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Abstract. Additive manufacturing provides freedom of production and design of geometries that
cannot be produced with traditional methods. Therefore high-efficiency and innovative heat
exchanger designs can be produced with 3D printer technology efficaciously. Heat recovery
ventilation devices, which meet the indoor air quality requirements with high thermal efficiency,
allow heat recovery between the exhaust air and fresh air with the help of the recuperator, which
is an air-to-air heat exchanger. In this study, the production processes of triply periodic minimal
surfaces (TPMS) with the additive manufacturing method and their performance as an air-to-air
heat exchanger are examined. Triply periodic minimal surfaces are three-dimensional and
infinite surface geometries that can be expressed with continuous trigonometric functions,
forming two separate non-intersecting spaces for fluids. The surface geometry derived from the
trigonometric function can be arranged to provide heat transfer between two unmixed fluids at
different temperatures. In this study, Schwarz-D, Schwarz-P and Shoen's gyroid geometries are
investigated as triply periodic minimal surfaces. During the production of these geometries
processes, parameters such as wall and layer thicknesses and printing temperature were changed
to achieve the lowest possible wall thickness (0.16mm) with the 3D printer used. The
performance of triply periodic minimal surface geometries as air-to-air heat exchangers are
determined experimentally in a crossflow experimental setup.
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to increase system efficiency and be in harmony with

1. Introduction
each other.

According to the International Energy Agency (IEA),

world energy demand is incresing by 1.3% each year
until 2040 (1). To reduce the increasing energy
demand, studies are carried out to improve the
energy efficiency of all systems used throughout the
world. One of these systems is ventilation systems.
Mechanical ventilation systems are now necessary
for airtight buildings and are widely used in new
residences and building restorations (2). These
systems create a stable environment regarding
thermal comfort and indoor air quality and create
volumes where users can live healthily. The
efficiency of ventilation systems depends on the
accurate determination of the physiological needs of
the users and the climatic variables, making the
ventilation load calculations realistically and the
correct operation of the systems. In addition, all
ventilation system components should be designed

Heat exchangers, one of the most essential elements
that significantly affect ventilation systems' energy
efficiency and energy savings, are generally made of
metal or ceramic materials. Heat exchangers are
produced using traditional techniques such as
machining or metal forming, which are today's
engineering approaches. The efficiency that can be
achieved with heat exchangers produced with
traditional production technology is limited. This
technology is far from flexible enough to meet an
architect's aesthetic needs. The transformation
created by the digital world we live in in the industry
is discussed intensively with the concepts of
"Digitalization" or "Industry 4.0". With Industry 4.0,
the fourth industrial revolution, additive
manufacturing is the latest move in smart
automation technology. In this new era, the use of

Copyright ©2022 by the authors. This conference paper is published under a CC-BY-4.0 license. 10f8



modern production skills in the context of
integrating new information technologies plays a
vital role in economic competitiveness (3).

Because of its ability to create complex objects with
advanced properties (new materials, shapes),
additive manufacturing has become a key technology
for producing customised products (4). Thanks to
increased product quality, additive manufacturing is
now used in various industries such as aerospace,
biomedical, manufacturing and ventilation systems
(5,6).

One of the basic geometries that can be used for an
innovative start in heat exchanger design is the
cellular structure family, triply periodic minimal
surface (TPMS) porous structures, which consist of
unit cells that can be repeated three-dimensionally to
form lightweight, high-strength structures (7). The
TPMS structures are investigated in a mechanical
properties manner by Al-Ketan et al. (8). A
comparison study is carried out by examining the
topology-property relationship between 3D printed
strut-based structures and several classes of TPMS
structures. In an overall result, the diamond TPMS
structure showed the best mechanical performance
among all the tested structures. Abueidda et al. (9)
studied three types of 3D printed TPMS structures
experimentally and computationally to investigate
the mechanical properties. It is found that the
Neovius-CM and IPM-CM structures have a similar
mechanical response and have higher stiffness and
strength than Primitive-CM. TPMS structures are
investigated variously along with mechanical
properties. An analytical model is generated to
investigate the permeability of TPMS structures, i.e.,
Fisher-Koch S, Gyroid and Schwarz P designs via
Computational Fluid Dynamics (CFD) by Asbai-
Ghoudan et al. (10). Results showed that the
permeabilities of the three structures are increased
with porosity at different rates. It is highlighted the
importance of pore distribution and architecture.
Besides these features that are investigated
successfully, the thermal properties of TPMS
structures are also studied in various studies.
Catchpole-Smith et al. (11) show that the thermal
conductivity of TPMS structures (Gyroid, Diamond
Schwarz P) is primarily a function of the material
properties and volume fraction sample. It is found
that the Schwarz P geometry gave the highest
conductivity among all the other structures which
are manufactured by laser powder bed fusion. Cheng
et al. (12) studied the morphology of TPMS
structures which has a significant impact on fluid
flow, heat/mass transport, and strength
performance. Schwarz P, Schwarz D and Gyroid
surfaces are investigated, resulting in the P structure
having the lowest flow resistance and highest
comprehensive heat transfer coefficient. Mechanical
and thermal properties of TPMS structures are also
investigated numerically to show the influence of
geometric factors on the thermal and mechanical
behaviour by Gawronska et al. (13). Cubic P,
Diamond and Gyroid surfaces are simulated under

load and heat transfer, resulting in that with an
increasing number of cells, the effective stress values
decrease. Considering the constant structure’s
volume, while the number of cells is increasing, it is
shown that the usefulness of TPMS structures is
successful.

Additionally, the high surface area to volume ratio is
one of the biggest reasons these porous structures
are among the potential heat exchanger feature
geometry designs. Although the performance of
these structures needs to be investigated in future
studies, it is possible that they can provide a low-
pressure drop with an increase in the surface area
required for efficient heat transfer. Also, their large
area/volume ratio, continuously bonded surface,
inherent structural integrity, and good mixing
potential make them suitable solutions for heat
exchanger applications produced by additive
manufacturing (14). The most studied variations of
TPMS are diamond, primitive and gyroid structures,
as mentioned. These structures have two separate
areas that are continuous but not intersecting. With
this feature, two independent channels can be
provided. The fluid at two different temperatures can
pass without mixing. It creates a structure that
allows efficient use as a heat exchanger geometry in
the air conditioning sector. Figure 1 shows the most
well-known Schwarz P (Primitive), Schwarz D
(Diamond) and Shoen's Gyroid TPMS surface models
in the literature. Various studies have investigated
TPMS structures as heat exchangers experimentally
and numerically. Chandrasekaran (15) studied 3D
printed Schwarz D geometry designed as heat
exchangers experimentally. It is found that among
heat exchangers with similar performance, the
Schwarz D geometry is 32% smaller than a shell and
tube heat exchangers in a manner of pressure drop.
Schwarz D, P and Gyroid surfaces are investigated
numerically via CFD analysis by Peng et al. (16). A
numerical model is developed to optimise TPMS heat
exchanger design parameters besides introducing a
design workflow to present a streamline of fluid
flows. Attarzadeh et al. (17) also studied the Schwarz
D architecture by modelling to elucidate the design
parameters and establish relationships between
velocity, heat transfer and thermal performance at
different wall thicknesses.

In this study, 3D printed Schwarz P, Schwarz D and
Shoen’s  Gyroid surfaces are investigated
experimentally to demonstrate a comparison
between the geometries regarding performance
parameters. Thermal efficiencies and pressure drops
are obtained for the geometries at different flow
rates and porosity ratios.
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Fig. 1- Surface models of Schwarz D, Shoen’s Gyroid and
Schwarz P, respectively.

2. Material and method

In the current work, three different TPMS heat
exchangers (Gyroid, Diamond and Primitive) with
various wall thicknesses are created via Mathematica
Programme according to equations 1, 2 and 3,
respectively. Then, all geometries are exported. STL
format and transferred to a 3-D printer. For each
geometry (G, D and P), three different wall
thicknesses were selected, and a total of nine heat
exchangers were produced.

cos(x) sin(y) + cos(y) sin(z) + cos(z) sin(x) = 0(1)
cos(x) cos(y) cos(z) — sin(x) sin(y) sin(z) = 0(2)

cos(x) + cos(y) + cos(z) =0 (3)

To obtain the thermal efficiency, each heat exchanger
was put into the experimental setup, respectively.
The experimental setup is shown in Figure 3 and the
following assumptions have been considered:

e The inlet temperatures of the air to the
system are 40 and 20°C for the hot and cold
sides, respectively.

e The flow rate of the fluid is varied in a wide
range, between 18 and 53 m3/h.

In the subsections of material and method, additive
manufacturing,  pressure  drop calculation,
experimental setup and heat transfer efficiency have
been mentioned.

2.1 additive manufacturing

Along with the fourth industrial revolution, namely
Industry 4.0, is the recent movement on intelligent
automation technology. In this new era, the
utilisation of modern manufacturing skills such as
additive manufacturing (AM) within the context of
integrating novel information technologies plays a
vital role in economic competitiveness [18].
Therefore, it is considered that additive
manufacturing (AM) could become a key technology
for producing customised products due to its ability
to create complex objects with advanced attributes.
(new materials, shapes) [18]. Thanks to increased
product quality, AM is currently being used in
various industries such as aerospace, biomedical,
manufacturing and ventilation systems [19, 20]. AM
has the potential to drastically change the way
components for heat transfer are designed and
manufactured [21]. AM provides flexibility to
experiment with different complex designs that are
otherwise difficult to manufacture with other
traditional methods. In addition to advantages, it can
reduce lead time such as fast prototyping,
acceleration of R&D, on-time delivery of spare parts
[22]. In general, AM is the process of building a 3-D

object layer by layer. It helps us efficiently use the
resources with reduced material waste compared to
traditional methods [23]. Fused Deposition
Modelling (FDM), Selective Laser Sintering (SLS) and
Stereolithography (SLA) are the three 3-D printing
techniques that are explored for their feasibility in
manufacturing heat exchangers. For this study, FDM
will be used to manufacture the heat exchangers
because it is the cheaper and most used method to
compare other 3-D printing options. FDM is a
technology where the melt extrusion method is used
to deposit filaments of thermal plastics according to
a specific pattern. The layout for FDM consists of a
printhead able to move along X and Y directions
above a build platform. Nine different geometries,
which are shown in Figure 2, were produced by the
FDM 3-D printer. Each geometry is produced with a
side of 114 mm to be placed in the experimental
system. The porosity value of each geometry was
obtained differently due to the different equations of
TPMSs.

€=0.90 £€=0.86 £=0.83
Fig. 2- TPMS heat exchangers produced via FDM

2.2 pressure drop

In the literature, there are several methods to
calculate the pressure drop of porous media. One of
these methods is presented by Fu et al. (2019) [24],
who investigated hydrodynamic and mass transfer
performances for three different TPMSs (G, D, P). The
following equation is used to calculate the particle or
pore diameter (dp):

dp — 6(1-¢) (4)

ap

Here, € represents the porosity or void ratio value. ap
is the specific area (m?/m?3). The rearranged Re
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number is as follows:

Vgd 3 pgVgd
R — PGVgap — _pG GAh (5)
(1-8ug 2 &ug

In equation 5, G represents the fluid properties. Also,
dn means the hydraulic diameter. It was stated that
the Re number would be in the range of 0-2500, and
the fluid velocity would be in the range of 0-3.5 m/s
[24]. The pressure drop is calculated by equation 6:

AP (1—5)@
AL ¥ &3 dp (6)
The expression i is a resistance coefficient that
comes from the Ergun equation (equation 7). F?
represents the amount of pressure exerted by the
fluid (equation 8):

Y ="2+175 7)
E, = Vg\/ps (8)
AP
=— 9
! PViT )

The friction factor (f) is shown in equation 9. Here, L
is the length of the heat exchanger.

2.3 experimental setup

The experimental setup is designed to extract data to
analyse the actual performance of the heat
exchanger. The output of the experiments included
four temperature measurements, Tui, Tc, Tho, Tco,
flow rates on the hot and cold sides, and the
differential pressure across the hot side of the heat
exchanger.

A schematic diagram of the experimental setup for
better understanding is in Figure 3. The volume flow
rates in the experiment were regulated between 0.4
and 1.2 m/s. The temperatures are measured using
calibrated Omega K-type thermocouple. These
thermocouples can read temperatures up to 200°C.
Thermocouples were placed into a small hole drilled
in diameter of 6 mm deep into the pipe wall and fixed
with thermally non-conductive goop paste. Through,
thermocouples placed in the hot and cold airlines
were not biased by the ambient temperature. The
thermocouples are connected to an IMC STUDIO to
record the required temperatures. The
thermocouple wires are attached to the connector
using hot glue to prevent any leakages. The thermal
efficiency for the hot and cold fluid was calculated
using the temperatures recorded during the
experiments mentioned in chapter 5. We did not
expect rapid temperature changes in the system, so
the sampling rate was setat 1 S/s (samples/second).
The software was developed with the help of Arduino
to adjust the fluid velocities. This software has been
transferred to an interface. The desired flow rates
can be determined by changing the fan operating
power. Flow rates can be measured via hotwire
probes FTS07 immersed perpendicular to the flow.
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Fig. 3- A schematic diagram of the experimental setup

2.4 heat transfer efficiency

To analyse the experimental values, efficiency is
calculated using the TS EN 308 standard [25]. The
output of the experiments included 4 temperature
measurements, Tui, Tci, Tho, Tco, flow rates on the hot
and cold side, and the differential pressure across the
hot side of the heat exchanger. The thermal efficiency
can be calculated by using (equation 10):

_Tco-Tct
e = Tur=Tcr (10)
In here;

Twi: Hot air inlet temperature
Tro: Hot air outlet temperature
Tci: Cold air inlet temperature
Tco: Cold air outlet temperature

3. Results and discussion

Firstly, internal and external leakage tests were
carried out to control the leakage ratio in the system.
External leakage tests were performed under 50, 75
and 100 Pa (Table 1). For all pressure values,
external leakage ratios were obtained under %3.
This means that there is no external leakage in our
system.

Tab. 1 - External leakage ratios.

Pstar Leakage airflow Leakage ratio
[Pa] [m3/h] [%]

0 0 0.00

50 0.79 1.58

75 1.02 2.04

100 1.25 2.50

Internal leakage tests were carried out under 25, 50
Pa for all heat exchangers, and the obtained values
are shown in Table 2 and 3, respectively.

40f8



Tab. 2 - Internal leakage ratios for 25 Pa.

Leak. air flow  Leak. ratio

Geometry [m3/h] (%]
Primitive(e=0.90) 3.2 6.40
Primitive(e=0.86) 3.7 7.40
Primitive(e=0.83) 5.8 11.60
Diamond(e=0.85) 2.8 5.60
Diamond(e=0.79) 7.0 14.00
Diamond(e=0.78) 15.9 31.80
Gyroid(e=0.87) 1.6 3.20
Gyroid(e=0.82) 2.5 5.00
Gyroid(e=0.77) 4.3 8.60
No heat exch. 1.2 2.40

The internal leakage value is below 3% when a heat
exchanger is not used under 25 Pa pressure. This
shows no leakage in the system under 25 Pa
pressure. The rate of internal leakage increases with
the addition of heat exchangers to the system. For 25
Pa pressure, the highest internal leakage rate was
obtained as 31.8% for Diamond(e=0.78) geometry.
When the tests performed under 50 Pa pressure are
examined, the leakage rate for the without heat
exchanger has increased and obtained as 6.4%. Also,
among the heat exchangers, the leakage rate for the
Diamond(g=0.78) geometry increased to 66%.

Tab. 3 - Internal leakage ratios for 50 Pa.

Leak. air flow Leak.

Geometry [m3/h] ratio
[%]
Primitive(e=0.90) 5 10.00
Primitive(e=0.86) 5.6 11.20
Primitive(e=0.83) 8.4 16.80
Diamond(e=0.85) 5 10.00
Diamond(e=0.79) 13.5 27.00
Diamond(e=0.78) 33 66.00
Gyroid(e=0.87) 3.2 6.40
Gyroid(e=0.82) 11 22.00
Gyroid(e=0.77) 33 66.00
No heat exch. 3.2 6.40

--+--Re=3200_Gyroid

—= -Re=4800_Gyroid

--+--Re=3200_Diamond
—= -Re=4800_Diamond
—+—Re=6400_Diamond
--+--Re=3200_Primitive
—= -Re=4800_Primitive
—+—Re=6400_Primitive
-« Re=8000_Primitive

Fig. 4- Efficiency values against porosity

The heat transfer efficiency data are shown in Figure
4. The output of the experiments included four
temperature measurements, Ty, Tci, Tuo, Tco, flow
rates on the hot and cold sides. Temperature values
for Gyroid(e=0.77), Diamond(e=0.78) and
Primitive(e=0.83) geometries could not be obtained
from hotwire probes because the system could not
overcome the higher pressure drop. In addition, due
to the stated reason, experiments at a Reynolds
number of 8000 and 9600 for Diamond(e=0.79)
geometry, 6400, 8000 and 9600 for Gyroid(e=0.82)
geometry, and 9600 for Primitive(e=0.83) geometry
could not be performed. So, the efficiency could not
be calculated due to this situation for these
geometries. The highest efficiency is derived as
approximately %50 for Diamond(g=0.79) geometry.

Also, according to Figure 4, efficiency decreases with
increasing porosity. The same is true for an increase
in flow rate. As the flow rate increases, the efficiency
decreases. The higher the leakage rate causes, the
higher the efficiency due to the mixing of the cold and
hot flows.

Pressure drops are calculated by the equations which
are given in the pressure drop section. Then friction
factor was calculated via pressure drop. Friction
factor decreases with increasing Re number for all
geometries, which are shown in Figures 5, 6 and 7 for
Gyroid, Diamond and Primitive, respectively.
Diamond geometries have a higher friction factor due
to the more complex geometry compared to Gyroid
and Primitive. So, Diamond geometries reach a
higher pressure drop penalty with a lower Reynolds
number regardless of porosity. Although Gyroid and
Diamond have almost the same porosity (0.77 and
0.78, respectively), Diamond has a higher friction
factor due to its complex geometry. The curve
corresponding to Gyroid surfaces obtains the highest
values of f for a given Re due to the dependency on
dh factor. Diamond geometries have the lowest dh of
the TPMS analysed and this results in a fluctuation of
the friction factor values. Also, the friction factor
increases with decreasing porosity and, the porosity
decreases, the compactness also increases. This
ensures the formation of a more rigid structure. On
the other hand, increasing the compactness causes a
higher friction factor. As a result, it is concluded that
the structural integrity in the heat exchangers could
not be fully achieved after additive manufacturing,
and there are gaps in the exchangers. Heat
exchangers need to be remanufactured and tested
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using a different AM method such as SLS.
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Fig. 5- Friction factor values for Gyroid geometries.
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Fig. 6- Friction factor values for Diamond geometries.
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Fig. 7- Friction factor values for Primitive geometries.

4. Conclusion

In this study, 3D printed Schwarz P, Schwarz D and
Shoen’s  Gyroid surfaces are investigated
experimentally to demonstrate a comparison
between the geometries regarding performance
parameters. Thermal efficiencies, pressure drops
and friction factors are obtained for the geometries
at different flow rates and porosities.

The main conclusions are presented as follows:

e The highest efficiency is derived as
approximately %50 for Diamon(e=0.79)
geometry.

e Temperature values for Gyroid(e=0.77),
Diamond(e=0.78) and Primitive(e=0.83)
geometries could not be obtained from
hotwire probes because the system could
not overcome the higher pressure drop.

e Diamond geometries reach a higher
pressure drop penalty with a lower
Reynolds number regardless of porosity
due to more complex geometry.

e Friction factor decreases with increasing
Reynolds number regardless of TPMS
geometries. Also, friction factor is inversely
proportional to porosity.

e For all pressure values, external leakage
ratios are obtained under %3. This means
that there is no external leakage in the
experimental system.

e Internal leakage ratios are obtained above
%3. Since the structural integrity in the heat
exchangers could not be fully achieved after
additive manufacturing, and there are gaps
in the exchangers. Heat exchangers need to
be remanufactured and tested using a
different AM method such as SLS.

As a future work, the experiments will be carried out
by establishing a system that can overcome the
pressure drop. Thus, thermal efficiency and pressure
drop values will be obtained for a broader range of
flow rates. Due to the gaps in the heat exchangers
after additive manufacturing, geometries will be
produced with a different additive manufacturing
method. In this way, the actual efficiency of the heat
exchangers will be obtained.
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