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ABSTRACT

In aerospace, thermal applications demand compact, lightweight, and efficient heat exchangers. Additive manufacturing processes offer the
potential to create highly complex structures that are not achievable through traditional manufacturing methods. This work presents the
development of an additively manufactured fluid-fluid heat exchanger that shows the potential to enhance the performance, reduce weight,
and increase compactness compared to a conventional plate heat exchanger. A numerical model of the conventional plate heat exchanger
was created, and fluid dynamics simulations with heat transfer were performed. Validation of the simulations was done by experiments.
Then, a novel heat exchanger was designed using a bottom-up approach and investigated at different levels of complexity using computa-
tional fluid dynamics. The internal structure of the final heat exchanger consists of a repeating triply periodic Schwarz diamond minimum
surface elongated in the direction of flow. The heat exchanger was manufactured with laser powder bed fusion process using AlSi10Mg. It
had a 108% higher compactness and 54% lower weight compared to the plate heat exchanger. Numerical analysis yielded the pressure loss
in pascal was reduced by 50%–59% while heat transfer in watts was improved by 3%–5%. Future researches should experimentally investi-
gate the thermal and fluid mechanical characteristics of the novel additively manufactured heat exchanger and increase compactness and
heat transfer further by analyzing the minimum partition wall thickness and the impact of wall roughness and deposit formation.

Key words: design for additive manufacturing (DfAM), heat exchanger, PBF-LB/M, AlSi10Mg, product development, laser additive manu-
facturing (LAM), computational fluid dynamics (CFD), triply periodic minimal surfaces (TPMS)

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.2351/7.0001184

I. INTRODUCTION

The aerospace industry is constantly seeking to improve the
performance of components by aiming for weight reduction,
efficiency increase, and compactness. In this context, additive
manufacturing (AM) has emerged as a promising technology to
achieve these goals. In particular, laser powder bed fusion of metals
(PBF–LB/M) has become the most widely used metal processing

AM technique. A major advantage of the process compared to con-
ventional manufacturing processes is the possibility to produce
highly complex structures, while producing high-quality parts
which are fully dense and show similar or even higher tensile
strength than conventional castings.1

AM also offers great potential in the field of thermal applications
due to the custom material options and the possibility to manufacture
complex internal structures. For instance, requirement-specific heat
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exchangers (HEs) can be developed for heat transfer between fuel and
engine oil in aerospace applications.2 HE are thermal systems that
transfer energy in the form of heat between at least two mediums. In
fluid-fluid HE, the fluids are usually separated by a partition wall3

and pass through the HE in opposite directions to maximize heat
transfer.4 Previous work indicates the potential of AM for the HE
development. Using PBF-LB/M, Confux Technology was able to
develop a HE that triples heat transfer compared to conventional HE,
reduced pressure drop by two-thirds, and reduced weight by 22%.5

In the development of HE, the main goal is to maximize per-
formance, namely, reduce the pressure losses over the HE, maxi-
mize the heat transfer between fluids, and achieve a low mass of
the component. One possibility is to integrate internal cellular
designs that are modeled based on natural structures.6,7 These
consist of a network of repeating interconnected unit cells.8 They
are of interest for lightweight applications due to their high specific
stiffness at low density9 and for improving heat transfer.10

Nonstochastic periodic cellular structures are, for example, honey-
combs (two-dimensional periodicity)11 or triply periodic minimal
surfaces (TPMS) (three-dimensional periodicity).12 The latter can
be described using implicit functions. Figure 1 shows a Schwarz
diamond TPMS as well as its implicit description.

The literature shows that TPMS structures offer advantages for
fluid-fluid heat exchangers. In TPMS, the volume is already divided
into two partial volumes by design and a high surface-to-volume
ratio is obtained.13,14 Previous work shows that the use of TPMS
structures can increase heat transfer between 15% and 100% com-
pared to conventional HE.13–16 The goal of this work was to develop
a novel fluid–fluid HE. For this purpose, the advantages of AM were
used to integrate TPMS structures into the HE. Due to its ability to
create complex internal structures, AM is the only manufacturing
process that is feasible for the production of TPMS structures. The
aim was to increase compactness, reduce weight, and increase perfor-
mance compared to a conventional plate heat exchanger (PHE).
Increased performance is characterized by higher heat transfer with
lower pressure loss. To achieve this, a conventional PHE was ana-
lyzed experimentally as well as by numerical fluid mechanics simula-
tions. Subsequently, an additively manufactured HE (AMHE) was
developed and evaluated based on the results of the PHE analysis.

II. METHODOLOGY

The methodology used in this paper is shown in Fig. 2. This
paper follows a methodological approach divided into two main
parts: the development of a numerical replica of a conventional

plate heat exchanger (PHE) and the development of an additively
manufactured heat exchanger (AMHE).

In the first part of the paper, the focus is put on the develop-
ment of a numerical simulation model of the PHE. As basis for the
PHE, a model of the company WilTec is considered in this work.17

The process was divided into problem analysis, model development,
and validation of the developed model. Based on the results of the
analysis, a detailed model of the PHE was developed. First, the
geometry of the PHE was analyzed since no information on the geo-
metric dimensions is available from the manufacturer. For this
purpose, the PHE was cut open by electrical discharge machining
(EDM) and measured. Subsequently, a CAD model of the HE was
generated, which was used for the CFD and heat transfer simulation.
The simulation was carried out with the Simcenter STAR-CMM+TM

software (in the following referred to as STAR-CCM+TM) from
Siemens with version 16.02.009. The postprocessing of the calcula-
tions was done using STAR-CCM+TM and Matlab®. Finally, to
ensure the accuracy and robustness of the developed simulation
model, it was then validated against experimental data. This valida-
tion step ensures that the model correctly represents the thermal
and fluid mechanical performance characteristics of the real PHE.
Based on the results of the PHE analysis, the performance require-
ments for the development of the AMHE were defined.

The second part of the work focused on the development of
the AMHE. For this, a bottom-up approach was used. This
approach is based on the building block approach (BBA) and
describes a methodology whereby the target product is investigated
step by step on different levels of complexity. At each level, knowl-
edge is accumulated, ensuring a high-quality end product.18 The
complexity levels were determined based on the requirements of
the AMHE. The process starts at the lowest complexity level with
the investigation of the TPMS structures, for which extensive litera-
ture research already existed. Based on the literature review, the
most suitable TPMS structure was selected. At the further levels of
complexity, model development was then carried out on the com-
ponent, substructure, and product levels. At the component level,

FIG. 1. Schwarz diamond TPMS and implicit description of the cell. FIG. 2. Bottom-up methodology used for the development of the AMHE.
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the influence of the size and stretching of the unit cell on the fluid
mechanics and thermal properties was investigated and the
minimum wall thickness needed between the fluids was deter-
mined. Based on the findings, a simplified model was created at the
substructure level, which was used to investigate the influence of
the connecting ports and manifolds. In the last development step,
the design of the final AMHE was elaborated at the product level
based on the results of the previous levels. The development of the
AMHE with TPMS structures was done by implicit modeling using
the nTopology® software (version 3.37.3).19 Finally, the designed
AMHE model was additively manufactured using the PBF-LB/M
system MPrint+ from One Click Metal.20

III. RESULTS

In the following, the results of the work are presented.
Initially, the results of the PHE analysis are introduced and subse-
quently the results of the development of the AMHE are given.

A. PHE analysis

As described in Sec. II, the first step was to analyze the PHE
for the creation of a CAD model. Therefore, a detailed model of
the individual plates is required. The individual plates of the PHE
have a length of 154 mm, a width of 66 mm, and a thickness of
0.26 mm. They have an angle-wave embossing and are brazed
together at the crests of the waves. The embossing has a depth of
2 mm with a wavelength of 7.75 mm. The brazing provides better
support for the plates and an enlarged surface area for heat trans-
fer. One of the two identical available PHE was cut open by EDM
and the generated CAD model is shown in Fig. 3.17

1. Simulation model

To set up the numerical simulation of the PHE and solve the
discretized Navier–Stokes equations, a finite element model of the
PHE was created. Therefore, the CAD model was imported to
STAR-CCM+TM as a STEP file and the geometry was prepared by
deriving partial volumes using STAR-CCM+TM operators. The

simulation region ultimately consists of two partial volumes for the
two fluids of the primary and secondary sides, as well as the solid
volume (housing and plates of the PHE) separating the fluids.

Subsequently, meshing was used to convert the geometry into a
discretized model for finite volume calculation. Meshing was per-
formed in three steps. First, it was ensured that closed, so-called
watertight volumes are present. Next, surface meshing was performed,
in which the surfaces of the watertight volumes were meshed with tri-
angular surfaces. Finally, volume meshing was performed, in which
the volume of the computational domain was meshed with polyhedral
elements. This element type is best suited for circulating flows.21 To
resolve the boundary layer near the surfaces of the fluid regions, pris-
matic cells were used. This allows a y+ value below 1 to be achieved,
which is required for the low Reynolds number turbulence model
used.22 Between the fluid regions and the solid region, conformal
interfaces were used to account for heat transfer. The result of the
meshing is shown in Fig. 4 using the central PHE cross section.

Next, the physical continuum is described by defining suitable
physical models (e.g., solver, material model, and turbulence
model). To numerically analyze the PHE, both the fluid flow and
the heat transfer between the solid body and the fluids were consid-
ered. For this purpose, a conjugate heat transfer simulation was set
up. The physical models used for the fluid and solid regions were
selected according to the Siemens procedure for setting up conju-
gate heat transfer simulations.21,23 The contact between the liquid
and solid regions was simulated as a smooth wall due to the low
surface roughness of the plates. A three-dimensional model was set
up for the investigation of the PHE. Segregated models were
selected for the fluid and solid energy conservation equations to
account for heat exchange. A steady model was chosen. The turbu-
lence model was based on the Realizable k-ε-two-layer model with
the two-layer all y+ wall treatment, which automatically selects the
appropriate turbulence model depending on the y+ value.

Furthermore, the initial and boundary conditions for the cal-
culation area were defined. For the initialization of the temperature
field, the temperature at the inlet of the cold fluid flow was used.
Moreover, the computational domain must be constrained by
appropriate descriptions at the boundaries.24 The settings used for
the features of the simulation software (in italics) are briefly
explained below. The exchange of information between the fluid

FIG. 3. (a) PHE cut open by EDM and (b) generated CAD model of the PHE. FIG. 4. Cross-sectional view of meshed PHE.
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and solid regions was achieved, as explained earlier, through a con-
jugate interface that ensures the satisfaction of the continuity con-
ditions. A Dirichlet boundary condition was used at the boundaries
of the fluid region because the flow velocity at the wall is zero. The
outer wall of the PHE was specified as an adiabatic wall. To model
the flow of the domain, mass flow inlets were defined at the inlets
of the primary and secondary sides. This was then used to directly
regulate the mass flow for the fluid regions. The outlets were
defined as pressure outlets with a pressure of 0 Pa and a defined
velocity gradient. To monitor the pressure loss and temperature,
surface reports were used that evaluate the average of the pressure
and temperature across the surface at the inlets and outlets. The
pressure loss was then calculated by subtracting the values of asso-
ciated inlets and outlet. The physical models and boundary condi-
tions used for the numerical simulation are summarized in Table I
and are partly based on Ref. 21.

2. Validation of the simulation model

The numerical calculation was performed with 1000 iterations.
At the end, the simulation converged to steady state. First, the
mesh quality was investigated. Due to the low Reynolds number
turbulence model used, a fine mesh (y+ < 1) was required near the
wall. Across the surface of the fluid regions, an averaged y+-value of
0.341 was determined. Therefore, the used turbulent models are
valid. Moreover, a mesh convergence study was performed, varying
the base cell size and the number of prismatic cells. Then, the influ-
ence on the pressure drop and heat transfer was investigated. Both

parameters showed a minor influence on the result variables with
maximum differences of 1.5%.

Validation of the simulation was carried out on the basis of a
setup test bench shown in Fig. 5 by means of the piping and instru-
mentation diagram. Two independent water circuits were used,
with flow rate controllable by ball valves and temperature regulated
by an adjustable 600W immersion heater. Both circuits were con-
nected to the PHE in counterflow direction. Thermocouples, differ-
ential pressure sensors, and flow sensors were placed upstream and
downstream of the PHE to determine the heat transfer and pressure
loss for different volume flows.

Since the pressure loss is quadratically related to the flow
velocity,25 the experiments were performed for different volume
flow rates and because the heat transfer is related to the Reynolds
number, also for various Reynolds numbers. The pressure loss was
determined by averaging the measurements over an interval of 60 s
per operating point at volume flows between 3 and 20 l/min. Heat
transfer measurement was done after a steady state was achieved.
The temperatures in the water reservoirs are maintained within a
constant range using an immersion heater. In line with the used
type of measurement setup, a temperature range of 35–37 °C was
set for the inlet of the primary side, while 10–12 °C was used for
the inlet of the secondary side. The heat transfer rates were deter-
mined based on Reynolds number operating points, which were
converted to volumetric flow rates using a MATLAB® script. The
heat transfer was determined at Reynolds numbers 3000, 4750, and
6500. The experimental procedure involves setting the tempera-
tures, calculating the flow rates, adjusting the flow rates using
valves, and measuring temperature and flow rate once the system
reaches steady state.

To validate the computation of the pressure loss, the influence
of the experimental setup on the measured values was determined
first. Furthermore, it had to be distinguished between the cold side
of the PHE consisting of four fluid channels and the warm side of
the PHE consisting of five fluid channels. For investigation of the

FIG. 5. Piping and instrumentation diagram of the experimental setup.

TABLE I: Physical models and boundary conditions used in the numerical heat
exchanger simulation

Fluid continuum Solid continuum

Material
phyisics

Liquid Solid

Three Dimensional

Constant Density

Gradients

Heat transfer
physics

Segregated Fluid
Temperature

Segregated Solid
Energy

Solution Interpolation

Solver setting
Steady

Cell Quality Remediation

CFD physics

Realisable k-ε Two-Layer —

Reynolds-Averaged
Wavier-Stokes

—

Segregated Flow —

Turbulent —

Two-Layer All y+

Wall Treatment
—
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pressure loss of the PHE, the warm side with five fluid channels
was considered in this work. The diagram in Fig. 6 shows the
experimentally and numerically determined pressure losses for
various volume flows of the PHE as well as the second degree
approximation polynomials. The curves show a strong fit between
the measured data and the simulation results with a maximum
deviation of 5.5%. Possible causes for these differences can be geo-
metric deviations in the CAD model, measurement inaccuracies of
the sensors or the selected turbulence models in the simulation.

The validation of the heat transfer calculation was done by
measuring the temperature and volume flows at three operating
points. The heat transfer of the primary and secondary sides are
calculated based on Newton’s law of cooling26 using the average

temperature difference across the transfer surface. For the compari-
son, the results of the primary side are considered in the following.
The results of the experimentally and numerically determined heat
transfer are shown in Fig. 7. It can be seen that the deviation is
smallest at a flow rate of 10 l/min with 5%. However, the deviation
increases for larger flow rates. At a flow rate of 22 l/min, the experi-
mentally determined heat transfer is 25.5% larger than the numeri-
cally calculated heat transfer. Potential causes for these differences
are the geometric deviations of the CAD model, the modeling of
the material properties or the turbulence model used. Especially
the brazed joints are difficult to model and are assumed to be part
of the plate in the simulation to minimize the computational effort.
As a result, the material properties of the PHE plates are also
assigned to them, which may affect the heat transfer.27 Regarding
the turbulence model, the study of Gullapalli and Sunden28 shows
that the turbulence models tend to underestimate the heat transfer
by 20%–30%. This will be considered in the remainder of this
paper.

Overall, the results of the PHE analysis show that the simula-
tion is able to model the pressure drop to high accuracy and heat
transfer up to an error of 25.5%, which was deemed acceptable. For
the development of the AMHE, the performance requirements are
derived from the PHE analysis. The determined characteristics of
the PHE are summarized in Table II.

B. AMHE development

The goal for the development and design of the AMHE was to
achieve a reduced weight, an increased heat transfer and a reduced
pressure drop compared to the analyzed PHE. As previously
explained, the development of the AMHE followed the bottom-up
approach, through the step-by-step consideration of different levels
of complexity.

1. Constituent level

The first step was to determine a suitable TPMS structure for
the AMHE at the constituent level. Various TPMS structures have
been studied in the literature with respect to heat transfer between
fluids,15,29,30 and the diamond and gyroid TPMS have been found
to be advantageous.13,16 For rather large Reynolds numbers up to
20 000, both structures show similar results in terms of heat trans-
fer and pressure drop.13 However, for smaller Reynolds numbers
up to 300, the diamond TPMS was preferred because of its larger
transfer surface area.15 Furthermore, a study by Kim and Yoo16

showed that the diamond TPMS has higher heat transfer than the
gyroid TPMS for the same pressure loss. Moreover, the diamond
TPMS show the greatest surface-to-volume ratio of the considered
cells.16 Based on these results, the diamond TPMS was selected for
further investigation in this work.

For the computer-aided development of the AMHE, an initial
model with diamond TPMS structures was first built using
nTopology. A rectangular volume lattice was defined as construction
space (40 × 20 × 20 mm3), which was filled with the diamond
TPMS. The size of the unit cells was defined by a period length in
x-, y-, and z-directions, allowing the cell to be stretched targeted in
the respective directions. Boolean operations were used to generate
two separate volumes for the fluids and the partition thickness was

FIG. 6. Pressure loss for the experimental and simulation data for different flow
rates on the primary side of the PHE.

FIG. 7. Heat transfer for the experimental and simulation data for different flow
rates on the primary side of the PHE.
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set. Finally, the geometry was converted to a surface mesh and
exported as a CAD/STL file. It is noted that analysis of the wall
thicknesses of the STL files as exported from nTopology yielded a
certain variation of the wall thicknesses in the final STL geometries.
Therefore, mean wall thicknesses of 0.25 ± 0.05 and 0.16 ± 0.02 mm
were considered within this study and referred to as 0.25 and
0.16 mm throughout this work, respectively.

2. Component level

At component level, the minimum, additively manufacturable
wall thickness between the fluids was first determined experimen-
tally. The partition wall represents a thermal resistance. Therefore,
the goal was to achieve the smallest possible wall thickness of a
tight wall in order to maximize the heat transfer. The main limita-
tion is the PBF-LB/M method. If the wall thickness is too small, the
partition walls can become porous and result in mixing of the
fluids.

Wall thicknesses of 0.16 and 0.25 mm were tested at different
pressure levels. Specimens with a volume of 40 × 40 × 20 mm3,
filled with diamond TPMS (period length 20 × 10 × 10mm3 in the
corresponding spatial directions), were used for this purpose. For
an optical leak test, one fluid side was sealed and filled with water
via an inlet. Figure 8 shows the additively manufactured TPMS
structure with a wall thickness of 0.25 mm for leak testing. The
experiment showed that a wall thickness of 0.16 mm leads to visible
cracks between the TPMS structure and cover plate that results in
leaking. For the 0.25 mm specimen, no defects were visible and the
structure was tight for all tested pressures. Therefore, a partition
wall thickness of 0.25 mm was used.

A preliminary numerical study on the TPMS core structure
was done to investigate the influence of the size and elongation of
the unit cell in the flow direction on the thermal and fluid

mechanical properties. As with the PHE, the contact surface
between the liquid and solid regions was simulated as a smooth
surface to ensure comparability of the simulation results with the
PHE simulations. The rough surface resulting from AM was
neglected. Three simplified AMHE models were considered, where
the period length of the unit cell is identical in the three spatial
directions and set to 5, 10, and 15 mm. The simulation results for
the pressure loss and the heat transfer are shown in Fig. 9.
According to this, a reduction of the unit cell size from 10 to 5 mm
leads to a 225% higher pressure loss and a 114% increased heat
transfer due to the 66% larger transfer area.

The simplified AMHE models and their simulation results are
shown in Fig. 10. The simulation shows that a 5 mm cell results in
higher flow velocities. Consequently, higher velocity gradients per-
pendicular to the wall occur and higher wall shear stresses develop,
leading to frictional pressure losses which is in line with the litera-
ture.31 Figure 10(b) shows the significantly increased wall shear
stresses for the 5 mm unit cell compared to the other models. The
higher pressure drop can be attributed to said frictional pressure
losses. Likewise, the increased heat transfer can be accounted for by
the higher wall shear stresses which is in line with literature.13

Furthermore, the stretching of the unit cell was investigated.
The transfer area and turbulent mixing are increased in TPMS
structures compared to straight ducts, but related to higher pressure
loss due to the undulations.13 In order to find a balance between

TABLE II. Physical, thermal, and fluid flow properties of the PHE on the primary side.

Physical properties Weight 560 g
Heat transfer surface 1200 cm2

Compactness 274 m2/m3

Thermal and fluid flow properties Operating point 1 2 3
Flow rate 10 15 22 l/min

Heat transfer 5.47 9.91 12.93 kW
Pressure loss 8.75 19.04 40.37 kPa

FIG. 8. Specimen for leak testing.
FIG. 9. Influence of unit cell size on the pressure loss and heat transfer on the
component level.
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transmission area, turbulent mixing and pressure loss, the unit cell
was stretched in the main flow direction (x axis). The period length
of the TPMS unit cell can be adjusted independently in spatial
directions. The investigation was performed by gradually increasing
the period length in the x-direction by 10 mm, starting from a sim-
plified HE with a 10 × 10 × 10mm3 unit cell.

Figure 11 shows the computation results for the pressure
losses and heat transfer as a function of the period length in the
x-direction. The plot shows that a period length of 30 mm results
in a significant reduction in pressure loss of approximately 95%
and in heat transfer of approximately 52%. As described, the results
in this case can also be explained by the wall shear stresses, which

are significantly lower for a unit cell size of 30 mm and, accord-
ingly, the pressure loss is also reduced. Consequently, a period
length of at least 20 mm is aimed at for the stretching of the unit
cell.

3. Substructure level

Next, a simplified model was constructed at the substructure
level. The design was developed with the requirement that the pres-
sure drop would be below and heat exchange above that of the
PHE to obtain a design with higher performance characteristics
compared to the PHE (see Table II). The substructure level devel-
opment did not consider the connection nozzles and manifolds.
Due to the beneficial volume-to-external surface ratio, a cylinder
with a height of 100 mm and a diameter of 50 mm was used as the
design space (see Fig. 12). To prevent cracks, as in the case of the
leak tests, rounded fillets were included into the design at the tran-
sition between the TPMS structure and the outer wall of the cylin-
der. This design was expected to be less prone to cracking. Based
on the results at component level, a stretched unit cell with a wall
thickness of 0.25 mm was used. The period length was set to
10 mm in the x-direction and 5mm in the y- and z-directions. The
numerical analysis of the cylinder showed that the model does
neither meet the defined thermal performance requirements using
a 20 × 10 × 10 mm3 nor using a 10 × 5 × 5mm3 unit cell compared
to the PHE. Therefore, a smaller unit cell (8 × 4 × 4mm3) was used.
This adaptation increases the transfer surface area and the heat
transfer coefficient so that the requirements with respect to the
PHE were met. Consequently, the smaller unit cell was used for
further investigation at the product level.

4. Product level

For the product-level investigation of the connecting ports and
manifold geometry, the arrangement of the connection nozzles and
the distribution of the flow in the channels of the TPMS structure
were examined. Both a uniform distribution of flow is important,32

as is the pressure loss across the manifold, which should be lower
than across the TPMS structure. For a valid comparison between
PHE and AMHE, the same inlet flow cross section (201 mm2) of
the manifolds was used. The influence of the inlet and outlet orien-
tations of the connecting nozzles was investigated using three vari-
ants. As a basis for the variants, a cylinder with rounded ends was
used as the build space for the TPMS structure. The connection
nozzles were arranged in a counterflow design and connected to

FIG. 11. Influence of the period length in the x-direction on the pressure loss
and heat transfer on the component level. FIG. 12. Cylindric simulation model on the substructure level.

FIG. 10. (a) Models for the unit cell size investigation and (b) simulation results
of the wall shear stresses.
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each other via the internal TPMS structure. The inner diameter of
the connecting branches is 16mm. The three variants are shown in
Fig. 13(a) and include a linear arrangement of the connecting
nozzles (1), a rotation of 26.5 degrees from the center plane
outward (2), and an upward arrangement similar to the PHE (3).

The numerical results show that variant 1 has a 10% higher
pressure loss and a 4% greater heat transfer compared to variant 3.
The lower pressure drop and heat transfer in variant 3 are caused
by the design of the manifold and the position of the connection
nozzles. Due to the smaller spacing of the connection nozzles, the
flow length to the outlet is shorter. At the same time, the arrange-
ment of the connection nozzles in variant 3 leads to an uneven dis-
tribution of the flow in the TPMS heat exchanger core in which the
velocities and volume flows are lowest in the bottom section of the
AMHE. Comparison of the temperature fields [see Fig. 13(b)] also
show that temperature distribution between the connecting nozzles
in variant 3 is uneven, which emphasizes the importance of
uniform flow distribution for improved heat transfer.32 Variant 2,

in which the connecting nozzles are aligned based on a main flow
direction in the TPMS structure, has a 4% lower pressure loss com-
pared to variant 3 and a 1% higher one compared to variant 1. All
three variants meet the pressure loss and heat transfer require-
ments, with variant 1 being preferred due to the highest heat trans-
fer. In addition, variant 1 enables additive manufacturing without
support structures if the connection nozzles of one side are posi-
tioned on the build platform and the manifold is adjusted accord-
ingly to limit the overhang angle to 45°.

Combing the insights from all previously presented results,
the final design of the AMHE was developed. At the substructure
level, a diamond TPMS unit cell with a period length of 8 mm in
the x-direction and 4 mm in the y- and z-directions was selected
[see Fig. 14(a)]. Stretching in the flow direction reduces the undula-
tion of the channels, which reduces the pressure loss. The unit cell
was chosen to be 4 mm in the y- and z–directions to increase the
transmission area and compactness of the AMHE compared to the
PHE. Based on the results on the orientation of the connection
nozzles, a counterflow design with a crossflow manifold was
selected. The inner diameter of the connecting nozzles was set to
16 mm which is in line with the connecting nozzles of the PHE.
Consequently, the core flow cross section of the connecting nozzles
is 201 mm2, while the flow cross-section of the inner, conical mani-
fold into the TPMS structure is increased to 560 mm2, resulting in
a reduced pressure loss. In addition, a converging conelike shape
was introduced for the final design based on Ref. 32 to achieve a
small pressure drop across the manifold. For the AMHE, a wall
thickness of 0.25 mm was used for the partitions and 2mm for the
outer walls to ensure mechanical integrity. Figure 14(b) shows the
designed model in a three-quarter section view.

5. Additive manufacturing of the AMHE

The manufacturing preparation was done with Autodesk
Netfabb Ultimate Slicer software (version 2023.1). Additive manu-
facturing was carried out using the PBF-LB/M system MPrint+
from One Click Metal. Aluminum alloy AlSi10Mg (Ref. 33) was
used. The fabrication was performed with a laser power of 170W, a
scanspeed of 1200 mm/s, a hatch distance of 0.1 mm, a 20 μm layer
thickness, and a focus diameter of 70 μm. The finished AMHE is

FIG. 13. (a) Variations of the connection nozzle arrangement and (b) simulation
result of the temperature field.

FIG. 14. Final solutions for (a) the Schwarz diamond TMPS cell and (b) the
AMHE.

FIG. 15. Additively manufactured AMHE.
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shown in Fig. 15. Experimental characterization of the novel addi-
tively manufactured heat exchanger will be done by the authors in
future works. The printed part will potentially differ from the sim-
ulation, e.g., in terms of surface roughness, fabricated inclination
angles, and interaction of solid and medium. This can affect the
accuracy of the numerical results in this study.

IV. COMPARISON OF PHE AND AMHE

In the following, the AMHE is evaluated against the defined
requirements based on the PHE based on the simulation results.

Weights of the PHE and the AMHE were measured using a preci-
sion scale.

First, the geometrical characteristics of the AMHE are evalu-
ated. Table III compares the main characteristics of the HEs.
Compared to the PHE, the manufactured AMHE shows a signifi-
cant reduction of 54% in weight and 41% in volume, while increas-
ing the compactness by 108% and heat transfer area by 22%. Thus,
the AMHE has been significantly improved in all geometrical
parameters compared to the PHE. The improvements can mainly
be attributed to the possibilities of the PBF-LB/M process to
produce complex geometries and to the lower density of the mate-
rial used for the AMHE.

Furthermore, the performance of the AMHE is analyzed. For
the comparison, the values of the primary side are considered.
Figure 16 shows the experimental and numerical data of the PHE
and the numerical data of the AMHE for the pressure loss (a) and
heat transfer (b) for the considered operating points. Figure 16(a)
shows that the pressure loss of the AMHE is 50%–59% lower com-
pared to the PHE for all three operating points. Figure 16(b) shows
that the heat transfer of the AMHE is 3%–5% higher for all operat-
ing points when comparing to the experimental data of the PHE
and about 26%–30% higher when compared to the simulation data
of the PHE. Consequently, the requirements for the AMHE in
terms of pressure loss and heat transfer are met by the results of
the numerical simulation. When evaluating the results, it should be
noted that the comparison of the simulation with the experimental
data of the PHE showed that numerical analysis underestimated
the heat transfer by about 20%–30%. This deviation is considerable,
which is why experimental validation must be carried out for a
definitive evaluation of the AMHE’s performance characteristics.
Nevertheless, the potential of the novel AMHE can be concluded
from the simulation results as it can be assumed that the actual
heat transfer of the AMHE is even higher than the simulation
results.

TABLE III. Geometric characteristics of the PHE and AMHE.

PHE AMHE Change (%)

Weight (g) 560 254 −54
Heat transfer surface (cm2) 1200 1466 22
Compactness (m2/m3) 274 570 108
Volume (cm3) 438 257 −41

FIG. 16. (a) Pressure loss of PHE (experimental) and AMHE (simulation). (b)
Heat transfer of PHE (experimental and simulation) and AMHE (simulation) for
the primary side. FIG. 17. Velocity field for the primary inlets of the (a) PHE and (b) AMHE.
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The AMHE shows a lower pressure drop compared to the
PHE (60% lower at operating point 2). This is due to lower friction,
deflection and turbulence losses. The numerical simulation shows a
lower flow velocity in the channels of the AMHE due to its larger
cross section compared to the PHE. Accordingly, the Reynolds
number of the AMHE is 59% lower than that of the PHE for the
same flow rate. As a result, the wall shear stresses and frictional
pressure losses are reduced for the AMHE. The increased pressure
drop of the PHE can be attributed to deflection and turbulence
losses. These are caused by the brazed joints in the PHE, which
lead to recirculation regions downstream of the joints. In the
AMHE, these effects are probably less pronounced due to the
stretching of the TPMS structure.34 In addition, the comparison of
flow velocities (see Fig. 17) shows that for the AMHE these are

significantly increased at the transition to the TPMS structure,
resulting in a pressure gradient that does not occur in case of the
PHE. This can be attributed to the TPMS structure. Due to its
three-dimensional shape, half of the inlets into the channels are
unfavorable in terms of fluid mechanics.

To estimate the heat transfer properties of the AMHE and the
PHE, the measured volume flow rates were converted into
Reynolds numbers and the heat transfer coefficients were given in
the form of the average Nusselt number. The hydraulic diameter of
the HEs was used as the characteristic length for calculating the
two performance indicators. Due to its larger cross section, the
AMHE has lower Reynolds numbers at same flow rates. The results
are shown in Fig. 18. The Nusselt numbers increase with Reynolds
number for both HE and are about 30%–40% higher for the
AMHE. The higher Nusselt numbers of the AMHE indicate a
higher heat transfer in the boundary layer.

The numerical simulation results show that the temperature
distribution on the surface of the AMHE is more homogeneous
than for the PHE (see Fig. 19). In particular, the temperatures at
the cover plates are increased. This is explained by the TPMS struc-
ture, which increases the transfer area by 22% and enhances heat
transfer due to undulations and turbulence production.13

In terms of performance, the pump power required for the
transferable heat transfer is considered. This indicates that the
AMHE can be assumed to be more efficient, especially at low
volume flows. As the volume flow rate increases, the difference
decreases rapidly. According to Li et al.,13 this is the result of com-
bined effects from the transfer area and turbulence production. At
higher volumetric flow rates, turbulence production dominates heat
transfer, and at low rates, the larger transfer area is critical.

V. CONCLUSION AND OUTLOOK

In this work, a novel fluid-fluid HE was developed using AM.
The goal was to increase compactness, reduce weight, and improve
performance compared to a conventional PHE. A model of the
PHE was created and validated to provide comparative data for the
AMHE. CAD models, conjugate heat transfer simulations, and
experimental studies were used to determine the PHE model error.
Discrepancies up to 25.5% between simulation and measured data
were found and attributed to geometric discrepancies, accuracy of
numerical turbulence models, and measurement inaccuracies. The
AMHE was developed using a bottom-up approach and elaborated
based on a Schwarz diamond TPMS structure. Additive manufac-
turing of the AMHE was done in the PBF-LB/M process using
AlSi10Mg as a material of choice. Numerical simulation results
were used to estimate the performance AMHE against the PHE.
Simulation results show a significant 50%–59% reduction in pres-
sure loss, 3%–5% improvement in heat transfer, and 108% increase
in compactness and 54% weight reduction compared to the PHE.

It is noted that the simulated values provide only an estimate
of the potential to this point and require experimental validation to
allow definitive statements about the performance of the AMHE to
be drawn. Nevertheless, the results of the work show the great
potential of AM in the field of fluid-fluid HE and demonstrate a
corresponding methodology for developing novel HE. The capabil-
ity to easily generate complex structures and the use of material-

FIG. 18. Reynolds–Nusselt diagram.

FIG. 19. Temperature distribution of the PHE (a) and AMHE (b) on the primary
side.
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specific properties regarding lightweight design and heat transfer,
which can be optimally exploited through the use of simulations
and AM, prove to be the main advantages of the approach in this
work.

Future works should focus on the experimental characteriza-
tion of the novel additively manufactured heat exchanger and its
comparison to the PHE as well to the numerical results for valida-
tion. Furthermore, improving the measurement accuracy of the test
rig, optimizing the manifold geometry and further studies on the
partition wall thickness are identified as potential research
approaches to further improve the performance systematically. In
addition, it is recommended to investigate the influence of wall
roughness and deposit formation within the TPMS structure on the
performance of the AMHE.
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