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Unit-Based Design of Cross-Flow
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Additive Manufacturing

The structural design and additive manufacturing (AM) of cross-flow heat exchangers
(HXs) are studied. A unit-based design framework is proposed to optimize the channel con-
figuration in order to improve the heat exchange performance (HXP) and meanwhile
control the pressure drop (PD) between the fluid inlet and outlet. A gradient-based optimi-
zation methodology is employed to drive the design process. Both shape and topology
changes are observed during the channel configuration evolution. Moreover, AM printabil-
ity evaluation is considered and some re-design work is proposed to improve the printability
of the designs with respect to the metal laser powder bed fusion (LPBF) process. For an
optimized structure from the unit-based design, corner rounding operation is adopted
first, specifically to avoid sharp features. Then the building process of the entire HX contain-
ing top, bottom caps, side walls, and the optimized thin-walled channels is simulated, and
residual deformation is predicted through sequential layer-by-layer analysis. Based on the
residual deformation profile, geometrical compensation is implemented to reduce geomet-
rical inaccuracy of the printed HX. In addition, build orientation selection is also studied to
avoid overhang issues in some specific unit-based design results. Finally, a mature design
scheme for the cross-flow HX can be achieved as the solution that leads to largely improved
HXP (e.g., nearly 200% increase), well controlled PD, and enhanced printability with
respect to the LPBF AM process. [DOI: 10.1115/1.4055734]
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1 Introduction

Heat exchangers (HXs) have been widely used in the industrial
equipment and devices, such as vehicles, chemical reactors, and
electronic machines. Among various HXs, the two-fluid HX is
the most popular type. Moreover, according to the flow directions,
two-fluid HXs can be further classified into three categories: cross-
flow, counter-current, and co-current HXs. The heat exchange per-
formance (HXP) and the pressure drop (PD) are two most important
indices to evaluate the performance of the HXs. Naturally, many
efforts have been devoted to the design of HXs for the purpose of
improving the HXP while controlling the PD. Specifically, shape
and topology optimization have been the most popular and success-
ful methodology for HX design thus far [1,2].

The thin-walled channel structures are commonly seen in the
HXs, especially two-fluid shell-tube HXs [3]. These channels sepa-
rate two different fluids at different temperatures and maintain good
heat transfer. Usually, complex channel configurations are
employed to enhance the heat exchanging process in the HXs,
which may cause difficulty in manufacturing these thin-walled
channels using the conventional production process. Additive man-
ufacturing (AM) has the inherent advantage in building complex
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simulation-based design, topology optimization

components in a bottom-up, net-shaping fashion. Therefore, it has
been widely employed in the production of HXs, especially consid-
ering some novel designs with very complex internal structures [4].
There still exists some challenges with manufacturing the HXs with
AM. Due to the rapid phase change from powder to liquid to solid,
an excess of residual stress can accumulate. These residuals also
yield large residual deformation in the finished metal components,
causing severe geometrical errors compared to the desired geome-
try, making the printed components a waste of time and material
[S5]. Moreover, large residual deformation may result in build
failure in the bottom-up layer-wise printing process [6]. These chal-
lenges highlight the importance of considering residual deformation
as a parameter to determine the printability of a component. If large
residual deformation is predicted for a given component, it indicates
weak printability and the component should not be put into the prac-
tical AM process.

In the recent years, there have been advances within the structural
design field that incorporate designs for AM [7-9]. For example, a
self-support constraint was incorporated in some topology optimi-
zation researches aimed at compliance minimization to avoid over-
hang issue in the optimized structures [10]. To handle material
connection issues, an additive manufactured thin-walled lattice
structure was used to reconstruct the optimized structure in
structural-acoustic topology optimization [11]. In addition, several
recent works presented optimization methodologies specifically
for support structure design with an objective of residual deforma-
tion mitigation for the supported depositions [12]. Nonetheless,
only some simple builds were studied, such as a cantilever beam.
This is in part attributed to the computationally expensive
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evaluation of residual deformation for complex AM components.
There also exists a lack of research on the design study of HXs
that improves the HXP while considering AM printability of the
optimized structures. Despite the benefits laser powder bed fusion
(LPBF) offers (e.g., manufacturing complex metal shapes at high-
quality and in nearly net-shaping fashion), manufacturing is imprac-
tical without application of design for AM rules. To this end, the
motivation of this study is to propose a framework to design the
optimized HXs manufacturable with LPBF AM.

The remainder of the paper is organized as follows. First, Sec. 2
discusses the problem description and framework overview. Multi-
physics governing equations are introduced for the two-fluid cross-
flow HX. Moreover, the residual deformation issue in the AM
process for the thin-walled HX is also explained. Then the mathemat-
ical model for HX shape/topology optimization is explained in Sec. 3.
In Sec. 4, residual deformation simulation is presented in detail for
the HX containing thin-walled channel structures. Numerical
results on unit-based design and re-design work for AM printability
improvement as well as some discussions are presented in Sec. 5.
Finally, the conclusions and future work are given in Sec. 6.

2 Problem Description and Framework Overview

In this section, the involved problems are described first, includ-
ing the fluid-thermal multiphysics problem and residual
deformation-related AM printability issue. For which, the govern-
ing equations are given accordingly. Then the framework overview
of this paper is presented.

2.1 Fluid-Thermal Problem for Heat Exchanger. The two-
fluid cross-flow HX is considered in this study. The cold and hot
fluids flow into the internal space of the heat exchanger in two per-
pendicular directions and are separated by thin-walled channels as
shown in Fig. 1 (left panel). This configuration can be simplified
as a 2D problem by looking at a cutting plane and neglecting the
wall thickness of the vertical channels in the cross-flow HX as
shown in Fig. 1 (right panel).

The incompressible steady-state Navier—Stokes equations are
taken as the governing equation for the fluid velocity and pressure
fields. We have

divipu Qu)+ Vp —vAu=F in Q,

div(u) =0 in Qf
u=u, at fluid inlet
u=0 at wall

(€Y

where u and p are the velocity and pressure fields, respectively. p is
the fluid mass density, v is the fluid dynamic viscosity, € is the
fluid domain, and F denotes body force for the two-fluid system.
For simplification, zero body force is considered in this paper.
Regarding the boundary conditions, non-slip constraint is applied
to the upper and lower boundaries of the design domain. A para-
bolic distribution is adopted to define the velocity boundary

top cap ‘Ot fluid

co\d fid

upper wall

lower wall
M cold fluid M hot fluid

Channes

inlet

outlet

bottom caP

Fig. 1 Profile of 3D cross-flow heat exchanger and a simplified
2D view. The cold and hot fluids flow in two perpendicular direc-
tions and are separated from mixing by the thin-walled channels.
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condition for the cold fluid inlet. In addition, to avoid expensive
computational cost caused by dynamic remeshing when the inter-
face between two fluids changes, a non-body-fitted mesh is
employed for the design domain in this work. Accordingly, specific
boundary condition like zero velocity is applied to those regions
representing the hot fluid.

The steady-state heat convection—diffusion equation is taken as
the governing equation for the fluid temperature field. It is written as

—div(kVT) + peyu - VT =0 in Qf

oT

—=0 at wall 2)
on

T=T;, at fluid inlet

where k¢ is the thermal conductivity coefficient, and c,, is the ther-
mal capacity coefficient. n is the surface normal vector for the spe-
cific boundary. Given the non-body-fitted mesh for the design
domain, fixed high temperature is enforced to the hot fluid region
as a specific boundary condition. Note fluid velocity field u is
coupled in Eq. (2). For the numerical implementation, the
Navier—Stokes equations are first solved to obtain the velocity
field. This field is then taken as an input in solving the heat convec-
tion—diffusion equation.

For the steady-state Navier—Stokes equations and the heat con-
vection—diffusion equation, the Reynolds number (Re) and the
Peclet number (Pe) are defined as

_ PingL  Pe= PCpltin, L
v ke

Re

3

where u;,, denotes the fluid velocity magnitude infinitely far away
from the inlet, and L denotes the characteristic length of the HX. In
this paper, the width is selected as the characteristic length. The
fluid density, p, and the heat capacity coefficient, c,, take unit
values to simplify the computation of Re and Pe values. Since the
characteristic length L is constant, only the fluid dynamic viscosity,
v, and the thermal conductivity coefficient, ks are parameterized to
achieve different Re and Pe values.

2.2 Additive Manufacturing Printability—Residual
Deformation. LPBF is an AM technology that uses a laser to melt
powder material in a layer-wise fashion to build a part. It is a com-
monly used process to repeatedly create low-volume, complex
metal components at various scales. Since LPBF is a desirable man-
ufacturing process for the complex HX geometry, careful consider-
ation must be given to the printability of near-net shape structures.
Given a cross-flow HX, the intended build direction is to print the
thin-walled channels vertically. In this work, residual deformation
incurring in the bottom-up layer-by-layer printing process is simu-
lated by the modified inherent strain (MIS) method [13,14]. The gov-
erning equation for this sequential analysis is written as

A ;= 0
o= Ee, )
Eot = €, + e}, + &,

where 6; denotes the stress field when the ith layer is printed and E is
the constitutive elasticity tensor. The remaining symbols €/, E;,, e ,and
el denote the elastic, plastic, inherent, and total strain field for the ith
step, respectively. As a clarification, since the contribution of thermal
strain to the residual stress and deformation is considered in the
formulation of the inherent strain, it is not included in Eq. (4). The solu-
tion in the current step is taken as the initial condition for the following
step in the layer-wise simulation until the entire HX is printed.

2.3 Additive Manufacturing-Oriented Heat Exchanger
Design. The design problem we aim to address is the incorporation
of AM rules into the shape and topology optimization of HXs for
LPBF. These design rules have been extensively studied and vali-
dated but only a few have yet to be applied for HX design. For
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example, the rules provide guidelines on how to mitigate the effects of
thin features which cause unwanted fusion between independent
feature boundaries [15]. Thus, we perform shape/topology optimiza-
tion to improve the HXP and control the PD of the cross-flow HX,
while improving its printability with respect to the LPBF AM
process. The multiphysics governing equations in Sec. 2.1 are
solved to compute the HXP and PD values of the HX as well as deriv-
atives of the design variables. We employ a mathematical optimiza-
tion algorithm to change shape and topology of the HX, searching for
the optimal configuration with maximized HXP while limiting its PD.

To implement the design for AM rules, the structural design
result is examined considering practical manufacturability require-
ments of the LPBF process to ensure the printability of high-quality
HXs. The re-design problem will be considered to eliminate some
problematic issues, making the numerical design result suitable
for the LPBF process. For example, unwanted features such as
sharp corners should be avoided. In particular, residual deformation
of the 3D reconstructed optimized structure will be simulated by
solving the governing equation in Sec. 2.2. This simulation will
be used to check its after-printing geometrical accuracy. The origi-
nal optimized configuration will be re-designed if large residual
deformation is observed. Moreover, the overhang issue from the
optimized structure will also be considered in the re-design
problem. The needs for the above AM printability considerations
are justified by references to Ref. [16] in this paper, and in future
work we will print test articles for further exploration.

2.4 Design Framework Overview. This section proposes a
novel framework to design HXs ready for LPBF AM, summarized
in Fig. 2. The framework consists of two functional procedures: the
unit-based design and printability evaluation processes. In this
study, a unit-based design is chosen in contrast to domain-based
design. The latter denotes regular shape/topology optimization
where design variables are defined in the entire design domain,
while the former denotes the specific case where design variables
are defined based on the sub-domain dividing the design space. In
choosing the unit-based design approach, the number of design var-
iables can be greatly reduced. The unit-based design may also
provide particular benefit with respect to AM fabrication of cross-
flow HX. This point will be elucidated in detail in Sec. 5. The iso-
geometric analysis (IGA) [17-19] and the optimization modules are
contained in the unit-based design process. IGA is employed to
solve the steady-state Navier—Stokes and convection—diffusion
equations to evaluate the HXP and the PD. Then, a gradient-based

.\ . Unit-based design process
Initial design |[----------------------------].

Velocity field

3 ‘l 5000

—{ IGA module }‘-

*Navier-Stokes equation

*Convection-Diffusion
equation

HXP & PD

Updated design variables

*{ Optimization module }—

* Sensitivity analysis

* Gradient-based search

optimization methodology is adopted to search for the optimized
HX design.

In the printability evaluation process, the unit-based design result
is examined in accordance to the practical AM process. Due to sim-
plifications made to reduce the model to 2D, some re-design work is
applied to the unit-based design result with three techniques. The
purpose is to improve the printability of the numerical designs
obtained from the first process. This re-design process is not
coupled into the unit-based design process due to expensive compu-
tational cost. First, corner rounding operation is employed to remove
sharp protrusions in the channel shape. Then the processed structure
is taken as input for residual deformation simulation. The governing
equation for MIS-based sequential analysis is solved by finite
element analysis. Based on the MIS-based simulation, geometrical
compensation is employed to reduce geometrical inaccuracy of the
final build. Lastly, build orientation re-design is also considered
for some specific optimized structures. As the output of the entire
framework, we expect to obtain a finalized design for the cross-flow
HX with improved performance and AM printability.

3 Mathematical Model for Heat Exchanger Design

The formulations for design optimization of the 2D cross-flow
HX are introduced briefly in this section. We first define the objec-
tive and constraint functions for our mathematical model. This
study focuses on the HXP improvement and the PD control when
considering the design of HXs. Thus, the HXP is taken as the objec-
tive function, while the PD is considered as the constraint for our
optimization model. The explicit expressions of the HXP and the
PD are given based on the fluid velocity and pressure fields as

HXP =j peplt - VTdQ 5)
&

PD:(I pdS—j pds>/A 6)
o0 o,

where 0 ; and 0Q;_, denote the boundary surface of the fluid inlet
and outlet, respectively. A denotes the area of the fluid inlet/outlet.
For simplicity, the involved parameters such as p and c, take unit
values when solving the governing equations and calculating the
HXP and the PD. Zero velocity is assumed for the hot fluid in the
channels in this paper. Given this assumption, the flow resistance
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Fig. 2 The framework overview for design and printability evaluation of the cross-flow HX with respect to the LPBF AM
process. The IGA module is employed to evaluate the HXP and the PD, involved as the objective and constraint functions in
the optimization module driven by the method of moving asymptotes. The optimized design is generated with a goal of the
HXP maximization and meanwhile the PD control. 3D CAD reconstruction and residual deformation simulation are performed
in the printability evaluation process. Some re-design work is proposed to improve printability of the optimized structures.
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of the hot fluid in the channels is not considered regardless of the
change of the channel shape in the design process. When the 3D
problem is considered in the future, the out-of-plane hot flow will
be modeled and its flow resistance will be considered in the optimi-
zation model.

To obtain the design variables, we define the configuration of the
cross-flow HX through moving position and changing shape of the
channels containing the hot fluid. The evolution of the hot fluid
regions in the design domain is tracked by combining B-spline
basis functions and a group of control points with an identical
point as the beginning and ending control points. These components
construct a closed curve to explicitly represent the interface between
the cold and hot fluids. The enclosed voids denote the hot fluid
regions accordingly. For a single void, assume that this void is
divided into n angular segments. Accordingly, n+2 control
points (Py, Py, ..., Py, Pyy1, and Py = P,y = (P + P,)I2) are
needed to describe this void. Thus, the center position move-
ment (x., y.) of the void/channel and radii of the control points
(r1, r2,..., Ti..., I'y) are taken as the design variables for this optimi-
zation model. By adjusting the radii of the control points, the
channel shape can be changed. By moving the center position and
changing the shape, the voids may be merged or split. This explains
how our design parameterization supports both shape and topology
optimization.

We first divide the entire design domain into grid sub-domains.
Second, shape/topology optimization based on a single channel,
or unit, is performed. All the channels in the global configuration
share the same set of design variables to update their positions
and shape in the iterative optimization process. In other words,
the re-designed configuration is distributed uniformly into the sub-
domains; thus, characterizing the process as unit-based design for
the cross-flow HX. This procedure greatly reduces the total
number of design variables, in comparison to full-scale design,
which allows variation of all channel configurations in the design
domain. Moreover, the unit-based design can guarantee that the dis-
tance between two adjacent thin-walled channels is always smaller
than the sub-domain size. By adjusting this distance, the vertically
printed channels of the optimized design can be considered as inher-
ent support structures for printing the overhang top cap encapsulat-
ing the cold fluid for the cross-flow HX.

As mentioned, the optimization model aimed at maximizing the
HXP while controlling the PD for the cross-flow HX is presented as
follows. Usually, a minimization form of the objective is used to
formulate the implementation optimization model. We have

min f(Q) = —HXP
s.t. PD <PD (N

X< X3 Ye <X, r<r<r

where Q denotes the entire design domain, and PD denotes the
upper limit for the PD. x., y., and r; represent the center position
movements and the radii of the control points for the channels.
These design variables are defined in a specific range with the
lower (x, r) and upper limit (¥, 7) in the numerical examples.

The method of moving asymptotes (MMAs) [20] is employed to
drive evolution of the channel configuration in the iterative optimi-
zation process. For this gradient-based optimization, sensitivity
analysis is required. As a benefit of the unit-based design, the
total number of design variables is small. Moreover, good efficiency
of the IGA-based solver in solving the multiphysics governing
equations has been shown in our previous work [21-23]. Therefore,
as a straightforward choice, the finite difference method is adopted
to solve derivatives of the objective and constraint functions with
respect to the design variables.

4 Residual Deformation Simulation

In this section, the numerical simulation method is introduced to
predict residual deformation of AM produced components based on

012002-4 / Vol. 145, JANUARY 2023

the MIS method. The extraction of accurate inherent strains for
AlSi10Mg deposition for the LPBF process is presented first. The
sequential analysis is then introduced for part-scale residual defor-
mation modeling.

4.1 Extraction of Inherent Strains. As introduced in
Ref. [14], a small-scale thermomechanical simulation is performed
to capture typical residual strain evolution history. Only a small
section containing two deposition layers is considered. The
double ellipsoid heat source model [24] is employed to simulate
the moving laser beam. In this small-scale point-wise process simu-
lation, the practical AM process parameters are applied: laser
power, laser scan velocity, and layer thickness. AlSilOMg
powder is chosen for printing the cross-flow HX in this paper attrib-
uting to its excellent heat conduction property. For the LPBF
process, the laser power is 280 W, laser scan velocity is 0.95 m/s,
and deposition layer thickness is 0.03 mm. Moreover, temperature-
dependent material properties from the literature [25] are employed
in the small-scale thermomechanical simulation. For material points
in the two-layer model, residual strain evolution history is extracted
at the end of the simulation. Based on the formulation for comput-
ing the inherent strains in the MIS method, the computed inherent
strain vector is (—0.016, —0.016, 0.014) for AlSilOMg. These
three values represent normal inherent strain components. The
first two components are in the layer-plane direction, while the
third one is in the build direction, respectively. The inherent
strains are considered as coefficients of thermal expansion when
loaded onto large components in the part-scale simulation.

4.2 Modified Inherent Strain-Based Sequential Analysis.
The extracted inherent strains from Sec. 2 are loaded to the con-
cerned part-scale model in a layer-by-layer fashion. To reduce the
computational cost, 10-20 real printing layers can be lumped into
a super layer with the equivalent thickness without sacrificing accu-
racy [5]. To simulate the real layer-wise AM process, layered mate-
rials of the part-scale model are deactivated in the beginning and
sequentially activated from bottom to top. Note that tall metal com-
ponent using this MIS-based simulation process would still be com-
putationally very expensive despite the aid of super layers.

To validate the extracted inherent strains, residual deformation of
a canonical part from the literature [25] is studied. In the MIS-based
sequential analysis, 20 real printing layers (thickness 0.03 mm) are
compiled into a super layer with the equivalent thickness of 0.6 mm.
Accordingly, the numerical model contains 41 super layers. The
AlSi10Mg material properties used are the elastic modulus of
76 GPa and yield strength of 314 MPa. Given geometrical symme-
try, only a quarter section of the canonical part needs to be simu-
lated, and symmetrical deformation constraints are applied. As
observed in Fig. 3, the geometry is very complex since there is a
cone-like structure with thin walls. Detailed information on part
dimensions can be found in Ref. [25]. Eight-node brick element
is adopted and the mesh for the quarter section is shown in Fig. 3
(left).

The predicted residual deformation profile is shown in Fig. 3
(right). Note that the simulation result for the quarter section is
mapped onto the complete canonical part using symmetrical reflec-
tion in the postprocessing for better visualization. According to our
simulation, the maximum normal shrinkage on the surface of the
as-built canonical part is 0.22 mm, compared to the previously doc-
umented 0.25 mm [25]. In part, the difference is attributed to differ-
ent methods for residual deformation simulation. Different from our
MIS-based simulation, literature utilized a specific AM simulation
software package for the canonical part. Despite the slight differ-
ence, the extracted inherent strains and the MIS-based sequential
analysis have been validated for A1Si10Mg components fabricated
by LPBF. Thus, we can rely on this MIS-based simulation tool to
generate residual deformation prediction for thin-walled channel
components.
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Fig. 3 Mesh for a quarter section of the LPBF canonical part (left) and residual
deformation profile obtained by the MIS-based simulation (right) using 41

super layers in the build direction

5 Results and Discussions

The numerical results of some optimized 2D structures are first
presented to demonstrate the effectiveness of the proposed
unit-based design framework for the cross-flow HXs. Then, the
printability of some optimized designs is evaluated based on the
geometrical examination and residual deformation simulation, for
which re-design work is performed to improve the printability
with respect to the LPBF AM process. Lastly, some discussions
are given based on our findings.

5.1 Unit-Based Design Examples

5.1.1 Numerical Test Settings. A rectangle of size 0.08 x
0.10 m? is employed as the design domain, typical printing dimen-
sion of a LPBF printer such as EOS M290. A 200 x 250 uniform
quad mesh is adopted as the control mesh. The fluid inlet velocity
boundary condition adopts a parabolic distribution with a
maximum value of 40.0 m/s. The dynamic viscosity v is set to
0.01 N s/m”. The cold fluid inlet temperature is set to 300 K, and
the temperature of hot fluid in the channels is set to 400 K. The
thermal conductivity coefficient k¢ is set to 0.01 W/(m K). Regard-
ing the design variables, 16 radius parameters are used to locate the
control points and construct closed curves representing interface
between the cold and hot fluids. For the gradient-based optimization
process, when the iterative search reaches the prescribed maximum
iteration number (e.g., 60), or when the difference of objective func-
tion values between two consecutive iterations is within the pre-
scribed tolerance (e.g., 0.0001), the iteration process should be
stopped.

In our implementation, the closed curves for hot regions are con-
structed using B-spline basis functions and refined by knot inser-
tion. As a result, the closed curves are divided into 200 segments
and approximated by polygons. The polygons in the lower half
are mirrored to the upper half of the design domain. All the poly-
gons in the global domain share the same set of design variables
for shape update. The boundary conditions for fluid velocity and
temperature fields are applied on the control points. An in-house
code is employed to determine whether a control point is contained
in the channels or not. For the control points inside the channels,
zero velocity and a fixed high temperature are enforced as their
boundary conditions. For the MMA-driven optimization process,
a sensitivity study is needed. Herein, we computed the derivatives
of the design variables with the forward difference method. Based
on our trials, considering computational efficiency with the fewest
iterations, we selected 0.001 (2.5 times of the mesh size) as the
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step size in this section. Since 18 design variables (two center posi-
tion movements and 16 radius parameters) are employed, 18 eval-
uations are needed to solve the derivatives in each optimization
iteration.

As observed in Fig. 1, when the cross-flow HX is printed verti-
cally in the LPBF AM process, problems with structural integrity
are encountered due to unsupported overhang of the top cap.
When designing for LPBF AM, downward facing overhangs
must be locally supported by bulk material because the underlying
loose metal powder is unable to efficiently dissipate the heat from
the previously melted layer. For the manufacturing of HXs, large
local spacing between the channels can yield deformations in the
printed design from lack of support. This problem is commonly
encountered in domain-based design since sometimes the gap
between channels is very large in the optimized structures. Thus,
the unit-based design is proposed as a promising solution to regulate
the spacing between channels in the effort to prevent deformation.

In addition, various powder bed-based printers have different tol-
erances for overhang feature dimensions. For example, the over-
hang tolerance is nearly 0.005 m for the EOS M290 printer. This
explains why the canonical part can be fabricated successfully
though a downward facing overhang feature is found in the connec-
tion region between the inner and outer walls. Given this fact, the
rectangular design domain is divided into 8 x 8 and 8§ x 10
units, respectively. In the proposed unit-based design, the channel
configuration is optimized and distributed uniformly over the
entire design domain. The configuration containing circular chan-
nels is employed as the initial design. The definition range of
these design variables is set to [0.002, 0.01]. With consideration
to the manufacturing limitation of gap size for EOS M290, a
cutting gap of 0.002 m is adopted to guarantee that the channels
avoid the design domain boundaries in the optimization process.
The following numerical examples are performed on the Pittsburgh
Supercomputing Center (PSC) Bridges-2 system [26] using 128
cores on one computing node.

5.1.2  Unit-Based Design With Fixed Topology. Four different
initial designs are employed as shown in Table 1 in this example.
Correspondingly, there are four different initial PD values in the
unit of Pa. To obtain an improved HXP, it is reasonable to sacrifice
the PD in the design process. We follow the study in Ref. [2] to
select twice the initial PD value as the constraint. To set the same
limit for all four cases, the initial PD values in the third and the
last cases are averaged (nearly 5000), and 10,000 is selected as
the upper limit (PD). The initial values of the radius design variables
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Table 1 Unit-based optimization results using different initial designs

Number of units 8 % 8 radii =0.002

8 x 8 radii=0.003

8 x 10 radii =0.002 8x 10 radii =0.003

llull” (initial) 3982

3000

[

g
(]
.
(]
]
(J
(J

2000

|

°
°
°
°
°
o eleolol 0@

|
a

1000

®
-
®
-
®
-
®
==
®
-
®
-
®
-
o

o oo
30 O
elele
elele
e o o
® oj0
® 00
elelele

T (initial) 400
380

360

320

300

HXP (initial)

PD (initial)

llu|? (optimized) 6020
Y o9 e

(I I8P

(S IID o)

— T
NN ANNNN )

T (optimized)

HXP (optimized)
Increase
PD (final)

o [ZITTIIT]
w LLZTIZL]

V(27777
w VFFTIIIT]

5831 4280

4000

6136

5000 5000

4000 3000

4000

3000
2000 3000

2000 2000
1000

1000 1000

[
[ J
[
-
o
<
(]
e
®
o
®
-
(]
[ ]
®

eleleieloiolololole
eleleieioiololololoe
eoleleieioiolololole
e eleieieioioieiole

5743 4844
=
5000

4000 o

3000

3000

2000
2000

2000
S
1000 - 1000
—
o 0

1000

\@\\ 320
SESSNNNY
L2 2 29SS S 298
159.1
41.5%
7788

are tested with 0.002 m and 0.003 m to study its influence on the
optimization model. While only radii of the control points vary,
the same topology and circular channel shapes are kept for the
design domain in the initial designs.

Results of this preliminary analysis, shown in Table 1, demon-
strate the dependence of the optimized results on the initial
designs. This phenomenon suggests that the multiphysics topology
optimization for the cross-flow HXs is a highly nonlinear problem,
and different starting points yield distinct local optima by the
gradient-based search. In general, the optimized channels have an
airfoil-like shape, adjusting flow direction and velocity magnitude
around the channels. As a result, heat transfer behavior between
the hot and cold fluids is improved correspondingly. It is noted
that the PD increases significantly during the optimization
process, though the final PD values satisty the prescribed constraint
in all four cases. As a supplemental study, specifically for the cases
in the second and the last columns in Table 1, the PD upper limit is
set to 3878 and 6902, respectively, which is the same with its cor-
responding initial design in the second and the last columns. The
initial designs in the first and the third columns are taken as
the new initial designs, respectively, in the optimization process.
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The optimization results are shown in Fig. 4. While the PD
values are close, the new optimized structures have larger HXP
than the initial designs in the second and the last columns in
Table 1. This comparison demonstrates the HXP improvement of
the cross-flow HXs using the proposed design framework.

Our study also demonstrates a trade-off between the HXP and the
PD. Although more channels are contained in the initial design, the
HXP of the design domain increases, while the PD increases signif-
icantly. When the same upper limit is used for the PD constraint, the
HXP improvement for the optimized structure is not that large (e.g.,
~21%, see the last column in Table 1) compared to the remaining
cases. This is a limitation of the unit-based design. In this study,
the topology of the design domain is fixed in the entire optimization
process since the total number of channels is a constant. Due to
many uniformly distributed channels, the PD value of the initial
design can be very large, especially when the initial diameter of
the channels is large. When a small upper limit is set for the PD,
the initial PD may violate the constraint.

5.1.3 Channel Shape Corner Rounding. Some optimized
structures may contain sharp corners caused by the optimization
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Fig. 4 The optimized structures using the upper limit of (a and b) 3878 and (c and d) 6902 as the PD constraint

itself and cutting given the boundary gap requirement (e.g., see the
last column in Table 1). These sharp protrusions with acute angle
are not suitable for the LPBF AM process as the heat buildup at
these locations may lead to material accumulation. The excess
material could collide with the moving roller for spreading
powder layers, resulting in build failure and machine damage.
Sharp features can also lead to unsupported overhangs from the
top cap. This problem is attributed to the changing of the affected
support range along the perimeter of the channel. To combat
these problems related to sharp features, a corner rounding opera-
tion is employed to round off acute angles. The LPBF machine
printing resolution, which is related to the laser beam size and
metal powder size, induces some requirements the smoothed
sharp corners should meet. For the original designs, the sharp
corners with narrow angles cannot be captured due to the limitation
of the printing resolution. Thus, we propose to use the rounding
operation to eliminate sharp corners and ensure that the radius of
the protruding feature is larger than the printing resolution.
Within this operation, a two-step approach is taken to mitigate the
challenges that arise with sharp corners. The first step to increasing
the angle degree of a sharp corner is by performing a simple opera-
tion for local expansion. Since each of the channels is a closed curve,
the algorithm identifies the specific control point, r;, and formulates a
new radius using linear interpolation. For example, regarding the
neighboring radius 7,1, the new radius 7;;; is generated by

Figr=tri+ (1 = Drip (3

where ¢ takes a value from O to 1.

The second step explicitly addresses sharp corners caused by
enforced cutting through filtering to remove these sharp features
of the curve. Consider a new radius formed using r = 0.5 with
Eq. (8). By coupling these re-designed channels with the built-in
Gaussian filtering tool in MATLAB, the processed structure can be
reconstructed without any sharp corners, as shown in Fig. 6. This
figure compares the unit-based design result from the last column
of Table 1 with a structure which has undergone the proposed
corner rounding operation. The processed configuration is more sui-
table for the bottom-up layer-wise printing process by the LPBF
AM. However, due to the shape correction from the rounding oper-
ation, a slight change in the optimized HXP and PD values may
occur with original unit-based design result. In particular, the
HXP decreases to 154.9 and the PD increases to 10,205 for the
corner-rounded structure as shown in Fig. 6(b). A slight violation
is found for the PD constraint. To avoid this violation, it is sug-
gested to manually tune the position of some channels to find a sui-
table configuration.

5.1.4  Unit-Based Design With Evolving Topology. In the fol-
lowing study, the channel in the single unit is allowed to move
and split, rendering it accessible to distribute smaller number of cir-
cular channels in the initial design. Accordingly, the upper limit of
the PD can be set to a smaller value without violation in the
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beginning of our optimization. As a specific study, the design
domain is divided into 8 x 4 units. Two sets of design variables
including the center position and the radii of control points are
employed to describe the channels. In the first test, the same
upper limit (10,000) is adopted for the PD constraint and the
initial and optimized structures are shown in Fig. 5. Void splitting
is observed, creating twice many channels compared with the
initial design. The HXP value increases from 40.8 to 117.9, indicat-
ing an improvement of 189%. The PD increases from 735 to 6748,
which is still below the prescribed upper limit.

In the second test, we set the upper limit of the PD to 3000 as an
example. The same initial design is employed (see Figs. 5(a) and
5(b)). The optimized structure is shown in Figs. 5(e) and 5(f). In
order to control the PD, the HXP improvement is sacrificed a
little compared to the maximized HXP value in that case with a
PD upper limit of 10,000. However, we still observe an increase
of 173% from the initial to the optimized design, which is a very
good improvement. Channel splitting is still observed. Due to a
much smaller upper limit as the PD constraint, the average size of
the channels in the optimized structure is smaller compared with
the results in Figs. 5(c) and 5(d). An additional comparison is pro-
vided involving two fixed topologies containing 8§ x 8 and 7 x 6
circular channels as shown in Figs. 5(g)-5(j). The radii of the cir-
cular channels are 0.0026 m and 0.004 m, respectively. The
radius values are selected to ensure that the PD of the HX is
nearly 3000. Based on the comparison, it shows that moving the
position and changing the shape of the channels can help improve
the HXP (from 98.3 to 111.4). Moreover, it indicates that distribut-
ing many small channels can improve the HXP (from 77.7 to 111.4)
more effectively than employing fewer channels with a larger size.

In the third test, we divide the entire design domain into 4 x 4
units and allow four groups of design variables, each of which con-
tains two position variables for channel moving and 16 radius var-
iables for channel deforming. The same initial design and the PD
constraint with upper limit of 3000 are employed. The optimization
results are shown in Figs. 5(k) and 5(/). A significant increase of
191% in the HXP is obtained, while the PD is well below the pre-
scribed upper limit. The optimized HXP and PD values are better
than results in the first and second tests. An explanation is that
we have a higher chance to find a better optimum when more
design variables are utilized. Channel splitting is also observed
likely due to the proposed effort to distribute more channels for
the improved HXP. Some channels disappear by moving out of
the design domain, resulting in only two or three channels in the
units. However, we find that the channels are not uniformly distrib-
uted and neighboring distance between some adjacent channels is
very large. These designs are not suitable for practical LPBF AM
process due to the previously mentioned overhang issue.

In comparison to the unit-based shape optimization for the fins in
the cross-flow HXs in Ref. [27], a similar airfoil-like shape is found
in the optimized structures of our numerical examples. It indicates
that such channel shape is a reasonable selection indeed for improv-
ing the HXP of the HXs. Nonetheless, the density-based
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Fig. 5 Initial design (a and b) and optimized structures (c—f, k, I) with the channels allowed to move and split during the optimi-
zation process. The unit domain is marked in (b). Upper limit of the PD is set to 10,000 for (c and d) and 3000 for (e, f, k, and /),
respectively. Different splitting conditions are compared in (e and f) and (k and /). An additional comparison is provided in
(g-j) using the fixed topologies containing 8 x 8 and 7 x 6 circular channels with the PD of nearly 3000.

optimization scheme in Ref. [27] results in zigzag boundary curves
for the fins, while the proposed design framework can ensure
smooth boundary curves for the channels in the optimization
results, which is more suitable for the LPBF AM process. More-
over, the proposed unit-based design also supports topology optimi-
zation. Compared to the numerical examples based on the
level-set-based shape and topology optimization for the cross-flow
HXs in Ref. [2], the proposed design framework generates fewer
sharp features, and always has explicit forms for the boundary
curves of the optimized channels. This advantage provides the
inherent convenience in converting the optimized structures into
3D files for AM use, which will be demonstrated in the following
section.

5.2 Re-design for Additive Manufacturing Printability
Improvement. The optimized structures are converted into 3D
computer aided design (CAD) files through reconstruction for
AM fabrication use. The 2D closed curves are extruded vertically
into 3D thin-walled channels. In this paper, the thin-walled channels
have a fixed wall thickness of 0.5 mm and a height of 20 mm. By
setting the thickness of the surrounding walls to 2 mm, the entire
build dimensions of the 3D cross-flow HX are 80 x 104 x
24 mm®, accordingly. Once in 3D form, the structures may need
additional reconstruction for manufacturing by LPBF using the

012002-8 / Vol. 145, JANUARY 2023

laser process parameters mentioned in Sec. 4. The island scanning
strategy is recommended for printing the unit-based design
results. With these defined processing parameters, we propose
three re-design strategies in this section: shape corner rounding
operation, geometrical compensation, and build orientation selec-
tion. All the re-design operations are implemented after the opti-
mized designs are obtained.

5.2.1 Geometrical Compensation. When the 3D cross-flow
HX is printed by the LPBF AM process, geometrical inaccuracy
is encountered due to residual deformation. We use numerical simu-
lation to predict residual deformation, and then implement geomet-
rical compensation to reduce geometrical inaccuracy of the final
build. The super layer thickness is set to 0.5 mm. As a result, we
need 48 super layers for the 24 mm high HX in the MIS-based
sequential analysis to compute final residual deformation.

The optimized structures in the second (8 x 8 case) and the last
columns (8 x 10 case) of Table 1 are taken as examples. Corner
rounding has been applied to all the channels before performing
residual deformation simulation. Due to symmetry of the structure,
we only need to simulate half of the entire cross-flow HX through
the MIS-based layer-wise analysis. Hexahedral elements are
adopted to mesh the half model, and the mesh for the 8 x 8 case
is shown in Fig. 7 as an example. The average side length of the
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Fig. 6 Comparison between the (a) raw and (b) processed structure from the unit-based design. Sharp corners in (a) are
removed by the rounding operation in (b), making the re-designed structure more friendly to the LPBF process.

elements is 0.5 mm, and the total number of elements is 205,773
and 205,664 for the corner-rounded optimized design in the 8§ x
8 and 8 x 10 cases, respectively. Due to the large number of ele-
ments and many load steps, it takes nearly 2.2 h to finish the sequen-
tial analysis. Additionally, the initial design containing 8 x 8§
circular channels is also simulated as a comparison, taking 2.6 h
with 206,336 elements.

The predicted residual deformation profiles of the as-built cross-
flow HX are shown in Fig. 7. The dominant shrinkage occurs at
the interface between the top cap and the vertical thin-walled chan-
nels (see the circles in Figs. 7(d) and 7(e)). Especially, the normal
shrinkage of the initial design is much larger than the optimized
design. In other words, the initial design is not printable in prac-
tice. This phenomenon is caused by discontinuity of cross
section in the build direction, which has also been reported in
other literatures [25,28]. Given the configuration of cross-flow
HX, this issue is inherent. However, geometrical compensation
can be employed to reduce geometrical inaccuracy in the final
build [15,29]. The basic idea of compensation is to reverse the
direction of residual deformation and add this variation to the orig-
inal geometry correspondingly. For example, the compensated side
walls in these two cases are shown in Fig. 8. The optimized struc-
ture after geometrical compensation is converted into a CAD file
and used for practical printing. In this way, the as-built build
after AM production is expected to have a geometrical dimension
close to the targeted component. In addition, according to our
experience, after cutting from the build substrate, bending-up
residual deformation becomes significant due to the release of
residual stress in the deposition—substrate interface. Adopting
designed support structure below the HX build could be a promis-
ing solution to mitigating the after cutting residual deformation,
which will be studied in the future.

5.2.2  Build Orientation Selection. Although the unit-based
design result satisfies the small PD upper limit, as shown in
Figs. 5(e) and 5(f), additional support is needed underneath the
top cap as distance between the channels is larger than the
maximum overhang feature limitation of the EOS M290 printer.
A direct solution is to insert additional thin walls like the side
walls between the channels as support structures for the top cap.
However, the fabrication process would consume more metal
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powders to deposit the support structures. Moreover, it is very dif-
ficult to remove the support structures in the postprocessing since
the internal configuration of the 3D cross-flow HX is very complex.

To address the above concern, build orientation of the cross-flow
HX can be re-designed to enhance its printability [15]. For this
study, we will characterize build orientation based on the incline
angle, the angle between the bottom cap and substrate plane. Gen-
erally, the critical incline angle for the LPBF AM process is 45 deg,
regardless of different metal powders [30,31]. Printing success can
be guaranteed for solid components with regular geometry when the
build angle is not smaller than 45-deg. However, for a component
with complex internal configuration, it is often very challenging
to find an incline angle that can avoid overhang issue for all local
features. With respect to the cross-flow HX, since the top cap and
thin-walled channels are perpendicular, the 3D CAD file of the
cross-flow HX can only be inclined by an angle of 45-deg to
avoid potential overhang issue. Nonetheless, due to the sharp
corner between the bottom cap and side walls, a specific base
must be added to provide a strong connection between the build
and the substrate. The re-designed configuration of the cross-flow
HX is shown in Fig. 9.

Consequently, there are a few trade-offs when applying this
re-design approach. One is that metal powder consumption and
print time will be increased by either adjusting the incline angle
or inserting support structures. This is most apparent when larger
incline angles are adopted for a printable component yielding an
increase in effective build height, resulting in more layering. More-
over, due to change of build orientation, residual deformation
pattern would be quite different from the HX printed in the vertical
direction. As a trade-off, slice of the side walls forms sharp protru-
sions against the metal roller spreading powders, which may cause
build failure. Therefore, a brush roller is suggested for printing the
inclining HX.

5.3 Discussions. In general, unit-based design is able to
improve the HXP, control the PD, and meanwhile provide opti-
mized configuration with moderate printability for the cross-flow
HX. Both shape and topology optimization are allowed in the
developed unit-based design framework. We find that arranging
more channels is helpful to improve the HXP and AM printability
since vertical channels are inherent support structures for the top
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Fig. 7 MiIS-based analysis for residual deformation prediction. (a) The 3D HX model contains top, bottom caps, side walls, and
vertical channels. (b) Hexahedral elements are adopted in the mesh. (c—e) Residual deformation profiles for initial and optimized

structures are plotted in different views with unit of mm.

cap, but may increase the PD significantly. If the PD control is of
priority, we have to sacrifice printability of the optimized structure,
such as allowing overhang issue caused by sparse and small
channels.

Unit-based design results, however, are not entirely friendly to
the LPBF AM process due to unwanted features like sharp
corners and overhang issue. Therefore, re-design work is needed
to improve practical printability of the conceptual design. The
corner rounding operation is the basic procedure. Unwanted geo-
metrical features such as sharp protrusions and steep corners of
the thin-walled channels should be eliminated. Before entering a
practical AM process, the numerical simulation should be
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performed to compute residual deformation of the as-built HX. If
overlarge residual deformation is observed, geometrical compensa-
tion should be carried out to improve geometrical accuracy of the
final build. Whereas, this simulation process would be computation-
ally very expensive if build height of the cross-flow HX is very
large. In addition, build orientation selection can be an alternative
solution to handle the overhang issue in some unit-based design
results. However, changing build orientation of the cross-flow HX
may cause new risk of build failure. Employing support structures
for the inclining HX is a promising operation that enhances connec-
tion between the build and the substrate so that build failure could
be avoided.
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6 Conclusions and Future Work

In this paper, the design and printability evaluation of the cross-
flow HX is studied considering specific requirement for the LPBF
AM technology. A workflow is established, consisting of the
unit-based design and printability evaluation processes. In the
unit-based design process, IGA is employed to solve 2D multiphy-
sics equations for fluid velocity, pressure, and temperature fields,
and compute the HXP and the PD for the cross-flow HX. The
entire design domain is divided into many units/sub-domains,
enforcing existence of channels given the concern on practical
AM printability. Gradient-based optimization is employed to
drive evolution of the channel configuration for the purpose of max-
imizing the HXP and controlling the PD. We observe that the opti-
mization results highly depend on initial designs, indicating strong
nonlinearity of the multiphysics optimization problem for the HXs.
We find that the design process tends to distribute many channels to
improve the HXP, while increasing the PD significantly. When a
tight PD constraint with small upper limit is enforced, the optimiza-
tion result still prefers to have many channels but with large dis-
tance in between, resulting in overhang issue for top cap when
the cross-flow HX is printed vertically by the LPBF process.

In the printability evaluation process, optimized structural config-
uration is carefully examined to ensure good manufacturability. The
shape corner rounding operation is implemented as a very first step.

Journal of Mechanical Design

By adjusting local radius and filtering curve points, we successfully
remove sharp protrusions and steep corners of the channels, making
the re-designed configuration more friendly to the layer-wise print-
ing process. Following that, residual deformation simulation is per-
formed and significant shrinkage is observed. Geometrical
compensation is proposed to improve geometrical accuracy of the
final build of cross-flow HX. Finally, for some unit-based design
results with overhang issue, build orientation selection is studied,
and a 45-deg orientation is suggested specifically for printing the
cross-flow HX. The proposed workflow enables interaction
between upstream design stage and downstream AM fabrication
stage. Therefore, it has huge potential in application to industrial
fields.

In the future, support structure design through topology optimiza-
tion will be studied to mitigate residual deformation of the printed
HX. Additionally, experimental study will be performed to validate
the AM printability of our design results, evaluate the real HXP, and
measure the PD of the printed designs.
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Nomenclature

p = fluid pressure field
u = fluid velocity field
T = fluid temperature field
E = constitutive elasticity tensor
F = body force
¢, = thermal capacity coefficient of the fluid
ky = thermal conductivity coefficient of the fluid
uy = fluid inlet velocity
Pe = Peclet number
Re = Reynolds number
& = strain field of metal build
v = dynamic viscosity of the fluid
p = mass density of the fluid
o6 = stress field of metal build
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