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ABSTRACT: Structured packings in reactors and separation processes have an extensive
trait for process intensification such as enhancement in mass and heat transport without
having any substantial pressure drop and can now successfully be produced by using
additive manufacturing methods such as 3D printing. Structured packings manufactured
with triply periodical minimum surfaces (TPMS) have good mixing properties and
enhanced thermal transport, but they do not have high surface areas. In this work, we
report a new type of hybrid TPMS structure with high surface area while keeping good
mixing properties. The new shapes are made by generating solids on the boundaries of a
2D tessellation of polygons over the TPMS surface. The new shapes have a higher surface
area than a TPMS and at the same time, a higher porosity. We have evaluated the
pressure drop and heat transfer properties of such structures for Reynolds numbers 1−
200 in 10 different solids. The results indicate that pressure drop is dominated by
porosity. Heat transfer properties however depend also on available surface area and thus
are improved in the porous structures.

1. INTRODUCTION
Reaction and separation processes in chemical industries make
extensive use of internal elements. In multiphasic systems,
enhancing the surface area of contact between the different
phases enhances the mass transfer of selected components
from one phase to the other one. In such cases, the internals
should occupy the least volume possible to minimize the
pressure drop across the column, reducing the necessary
compression energy. Less material is used to intensify the
system, so it is a more sustainable approach.
Typical applications of such internals or packings can be

found in absorption columns and distillation.1,2 The primary
application of structured internal packings in the process
industry is to provide an adequate gas−liquid contact area for
efficient separation,3 for instance, the usage of corrugated wire
gauze packings in vacuum distillation for the purification of
oleochemicals.4 The corrugated sheet packings are manufac-
tured typically using metals as well as nonmetals such as
ceramics and plastics.5−7 These internals can also be used for
other industrial applications such as cooling of electronic
equipment,8 solar receivers,9 and catalytic converters.10

In many industrial processes such as chemical processing,
power generation plants, cryogenics, transportation, and
petroleum refineries, heat exchangers are an important
component.11 Researchers often propose innovative designs
of heat exchangers to maximize the rate of heat transfer and
minimize the spatial footprint.12,13 Foams have already been
produced using additive manufacturing to achieve higher heat
transfer14 due to their ability to promote radial mixing. With
additive manufacturing gaining ground, new heat exchangers

can be designed to optimize heat transfer.15 The generation of
internals uses additive manufacturing with optimized proper-
ties and based on mathematical functions/solids that can now
be almost freely manipulated and employed as a means to
enhance heat transfer in heat exchange systems. The possibility
of using 3D printing for manufacturing complex objects
contributes to reducing the amount of scrap used in the
manufacturing of such structures.16 However, to evaluate the
environmental impact of 3D printed parts, a case-to-case life-
cycle assessment should be done.17

The generation of 3D-printed internals has been studied
over two different types of structures: (1) lattices consisting of
individual cells replicated over space18,19 and (2) triple
periodical minimal surfaces, TPMS.20−24

The surface area to volume ratio that can be achieved with
lattices is higher (for the same porosity and thickness), but the
mixing properties of TPMS are better. A significant advantage
of both of these structures over existing commercial foams or
structured packings is that, if desired, the obtained porosity can
be completely homogeneous in all dimensions. The nonuni-
form cells of commercial foams used as catalyst supports for
very exothermic or endothermic reactions can generate local
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temperature gradients affecting the conversion or the
selectivity. Structured packings are also known for having
different heat transfer coefficients in parallel and perpendicular
directions of the molded sheets. Other advantages of TPMS
internals are their enhanced mechanical and optical proper-
ties.25

There are several studies available that analyzed the pressure
drop and heat transfer across lattices and TPMS internal
structures. For instance, Iyer et al.22 analyzed the pressure drop
and heat transfer across a heat exchanger packed with standard

TPMS internals such as gyroid, Schwarz P, Schwarz D,
envious, etc. Their simulation study used water as a fluid, and
they reported a substantial increase in heat transfer rates with a
slightly higher pressure drop. In addition to the pressure drop
and heat transfer, Cheng et al.21 also analyzed the structural
strength of standard TPMS structures. They21 computationally
analyzed the iWP surface, primitive surface, diamond surface,
and gyroid surface to find out flow and heat transfer
parameters along with their structural strengths. Their results
depicted that primitive surface TPMS has the lowest pressure

Figure 1. Different TPMS meshes and lengths of each triangle side dimension: (a) default mesh; (b, c, d) triangular meshes with averaged triangle
lengths of 1.5 mm, 1.0 mm, and 0.5 mm, respectively.
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drop and highest heat transfer rates. They also concluded that
the mechanical strength of porous TPMS is higher than those
of simple cubic porous structures. Ferroni et al.23 numerically
investigated the heat and mass transfer in lattice structures
(that can also be termed periodical open cellular structures,
POCS) such as tetrakaidekahedral and diamond lattice
structures. They23 discussed in detail the effect of morpho-
logical and flow parameters on heat and mass transfer across
the above-mentioned lattices and developed a power-law
correlation between Sherwood number and Reynolds number
for the Reynolds number range 1−128. In a similar fashion
Kaur and Singh26 compared gyroid and Schwarz-P TPMS
internals with tetrakaidecahedron lattice structures and found
that gyroid TPMS is more efficient in terms of heat transfer
rates when compared with the other two topologies.
The majority of the studies on internal structures that can be

3D printed either employed space-filling lattices or standard
TPMS structures. A solid that can have good mixing properties
(similar to TPMS) but a high surface area (as lattices) can be
beneficial for many operations. In this work, we report the
generation and the design of an open and porous TPMS
surface, generated by imprinting a 2D lattice of polygons on a
TPMS surface. These new TPMS solids are then employed to
carry out numerical simulations using CFD for the prediction
of pressure drop and heat transfer across them, and the results
obtained are validated with benchmark data available in the
literature.

2. GEOMETRICAL DESIGN
Triple periodical minimum surfaces are complex mathematical
functions that can be simplified by approximate trigonometric
functions. The Schwarz D surface20,22,27 can be described using
the following formula:

x y z x y z

x y z x y

z

sin( ) sin( ) sin( ) sin( ) cos( ) cos( )

cos( ) sin( ) cos( ) cos( ) cos( )

sin( )

· · · · · + · · · · ·
+ · · · · · + · · · ·

· = (1)

where ψ and δ are numerical factors to control the size of the
cells of the TPMS in x, y, and z coordinates, respectively. A
minimal surface is obtained when there is a zero on the RHS of
the equation, but other numerical numbers (δ) can be used to
generate similar surfaces. In this work, the TPMS and its
modifications were implemented in Grasshopper and Rhinoc-
eros 3D (McNeel & Associates, USA).28

The software generates an initial mesh aiming for an
accurate description of the shape, which for most TPMS
surfaces is achieved by using many triangles with very different
areas, particularly in the corners. While it is possible to use
such a mesh for modeling fluid flow through the channels of
the structure, the computational efforts required are increased
due to the initial size of the mesh. A possible strategy to reduce
the computational time is to remesh the TPMS as shown in
Figure 1, targeting to describe the TPMS surface with triangles
of a similar area. The meshes in this figure were generated with
a targeted constant side length for each triangle (for the
present examples, the dimensions of each triangle were fixed at
0.5, 1.0, and 1.5 mm). As also shown in Figure 1, the average of
the triangle side lengths is achieved, but there is still a
distribution of lengths because the surface cannot be
tessellated by equilateral triangles. There are a few triangles
that have a very small surface area that can still result in some

problems in modeling. Nevertheless, when these meshes are
compared with the initial one, it is possible to see that the
number of triangle counts has been significantly reduced
without losing the quality to describe the TPMS (unless very
few triangles are used).
An additional method to further homogenize the surface

area of each triangle is to “relax” the mesh. In this approach,
the triangles are allowed to slightly deviate from the TPMS
mesh to enforce the same side length for each face. An
explanation of this approach is given in section 1 of Supporting
Information (Figure S1).
The procedure presented above started as a mesh

optimization for the TPMS structures to reduce the computa-
tional time used to evaluate their momentum and energy
transfer. However, it was soon realized that the lines of the
mesh can be used as a guideline to generate solid structures,
like a cylinder (or n-sided parallelopiped). This procedure can
be done with any polygonal mesh and not only using triangles;
it is possible to produce a 2D tessellation of other regular
polygons using the TPMS surface as a guideline. A similar
approach can also be done using Voronois patterns. This
approach may eventually provide a better mechanical
resistance, but having cells of different sizes can generate
local spots of poorer heat transfer.
The generated porous TPMS will have a higher porosity

than the solid TPMS structures. Indeed, this approach provides
further parameters to control and custom-design TPMS
internals. Three important parameters for design are (1) the
number of elements of the mesh, (2) the shape of the polygons
used for the mesh, and (3) the shape of the struts. The
porosity of the generated TPMS structures can be calculated as

V

V
1

tpms

tpms voids
=

+ (2)

where Vtpms is the volume of TPMS structure and Vtpms+voids is
the combined volume of TPMS and voids.
All the structures studied in this work were shelled using an

external cylinder; hence all the geometries in the present study
are cylindrical, and an illustration is shown in Figure 2. The
design properties of these TPMS internals will be discussed in
detail in section 5.

3. COMPUTATIONAL DOMAIN
The different cylindrical TPMS internals generated in
Rhinoceros 3D were exported to ANSYS Spaceclaim 2022
R129 as STL files and placed within a cylindrical vessel (Figure
3) (a detailed schematic is provided in Figure S2 of Supporting
Information). All the internals designed in the present analysis
have the same dimensions: length = 20.0 mm, TPMS radius =
10.65 mm, thickness = 0.15 mm, and δ = 0 (in eq 1). The
cylindrical vessel/reactor in which internals are fitted has the
internal radius equal to the external foam radius such that there
is no bypass of fluid through the gap between the internals and
the vessel.
The length of the cylindrical vessel is taken as 45 mm. The

internals are placed at a distance of 20 mm from the inlet; i.e.,
upstream length is 20 mm, and the downstream length is 5
mm. The present study is focused mainly on near-field flow
dynamics; hence downstream distance is not elongated for
simulations. Detailed fluid domain and technical design of
TPMS with dimensions are given in Figure S2 of Supporting
Information.
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4. NUMERICAL FRAMEWORK
In the present problem, the flow is three-dimensional and
assumed to be laminar and incompressible. The fluid flowing
across the TPMS internals is air (Newtonian fluid). The
viscous dissipation is negligible, and the fluid has constant
thermophysical properties. With these assumptions, the
continuity, momentum, and energy equations for the unsteady
flow of air across the reactor are given by

1U 0· = (3)

1
11 1U

t
U U p v U( )

1
( )+ · = + ·

(4)

1T
t

UT T( ) ( )+ · = ·
(5)

where 1U is the velocity vector, T is the temperature, p is the
fluid pressure, v (=μ/ρ) is kinematic viscosity, and α (=k/
(ρCP)) is thermal diffusivity. At the inlet of the reactor,
uniform velocity is imposed and pressure outlet boundary
condition is imposed at the outlet. No-slip boundary condition
is applied at the walls. To calculate the rate of heat transfer
from TPMS to the working fluid, there must exist a
temperature difference between the fluid and the TPMS. In
the present study, a higher temperature is assigned to the
TPMS. The difference in temperature between the fluid at the
inlet of the reactor and the solid surface of the TPMS is small
(2 K) to be able to assume constant physical properties of the
fluid. When the uniform temperature is enforced on the solid
surface, the solid phase’s energy balance becomes unneces-
sary.23 So for the prediction of heat transfer rates, only the fluid
phase is considered for the energy balance. ANSYS Fluent
2022 R129 is used for carrying out simulations. A detailed
schematic of boundary conditions is provided in Figure S1 of
Supporting Information.
The heat transfer characteristics of 10 different TPMS

structures with different surface topologies are quantified using
the Nusselt number:

Nu
hD

k
tpms=

(6)

where is the diameter of TPMS, ḣ is the overall heat transfer
coefficient, and k is the thermal conductivity. The mean heat
transfer coefficient can be calculated as follows:

q hA T T( )W B= (7)

where q̇ is the heat transfer rate, A is the surface area of TPMS,
TW is TPMS wall temperature, and TB is the bulk fluid
temperature. The details of grid generation and grid sensitivity
analysis are provided in Supporting Information.
The convective terms in the governing equations are

discretized using a second-order upwind scheme.30 For
transient formulations, the first-order implicit method is
used. SIMPLE (semi-implicit pressure linked equations)
algorithm is used for pressure−velocity coupling. The
simulations are carried out using the transient approach,
though all the simulations reached a steady state in the present
work. The convergence criteria for flow and energy variables
are set as 10−8 and 10−10, respectively.

Figure 2. Different TPMS structures with imprinted polygonal arrays.

Figure 3. Computational domain with TPMS internal inside the
reactor.

Table 1. Design Properties of the TPMS Internals Produced in This Worka

model side length (mm) ψ (mm) relaxed porous area (mm2) volume (mm3) specific surface area (m−1) porosity, ε
1 0.50 0.50 no no 4274.1 312.9 13.65 0.952
2 1.00 0.50 no no 4308.2 307.9 13.99 0.953
3 1.50 0.50 no no 4355.0 300.8 14.47 0.954
4 0.50 0.50 no yes 5723.9 271.4 21.09 0.958
5 1.00 0.50 no yes 3513.2 147.6 23.80 0.977
6 1.50 0.50 no yes 2979.8 124.3 23.97 0.981
7 0.50 0.50 yes no 4287.1 311.4 13.76 0.952
8 1.50 0.50 yes no 4584.8 303.8 15.09 0.953
9 0.50 0.50 yes yes 5721.6 270.4 21.16 0.958
10 1.50 0.50 yes yes 3028.3 127.0 23.84 0.980

aAll the internals were produced with the same dimensions: length = 20.0 mm, TPMS radius = 10.65 mm, external foam radius = 10.8, thickness =
0.15 mm, resolution = 50, and δ = 0 (eq 1).
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5. RESULTS AND DISCUSSION

The main novelty of this study is the design of porous TPMS
structures generated by imprinting a 2D polygonal tessellation
over the TPMS surface. Ten solids were generated to evaluate
how the design influences the momentum and energy transfer

properties. The analysis is carried out by varying the Reynolds
number (Re) from 1 to 200. Three different side lengths for
the mesh triangles were used: 1.50 mm, 1.00 mm, and 0.50
mm. The results, in terms of design area and solid volume, are
presented in Table 1. When the solid is nonporous, reducing
the size of the triangles of the mesh results in a shape that

Figure 4. Pressure fields at Re = 200 across the TPMS (i) frontal view and (ii) top view.
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behaves more like a TPMS, the reason why the surface area
decreases (and volume increases) when the side length is
smaller. For porous TPMS, using a smaller length of the
triangles resulted in a higher surface area (and volume),
although the volume is always lower than the solid TPMS. It
can also be noted that when the porous solid is produced with
all triangles having the same surface area (relaxed mesh), the
volume is slightly increased. The reason is that the final shape
is produced deviating slightly from the TPMS surface. Detailed
pictures of these cases are shown in section 4 of the Supporting
Information.
5.1. TPMS vs Porous TPMS. In this work, 10 shapes were

produced. A list of the design properties is given in Table 1.
Details of some of the shapes are shown in Figure 2, while

images of all other solids are provided in the Supporting
Information (section 4).
For the solids created with the smaller triangle side lengths

(0.5 mm), there is a surface area increase of 33.6% with a
volume reduction of 13.8% which is very advantageous for an
internal. For the longest triangle side lengths (1.5 mm), there
is an area reduction of 29.3% but associated with a volume
reduction of 59.5%.
5.2. Estimation of Pressure Drop. The pressure drop

across a TPMS per unit of its length is calculated as

P
z

P P
l

Pd
d l

2 1= =
(8)

Figure 5. Velocity magnitude across porous and nonporous TPMS solids at Re = 200: (i) frontal view and (ii) top view.
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where P1 and P2 are the pressure at the inlet and outlet and “l”
is the length of the TPMS. P1 and P2 are calculated by finding
out the surface integral of static pressure at the points
constituting the inlet and outlet.
To verify and validate the present methodology for the

calculation of pressure drop, simulations were also carried out
across gyroid TPMS, and results are compared with the
pressure drop obtained by Kaur and Singh26 for gyroid TPMS
of 3 × 3 × 3 dimensions and a unit cell length of 2 mm under
similar operating conditions as implemented by Kaur and
Singh26 (Figure S5 in Supporting Information). The values
obtained have a deviation of less than 2% from the reported
values.26 Simulations were also carried out to compare the
pressure drop results obtained with diamond TPMS at an
average velocity of 0.01 and 0.1 m/s with similar dimensions
and operating conditions as employed by Zimmer et al.20 The
computational results of Zimmer et al.20 are matching closely
with the present simulation results as shown in Table S3 of the
Supporting Information. And they20 compared their results
with experiments and found them to be close enough; so by
extension the present results are also matching with their
experimental data.20 Hence, the methodology implemented in
the present study is considered suitable for carrying out
simulations on novel solid structures.
The pressure fields across the simulated volume for different

TPMS internals are depicted in Figure 4. The pressure fields
across six TPMS models are presented in Figure 4. Figure 4i
shows the frontal view of the vessel having porous TPMS
internals fitted inside it, and the Figure 4ii shows the top view.
It can be observed from Figure 4 that the pressure drop is not
depending on any irregularities in the column. There is no
change in pressure drop in the radial direction within the
TPMS structures once there is no local variation of the
porosity, as is the case with Schwarz-D TPMS.22 The complex
and irregular anatomy of TPMS structures introduces
tortuosity in the flow path. This results in periodic detachment
and attachment of fluid throughout the domain, causing
greater intracollision between fluid molecules and also between
the solid surface and fluid molecules. These continuous
collisions reduce the kinetic energy of the fluid molecules,
and this loss of kinetic energy is compensated by the pressure
energy of the fluid according to the classic energy conservation
principle. Thus, we observe a contribution to the drop in
pressure. This can also be comprehended by looking at the
velocity fields as shown in Figure 5. As the fluid passes through
the gaps in TPMS internals, the velocity magnitude increases,
but if we look at the pressure fields (Figure 4i), the pressure is
lower in the gaps.
Figure 6 depicts the pressure drop across different TPMS

internals at varying Reynolds (Re) numbers. As expected, the
pressure drop is increasing while increasing the Reynolds
number for all models of TPMS internals.21,26 With an increase
in Re, inertial forces become dominant and frictional resistance
to the flow increases, and the main contributor to this higher
pressure drop at higher Re is frictional pressure drop. The
lowest pressure drop is observed for model 6 and model 10;
their values are almost overlapping each other. Both model 6
and model 10 have the highest porosity of all the TPMS
models; they are porous and have a triangle side length of 1.5,
as can be observed from Table 1. Due to high porosity, the
friction between fluid layers and walls of TPMS reduces
substantially; hence the frictional pressure drop will be less,
ultimately reducing the overall pressure drop.

Pressure drop has an inverse relationship with porosity;31

higher porosity results in lesser overall drag which in turn
reduces the pressure drop.32 Models 6 and 10 are followed by
model 5, which also has comparatively high porosity and less
surface area (Table 1) than the rest of the models. The rest of
the TPMS internals have a slightly higher pressure drop in
comparison to models 5, 6, and 10. Their porosities are lower
in comparison to the aforementioned models, ranging from
0.952 to 0.958 (Table 1). The pressure drop is highest for
model 8 which has the less rounded surfaces and the one that
may deviate more from the pure TPMS surface. Less rounded
surfaces cause more pressure drop due to their nonstreamlined
structures; for example, a square or triangular shape object with
sharp corners placed in a cross-flow will cause greater
obstruction to flow in comparison to a circular object. Flow
separation occurs early when fluid passes through an object
with sharp corners and forms a recirculation zone at the
leading edges causing a higher pressure drag and ultimately
leading to an increase in pressure drop.
5.3. Heat Transfer Performance of Porous TPMS. Heat

transfer simulations are carried out for gas−solid heat transfer
in all the 10 models proposed in the present study.
Quantification of heat transfer across these porous TPMS
internals is important for heat management in several industrial
processes, more specifically in chemical synthesis.33,34Figure 7
shows the thermal field across the vessel in which TPMS
internals are placed. As was the case in the representation of
pressure drop and velocity magnitude, here also two slices are
obtained from the front and the top to get some insights into
the TPMS internals. From the temperature distribution across
the vessel, as shown in Figure 7, it can be said that sufficient
temperature gradients exist inside the TPMS internals for
substantial heat transfer between gas and solid. Due to the
complex structure of these novel TPMS internals, periodic
mixing and transmission of fluid are taking place, which is an
advantage in comparison to nonporous TPMS. The constant
alterations in the fluid course through the complex TPMS
structures lead to the breakage of the thermal boundary layer
and limit its thickness, which obviously will result in higher
rates of heat transfer.
The small pockets of cold fluid seen at the corners of models

2, 8, and 9 are recirculation zones30 which are also known as
dead zones in bluff body dynamics because fluid trapped in
these zones will not get mixed with the bulk fluid and there will
be no heat transfer between bulk fluid and these dead zones,
which is why some cold (blue) spots are observed inside these.
In some cases, it can appear in fluid regions past solid objects

Figure 6. Variation of the pressure drop as a function of Re for
different porous and nonporous TPMS internals.
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when the downstream distance (in this case distance from the
end of the TPMS to the outlet) is small, as is the case in the
present analysis. They also occur when there is some
disturbance in flow, which is obvious with the complex and
tortuous path of the present models.

Figure 8 depicts the variation of the Nusselt number (Nu)
with Re for different TPMS internals. All the TPMS internals
have a linear relationship with Re in terms of heat transfer
performance, which is quantified by the dimensionless heat
transfer coefficient, Nu.Models 6 and 10 have the highest value

Figure 7. Thermal fields across the TPMS at Re = 200: (i) frontal view and (ii) top view.
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of Nu at Re > 50. It is quite interesting as the pressure drop
across these two models is minimum at all values of Re, which
is already been discussed in section 5.2. In agreement with
previous studies,22,26 when the vessel is packed with a TPMS
internal, it has a higher heat transfer performance in
comparison to an empty pipe. The pipe has a constant value
of Nu at all values of Re, i.e., 3.657 as provided in the
literature.35

For TPMS-fitted cylindrical vessels, the values of Nu are
continuously increasing with Re. This again can be attributed
to their internal structure, which makes continuous confluxing
and disruption of the fluid path. In addition to the high surface
area to volume ratio of models 5, 6, and 10, the increment in
their Nu values can also be attributed to the more complex
piped structure of these models which induces tortuosity in the
flow, which when combined with fluid acceleration at higher Re
can cause higher mixing of fluid layers, and hence higher heat
transfer performance is achieved.
The Nu obtained with some of the novel TPMS internals

designed in the present study, with constant temperature
boundary condition and Pr = 6.97, is higher than those
presented in the literature such as Iyer et al.22 (Supporting
Information, Figure S6). The comparatively high Nu in the
present study with respect to Iyer et al.22 can be attributed to
the difference in the dimensions of the computational domain,
boundary conditions, and/or the topology of the TPMS. The
unit cell length of Iyer et al.22 in flow direction is 40 mm,
which is double the length of the unit cell employed in the
present study. Also in the present study velocity inlet and
pressure outlet boundary conditions are used at the inlet and
outlet, respectively, whereas Iyer et al.22 used periodic
boundary condition at the inlet and the outlet. Moreover, in
the present study, the geometric arrangement is cylindrical and
the results can be directly compared with the flow in a
cylindrical pipe with constant temperature boundary con-
dition.35 The Nusselt number obtained at a higher Reynolds
number for all TPMS structures in the present study is higher
than that of a cylindrical pipe with a constant temperature. The
two systems are compared (cylindrical pipe and pipe with
TPMS) to convey that if a TPMS structure is placed inside a
pipe for heat transfer at a higher Reynolds number, say Re >
75, then instead of heating the whole pipe, as is the case with
cylindrical pipe (3.657), only the TPMS structure can be
heated and a higher heat transfer can be achieved. Moreover, in
the case of cylindrical pipe Nusselt number is constant at all
values of the Reynolds number.

The simulations were also carried out using gyroid TPMS to
compare the results with the numerical analysis of Kaur and
Singh,26 under similar operating conditions. The heat transfer
coefficient obtained in our analysis is lower than the results
obtained by Kaur and Singh.26 For instance, at an average
velocity of 0.03 and 0.05 m/s, the average heat transfer
coefficient from Kaur and Singh is 8511 and 11023 W/(m2 K),
but our simulations estimate it to be 5465 and 7287 W/(m2
K), respectively. Our values match very closely with the values
reported by Iyer et al.22 under similar conditions. They
reported the average heat transfer coefficient of 5510 and 7380
W/(m2 K), respectively, at the average velocity of 0.03 and
0.05 m/s. The deviation between our values of the average heat
transfer coefficient and the values of Iyer et al.22 is less than
2%. The discrepancy between our predictions and the
predictions of Kaur and Singh22 can be attributed to the wall
thickness of the gyroid TPMS.22

Figure 9 summarizes the results obtained from the
simulations for all the shapes as a function of porosity (ε).

Although the graph is complex as it summarizes the results
over different topologies, it is possible to see that the porous
TPMS solids with higher porosity have a lower pressure drop
even showing increased heat transfer properties. Indeed, the
areal convective heat transfer coefficient (a product of heat
transfer coefficient h and surface area of TPMS (Atpms)) does
not have a monotonic trend with porosity while indeed it has a
maximum for porous TPMS solids with high surface area; the
maximum value is given by models 9 and 4 (ε = 0.958) that
have the highest surface areas of all solids studied.
From the simulations presented in this study, it is possible to

see that the novel porous TPMS architectures can be more
efficient than the solid TPMS shapes in separation and reaction
engineering. In terms of manufacturing, they consume less
material and in terms of operation, they result in a smaller
pressure drop while not affecting (or even enhancing) heat
transfer properties. The TPMS models corresponding to the
porosities depicted in Figure 9, with heat transfer coefficient
and surface area are presented in Table S4 of Supporting
Information.
The porous TPMS structures proposed in the present

analysis can be useful in the operation of catalytic reactors as
an alternative catalyst carrier. They have desirable properties
such as a very high surface-to-volume ratio, high heat transfer
characteristics, and lesser pressure drop which makes them
suitable for process intensification in catalytic reactors. These

Figure 8. Variation in Nusselt number with Re for different TPMS
internals.

Figure 9. Variation of pressure drop (hollow symbols) and areal
convective heat transfer coefficient (solid symbols) with porosity of
porous and nonporous TPMS at fixed Re = 200.
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TPMS structures can be very useful for heat management in
various exothermic as well as endothermic heterogeneous
catalytic reactions taking place in a catalytic reactor. They can
replicate isothermal behavior under huge heat loads due to
their continuous well-connected three-dimensional structure.
Also, hot and cold regions which are typically called spots in
catalytic-packed bed reactors can be prevented. These spots
particularly the hot ones are the main cause of sintering and
can make the catalyst redundant.36,37

6. CONCLUSION
We have designed a new type of structured packing based on
imprinting 2D polygonal tessellations over triply periodic
minimal surfaces (TPMS). With this methodology, it is
possible to increase the surface area while reducing the solid
volume. A CFD-based analysis is carried out over 10 different
solids to understand the pressure drop and heat transfer
through these novel TPMS structures at different Reynolds
numbers. Among the TPMS models in the present study, the
models with higher porosity (porous TPMS) have the lowest
pressure drop.
The Nusselt (Nu) number obtained by packing a cylindrical

vessel with TPMS internals is quite high in comparison to an
empty cylindrical pipe. The maximum increment in Nu using
present TPMS internals is around 343% at higher Reynolds
number. Porous TPMS with high surface area (models 9 and
4) have the highest areal heat transfer coefficient. In terms of
Nu (qualitative heat transfer) the most porous solids (models 6
and 10) are showing promising results due to their high surface
area to volume ratio. These solids need smaller volumes and
material to achieve very high performance in terms of both
pressure drop and heat transfer. This can be very useful for
optimizing energy and space requirements and can save
production costs in additive manufacturing.
It is concluded from the present study that in addition to a

higher level of mixing due to their disordered structure and
periodic alteration in the flow path, present TPMS models can
also be used for heat management with a lesser penalty in
pressure drop.
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■ NOMENCLATURE

Symbols
A surface area of TPMS
CP specific heat [J/(kg·K)]
Dtpms diameter of TPMS [m]
ḣ overall heat transfer coefficient [W/(m2·K)]
k thermal conductivity of fluid [W/(m·K)]
l length of the TPMS [m]
Nu Nusselt number of TPMS [−]
P fluid pressure [Pa]
P1 inlet pressure [Pa]
P2 outlet pressure [Pa]
ΔPl pressure drop per unit length [Pa]
q̇ heat transfer rate [W]
Re Reynolds number [−]
T fluid temperature [K]
TW TPMS wall temperature [K]
TB bulk fluid temperature [K]
1U fluid velocity [m/s]
Vtpms volume of TPMS [m3]
Vtpms+voids total volume [m3]
x, y, z Cartesian coordinates [m]
Greek Symbols
α thermal diffusivity [m2/s]
ψ numerical factor for size control of TPMS [−]
δ numerical factor for size control of TPMS [−]
ε porosity of TPMS structure [−]
ρ density [kg/m3]
v kinematic viscosity [m2/s]
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