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Abstract

Heat exchangers (HXs) play a critical role in various energy systems, which can
largely influence their overall efficiency. Most recently, the interest in the topology
optimization (TO) of heat transfer, which can derive innovative thermal designs, is
growing rapidly. Therefore, the present work investigates the utility of the density-
based TO for dual-flow HX unit of moderate conductive material (Stainless Steel (SS))
and narrow design domain, along with CFD (computational fluid dynamics) and
experimental verifications. The objective of the TO is to maximize the heat exchange
rate, while a pressure drop constraint is imposed on the HX’s flow channels to avoid
the blocking issues. An in-depth investigation is conducted to study the effect of various
TO’s input parameters on the derived topology. The obtained results reveal that the TO-
derived design is mainly featured by the solid allocation in proximity to the insulation
walls but not at the interface wall that separates hot and cold fluids (where heat is
exchanged). Furthermore, high fidelity CFD simulations along with experimental
approaches (including Infrared thermography) are employed to validate the TO’s
design methodology and the numerical model. The experimental and numerical results
present good agreement between each other, demonstrating the thermo-hydraulic
performance superiority of the TO-acquired design compared to the benchmark case
with an intensification in the exchanged heat up to 15% under the same pumping power.
Lastly, a physical interpretation is delivered to analyze the underlying physics behind

the TO-acquired topologies.

Keywords: Topology optimization, heat exchangers, Fins design, Computational fluid

dynamics, Infrared thermography.



Nomenclature

Latin letters

Recold

Rehot

Velocity (m/s)

Pressure (Pa)

Brinkman Coefficient

Volumetric heat capacity (J.m3.K'!)

Volumetric heat capacity ratio

Fluid thermal conductivity (W.mL.K")

Temperature (K)

Thermal conductivity ratio

Solid thermal conductivity (W.m.K1)

Normal vector

Inlet velocity (m.s™)

Fluid inlet temperature (K)
Fluid outlet temperature (K)
Penalization coefficient
Penalty factor

Convexity parameter

Mass flow rate (kg.s™)

Heat transfer rate (W)

Solid fraction

Darcy Number

Reynolds Number

Peclet Number

Heat transfer area (m?)

Heat transfer coefficient (W.m2K!)
Mean Re of the cold fluid
Mean Re of the hot fluid
Hydraulic diameter (m)
Filter radius (m)

Friction coefficient

l Length of heat exchanger (m)
E Energy (W)

Cp Specific heat (J.kg!'.K1)

Ry Thermal resistance (K.W)

Bi Biot number

Greek symbols

y Densities (Design Variables)
pr Fluid density (kg.m™)

u Fluid viscosity (Pa.s)

Yi Initial design variable

a Inverse permeability

Umax Maximum inverse permeability
AP Pressure drop (Pa)

vT Temperature gradient

AT, Logarithmic mean temperature difference (K)
14 Projection point

Yr Filtered Design Variables

Yp Projected Design Variables
Abbreviations

TO Topology optimization

CFD Computational fluid dynamics

HX Heat exchanger

FEM Finite element method

MMA  Method of moving asymptotes

GCMMA Globally convergent MMA

SNOPT  Sparse nonlinear optimizer

IOPOPT Interior point optimizer

SIMPLE Semi implicit method for pressure linked equations
SS Stainless Steel



1. Introduction

Heat exchangers (HXs) are thermal devices that exchange heat between
different mediums (e.g., fluid-fluid, fluid-solid) with or without direct contact, for
generally realizing various fundamental operations like cooling, drying, and heating,
etc [1]-[3]. They play a crucial role in many industrial processes by allowing the
thermal energy transfer efficiently, which make them one of the most impactful thermal
devices on the overall efficiency of the energy systems. Therefore, how to increase the
HX’s performance has been for a long time a hot topic for engineers and researchers
[4]-[6]. For improving the performance of HXs, many research have been conducted
within the context of heat transfer enhancement. Passive techniques such of using
extended surfaces as fins has been well-demonstrated as one of the most effective
techniques in increasing heat transfer rates by disrupting established boundary layer,
but at the cost of significantly increased pumping power needed [7]. A prevalent
practice involves the placement of fins on the HX’s interfacial wall proximal to heat
source or where heat exchange occurs, with the intention of extending the heat surface
area and then intensifying the exchanged heat [§]-[10]. In this context, high-conductive
materials such as aluminum or copper are typically employed aiming to mitigate the
conduction resistance [11].

With the development of computer technologies, optimal designs of HX
structure become possible with the assistance of numerical simulation and various
optimization algorithms [12]. In the literature, three main optimization techniques are
employed to optimize the configuration of the HXs for achieving improved
performances, namely size, shape and topology optimization. The size/shape
optimization holds relatively small number of design variables, and is generally
constrained by the pre-defined shape of the targeted elements [13]-[15]. By contrast,
the topology optimization (TO) can have the maximum number of design variables, and
thus maximized performance can be theoretically achieved without any geometry
presetting [12]. With the rapid rise of TO in the recent years, it is anticipated that TO

may became a leading technique for thermal designs [16]-[21].
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According to the literature, several important research gaps can be identified as

follow:

1.

Currently, the TO is mainly conducted on one-flow HXs (more than 90% of the

existing research in the literature) under the specific name as heat sinks [22]-
[24], according to the statistics in our review paper [12] that covers most of the
relevant publications in the past two decades. Nevertheless, in real practice,
HXs frequently work with at least two flows.

The majority of the design problems employed in TO of HXs literature [12]
generally introduce wide (Aspect ratio=Length/width of the design domain < 2)
design domains that allows the structure to freely evolve during the TO process
[25]-[27]. However, this may contradict with some actual applications where

the fluid area is considerably restricted as in compact HXs.

Few researchers (about 18%) in the TO of HXs literature [12] fabricated the
TO-derived structures and the majority (about 82%) limit their research to
the numerical approaches by performing CFD analysis to evaluate the
performances of the TO-derived structures. As for the TO of dual-flow HXs
specifically, our statistics indicate that no existing research have
experimentally tested the TO-derived structures [12]. Nevertheless, the
experimental approach is considered as an indispensable step to validate the

numerical models.

Lack of physical interpretation of the optimized structures, as it is always

needed for better understanding and possible generalization of the results.

Considering the aforementioned issues, the present work employs the density-

based TO method to optimize the thermo-hydraulic performance of a dual-flow HX unit



with narrow design domain (length/width = 18). The TO-derived design is featured by
a novel arrangement of fins that can maximize the heat transfer rate between two fluids
separated by a moderate conductive material (SS). This original fin structure, always
persists under varied TO input parameters, has then been verified with a series of CFD
simulations, experimental approaches and physical interpretations.

The present paper is decomposed as follows: Section 2 provides the problem
formulation and the detailed methodology of the TO. Section 3 presents the acquired
topologies with an in-depth investigation on the influence of TO’s input parameters.
Section 4 introduces the employed CFD analysis and experimental approaches to
validate the design methodology. Section 5 presents the comparison the thermo-
hydraulic performance evaluated numerically and experimentally for all HX units.

Section 6 summarizes the main conclusions and perspectives.

2. Topology optimization

2.1 Problem formulation

2.1.1 Design problem and conjugate heat transfer physics

Due to the significant computational time of the topology optimization (TO), it is
challenging to be directly conducted on a 3D industrial HX. Therefore, simplifications
are necessary in order to facilitate the feasibility of the TO process. Accordingly, a
simplified 2D HX unit is introduced as depicted in figure 1. The design problem is a
2D counter-flow HX unit that permits the exchange of heat between two fluids (cold
and hot fluids) through a thin solid wall with 1 mm of thickness. The flow channels of
the cold and hot fluids have an equal width of 9 mm and the overall dimensions of the

HX unit are 162 mm (wide) and 21 mm (height).



rom, hot

Fin, cold

It is noteworthy to mention that the TO’s design domain (where the TO act) are the
HX’s flow channels, while the top, middle and upper solid plates are excluded from the

TO process.

Insulated Insulated Solid plates (1 mm Thick)

_—7 A /

162 mm

Figure 1: TO’s design problem with the corresponding dimensions in mm.

The conjugate heat transfer physics in HXs combines the fluid dynamics and heat
transfer models. The incompressible and steady-state fluid flow in the HX is modelled
using the continuity and momentum equations, given as below:

V.v=20

pr(w.V)v =—VP +pu. Vv — f(y)
where v is the velocity (m.s!), P the pressure (Pa), u the fluid dynamic viscosity
(Pa.s), py the fluid density (kg.m?), and y is the TO’s design variables. In the
density-based TO, the momentum equation needs to be modified by adding a Brinkman
friction f coefficient as defined in Eq. (2), to model the fluid flow in the design domain
treated as a porous medium:
f) =aly)v

where «a is the inverse permeability that must be interpolated between the solid and
fluid phases to define the optimized flow path (the detailed interpolation function
equations will be introduced in the TO section).

The heat transfer will be studied in the solids that are dominated by conduction and
in the fluids that are dominated by convection. The steady-state energy equation is
utilized to model the heat transfer of the HX.

Sy)v.VT = V.(k(y)VT) =0
where T is the temperature (K), S(y)is the volumetric heat capacity interpolation

function (J.m3.K-") and k(y) is the thermal conductivity interpolation function (W.m"
7
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LK. The detailed interpolation function equations will be provided in the following

section (section 2.2).

2.1.2 Boundary Conditions

As illustrated in Fig.1, a set of Dirichlet boundary conditions are imposed at the
inlet of each fluid by setting a uniform velocity and temperature profiles as follow:
—V.N =V, <> on Llicod and Lin ot
T =Tfcoa <= O lincold (4)
T =Trnot <= on Linhot
where T coia» Trnot are the inlet temperatures of the cold and hot fluids, respectively,
and n is the normal vector to the corresponding boundary outwardly oriented to the
design domain. Similarly, a uniform pressure and outflow conditions are set at the outlet

boundaries of fluid flows.

P=0 <:> on rout,cold and Fout,hot

(5)
—n.VT =0 <:> on Fout,cold and Fout,hot

Moreover, an adiabatic condition is imposed on the top and bottom walls, as well as the

extreme ends of HX unit, as illustrated in Figure 1.
2.2 TO methodology

2.2.1 Design Parametrization

The density-based parametrization is based on representing the design domain
(fluid channels in the present case) by densities or porosities (design variables) to
parametrize the fluid and solid phases. In this study, the initial density distribution has
been set to an intermediate design variable, y;=0.5, i.e., each mesh element is
composed initially of a porous medium that contains 50% fluid and 50% solid.
Throughout the TO procedure, the density values (y) can exhibit a continuous variation
ranging from O (fluid) to 1 (solid). As for the interpolation scheme, the inverse

permeability is interpolated between the solid and fluid phases using the following



formula [25]:

|4

a(y) = Amax S

(6)

where a4, 1s the maximum impermeability value and ¢ is a penalization coefficient.
The maximum impermeability is computed using the following formula [28]:

_u
" Da.D;? ()

Tmax
where Da is the dimensionless Darcy number that represents the permeability effect of
the porous medium [29]. Concerning the thermo-physical properties interpolation, the
RAMP (rational approximation of material properties) interpolation function is used to
interpolate the value of the thermal conductivity and the volumetric heat capacity
between the solid and fluid phases. The aim behind is founded in the demonstrated
capability of the RAMP function to penalize a broader range of intermediate design
variables when compared with the classical SIMP (Solid Isotropic Material with
Penalization) function [30]. Therefore, the thermal conductivity k(y) and volumetric
heat capacity S(y) interpolation functions are expressed respectively as follows [31]:

A-»)CA+b)—-D+1

G+ (A —7) .
A -PC(L+b) 1) +1 (

A+ ®A-7y)

k(y) = kf

S(y) = S¢

where b is the convexity parameter of the function, Sy is the volumetric heat capacity
of the fluid phase (J.m>K™), k¢ is the thermal conductivity of the fluid phase (W.m"
LK), C, and Cg are the thermal conductivity ratio and the volumetric heat capacity

ratio, respectively, between the fluid and solid phases.
2.2.2 Filter and projection

During the topology generation, filters and projections are necessary to avoid the
numerical instabilities (checkerboard, mesh dependency, local optimum, etc.) caused
by the ill-posedness of the TO problems [32]. For the filtering technique, the Helmholtz

PDE filter [33] is adopted to obtain an averaged filtered design variables yy:



Yr =R*V?y; +y 9)
where R is the filter radius which is considered as the mesh element size in the current
study. After the filtering process, an intermediate density area near the solid-fluid
interface is generated. In order to reduce it, the filtered design variables are projected

using the smooth Heaviside hyperbolic tangent projection [34]:

_ tanh (ﬁ (vr - Yﬁ’)) + tanh(Byp)
tanh (B(1 - vg) ) + tanh(By)

(10)

where y, is the projected design variable, f is the projection slope and yp is the

projection point.
2.2.3 Optimization problem formulation

In this research, the primary objective of the TO is to maximize the exchanged heat

(Q) between the cold and hot fluids inside the HX which can be expressed as [35]:

Q=fEdF—fEdl“:Sf(fv.TdF—fv.TdF) (11)

out in out in
where E is the energy (W). To constraint the non-linear problem, a set of constraints
have been imposed. First, a constraint is imposed on the maximal pressure drop inside
the flow channels to avoid the blocking issues caused by elevating the value of the
maximum impermeability. Moreover, the continuous design variable field y is
bounded between 0 (fluid) and 1 (solid). Additionally, the governing equations
presented in Egs. (1) & (4) should be also set as a constraint to ensure that their residuals
will be zero in each iteration of the optimization process. Eventually, a solid fraction is
imposed to constraint the amount of solid generated in the flow channels. Thus, the

TO’s mathematical problem can be summarized as follows:
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Find y

Max Q (Eq.12)
( 0<y<1

[ P
rm,cold _ 1 < O
n * APbareHX,cold (12)
P
S.t< frin,hot —1<0
n* APbareHX,hot
ydf
Jo -1<0
va

\ Egs.(1),(4)

where Vg, is the maximum allowed solid volume fraction and 2 is the design domain.
APygrenx.cota And APygrenx not are the pressure drop in the cold and hot channels of
the bare HX (empty channels) respectively, and #» is the maximal allowable pressure

drop ratio.
2.2.4 COMSOL implementation

The implementation of the TO models for the 2D counter-flow HX unit is carried
out using the Finite Element Method (FEM)-based commercial software COMSOL 6.0.
The CFD Module of COMSOL is employed to address the fluid problem (Eq. 1) with
a first-order discretization scheme for velocity and pressure. Simultaneously, the Heat
Transfer Module is utilized to solve the energy equation (Eq. 4), employing a first-order
discretization scheme for the temperature field. As for the Helmholtz PDE filter, a linear
discretization scheme is used and the filter radius is set twice of the maximum element
size. The purpose of setting the filter radius twice the element size rather than the
maximum element size is to increase minimum length scale in the TO, thereby avoiding
the appearance of very small solid structures in the flow channels. Such small structures
do not significantly influence the HX’s performance and are challenging to manufacture.
The TO’s design domain is discretized using a triangular mesh consisting of 160,000
elements. The governing equations are subjected to the streamline stabilization scheme,
while the upwind stabilization scheme is omitted. The direct solver PARDISO,

integrated into COMSOL, is utilized for solving the discretized governing equation.
11



Furthermore, segregated solver steps are utilized to address the fluid problem, thermal
problem, and filter PDE. Gradient optimization is conducted through the utilization of
the Optimization Module in COMSOL. This module solves the adjoint problem to
furnish the sensitivities of both objective and constraint functions for the globally
convergent method of moving asymptotes (GCMMA) [36], serving as the optimizer for
iteratively updating the topology throughout the optimization process.

A conservative continuation strategy is applied on the penalization coefficients (g
and b) of the interpolation functions and the projection slope (£3), to attenuate a possible
convergence to a local optimum. The proposed continuation scheme is composed of ten
steps as shown in Table 1. For the first steps, low parameters values are set to stabilize
the TO process and guarantee better sensitivity scaling by giving the optimizer some
freedom. Then, the parameters values are slowly increased in the last steps to acquire
more precise physical models by penalizing the intermediate densities and sharping the
interfaces. This continuation strategy leads to better performance and gives more
stability to the topology generation process than starting with the final parameters
values which often leads to fast convergence to a local optimum in such a non-convex
optimization problem [37]. It is noteworthy that a less conservative continuation
strategy involving a reduction in both the number of continuation steps and model
evaluations is feasible, but with an elevated risk of converging towards a poor local

optimum.

Table 1: Continuation scheme for penalization and projection coefficients

Step 1 2 3 4 5 6 7 8 9 10

g 001 001 00l 003 003 008 01 01 01 0.1
b 01 01 0. 5 5 20 50 50 50 50
B 1 1 1 2 3 4 5 6 8 8

2.2.5 TO setting parameters

The values of the TO’s input parameters are summarized in Table 2. First, the

12



Reynolds number (Re) is computed according to the inlet boundaries for simplicity

using the following equation:
— pf UinDh
U

Re

(13)

where v;, is the inlet velocity (m.s™'). The hydraulic diameter (D},) is assumed to be
double of the height for an infinite wide channel [24],[38]. Since the acquired topology
has been reported to be strongly influenced by the input parameters of the TO [39], a
thorough examination of the effect of these parameters on the resulting topology will
be extensively discussed in the results section. Furthermore, the projection point ys of
the hyperbolic projection process is set to 0.5. The working fluid employed in the TO
is water, while the solid material is SS. The properties of both water and SS are assumed

to be temperature independent, as outlined in Table 3.

Table 2: TO input parameters

Parameter Value
Re 50-150
Dy, [mm] 18
Da 107
Vf (5% - 30%)
VB 0.5
n 3-10
Cr 0.04
Cs 1.72
Sy [Jm3.K1] 4.18e6
R [mm] 0.5

Table 3: Material properties used in the TO [40]

Parameter water SS

13



kWl K] 0.61 15

p [kg.m?3] 1000 7800
G [J kg K] 4182 468
u [Pa.s] le-3 -

3. TO-results and discussion

3.1 Effect of Reynolds number (Re)

Figure 2 shows the optimized topologies acquired at three Reynolds numbers of
50,100 and 150. The TO-derived topology is distinctly characterized by the strategic
allocation of the solid fins on the upper and lower plates, proximate to the insulation
of the HX unit, rather than at the middle wall that separates the hot and cold fluids.
Moreover, a conspicuous characteristic includes a distinct inclination in the

geometry of the fins directed towards the central plate of the HX unit. As the Re

Il Solid

a): Re=50 Bl Fluid
(a)
_ AN AN AN AW AWAWAYAYAYAYAVAYAWAP AN AN AN ANYERS

VA YAYAVAVAVAVAVAVAVAVAVAVAVAYVA YA VAN
(b): Re=100

—7 1t v o1 Nt
(c): Re=150

O\ LY LY U U U YUY YUY L
—A\

Figure 2: Optimized topology at (a): Re=50, (b): Re=100, (¢): Re=150 under n=5 and vy; = 0.2.
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increases from 50 to 150, the number of fins generated within the cold and hot flow
channels decreases simultaneously. The topology obtained at Re = 50 has 42 fins as
seen in Fig.2a, whereas the topologies acquired at Re = 100 and Re = 150, each
features 28 fins as illustrated in Figures 2b and 2c, all under the same imposed solid
fraction (20% solid, 80% fluid). As for the fin’s height, the three acquired topologies
exhibit identical average fin height of 4.1 mm, which can be attributed to the
imposition of the same maximal admissible pressure (22=5) inside the flow channels
of all topologies presented in Fig.2. Furthermore, a notable change in the geometry
and distribution of the fins is evident, as illustrated in Figure 2, which will
underscore the pronounced sensitivity of TO-derived topology to the variation of

the Re.

3.2 Effect of the maximal imposed pressure drop intensity

15



Within this subsection, an examination is conducted to investigate the impact of
the maximum admissible pressure drop (n X APy, enx) Within the flow channels on the
acquired topologies. As the n value increases from 3 to 10, the average height of the

generated fins increases accordingly from 3.5 mm at »=3 to 4.1 mm at »=5 and 5.5 mm
at n=10, while having the same imposed solid fraction (20% solid and 80% fluid) as

seen in Fig. 3. With the increase of the fin’s height, the flow channels become narrower,
leading to a local increase in the velocity of the fluid close to the middle wall and
therefore intensifying the exchanged heat (objective function). For more quantitative
comparisons, the number of fins differ in three acquired topologies as illustrated by
Fig.3, with 34 fins, 28 fins and 26 fins in the TO-derived designs at n=3, n=5 and n=10,
respectively. This investigation strongly evidences the crucial necessity of
incorporating a pressure drop constraint in the TO process, in order to prevent potential

blocking issues within the flow channels of the HX.

Hl Solid
Hl Fluid

(@): AP gptux < 3 * AP parenx (n = 3)

Figure 3: TO-derived HXs at (a): n=3, (b): n=5, (¢): n=10 under Re=100 and v = 0.2.

3.3 Effect of initial density distribution

Given the paramount significance of the initial guess in the optimization process,
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particularly in gradient optimization, various initial distributions of densities are tested,
as delineated in Figure 4. The visual representation demonstrates that the acquired
topologies have similar solid allocations, with a slight difference in the distribution of
fins in the flow channels of the HX. Moreover, a negligible difference in the final
optimized value of the objective function for the different TO-derived structures has
been noted. This underscores the robustness of the employed methodology and the
major reason behind this marginal difference may be addressed to the incorporation of
a conservative continuation scheme, which will decrease the possibility of converging
to a poor local optimum. For a quantitative comparison among the six acquired
topologies, the average fin height remains consistent at 4.1 mm. Regarding the number
of fins in the flow channels, the three acquired topologies with a uniform initial density
distribution, illustrated in Figures 4a, 4b, and 4c, each consists of 28 fins. In contrast,
the three acquired topologies with an initial discrete density distribution (only solid and
fluid phases), presented in Figures 4d, 4e, and 4f, each contains 26 fins, while the solid
fraction (20% solid and 80% fluid) is maintained the same in all six TO-derived

structures.
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Initial distribution Acquired topology

Fluid Solid
(a): Uniform distribution (50% solid, 50% fluid) T B |
Porous media (50% solid, 50% fluid) * A T R D e e e e e
Porous media (50% solid, 50% fluid) *

L

(b): Uniform distribution (20%o solid, 80% fluid)

(¢): Uniform distribution (80%b solid, 20% fluid)

(d): Rectangular fins on the middle plate
—J J J J JJ g J g

(e): Rectangular fins on all plates
(P): Rectangular fins on top and bottom plates
UNENS [ NN B SR D SN D U ) S R SRS D SN ) S S S—

Figure 4: Acquired topologies using different initial distribution of the densities at Re=100, n=5 and vy, = 0.2.

I A I A A

3.4 Effect of final solid fraction

The optimization process incorporates a constraint on the amount of generated
solid. The impact of varying the imposed percentage of generated solids on the resulting
topology is examined in this subsection. Figure 5 clearly demonstrates that the width
of the generated solids increases by increasing the imposed solid fraction while
maintaining consistent solid allocation on the upper and lower plates of the HX unit.
Moreover, the three acquired topologies under different imposed solid fraction of 5%,
20% and 30%, exhibit 28 fins, 28 fins and 26 fins, respectively, although the average
height of the generated fins in the HX’s flow channels for the three presented cases is
almost identical, measuring 4.1 mm. Furthermore, it is noteworthy to mention that the
maximum height of the generated fins in the HX’s flow channels for the three presented

cases is almost identical. This can be explained by the analogous imposed maximal

18



pressure drop (n=5) in the flow channels for the three acquired topologies. Additionally,
the appropriate solid fraction should be determined based on the user's requirements or
the designer's experience. Increasing the solid fraction results in higher material usage,
which increases material costs and can also lead to higher pressure losses. Therefore, a
tradeoff between enhancing heat transfer and minimizing hydraulic losses must be
considered when selecting the solid fraction value. Besides, the appropriately selected
solid fraction value should be identical with that of the reference case to ensure a fair
comparison.

Il Solid
(a): Solid fraction < 5% I Fluid

|

(b): Solid fraction < 20%
>ULALJLALJULJLALJUULJJ/~

N T T T T 0 e

(c): Solid fraction < 30%
>ULABLJLJL_JLJL_JL_KL_IL_H,JL_JL~

e O O O O O s O A e W o S e W (O,

Figure S: Optimized topologies at different imposed solid fraction under Re=100, n=5.

3.5 Effect of different gradient optimizers

In the literature, several gradient optimizers are implemented in the TO for HXs
for the purpose of finding the optimum value of a specific objective under several
constraints [12]. However, the effect of different gradient optimizers employed in the
TO on the acquired topology has not yet been investigated so far [12]. Therefore, three
gradient optimizers, including GCMMA, SNOPT (Sparse nonlinear optimizer) [41] and
IOPOPT (Interior point optimizer) [42] are utilized and compared in this study, under
the same input parameters, objective function and constraints. The three investigated

gradient optimizers hold different mathematical background and thus the distinct
19



approaches. Detailed explanations behind their mathematical background are beyond
the scoop of this paper and can be found in the mentioned references. As depicted by
Figure 6, a remarkable difference has been observed in the TO-acquired topologies
using different gradient optimizers, mainly by the distinct shape and number of the
generated fins. Additionally, a negligible difference (about 0.1 %) in the optimum
achieved value of the objective function has been observed. This reflects the robustness
of the density-based TO method in achieving the maximized performance.

For more comparison between the three optimizers, the computational times for the
TO using the MMA (13 hours 59 minutes), SNOPT (14 hours 5 minutes), and [POPT
(13 hours 48 minutes) optimizers are comparable, with no significant differences
observed. From a numerical perspective, the MMA optimizer has more numerical
stability compared to the two other optimizers, as it defines two moving asymptotes
(upper and lower) that varies in each iteration of the optimization process to maintain
the numerical stability and avoid any divergence problem even when handling various
constraints. Lastly, according to our statistics [12], the MMA optimizer is the most
widely used optimizer in the TO literature, highlighting its robustness and compatibility

with the TO method.

Il Solid
(a): GCMMA H Fluid

< AN R O L ik = T TR S S S U PRI S o

g1 7 T T T T T T T D)
(b): SNOPT
y U U L1 UM LY L LD U DA LD L L L e

= ARV I N AW WAVA s A

(c): 10POPT
>UUUUUUUUUUUUUUUUUUUL

N AN ARAAAAARRA NN AN

Figure 6: TO-derived topologies using (a): GCMMA, (b): SNOPT and (c): IOPOPT gradient optimizers at Re=100,
n=5and vg; = 0.2.
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As for the quantitative comparison between the three TO-derived designs presented
in Figure 6, the number of fins is 28 fins, 32 fins, 40 fins for the topologies obtained
using the GCMMA, SNOPT and IOPOPT optimizers, respectively, while preserving
identical solid fraction (20% solid and 80% fluid) and average fin height (4.1 mm).

3.6 Physical interpretation of the TO-derived geometry

For the purpose of physically interpreting the TO-derived design, the evolution
of the densities (porosities) and the Peclet number (Pe) distributions with the TO
iteration presented in Figure 4c is provided in Figure 7. Considering the nature of
density-based TO methodology, a crucial factor, which could determine the solid
arrangement, is the relative intensity between the fluidic convective heat transfer and

the solid heat conduction within design domain, which can be characterized by this

local Pe number [43]:
S(y) Xv x Dy
Pe="—""—""" (14)
k(y)
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Figure 7: Evolution of the density and the Peclet number distributions in the TO process.
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In the flow channels of the HX unit, four high Pe number (or velocity) gradient
regions can be identified near the walls of the solid plates due to the imposition of non-
slip boundary condition. Therefore, the TO optimizer will attempt to position the solid
fins within these high Peclet number gradient regions to disturb the flow path, thereby
intensifying of the objective function (heat transfer rate). Moreover, since moderate
conductive material (SS) is employed in the TO, the optimizer aims to allocate the
solids near the insulation and not at the interface wall, leading to a reduction in the
conduction resistance of the HX. Furthermore, this solid allocation strives to locally
increase the Pe number near the walls of the middle plate (where heat is exchanged),
consequently resulting in a decrease in the convection resistance of the HX and thereby

improving its thermal performance.

3.7 Short summary

In summary, the topologies obtained through TO exhibit sensitivity to variations in
input parameters. Furthermore, it is noteworthy that the identical solid allocation in the
form of fins persists on both the upper and lower plates of the HX unit, in proximity to
the insulation, regardless of the prevailing conditions using moderate conductive
material (SS). Additionally, the evolution of the Pe number distribution in the TO
process demonstrates that this distinct manner of fins allocation aims to increase the
local velocity near the HX’s interface wall (where heat is exchanged), resulting in a
reduction in the convection and conduction thermal resistances and thereby improving
the overall heat transfer rate. Lastly, a summary table presenting quantitative

information of all obtained topologies is provided as follows.

Table 4: Summary of quantitative information for all acquired topologies

Solid Number of  Average Fin
Topology
fraction fins height (mm)
Figure 2a 20% 42 4.1
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Figure 2b 20% 28 4.1

Figure 2¢ 20% 28 4.1
Figure 3a 20% 34 3.5
Figure 3b 20% 28 4.1
Figure 3c 20% 26 55
Figure 4a 20% 28 4.1
Figure 4b 20% 28 4.1
Figure 4c 20% 28 4.1
Figure 4d 20% 26 4.1
Figure 4e 20% 26 4.1
Figure 4f 20% 26 4.1
Figure 5a 5% 28 4.1
Figure 5b 20% 28 4.1
Figure 5S¢ 30% 26 4.1
Figure 6a 20% 28 4.1
Figure 6b 20% 32 4.1
Figure 6¢ 20% 40 4.1

4. CFD and experimental methods for performance evaluation of

TO-derived HX

4.1 3D HX design

The TO-optimized HX unit illustrated in Figure 2b is selected for the present CFD
investigation stage and is named TO-optimized HX. Subsequently, a threshold with a
0.5 value (50% solid, 50 % fluid) should be applied on the TO-acquired structure in
order to remove the remaining intermediate densities at the solid/fluid interface created

by the TO’s filtering process as depicted by Figures 8a and 8b [44]. The length of the
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optimized HX is increased a few millimeters (9 mm) to avoid the existence of solids at
the inlets/outlets boundaries.

Thereafter, the 2D HX unit is extended to 3D as seen in Figure 8c for the purpose
of being fabricated and experimentally validated in the forthcoming section. This 3D
transformation uniformly extends the 2D HX design in the third direction assuming that

the fluid flow effect in the third direction is negligible.

i lid
(a): TO-derived topology H

(b): Thresholded topology i:::::
AL YU N R U N N G I A WO U VO U O U G R G [
B e O e O O O O O O O 2 O O e e AR e RO
180 mm
=i
1 INOX
S ot Water'
(c): 3D design 7_»_”,,,,--f—-—f*-‘**?\

Figure 8: (a): TO-derived structure, (b): Thresholded topology and (c): 3D HX design.
The 3D HX design has a sandwich concept and is decomposed of a plastic cage that
covers the HX unit from the bottom and side boundaries to minimize the heat losses to
the surrounding. Moreover, the HX unit is covered from the top by a plastic plate with
a sapphire window in the middle for IR measurement. The 3D design is illustrated in
the figure 9 with the corresponding dimensions and materials.
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Figure 9: 3D design of TO-HX with the corresponding dimensions and materials.

With the intention of performing a performance comparison with the previously
presented TO HX unit, two other HX units that have conventional rectangular fins are
introduced as depicted by Fig. 10: one possesses identical fins allocation at the adiabatic
boundary and is named Simplified HX unit, and the other has opposite usual fins
allocation at the separating wall of hot and cold fluids and is designated as Benchmark

HX unit. To make a fair comparison, all HX units (TO-optimized, simplified and
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benchmark) have the same solid fraction, external dimensions and materials.

: Copper
: Plaggic
: Stainless Steel
: Cold water
: Hot water

Il

(a): TO-HX

(b): Benchmark HX

(c): Simplified HX

Figure 10: Top view of the (a): TO-optimized, (b): Benchmark and (c¢): Simplified HX units.

The three investigated HX units (TO-optimized, simplified and benchmark)
presented in the previous figure 10 were manufactured using the water jet-cutting
machine with a precision of 0.6 mm as depicted by figure 11. As illustrated in the
preceding figure 9, the 3D HX design has a sandwich concept composed of a bottom
cage made of polycarbonate that surrounds the HX unit fabricated from SS from the
side and bottom faces. A sapphire plate was placed at the upper face of the HX unit to
authorize optical access for the IR camera, enabling the measurement the temperature
distribution. Moreover, a cover plate made of polycarbonate is positioned on the
sapphire plate, allowing its fixation using fourteen screws. The detailed dimensions of
the bottom cage, HX unit, sapphire plate and cover plates are presented in the figure 9.
Lastly, sealing strips were used to avoid the water leakage to the exterior, while strong

glue was used at the upper and bottom surfaces of the HX’s interface wall to prevent
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the mixing between cold and hot fluids.

(a): TO-optimized HX unit
o ' L "/

Figure 11: Fabricated (a): TO-optimized, (b): Benchmark and (c¢): Simplified HX units using the water jet cutting process.

4.2 Computational Fluid Dynamics (CFD) analysis

In this subsection, the detailed methodology of the CFD analysis is presented.

First, the geometries of the three HX units (TO-optimized, simplified and benchmark)

and the meshes were built using different modules of ANSYS Workbench 19.2. In the
present study, the working fluid is set to the water while the solid part of the HX is the
SS for maintaining the consistency between the TO and CFD analysis. The bottom cage
material is the polycarbonate and the top plates materials are the sapphire and

polycarbonate, respectively. The flow connections situated at the inlets and outlets of
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the HX unit are comprised of copper material. The thermo-physical properties of the
water are considered as temperature dependent, employing the fitting polynomials
presented in Table 5. By contrast, the thermo-physical properties of the solids (SS,
polycarbonate, polycarbonate and copper) are assumed independent of the temperature
as delineated in Table 5. At the inlets of the HX’s channels, uniform velocity profile
was imposed with inlet temperatures of 288.15 K and 333.15 K for the cold and hot
fluids, respectively. The numerical simulations were conducted at ten different flow
rates spanning between 0.035 L.min™! and 0.215 L.min"!, which corresponds to 98 <
Regp1q < 555 and 180 < Rep,, < 1106, respectively. Moreover, zero static pressure
was imposed on the outlets of the HX and no-slip condition was applied on the walls
of the flow channels. The bottom and side surfaces of the plastic cage and the side
boundaries of the top plastic plate were considered as adiabatic. All other external walls
were subjected to a heat transfer coefficient of 7 W.m2.K-! [20] with an ambient
temperature to consider the effect of the natural convection with the surrounding.

The numerical simulations were executed using the FVM (Finite volume method)-
solver FLUENT 19.2. The reason of choosing the FLUENT solver for the CFD analysis
instead of the FEM-solver of the COMSOL, is the higher numerical stability of the
FVM compared to the FEM for simulating the fluid flows [12]. This stability is mainly
attributed to the FVM’s ability in ensuring the conservation law locally (at each control
volume), resulting in a more robust and accurate results. The laminar model was used
for low Reynolds number (Rey,; < 400), while the turbulent k&-w SST model [45] was
employed for higher Rep,,; (400-1106). The aim of utilizing the turbulent model in the
numerical simulations within the theoretical laminar region is mainly to maintain the
numerical stability when having local flow vortex, local flow separation and micro-
turbulences in the HX’s flow channels. The intention of using specifically the k-w SST
turbulent model, which is a low Re turbulent model, is the superior ability of accurately
capturing the flow behavior near the walls compared to high Reynolds number models
as (standard k- model), especially when having wall separation and flow circulations.

Additionally, the k-w SST model is widely used in the literature for similar applications
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with complex flow patterns and swirls, consistently providing results that align closely
with the experimental findings [46]-[49]. The governing equations of the conjugate
heat transfer phenomena (Continuity, Momentum and energy equations), along with the
turbulence model equations used in the current CFD analysis, are outlined as follows:
V.v = 0 (Continuity equation)
pr(v.V)v = —=VP + . V?v (Momentum equation)

Sev. VT — V. (kVT) = 0 (Energy Equation) (15)
ok
% + U.Vk = P, — Bkw + V[(u + o ur)Vk]

Jw 1
3 +U.Vw =aS? — Bw? + V[(u+ opur)Vw] + 2(1 — Fy)o,,, ZVkVa)

where k is the turbulent kinetic energy (J.kg!), w is the specific dissipation rate (s°
", ur turbulent viscosity (Pa.s), Py is the production of turbulent kinetic energy, S is
a source term, o, and o, are the turbulent Prandtl number for k and w,
respectively, and F; is a blending function. As for the velocity-pressure coupling, the
standard SIMPLE (semi implicit method for pressure linked equations) was used. The
standard method was utilized for the space discretization of the pressure field, while the
first order upwind scheme was used for velocity and temperature field discretization.
For the turbulent equations & (kinetic energy) and w (specific rate of dissipation)
discretization, the second order upwind scheme was chosen to decrease the fluctuation
of the turbulent equation’s residuals leading to an enhanced convergence rate. The
solution is judged to be converged when the residuals of all governing equations are
less than le-5 (the residual of the energy equation is less than 1e-8) and the iterative
variation of the inlet static pressure and the outlet temperature of the cold fluid is below
0.5 %. A mesh dependency study was conducted following the same methodology of
Celik et al. [50] to ensure the reliability of the numerical results. Moreover, the stopping
criteria of the mesh sensitivity analysis are outlined as follows:

<1% & Er(Tpy) = Té{“f'“;ff{ ~Toicoud| _ 1y (16)

out,cold

APk _ APk+1
APk

Er(AP) = ‘

where £ is the index of the mesh dependency test, AP is the pressure drop in the cold
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channel of the HX unit (Pa), T,y¢c01q 15 the cold flow outlet temperature (°C) and
Er is the relative error. As an example, for Rep,.= 1106 (Rego,q = 555), the details
about the mesh dependency study are given in Table 6 for the TO-optimized HX unit.
Accordingly, the results are considered to be mesh independent when the number of
elements hit 13.38 million, 13.07 million and 12.97 million for the optimized,
benchmark and simplified HX units, respectively. Lastly, it is noteworthy to mention
that the constructed mesh presented in Figure S2 is composed of tetrahedron elements
and presents a good quality with an average skewness of 0.22. The mesh in the fluid
domains is much finer compared to the one the solid one and eight inflation layers have
been used in the fluid domains to accurately capture the velocity gradient near the walls

as depicted by Figure S3.

Table 5: Physical properties of the fluid and solids used for the numerical simulations

(283.15 K <T< 343.15 K) [40]-[43]

Water

Copper

Polycarbonate

Sapphire

SS

Density [kg.m™] p=-33x10""T* + 4.3 x 1074T3 — 0.217T?% + 47.95T + 2962.83
Specific heat [J kg K] Cp = 4.81 x107°T* — 6.1 x 107373 + 2.98T? — 643.2T + 56148.51
Viscosity [Pa.s] L=2.96x10711T* — 4 x 107873 + 2 x 107572 — 4.6 X 1073T + 0.4

Thermal conductivity [Wm” K']  k=-64x10"11T*+ 1.34x 1077T3 -9.91 X 1075T? + 3.2 x 1072T — 3
Density [kg.m™] p = 8850

Specific heat [J kg K] Cp =392
Thermal conductivity [Wm™! K']  k =398
Density [kg.m™] p =1200
Specific heat [J kg K] Cp = 1100
Thermal conductivity [Wm™? K'] k= 0.2
Density [kg.m™] p = 3980
Specific heat [J kg K] Cp =763
Thermal conductivity [Wm™' K] k=37
Density [kg.m™] p = 7800
Specific heat [J kg K] Cp = 468

Thermal conductivity [Wm™' K] k=15

Table 6: Mesh dependency test for the TO-optimized HX unit at Rey,;= 1106

AP Error (AP) Tout,cold Error (Tout,cold)
Elements number
(Pa) (%) o) (%)
2,773,467 291.883 - 22.098 --
6,093,309 270.538 731 % 21.02 4.87 %
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13,387,038 261,012 352% 20.54 228 %

29,495,860 258.47 0.97% 20.401 0.67%

4.3 Experimental approach

4.3.1 Experimental set-up

Figure 12 illustrates the experimental setup built in the LTeN laboratory for the
aim of experimentally evaluating the thermo-hydraulic performance of TO-
optimized, benchmark and simplified HX units. The setup permits the circulation
of the cold and hot pure water with controlled inlet temperatures and flow rates
thanks to two LAUDA RP855. Two manual valves were installed at the discharge
section of each LAUDA RP855 for more control precision of the flow rate.

Furthermore, a Kobold DPM-1103 flow meter (+ 2.5% precision) was located at

IR camera

Cold water

Manometer

Y/
) S
Flow met;r T;.; *j

@%

Pump

Tank

Thermocouples VL

Hot water

Flow meter

Tank

< <«

Figure 12: (a): Schematic view and (b): Photo view of the experimental setup built in the LTeN
laboratory.
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the suction section of each LAUDA in each circuit (cold and hot) to measure the
flow rate. The inlet and outlet temperatures of the hot and cold fluids were
measured using four thermocouples of type K (+ 0.2K precision) and a central

acquisition system with an acquisition frequency of 0.1 seconds.

The hydraulic performance of the HX units was experimentally evaluated by
measuring the static pressure at the inlets and outlets of the HX’s cold and hot
channels using a vertical manometer. Lastly, an IR camera has been used to measure

and compare the local temperature field at the targeted surface.

4.3.2 Infrared thermography and measurement schemes

In the present work, the Infrared (IR) thermography is employed to measure
the fluid temperature distribution at the local scale, which is then compared with
the one evaluated by the CFD analysis for validation purposes. The fundamental
principal of the IR thermography lies in the detection of radiation emitted by an
object through infrared lens, which is subsequently converted to an electrical signal.
Following amplification and data processing, the signal ultimately undergoes a
transformation to display the temperature distribution values. According to the
literature [51], most of the used IR camera are sensitive in the middle and long
wavelength ranges. In the present study, the employed IR camera (FLIR, X-series)
can detect radiation with a wavelength spanning from 1.5 pmto5 pm. Within this

range, the sapphire plate with a 5 mm has a transmission over 60 % [52], while the
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emissivity of the water ranges between 0.92 and 0.96 [53]. Hence, the IR camera is
capable of detecting the thermal radiation emitted by the water via the sapphire
window.

At each operating flow rate, the temperature and pressure measurements were
carried out once the steady-state has been achieved, i.e., the outlet temperature of
the cold fluid is stable. Upon reaching the thermal stability (steady-state), a real time
image recording was performed using the commercial software ResearchIR with a
frame frequency of 60 Hz. After obtaining 1000 successive temperature images
(matrices), an element-wise average was performed to acquire the final measured
temperature field with a resolution of 82 X 512 pixels. As depicted in figure S1
(section S1 of the supplementary material document), the selection of 1000 images
was sufficient to obtain a stable temperature contour. Moreover, it is noteworthy to
mention that the IR measurement targets the inner surface of the sapphire plate
(targeted surface) that is in direct contact with the water inside the HX. This is
because the IR radiation can be transmitted through the semi-transparent sapphire,
but not through the water. Lastly, the temperature fields of the solid phase measured
by the IR camera at the targeted surface must be hidden using the solid phase

coordinates within the HX’s domain.

4.3.3 Uncertainty analysis

An uncertainty analysis was performed, employing the methodology of Moffat [54]
to quantify the uncertainties of the experimental approach. Moffat [54] estimated the
error between the mean value (true value) for different repeated trials and the measured

value to be the twice of the standard deviation ( 20) for single sample experiments.
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Therefore, the experiments have been repeated three times first, showing an acceptable
uncertainty of the experimentally measured heat transfer rate and friction coefficient
with an error up to +4.15% and £4.38 % for the TO-optimized HX unit, up to
+4.65 % and £4.95 % for the simplified HX unit, and up to +4.77 % and £5.07 %
for the benchmark HX unit, respectively. The reason of repeating the experiments only
three times due to the acceptable volatility error observed in the recurring experimental
measurements of the heat transfer rate and friction coefficient. Eventually, it is
noteworthy to mention that the uncertainty associated with the thermocouples is about

+1.3 %, while the uncertainty of the flow meter is approximately +2.5 %.
5. Results and discussions

5.1 Thermo-hydraulic performance evaluation and validation

First, the Reynolds number of the cold and hot fluids is calculated based on the
area-averaged flow properties and velocities inside the HX’s flow channels using the
following equation:

p7.7.Dh

|

Re = (17)

=i

where p; is the fluid average density (kg.m?), ji is the fluid average dynamic
viscosity (Pa.s), ¥ is the volume-weighted average velocity inside the cold or hot
flow channels (m.s') and Dh is the hydraulic diameter calculated according the
cross-sectional dimensions of the HX’s flow channel which is equal to 0.0072 m.
The heat transfer rate on the cold fluid side is utilized as a criterion to evaluate
the HX’s thermal performance and is calculated using the following equation:
Q = mCy(Tour — Tin) (18)

where Q is the heat transfer rate (W), m is the mass flow-rate of the cold fluid
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(kg.s), Toyr and Tj, arethe mass-flow average temperatures at the outlet and inlet
of the cold fluid (K), respectively, and C, is the average specific heat of the cold
flow channel (J.kg!.K!). The highest observed heat loss to the ambient, calculated
by the difference between the heat transfer rates on the hot and cold sides, is
approximately 4% (1.32W) at the lowest flow rate (0.035 L.min™!). This small
percentage indicates that the heat losses have a negligible effect on the evaluation
of the HX's thermal performance. As seen by Fig. 13, a good agreement between the
heat transfer rate evaluated experimentally (through four thermocouples and
flowmeters) and numerically (CFD analysis) has been observed, with a maximum
deviation up to 3.5%, 4.81% and 5.61% for the TO-optimized, simplified and
benchmark HX unit, respectively. Results demonstrate a higher exchanged heat in
the TO-optimized and simplified HX units compared to the benchmark case with
an enhancement up to 18.09% and 10.23 %, respectively. This validates and
confirms the thermal efficacy and superiority of the TO-optimized and simplified
design that are mainly featured by the solid allocations proximate to the insulation
over the benchmark configuration typified by the solid positioning on the HX’s

interface wall.
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Figure 13: Variation of the heat transfer rate of the three HX units evaluated numerically and experimentally

with respect to Re.

Moreover, the pressure drop is experimentally measured using a vertical

manometer to validate and compare it with that evaluated through the CFD analysis.

Thereafter, the friction coefficient can be directly computed from the measured

pressure drop as follows:

(19)

where AP isthe pressure drop (Pa)and [ is the length of the HX (m). As illustrated

by Fig 14, a noteworthy concurrence between the friction coefficients evaluated

experimentally and numerically (CFD) for all designs is evident with a maximum

deviation up to 5.5%, 5.78% and 6.17% for the TO-optimized, simplified and

benchmark HX units, respectively. This deviation is considered as acceptable (<1%)

regarding the experimental uncertainty for the friction coefficient. Moreover, the
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error bars of the three-plotted curves in Figure 14 overlaps between each other at
different flow rate conditions. This elucidates the small difference in the measured
friction coefficient of the three HX units, confirming the slight increase in the
hydraulic losses predicted numerically of the TO-optimized HX units compared to

the simplified and benchmark designs.
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EXP_TO-optimized HX
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Figure 14: Variation of the friction coefficient of the three HX units evaluated numerically and experimentally with respect to the Re.

To consider the thermo-hydraulic performance simultaneously, the heat
transfer rates for the three HX configurations are plotted as a function of the

pumping power ((pymp) calculated thought the following equation:

qump = (VAP) co1a + (VAP) po¢ (20)

where v is the volumetric flow rate (m3.s™). As seen by Figure 15, a notable
agreement between the numerical and experimental plots is conspicuous,

substantiating the thermo-hydraulic performance advantage of the TO-optimized
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HX unit over the simplified and benchmark cases with a heat transfer intensification

up to 8.7 % and 15.08 % under the same pumping power, respectively.
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Figure 15: Evolution of the heat transfer rate computed experimentally and numerically with respect to

the Pumping power.

By summarizing this subsection, the thermo-hydraulic performance of the TO-
derived design is experimentally evaluated and compared with the numerical results
acquired through CFD analysis. The comparison illustrates a good agreement
between numerical and experimental results with acceptable deviations. This serves
to confirm and substantiate that the optimal allocation of the low/moderate
conductive solids for obtaining maximized thermo-hydraulic performance is in
proximity to the insulation (as in the optimized and simplified designs) and not at

the HX’s interface wall (as in the benchmark design).
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5.2 Comparison between CFD and IR camera results (Fluid local temperature

distribution comparison and validation)

e Fluid Temperature contours

Figures 16a, 16b & 16¢ expose the fluid temperature contours measured by the
IR thermography and Figures 16d, 16e & 16f illustrate those acquired through the
CFD analysis for the TO-optimized, benchmark and simplified HX units,
respectively, under the same volumetric flow rate of 0.135 L.min" (Re.,,q = 354,
Rep,; = 695). For the three HX units, the isotherms acquired through IR camera
and CFD exhibit a well correspondence, on the global range. As seen by Figure 16,
the main differences in the IR and CFD isotherms can be observed at the solid/fluid
interfaces. Moreover, the isotherms computed numerically tend to move forward in
the flow direction compared to the one measured through the IR camera. As for the
TO-optimized HX unit, the minimum and maximum temperatures measured at the
targeted surface are 290.68 K (CFD), 291.83 K (IR) and 331.23 K (CFD), 330.14 K
(IR), respectively. Moreover, the minimum and maximum temperatures measured
at the targeted surface of the simplified HX unit are 292.9 (CFD), 293.25 K (IR) and
329.09 K (CFD), 328.2 K (IR camera), respectively. As for the benchmark case, the
minimum and maximum temperatures observed at the targeted surface are 293.9
(CFD), 294.5 K (IR) and 328.09 K (CFD), 327.047 K (IR). This small difference (about
1 K) between the border temperatures of the cold and hot fluids for the three HX
units serve as additional evidence to authenticate the well conformity between the

local temperature distributions evaluated numerically (CFD) and experimentally
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(IR camera).

By comparing the temperature contours of the three different HX units, a
higher temperature gradient (The difference between the highest temperature of
the hot fluid and the lowest temperature of the cold fluid at the targeted surface)
between the cold and hot fluids has been observed in the TO-optimized (38.31 K)
and simplified (34.95 K) HX units compared to the benchmark HX unit (32.547 K).
A heightened temperature gradient signifies an elevated exchanged heat between
the two fluids, confirming the superior thermal performance of the TO-optimized

and simplified designs over the benchmark case.
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Figure 16: Comparison between the temperature contours acquired through IR measurements and CFD analysis for the
three HX units at Re.,;; =354, Rep,: = 695.

e Local Temperature along sampling lines
For further analysis and comparisons between IR thermography measurement
and CFD analysis, the local temperature profiles of the TO-optimized HX unit are
compared and plotted as seen in Figure 17 at two sampling lines: one for the cold
fluid at the position of y=7 mm and the other for the hot fluid at the position of y =

15.8 mm and xspans from 0 mm to 180 mm for both sampling lines.

Evidently, the IR and CFD local temperature profiles are generally corresponded,
for both sampling lines. Nonetheless, two peak deviations between the IR and CFD
curves can be observed once for the cold fluid sampling line at x= 169 mm (about
13.8%) and the hot sampling line at x=0.5mm (about 21.75%). The reason behind
this relatively high discrepancy may arise from the limitation of the fabrication

precision in manufacturing small channels with complicated geometries. Moreover,
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the difference between the velocity profiles between the CFD analysis and
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Figure 17: Comparison of the local temperature profiles at different sampling lines of the TO-optimized HX unit at
Recoiq =354, Repye = 695.

experimental at the inlets of the HX could be also another possible reason.
Nevertheless, by visualizing the figure, it is apparent that the IR and CFD curves
generally match at the majority of x positions. The mean errors for both cold and
hot fluids sampling lines yield percentages of approximately 4.45% and 3.3 %,
respectively, which underscores the consistency between CFD and experimental

curves.

Following the same strategy, the local temperature profiles evaluated
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experimentally (IR camera) and numerically (CFD) for the simplified HX unit are

compared as illustrated in Fig. 18 along two sampling lines: one for the cold fluid at

I 1 I 1 I 1 | 1 T 1 1 1 I 1 | |
y=15.8 mm
y=6mm
A | | | | | | | | | | | | | | | | | | | | | ]
X
559 o EXP cold channel
= CFD cold channel
504 © EXP hotchannel
= CFD hot channel
3 45
()
z
()
5 40 -
©
g
g 354
8
©
§ 30 A
25 A
20 A

0 45 90 135 180
lenght of the HX (mm)

Figure 18: Comparison of the local temperature profiles at different sampling lines of the simplified HX unit at

Reco1q =354, Repe = 695.

the position of y=6 mm and the other for the hot fluid at the position of y = 15.8
mm and xspans from 0 mm to 180 mm for both sampling lines. A good consistency
is evident between the temperature curves evaluated numerically and
experimentally along the HX length. The maximum deviations observed in the
temperature contours along the cold and hot sampling line are 16.8 % (x=0 mm) and
143 % (x=175 mm), respectively. Additionally, the mean error between the
numerical and experimental temperature profiles along the cold and hot sampling
lines are 5.1% and 3.5 %, respectively, which authenticates the good concordance

between the numerical and experimental temperature profiles for the simplified HX
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unit.

Lastly, the temperature profiles of the benchmark HX unit evaluated

numerically and experimentally are also compared along two sampling lines: one for
the cold fluid at the position of y=3 mm and the other for the hot fluid at the position
of y=15.8 mm and x spans from 0 mm to 180 mm for both sampling lines. The
numerical and experimental temperature profiles exhibit a good match along both
sampling lines as depicted by Fig. 19. The maximum deviation between numerical
and experimental curves at the cold sampling line is 11.6% (x=172 mm) and 12.29%
(x=3 mm) along the hot sampling line. Unlike the previous presented plots for the
TO-optimized and simplified HX units, the CFD and IR temperature profiles of the
cold fluid in the benchmark design do not match well at the global trend. The reason
behind this discrepancy may be attributed to experimental or numerical
uncertainties. Nevertheless, the mean absolute errors calculated at the cold and hot

sampling lines are 7.5% and 3.1 %, respectively. This confirms the consistency
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between the numerical and experimental temperature profiles for the benchmark

HX unit.
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Figure 19: Comparison of the local temperature profiles at different sampling lines of the benchmark HX

unit at Re.,q =354, Rep, = 695.

As a summary, the local temperature profiles for the three HX units measured
experimentally using the IR camera and evaluated numerically through the CFD
analysis are compared, showing a good agreement between each other. This serves as
an additional evidence to prove the high fidelity of the CFD analysis in evaluating the

heat transfer characteristics of the three investigated HX units at the local level.
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5.3 Physical interpretation

In this subsection, the heat transfer intensification exhibited in the TO-
optimized and simplified HX units is physically interpreted. First, the velocity
contours evaluated through the CFD analysis are plotted on the three HX units

(a): TO-optimized HX 0 m/s I W 0.15m/s

Figure 20: Velocity contours of the (a): TO-optimized, (b): Simplified and (c¢): Benchmark HX units at Rey,,= 695.

(optimized, simplified and benchmark) at Rep,.= 695 as seen in Figure 20.

Apparently, the optimized and simplified designs attempt to increase the
velocity locally near the interface where heat is exchanged between two fluids,
leading to a decrease in the convective thermal resistance and thus an augmentation
in the overall thermal performance. By contrast, the benchmark design seeks to
disturb the fluid near the interface wall but actually results in numerous dead zones
between the solids, leading to an increase in the convective thermal resistance and

thus a decrease in the overall thermal performance. Furthermore, allocating the
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solids at the interface wall as in the benchmark design will directly increase the
conduction thermal resistance and thus will decrease the thermal performance
notably when using low or moderate conductive material as in the present case (SS).
In order to confirm the previous mentioned interpretations, the overall thermal

resistance (K:) is calculated for the three HX units using the following equation:

AT,

Rep = 0 (21)

where AT,, is the logarithmic mean temperature difference (K) calculated as

follows:

_ (Tin,hot - Tout,cold) - (Tout,hot - Tin,cold)
(Tin,hot - Tout,cold) (22)

(Tout,hot - Tin,cold)

AT,

In

where Ty poe and Toyuenoe are the mass-flow averaged temperature at the inlet
and outlet of the hot fluid (K), respectively and Tj, co1q and Toyeco1q are the are
the mass-flow averaged temperature at the inlet and outlet of the cold fluid (K),

respectively.
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As illustrated by Fig. 21, the benchmark case has up to 18.64% and 12.65%
higher overall thermal resistance compared to the optimized and simplified HX
units in the laminar region, respectively. This confirms the aforementioned physical

interpretations and elucidates that the optimal allocation of the low/moderate
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conductive solids for maximized thermo-hydraulic performance is the distant

positioning of the interface wall.
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Figure 21: Variation of the overall thermal resistance with respect to the Reynolds number for all HXs.

More specifically, when comparing the conduction resistance between the
three heat exchangers, defined as the ratio of the average thickness of the HX’s
middle plate to the solid conduction, multiplied by the heat transfer area, the
benchmark HX unit exhibits a higher conduction resistance (0.157 K-W™)
compared to both the optimized (0.061 K-W™) and simplified (0.061 K-W™1) HX
units, which is more than twice as high. Moreover, by comparing the convection
thermal resistance of the cold fluid at Rep,.= 695, which is the reciprocal of the
product between heat transfer area and the heat transfer coefficient, the optimized
HX unit has the lowest convection resistance (0.298 K.W™) compared to the
benchmark (0.302 K.W™) and simplified (0,324 K.W!) HX units. Apparently, the
difference in convection resistances among the three HX units is negligible when
compared to the conduction resistances. This elucidates that the thermal conduction
resistance plays a more significant role than the convection resistances in
determining the overall thermal resistance, as reflected in the results presented in

Figure 21.

Besides, the Biot number that delineates the importance of the fluid’s
convective heat transfer over the conduction heat transfer inside the solid is assessed

for the three HX units as follows:
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— hhoch

Bi
l ks

(23)
where k; is the thermal conductivity of the SS (W.m.K') and hy, is the
convective heat transfer coefficient of the hot fluid (W.m?2K™) computed using Eq.

24

— Qhot
Ahot (Thot - Ti,hot)

hhot

(24)

where Qp,; is the heat transfer rate calculated on the hot flow side (W), Ap,; is
the heat transfer area on the hot flow side (m?), Tj,; is the mass-flow averaged
temperature in the hot flow channel (K) and T, is the area-weighted average
temperature at the interface wall (interface wall between the hot fluid and the HX’s
middle plate) of the hot channel (K). As outlined by the Figure 22, the Biot number
is higher for the optimized and simplified HX units compared to the benchmark
case with an augmentation up to 52.75% and 41.66%, respectively. This underscores
the ability of the optimized and simplified designs in intensifying the convective

heat transfer of the HXs.
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Figure 22: Variation of the Biot number with respect to the Reynolds number for all HX units

6. Conclusions and perspectives

In this article, the density-based TO is conducted on a 2D counter-flow HX unit of
moderate conducive material (SS) with narrow design domains for the purpose of
maximizing heat transfer rate. An in-depth investigation is carried out to test the effect
of different TO’s input parameters on the derived topology, showing the sensitivity of
the TO’s results on the setting input parameters. Despite such impact, it has been

revealed that the TO-optimized topology is mainly featured by the allocation of the
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moderately conductive solid fins near the insulation walls and not at the HX’s interface
wall (where heat is exchanged).

In order conduct a comparative analysis with the TO-optimized design, two HX
units with rectangular fins are introduced: one having identical solid allocation of the
TO-derived design and is named Simplified HX unit and the other have opposite solid
allocation and is assigned to the benchmark HX unit. CFD analysis with experimental
approaches were adopted to validate the TO’s design methodology. The numerical and
experimental results show a good agreement between each other both at the global and
local levels, demonstrating the thermo-hydraulic performance superiority of the TO-
optimized and simplified HX units over the benchmark case with an increase of the
exchanged heat up to 15% and 8.7 %, under the same pumping power. This confirms
that the distinct manner of fins allocation proposed by the TO, on the enhancement of
heat transfer rate of this dual-flow HX unit, particularly when low/moderate conductive
material is employed. Eventually, a physical interpretation is delivered to interpret the
physics behind the TO-derived design. The positioning of the solids near the insulated
wall (as in the TO-derived and simplified designs) aims to locally increase the fluid
velocity near the HX’s middle plate (where heat is exchanged), leading to a prevailing

convective heat transfer over conductive heat transfer, and a reduction in the thermal

resistances of the TO-optimized and simplified HX units up to 18.64% and 12.65%

compared to the benchmark case, respectively.

The present study focuses on the 2D density-based TO of dual-flow HXs in the
laminar flow regime. A potential direction for future research is to extend the current
density-based TO approach to 3D industrial heat exchangers operating in the turbulent
flow regime. Furthermore, an additional future direction could involve extending the
methodology of the present work to address phase change phenomena and incorporate

fluid compressibility.
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