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A B S T R A C T   

This study proposes a novel design for a printed-circuit heat exchanger (PCHE) using a dual-fluid 
topology optimization method. To account for the three-dimensional (3D) heat transfer phe
nomena using the two-dimensional (2D) computational domains, three distinct physical domains 
are defined: two design domains with density fields of hot and cold fluids, and a thermal con
duction domain placed between both fluid fields. To account for the local heat transfer variation 
within a design domain, the local heat transfer coefficient is expressed using the density fields for 
the hot- and cold-fluid domains. Here, the design geometry had pillar-shaped fixed density values 
considering the metal 3D printing. Each flow region had a constant flow rate as the boundary 
condition with the constraint of the maximum pressure drop between the inlet and outlet. The 
total amount of the heat transferred between the hot and cold domains was maximized as an 
objective function. For the validation, the thermal performance of the topology-optimized PCHE 
was compared to that of a conventional PCHE. The topology-optimized PCHE showed a 66% 
higher heat transfer rate compared to the conventional PCHE under identical pumping-power 
conditions.  

Nomenclatures 

cp Specific heat capacity at constant pressure [J/(kg • K)] 
dz Channel thickness for the shallow approximation [m] 
f Darcy friction factor 
h Heat transfer coefficient [W/(m2 • K)] 
I Identity matrix 
kf Thermal conductivity [W/(m • K)] 
K Viscous stress tensor 
Nu Nusselt number 
p Penalty value 
p′ Pressure [Pa] 
q Darcy penalization factor 
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q′ Flowrate [m3/s] 
Q Heat [W] 
R Filter radius 
T Temperature [K] 
u Velocity [m/s] 
V0 Initial topology material density 
α Inverse permeability [Pa • s/m2] 
β projection slope 
γ Material density 
θc Domain control variable 
θf Filtered material volume factor 
μ Dynamic viscosity [Pa • s] 
ρ Density [kg/m3]  

1. Introduction 

A printed-circuit heat exchanger (PCHE) is a type of heat exchanger that provides high heat transfer performance with a compact 
size. Owing to these characteristics, the PCHEs are widely used in power plants. Examples include coal-fired power plants [1], molten 
salt reactors [2], small modular reactors [3], sodium fast reactors [4], and solar tower power plants [5]. Generally, a PCHE has a large 
heat transfer area achieved by forming minichannels on plates, which considerably reduces the pressure. Thus, researchers have 
focused on developing a channel geometry to reduce the pressure drop while maximizing the heat transfer capability of the PCHE [6, 
7]. The representative channel geometries of the PCHE are zigzag, S-shaped, and airfoil fins [7,8]. Saeed et al. [8] investigated the 
effect of the PCHE channel geometry on the system performance of the supercritical carbon dioxide Brayton cycle. They reported that a 
C-shaped channel provides a better system performance, whereas the zigzag channel minimizes the size of the heat exchanger. Yang 
et al. [7] experimentally studied a PCHE using rhombic fin geometry and found that the thermal performance of the rhombic fin 
geometry was equivalent to that of the zigzag fin geometry with a reduced pressure drop. 

Owing to the difficulty in defining the optimal PCHE shape based on the heat exchanger geometry, the topology optimization was 
used to determine the optimal object value within the specified area. The results of the topology optimization cannot be used in in
dustrial applications because of its complex design. However, owing to recent developments in 3D metal printing in recent years, 
topology optimization can now be applied to the design for additive manufacturing (DfAM). Metal 3D printing is divided into two main 
methods: the power bed fusion (PBF) and directed energy deposition (DED) methods. The complex design of the topology-optimized 
heat exchanger can be achieved using the PBF method, which involves selective sintering in metal powder. 

Topology optimization can provide the maximum performance system with any shape in a given design space and has been applied 
to the design of heat transfer devices [9]. Matsumori et al. [10] optimized the topology of a heat exchanger through fluid–thermal 
interactions. Dede et al. [11] experimentally determined the optimized topology of a heat sink. However, the outcome did not achieve 
the maximum heat transfer at a specific flow rate. Further, the fluid flow properties were considered for the heat sink experiment. A 
considerable level of heat-exchange maximization was achieved in the topology-optimized case [12]. To reduce the computational 
cost, Haertel et al. [13] proposed a pseudo three-dimensional (3D) method that converts 3D shapes into two-dimensional (2D) analysis. 
The heat sink problem was solved using the thermally coupled method. 

These studies provide insight into the optimal channel geometry for heat transfer devices operating with a single working fluid. 
Further, researchers have applied topology optimization to the design of a heat transfer device with two distinct working fluids. 
Papazoglou [14] first simulated a non-mixing multi-flow heat exchanger to optimize the thermal energy exchange between two fluids. 
Saviers [15] et al. optimized the 3D topology of the heat exchanger geometry and experimentally demonstrated a commercial heat 
exchanger. This heat exchanger can reduce the flow pressure drop while increasing the heat transfer. Høghøj et al. [16] used a 
density-based topology optimization to thicken the wall between two fluids. Feppon et al. [17,18] optimized the topology using the 
level-set method and a non-mixing constraint. 

The techniques to separate the two distinct fluids with a minimum gap are powerful in 3D problems because there is no cross- 
sectional area between both fluids. Here, the heat-exchange performance is directly affected by the size of the channel. A smaller 
mesh design incurs a considerable computational cost but can achieve a higher heat-exchange performance. The 3D topology opti
mization problem has a considerable computational cost owing to its sensitivity analysis in every iteration. Further, without a DfAM, 
the topology-optimized shape cannot be manufactured using the 3D printing method. Considering the high computational cost of the 
3D topology optimization with two distinct working fluids and other manufacturing limitations, practical heat exchanger designs with 
cost-effective approaches and the application of the DfAM are required to facilitate industrial applicability. 

Lee et al. [19] attempted topology-optimized PCHE research with a simple one-line channel and 5 W of heat transfer while 
minimizing thermal resistance. After that, topology optimization of airfoil fin shape in PCHEs for nuclear micro reactor using artificial 
intelligence techniques by Guillen et al. [20] to maximize heat transfer and minimize pressure drop. 

In this study, we propose a topology optimization method for designing the whole channel geometry of a PCHE with two distinct 
working fluids. Two design domains for hot and cold fluids and a thermal conduction plate domain are defined to apply the pseudo-3D 
method. Here, the 3D heat transfer effect is considered by coupling the three domains. The local density field is defined for each design 
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domain. The governing equations are defined using the solid isotropic material with penalization (SIMP) method. To couple the energy 
equations in the three domains, the penalized heat transfer coefficient is defined using two distinct local density values and the flow 
characteristics. The fixed topology constraint condition for additive manufacturing is provided to make available 3D metal printing. 
The proposed methods are applied to a PCHE design example with a conventional channel geometry to examine the thermal per
formance and flow characteristics of the topology-optimized PCHE. 

2. Methods and materials 

2.1. Problem definition 

Fig. 1 shows a typical PCHE design and how the three domains for the pseudo-3D method are derived from the PCHE. A PCHE was 
manufactured by alternately placing hot and cold plates. For each plate, the fluid channels were formed based on the predetermined 
positions of the fluid inlet and outlet. When hot and cold fluids were supplied to the flow channels during the operation, the heat 
transferred from the hot fluid (design domain i) in Fig. 1) to the thermal conduction domain (design domain ii) in Fig. 1), located 
between the hot and cold fluids. Further, the heat transferred from the thermal conduction domain to the cold fluid (design domain iii) 
in Fig. 1). Two distinct 2D design domains (i and iii in Fig. 1) were considered for the topology optimization of the PCHE. The first is the 
design domain of the hot-fluid region. Herein, instead of the parallel channels for the conventional PCHE, the geometry of the hot-fluid 
channels is determined by the local density variable of the hot fluid (γhot). The second is the design domain for the cold fluid, wherein 
the geometry of the cold-fluid channels is determined by the local density variable of the cold fluid (γcold). Here, a region is considered a 
solid or fluid when the local density is zero or one, respectively. For the wall located between both design domains, only the conductive 
heat transfers along the direction normal to the planes of the 2D domains was considered with the estimation of the conductive thermal 
resistance. 

For the hot- and cold-fluid regions, a fully developed laminar flow was assumed with the Darcy term for the penalization of the 
SIMP approach. The governing equation was formulated as follows: 

ρ(u • ∇)u=∇ • [− p′ I+K] − 12
μu
d2

z
− αu (1)  

ρ∇ • u= 0 (2)  

where ρ, p′ , u, I, K, and μ are the density, pressure, velocity, identity matrix, viscous stress tensor, and dynamic viscosity of the fluid, 
respectively. Further, dz and α represent the channel thickness for the shallow channel approximation and inverse permeability, 
respectively, which is a spatial property of the porous media. The shallow channel was approximated because the channel geometry 
with the proposed 2D domains was manufactured by forming shallow channels on the thin metal plates and combining them into a 
PCHE [21]. 

The temperature fields of the flow domains were obtained using the following equation [22]: 
{

ρcpu • ∇T − kf∇
2T = Qsource in the fluid domain

ks∇
2T = Qsource in the solid domain (3) 

For other penalized properties, the SIMP approach was applied to the interpolation function as follows: 

k(γ)=
(
ks − kf

)
γp + kf (4) 

Further, the heat transfer was calculated using the heat transfer coefficients (hhot ,hcold), as follows: 

Fig. 1. Geometry of conventional PCHE and heat transfer coupling design domains for the pseudo-3D method.  
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Qsource =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

hhot

dz

(
Thot − Tplate

)
Hot fluid − Plate domain

hcold

dz

(
Tcold − Tplate

)
Cold fluid − Plate domain

(5)  

where cp, T, and kf represent the specific heat, temperature, and thermal conductivity of the fluid, respectively. The amount of heat 
exchange is expressed in Qsource. Although no mass transferred between the three domains, the heat transfer between these domains 
was closely coupled. Three locations share identical x and y coordinates along the z-direction, as shown in Fig. 1. Heat is transferred 
along the z-axis from the hot fluid to the plate region and from the cold fluid to the plate region. Here, the Qsource values were applied in 
all the three domains, including the hot-fluid, cold-fluid, and plate domains. In the case of the hot fluid-plate domain, heat was 
transferred from the hot fluid to the plate, whereas in that of the cold fluid-plate domain, heat was transferred from the plate to cold 
fluid. Thus, in the hot- and cold-fluid domains, the Qsource value is negative and positive, respectively. 

The initial material density design is an important factor in topology optimization as it determines the final topological solid 
geometry. The initial design value was chosen as shown in Fig. 2(b) with conventional channel geometry to compare the difference 
with the conventional design one. The supporting design is required for 3D printing with metal. We locate the zero-density field that 
supports the 3D printing design in Fig. 2(a) in order to fix the supporting solid area. 

In the design domain for the hot fluid, the fluid is supplied from the top-left corner and leaves the PCHE at the bottom-right corner. 
Thus, the hot fluid has an S-shaped overall flow path. In the design domain for the cold fluid, the inlet and outlet boundary conditions 
are placed on a similar axis. The overall flow direction does not change from the inlet to the outlet. In the hot- and cold-fluid regions, a 
constant inlet flow rate was assumed. 

The boundary conditions are expressed as follow.  

● Walls: (internal) u = 0; (external) ∂T
∂n = 0.  

● Cold fluid: (inlet) q′

= q′

in,T = Tcold; (outlet) p′

= 0.  
● Hot fluid: (inlet) q′

= q′

in,T = Thot ; (outlet) p′

= 0.  
● Topology boundary: γsolid = 0,Δp′

≤ n • p′

ini. 

To perform the topology optimization, the physical properties of Eqs. (1)–(5) must be penalized with respect to the design variables 
(γ). For the − αu term that results in a zero-flow velocity in the solid phase (γ = 0), Darcy penalization was used for α as 

α= αmax
q(1 − γ)

q + γ
(6) 

To compare the results of topology and original PCHE, the thermal-hydraulic performance factor (TPF) was employed. It is the ratio 
of the heat transfer improvement to a unit increase in pumping power, expressed as [23]. 

TPF=
Nutop

/
Nuo

(
ftop

/
fo
)1/3 (7)  

Fig. 2. Design domains for the pseudo-3D topology optimization of the PCHE: (a) boundary conditions and (b) initial topology material density geometries.  
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2.2. Optimization algorithm 

The optimization problem was expressed as 

Maximize Qtotal =

∫

Ωd

QsourcedV,

s.t.

∫

Ωd

γdV ≤ V0

ΔPhot < P0,hot

ΔPcold < P0,cold

(8)  

where V0 is the mean initial topology material density of the PCHE and P0 the pressure drop of the initial topology channel geometry at 
the object flowrates. The globally convergent method of moving asymptotes (GCMMA) was used to determine the best layout of the 
topology results [24]. 

When the flow rate was used as a boundary condition in the absence of the pressure constraints, a solid region formed along the 
flow path. This resulted in the maximum heat transfer under conditions of the infinite pressure drop. Hence, a unique procedure was 
required to implement a constant inlet boundary condition. Here, we imposed constraints on the pressure drop in the hot- and cold- 
fluid domains. The values of the maximum pressure drop were determined based on the pressure drop for the conventional PCHE, as 
shown in Fig. 2(b). 

Fig. 3 shows the flowchart of the optimization algorithm. The flow fields are obtained as the first step when the design domains and 
initial density fields are defined. Further, the energy equations are solved to obtain the temperature fields in the three domains. Here, 
the energy equations in these domains are coupled. Hence, inner iterations are performed until the thermal equilibrium is achieved for 
the design domains. If the velocity and temperature fields are obtained for a given density field, the design sensitivities are estimated 
using the field values. 

The design sensitivity addresses the computation of the gradient of the objective as regards the changes in the topology. This 
gradient determines the direction of the topology ascent or descent for the object function maximization. Through the calculation of 
the sensitivity considering the pressure boundary constraints, the optimum topology that maximizes the heat transfer rate was 
determined. The adjoint sensitivity method was adopted owing to its advantage in application with numerous sensitivity parameters 
and few objective functions [25]. 

The size of the mesh was empirically determined to be 1/8 of the minimum flow channel to satisfy the computational cost and flow 
path generation problems. The intermediate gray region is an unphysical property region. Hence, this region must be minimized. A 
Helmholtz filter, which can impose a minimum length scale, was applied to reduce the gray region in the restricted mesh size. Here, θf , 
θc, and Rmin denote the filtered material volume factor, domain control variable, and filter radius that imposes the minimum length 
scale, respectively. 

θf =R2
min∇

2θf + θc (9) 

The tangent hyperbolic projection was also applied to reduce the gray region, where β is the projection slope [26]. 

γ=
tanh

(
β
(
θf − 0.5

))
+ tanh(0.5β)

tanh(β(1 − 0.5)) + tanh(0.5β)
(10) 

Fig. 3. Flow chart of the optimization algorithm.  
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The heat transfer efficiency was evaluated by dividing the heat transfer rate by the pumping power, as 

η=Qsource

ΔP’q’
(11)  

where ΔP and q′ denote the pressure drop and flowrate, respectively. 
Table 1 presents the empirically chosen sweep parameters to determine the best converged values. The local minimum-topology 

optimization can be avoided if the sweep parameter is changed gradually [27]. The penalty value (p) gradually increased to 4, 
which is the generally chosen value in the fluid topology problem. The q value for the Darcy penalization and αmax value were adopted 
as the reducing gray region while increasing the inverse permeability of the fluid. 

In the simulation, the fluid and solid were set as water and stainless steel 316, respectively. The values of these properties are 
presented in Table 2. Temperature-independent properties were used to reduce computational costs. The temperature of the hot and 
cold fluids was set to 80 and 20 ◦C, respectively. The simulation was performed using COMSOL version 6.0. 

3. Results and discussion 

3.1. Pseudo-3D topology optimization results 

As the parameter sweep changed, the pseudo-3D topology was optimized when the flowrate was 0.03 Lpm, as shown in Fig. 4. This 
figure shows the design history of the pseudo-3D topology optimization with specified combinations of the sweep parameters. For this 
analysis, the flowrate was selected as 0.03 Lpm. The white and black regions represent the fluid and solid regions, respectively. Here, 
the topology density gradually changes based on the change in the sweep parameters. The heat transfer rate improved by 5.8% from 
77.6 to 82.1 W compared to the initial topology value shown in Fig. 2(b), which has an equal pressure drop and flowrate. 

The velocity and temperature fields of the topology-optimized shapes are shown in Fig. 5. The inlet Reynolds number of the plates 
was 602, thereby portraying a laminar flow pattern. The maximum velocity was 77.8 mm/s, and the temperature differences between 
the inlet and outlet were 35.8 and 37.2 ◦C for the hot and cold plates, respectively. Different from the conventional PCHE in Fig. 1, the 
fluid channels were interconnected in the topology-optimized design. This enabled an increased mixing of the working fluids, which 
consequently resulted in the heat transfer enhancement. In the hot-fluid domain of the conventional PCHE, there exist corners wherein 
the working fluid experiences abrupt changes in the flow direction. This generally causes a large pressure drop. In the topology- 
optimized design, streamlined shapes were formed to adjust the flow direction while minimizing the flow resistance. In the cold- 
fluid domain, the topology-optimized channel induced an opposite cold-fluid flow direction relative to that of the hot fluid at the 
center. 

The optimized designs were obtained at different flow conditions, that is, flowrate boundaries and pressure constraints. Fig. 6 
shows the pseudo-3D topology results with the flowrate conditions. The total heat transfer rate increased as the inlet flow rate 
increased. Compared to the conventional PCHE value, the heat transfer rate increased for all the cases under equal pressure drop and 
flowrate values. As the flow rate increased, the formation of the pin-fin array-like structures in topology optimization increased. 

The topology-optimized designs were obtained by varying the maximum allowable pressure drop constraint, as shown in Fig. 7. 
From the reference value of the allowable pressure drop (P0), the maximum allowable pressure drop was determined as 0.7P0 under a 
similar flow rate. When the maximum allowable pressure drop was relatively low, narrows channels were suppressed to satisfy the 
constraint. When the pressure constraint was 0.7P0, the channel geometry was close to a pin-fin array with a large channel width. To 
examine whether the optimized results can be considered as low-pumping-power designs, the resultant heat transfer rate was 
compared to that of a conventional PCHE with an equal pumping power. The heat transfer rate was increased by 9.9% when the 
pressure constraint was 0.7 times that of the initial pressure. 

3.2. 3D computational fluid dynamics (CFD) analysis results 

The 2D topology optimized results with density fields provides the corresponding flow and temperature field with having gray 
elements and penalized properties at the solid boundaries. Therefore, the flow and heat transfer characteristics derived from the to
pology optimization may differ from the actual operating condition values. Thus, a simulation of the 3D analysis was conducted to 
validate the pseudo-3D results. 

In the 2D analysis case, we only considered the heat transfer rate between each plate, but in the 3D analysis case, we created three 
hot and cold plates for each plate, enabling us to consider the heat transfer ability between all plates. COMSOL Multiphysics, version 
6.0, was used to solve the CFD analysis. The convergence criterion for all variables is fixed at 10− 5. 

The #1–4 optimized result cases were determined by the constraint pressures of P = 1, 0.9, 0.8, and 0.7P0, as shown in Fig. 8. In the 
3D geometry simulation, three cold- and hot-fluid plates each were used to form a computation domain for computational fluid 

Table 1 
Simulated parameter sweep.  

Parameter Value 

Sweep # 1 2 3 
p 2 3 4 
q 0.1 1 1 
αmax 106 106 107  
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dynamics (CFD) analysis. 
The grid sensitivity was analyzed using the conventional PCHE results. As shown in Table 3, the composition of M3 mesh elements 

increased by 0.115% compared to that of M1 mesh elements. Fig. 8 shows the mesh structure of the M3 elements used for all of the 3D 
analysis, which was performed using M3 elements. 

Considering the fluid properties, we analyzed the heat transfer rate results in terms of the fixed flow rate and pumping power. 
Table 4 presents the 3D conventional PCHE and topology-optimized # 1–4 results with a fixed flowrate of 0.03 Lpm. In the optimized 
result #4, the heat transfer rate based on the pumping power increased by 106%, and TPF was 1.27. In all the cases, the pressure drop 
rapidly reduced after the optimization, whereas all the heat transfer rates increased except for the optimized result #4. 

The conventional PCHE results and topology-optimized results were analyzed under identical pumping power conditions. Fig. 9 
shows the temperature difference of the topology-optimized heat exchanger. The increased heat transfer rate is represented in com
parison with the conventional PCHE, which has the same pumping power as the topology-optimized one. In the optimized result #4, 
the heat transfer rate increased by 66% while maintaining an equal pumping power. 

To validate our simulation results, we compared them to the experimental results of Seo et al. [28] for the case of a straight PCHE 
channel with fluid as water. Fig. 10 shows a good agreement between our simulation results and experimental results. The maximum 
variation was below 10%. 

Fig. 11 shows a graphical comparison of the heat transferred as regards the pumping power. The average heat transfer rate 
increased by 32% at the same pumping power. The heat transfer rate relative to the pumping power (η) is an important performance 

Table 2 
Property values used for the simulation.  

Property Value 

Solid (Stainless 316) Liquid (water) 

Density [kg/m3] 7960 988 
Thermal conductivity [W/ (m • K)] 14.2 0.64 
Specific heat [J/ (kg • K)] 465 4181 
Dynamic viscosity [Pa • s] – 5.47 • 10− 4  

Fig. 4. Pseudo-3D topology optimization result based on the parameter sweeps when the flowrate condition is 0.03 Lpm.  
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index for designing efficient energy systems. In most power generation systems, heat exchangers account for a large amount of the 
system pressure drop. Hence, the pumping power for heat exchangers results in a loss of power generation for the entire system. As 
such, a lowered pumping-power requirement under a similar heat transfer performance enhances the power generation efficiency. 
Even with a high η value, the utility of the heat transfer device would be low if the heat transfer capacity is excessively small. As shown 
in Table 4, however, the high η values of the topology-optimized designs were primarily achieved through a low pumping power 

Fig. 5. Pseudo-3D topology-optimized results: (a) velocity and (b) temperature fields.  

Fig. 6. Pseudo-3D topology results with the sweep parameter based on the flowrates.  
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Fig. 7. Pseudo-3D topology results based on the constraint pressure conditions.  

Fig. 8. Mesh structures of 3D-shaped PCHE.  

Table 3 
Grid sensitivity analysis for 3D geometry of conventional PCHE.  

Elements number Heat transfer rate [W] Percentage error 

M1 : 22,860,079 260.3 – 
M2 : 16,957,261 259.9 0.154 
M3 : 10,161,986 260.6 0.115 
M4 : 7,075,501 258.5 0.692 
M5 : 3,246,208 256.6 1.421  
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without compromising the heat transfer performance. Consequently, the topology-optimized PCHEs can be applied to systems wherein 
conventional PCHEs are used to enhance the efficiency of the system. 

4. Conclusion 

In this study, the PCHE topology optimization was performed using the pseudo-3D method. Two design plates, cold and hot, were 
optimized using thermal equilibrium. A manufacturable topology optimization shape was derived by supporting the 3D printing using 
a zero-density constraint. By using different flow rates and differential pressure conditions, the topology-optimized shape showed 

Table 4 
3D topology result in the condition of a fixed flowrate of 0.03 Lpm.   

Conventional 
PCHE 

Optimized result 
#1 

Optimized result #2 Optimized result #3 Optimized result 
#4 

Pressure drop [Pa] 83.9 58.2 52.6 46.7 40.4 
Heat transfer rate [W] 260.6 269.9 269.1 266.3 258.5 
Heat transfer rate/Pumping power 2.07 × 106 3.09 × 106 

(+49.3%) 
3.41 × 106 

(+64.7%) 
3.80 × 106 

(+83.6%) 
4.27 × 106 

(+106%) 
Thermal-hydraulic performance factor 

(TPF) 
– 1.17 1.21 1.24 1.27  

Fig. 9. Topology-optimized 3D temperature results with constant pumping power.  

Fig. 10. Comparison between the results of the present numerical model and the experimental results of Seo et al. [28].  
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improved results in terms of the heat exchange compared to the conventional PCHE. A 3D CFD analysis was performed to validate the 
topology-optimized results. The results of the CFD analysis revealed that the topology-optimized-shape heat exchanger increased the 
heat transfer rate by 66% in a specific case and 32% on average when compared to the conventional design with an equal pumping 
power. 

The topology-optimized PCHEs were found to require a lower pumping power than the conventional PCHE while maintaining their 
heat transfer capacity. Such PCHEs can be applied to power generation systems wherein the conventional PCHEs are used to enhance 
the efficiency of the system. In future studies, a CFD-analyzed topology-optimized-shape heat exchanger will be manufactured using a 
metal 3D printer. It will be experimentally tested to prove that the heat transfer performance has improved compared to the con
ventional PCHE. 
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