assuming the same temperature difference across the TEG (Tsource - Tsink) for

both cases of the conventional and TO heat sinks.

4.3 Temperature uniformity of topology optimized heat sink

In air-cooled heat sinks, as heat is transferred from the heat sink to the airflow, the air
temperature gradually rises along the airflow direction. This results in an increase in the Tsink
along the airflow direction, creating a non-uniform temperature distribution [43]. In TE power
generation, this non-uniform temperature distribution reduces the output power of TE leg pairs
along the airflow direction, resulting in an overall degradation of Pte. Furthermore, uneven
thermal stress is induced, which decreases the durability of TEGs [44,45]. Therefore, both
reducing Tsink and achieving uniformity in Tsink are important for TEGs to achieve high Pte and
reliability.
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Figure 10a shows the simulation result of the Tsink distribution, adjusted by subtracting
the minimum value of Tsink, at Ap of 12 Pa. In the conventional heat sink, the non-uniformity
of Tsink leads to a reduction in the Pte of the TE leg pairs, particularly for those positioned
farther from the flow inlet, as shown in Fig. 10b. However, with the TO heat sink, this non-
uniformity is significantly reduced, preventing the decrease in Pte. Specifically, the difference
between the maximum and minimum Tsink (ATsink) decreases from 3.33 K to 2.12 K, and the
degradation of the Pte for the 4th TE leg pair is reduced from 6.4% to 3.8%, compared to the

conventional heat sink (Figs. 10a and b).

(a) Tsink - min(Tsink) (b)
TOheatsink KT T 4 K
Air ' ‘
inlet ; —
Conventional heatisink E 5
Air
inlet

Degraded P;¢ (%)

st 2nd 3rd 4th

Figure 10. (a) Tsink distribution, adjusted by subtracting the minimum value of Tsink, at Ap of
12 Pa. (b) The degraded Pre at the n'" TE leg pair, calculated by the ratio of the Pre for the n'"

TE leg pair to the Pre of the 1% TE leg pair.

The improvement of Tsink uniformity can be explained by the airflow velocity field and
the local heat transfer coefficient (hioc) obtained from numerical simulation results for each heat
sink, as shown in Fig. 11 [46]. For both heat sinks, hiec increases at the fin locations where the
fins enhance convective heat transfer. In the conventional heat sink, the same shape fins are
arranged in a row, so each upstream fin obstructs airflow to the fins behind it (Fig. 11a),
resulting in a decrease of hioc along the airflow direction, as shown in Fig. 11b. This reduction
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of hioc together with the continuous increase of air temperature along the airflow direction leads
to a non-uniform Tsink distribution.

In contrast, the TO heat sink exhibits a unique trend in hic due to its non-periodic fin
arrangement, allowing airflow to reach downstream fins more effectively, as shown in Fig. 11a.
Specifically, due to the optimized airflow, hioc for the fin located near the flow outlet still
maintains a high value, as shown in Fig. 11b. This high hic compensates the rising air
temperature and thereby reduces the Tsink non-uniformity. Moreover, the TO heat sink achieves
an overall increase in hioc with lower variation along the airflow direction compared to the
conventional heat sink. Specifically, the standard deviation of hio decreases from 469 W/m2K
to 398 W/m?K, while the average hioc increases from 639 W/m?2K to 878 W/m?K for the TO
heat sink, compared to the conventional heat sink. Therefore, the improved Tsink uniformity in
the TO heat sink can be understood as a result of favorable airflow dynamics and heat transfer
characteristics across the heat sink due to the non-periodic fin arrangement, leading to an

enhanced Pre of the TEG compared to when the conventional heat sink is used.

(a) = pb=

TO heat sink | ——

o - P w— - <
iniet™| }éﬁ.@

Flow velocity (m/s)

Avg. hiec (TO)
Avg. h,, (Conv.)

5.7
Conventional heat sink

Air | ;":-:E-:-:t-’ﬁ
inlet o~ -

I < 0 4 8 12 16 20
L ]’ﬁ?{E Airflow direction (mm)

Figure 11. (a) Airflow velocity field (insets are the streamlines) and (b) local heat transfer

coefficient (hioc) of the conventional (Conv.) and TO heat sinks at Ap of 12 Pa.

We studied the relationship between Ap and Tsink uniformity, as the improved Tsink

uniformity observed in the TO heat sink is attributed to its favorable airflow dynamics which
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is expected to be influenced by Ap. Figures 12a and b show hioc 0of each heat sink, evaluated
from the numerical simulation results with increasing Ap. As Ap increases, the overall hioc
along the airflow direction increases for both heat sinks. In the conventional heat sink, the most
significant increase in hioc occurs at the first fin, while the subsequent fins experience only
slight increases with Ap due to airflow obstruction caused by the upstream fins, which
diminishes the sensitivity of hioc to the airflow dynamics or Ap. Such an airflow obstruction
also intensifies the decreasing trend of hioc along the airflow direction. Conversely, in the TO
heat sink, a significant increase in hioc occurs across all fins, with the fin at the flow outlet
experiencing a similar level of hic increase as the fin at the inlet, due to the absence of
obstruction by the upstream fins. As a result, ATsink shows an opposite dependency on Ap for
each heat sink, as shown in Fig. 12c. In the conventional heat sink, ATsink increases with higher
Ap, suggestive of intensifying Tsink Non-uniformity, whereas in the TO heat sink, the opposite
is observed. The negative correlation between ATsink and Ap in the TO heat sink is
advantageous for scaling up TEGs, in which both ATsink and Ap increase due to longer airflow
paths. In such a case, the increased Ap effectively compensate the increase in ATsink, allowing

the scaled-up TEGs to maintain their power generation performances.

(a) Conventional heat sink  (b) TO heat sink (c)

— Ap=30Pa - Ap =30 Pa B Conv. a "
— 2000} — Ap=18Pa . 2000} — Ap=18 Pa 25l @10 - "
X —Ap=6Pa | X —Ap=6Pa : s "
i % . Aot
£ 1500 £ 1500} a0l
= = |

8 8

2.5 .wa
L

AT (K)

2.0} ® ® 00000
0 4 8 12 16 20 0 4 8 12 16 20 6 12 18 24 30
Airflow direction (mm) Airflow direction (mm) Ap (Pa)

Figure 12. hioc for (a) the conventional and (b) TO heat sink under Ap ranging from 6 to 30
Pa. (c) Difference between the maximum and minimum Tsink (ATsink) Of the conventional and

TO heat sink under Ap ranging from 6 to 30 Pa.
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5. Conclusions

This study demonstrated the effectiveness of topology optimization for designing a high-
performance air-cooled heat sink for TEGs. A simplified 2D two-layer topology optimization
model was combined with a 3D TEG module to reduce the computational cost, while
considering the geometric structure and TE properties of TEGs. This model solved two
optimization problems: maximizing Pte and minimizing Tsink, and resulted in two TO heat
sinks with almost identical fin geometries.

One TO heat sink was then fabricated using additive manufacturing, and its performance
was experimentally validated. Compared to a conventional rectangular-fin heat sink, the TO
heat sink demonstrated a significant reduction in Ry, and an increase in Pt across a wide range
of Ap (6 Pa to 30 Pa). Specifically, at 12 Pa, R was reduced by 33.5%, therefore, the Pte of
the commercial TEG was improved by 44.7%. Although the TO heat sink consumes 40% more
Ppump, the substantial increase in Pte outweighs this larger power input, resulting in a 21.3%
improvement in » compared to the case where the conventional heat sink is used. This
improvement in # is equivalent to a 27% increase in the ZT of the TEG, achieved solely and
simply by adopting TO heat sinks without the need to develop novel TE materials, which is
time-consuming and costly.

Numerical simulations revealed that the non-periodic geometry of the TO heat sink
improves the uniformity of Tsink distribution, which is crucial for practical applications as it
enhances Pte and thermal stability of TEGs [44,45]. The improvement in Tsink uniformity with
the TO heat sink became more pronounced with higher Ap, underscoring the potential
importance of the TO heat sink in scaled-up TEG systems with longer airflow paths and higher
Ap.

While our study successfully showed that TO heat sinks can significantly enhance the

power generation performance of a commercially-available TEG with a standard geometry,
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there is a growing interest in diversifying TEG geometry by altering the leg shape [47], spacing
[48], dimensions [49], etc. Since the varying TEG geometries impose different boundary
conditions for topology optimization, one interesting research direction would be to investigate

TO heat sinks for such diverse TEG geometries.
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