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Structured packings are important elements to enhance mass and heat transfer in the chemical industry. New techniques

of manufacturing, like 3D printing, can create completely new families of solids used for this purpose. In this work the

effect of different 3D printing techniques in the manufacture of packings with triply periodic minimal surfaces (TPMS)

geometry was analyzed and the influence of different 3D printing techniques in the final properties of packings produced

with TMPS topologies, both numerically and experimentally, were studied.

Keywords: 3D printing, CFD, Pressure drop, Structured packing, Triply periodic minimal surfaces

Received: November 07, 2020; revised: December 23, 2020; accepted: February 09, 2021

1 Introduction

Process intensification of separation and reaction processes
can be achieved by increasing the internal contact area
[1, 2]. Such contact area can be used for promoting reac-
tion/adsorption, increasing mass transfer or heat transfer,
and is normally bounded by constraints in pressure drop.
Internal packings are used in almost all absorption and dis-
tillation processes to enhance gas-liquid contact. A com-
mon example practised for almost a century, is to pack col-
umns with structures like Raschig rings [3, 4]. These
structures fill the column homogeneously and render a
rather uniform porosity all across the column. For this rea-
son, although these packings may be manufactured with a
well-tailored design, it is possible to visualize them as a 1D
packing (due to uniform porosity and homogeneous heat
transfer properties). Novel designs of random packings can
achieve rather high surface area per volume but in such
cases, the main limitation is that they cannot be used at
high flowrates.

In 1940’s, structured packings were developed and since
then, they have dominated the market of packings [5, 6].
These structured packings are manufactured by joining sev-
eral 2D patterned sheets in parallel that are adapted to a
geometry by wrapping them up by an external network.
The different patterns render different properties of mixing
and of surface area. It is normal practice also to increase the

rugosity of the sheets to achieve higher surface area per unit
volume of solid. The major advantage introduced by these
2D structured packings was a much higher surface area per
volume of material for an equivalent pressure drop. Also,
the structured packings will not fluidize and thus can be
used at higher flowrates than the random packings. One
very good scenario of the dominance of structured packings
is in the three-way car catalysts, where only honeycomb
monoliths are used nowadays [7].

Given the enhancement of process intensification
achieved when moving from 1D packings to 2D packings,
we also expect that when using three-dimensional arrays,
better packing properties can be achieved. Additionally,
such 3D designs can also be tailored for using them as mass
transfer agents (like in absorption and distillation) or as
heat transfer elements in reactors in completely different
applications [8–14].

Three-dimensional (3D) printing consists in producing a
3D structure from a model, created in a CAD (computer
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aided design) software using mathematical equations, solid
modelling or from scans of imaging technologies. The
object to be manufactured is produced by depositing the
material layer-by-layer. This ‘‘positive’’ methodology for
constructing an object provides additional flexibility for
manufacturing when compared to existing ‘‘subtractive’’
manufacturing technologies. There are manufacturing limi-
tations in 3D printing, that depend strongly on the tech-
nique used. The statement that 3D printing can manufac-
ture all types of objects is perhaps overrated, but it is
important to stress that in most cases, the design of an
object can be tuned to be printable while keeping a large
portion of its features. An important benefit of 3D printing
is that when creating complex objects layer-by-layer, the
amount of waste is much smaller than the one obtained
when producing a similar object by subtractive techniques.
In this work, three different 3D printing technologies were
used to produce the same object: stereolithography (SLA),
selected laser sintering (SLS), and multi jet fusion (MJF).

Stereolithography (SLA) is based on the solidification of a
liquid resin by photo-polymerization using a laser. The res-
ins normally used are composed of polyacrylates and a
polymerization initiator that polymerize fast upon being in
contact with the laser. This technology is nowadays very
popular, and its cost has been dramatically reduced. It has a
good finishing, and it is possible to print in a scale of tens of
centimeters with a ~50 mm xy resolution.

Selective laser sintering (SLS) is another 3D printing tech-
nique that generates objects by sintering a powder with a
laser (fusing the material). The standard powders used are
thermoplastics like nylon or polyamide. The laser intensity
is modulated to ensure that the new layer is bonded to the
layer beneath and to facilitate that, the powdered bed is also
pre-heated. The xy resolution is also on the tens of microns.
SLS technology does not need to use supports to hold the
structures to be printed. This is an important advantage
once that many designs can be printed without generating
any rubbish and because the entire volume of the printer
can be used for printing objects.

Multi Jet fusion (MJF) is a 3D printing technique devel-
oped by HP where an ink (that acts as a fusing agent) is dis-
pensed on the powder that will constitute the solid. The ink
helps fusing the powder by promoting absorption of infra-
red light that is given by an external source. The material
used should also be a thermoplastic and the resolution is
thus given by the granulometry of the powder used, as in
SLS.

In this work small-structured packings (that can be fitted
in a one-inch external column diameter) based on a
Schwartz diamond TPMS function with different cell sizes
and thus rendering different porosities and surface area to
volume ratios are produced. Moreover, our target was to
evaluate the importance of the 3D printing technique in
producing the packings. We have measured pressure drop
through these packings for single-phase flow (air at 20 �C)
at different velocities addressing both laminar and turbulent

flow regimes. Simulations were also performed with com-
putational fluid dynamics (CFD) tools that provided
numerical data for comparison with the experimental
results in the laminar regime.

2 Experimental

2.1 Design and Manufacturing of TPMS Packings

Triply periodic minimal surfaces (TPMS) are mathematical
functions with zero curvature which means they are equally
concave and convex in all points. They represent a periodic
structure in three directions characterized by a continuous
geometry and connectivity of the sub-cells that constitute
the structure. These structures are inspired by natural
geometries and have good properties such as high porosity
and high mechanical strength. In 1970, Alan Schoen named
these structures, being the Schwarz primitive (P), Schwarz
diamond (D), and Schwarz gyroid (G) the most common.
The mathematical function of the Schwartz diamond is:
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where d is the wavelength of each of the diamond cells and
g is the iso-surface correction term, normally set to zero.
Reducing the wavelength results in smaller cells and thus a
higher surface area to volume ratio at the expense of a lower
bed porosity and thus a higher pressure drop. Once that a
surface with this function is obtained, it has to be thickened
with a width dimension (s) to obtain a packing with a finite
volume.

In this work, the TPMS were generated using the Axolotl
plugin for Grasshopper, which is a parametric toolbox in
Rhinoceros (McNeel & Assoc. USA). The plugin is based on
a volumetric modelling approach described in detail else-
where [15]. The plugin allows a rather straightforward gen-
eration of a variety of TPMS solids having a wavelength (d),
the thickness of the layers (s) and a resolution parameter as
the main variables. When the resolution parameter is
increased, a very smooth surface is obtained, at the expense
of the generation of very large files so a compromise situa-
tion should be reached. This compromise has a direct im-
pact on the final surface and volume of the solid also. An
example of the effect of the resolution parameter in the gen-
eration of a single cell of the diamond structure is shown in
Tab. 1. A visual representation of the single cells is shown in
the Supporting Information.

The design parameters for all the packings used in this
work were fixed. A domain radius of 10.45 and a length of
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19.6 mm were used with a voxel resolution of 0.2 mm. Three
different wavelengths were used: 8, 4 and 2 with the layer
thickness of 0.49, 0.48 and 0.47, respectively. The layer
thickness was slightly changed to fix the design porosity to
0.60, 0.70 and 0.80, respectively. The different modules were
manufactured with three different 3D printing techniques:
oligomeric material (clear resin in SLA (Formlabs 1+,
USA), SLS (PA12 in SnowWhite, Shareboot, Italy) and MJF
(Polyamide in HP, USA). Many different modules were pro-
duced by all the techniques and the results presented here
have very small variations with different samples (were
repeated at least twice). Images of the different modules
(20 mm length) are given in Fig. 1. The image of all the
modules is shown in the Supporting Information as well as
some experiments made to show reproducibility. Note that
we have also produced some larger modules with 40 and
60 mm length. The list of parameters used for the design of
all the packings is listed in Tab. 2.

2.2 Pressure Drop Measurements

The equipment used was inspired in other units published
elsewhere [16]. All the experiments were made with com-
pressed air from a distributed line at 20 �C. There are two
mass flow controllers (Bronkhorst, Netherlands) to control
the flow of air into the system in two different flow ranges:
0–4 SLPM and 0–50 SLPM. When the air exits the mass
flow controllers (1/4-inch tube), it expands to a one-inch
external diameter tube (21.1 mm internal diameter). After
the expansion point, a one-inch tube with a length of
0.67 m is used to stabilize the flow pattern before the place
where the packings are tested. Flow calibration was done
with modules of a HORIBA STEC bubble units for different
flowrates (0–1 SLPM, 0–10 SLPM, and 0–100 SLPM).

At the bottom of the column, a very porous metal mesh
is fixed to hold the structures to be measured, although in
this case is not required. The pressure drop of this mesh is
18 Pa at a velocity of 2 m s–1, which is much smaller than
the results with any of the samples used. A differential pres-
sure sensor (Testo 435-4) is used to measure the pressure
drop before the metal mesh and after the column where the
packings are placed. A picture of the unit is given in the
Supporting Information.

The measurements of pressure drop reported were col-
lected in the superficial velocity range between 0–2.0 m s–1

and values were taken after at least one minute of constant
reading.

3 Mathematical Modelling

CFD is a reliable and powerful complement to experimental
techniques with important advantages like the flexibility
and easiness to perform parametric studies at low costs, and
the ability to produce relevant information with a higher
level of detail and for very short time intervals. As a conse-
quence, these numerical techniques have extensively proven
their utility, not only in fundamental studies – e.g., in sub-
jects like multiphase flow hydrodynamics [17] and heat and

mass transfer [18] – but also in
works with a practical nature
such the ones involving the
design and characterization of
structured packings [19, 20].

Regarding CFD packages, for
different reasons, users can choose
to use commercial or open-source
packages. To demonstrate that the
generic approach of applying CFD
modelling before manufacturing
is not restricted to one of these op-
tions, simulations with COMSOL
Multiphysics� and OpenFOAM�

were performed.
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Table 1. Effect of the design parameters of diamond TPMS in
surface properties and file size.

Wavelength
d

Resolution Thickness s Surface
area

Volume File
size

[mm] [mm] [mm] [mm2] [mm3] [kB]

7 0.45 0.25 149.99 19.87 121

7 0.40 0.25 151.39 23.59 156

7 0.30 0.25 160.74 26.55 270

7 0.20 0.25 173.37 28.91 669

7 0.15 0.25 179.46 29.94 1211

7 0.10 0.25 185.79 31.00 2796

8 0.20 0.49 243.60 82.46 922

4 0.20 0.47 53.16 8.60 212

2 0.20 0.48 6.90 0.42 32

Figure 1. Diamond TPMS packings produced with a) SLA, b) SLS, and c) MJF. The solids have a
diameter of 20.9 mm and a length of 19.6 mm.
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In this work, CFD simulations of gas flow through a tube
with 3D printed packings were performed for different aver-
age inlet velocities in laminar flow conditions. The govern-
ing equations applied to describe the system were the
momentum and continuity equations (for incompressible
flow) already implemented in both packages:

¶u
*

¶t
þ � u

*

u
*

� �
¼ ��pþ n� �u

*

� �
(2)

�u
* ¼ 0 (3)

where u
*

denotes the velocity vector, p is the kinematic pres-
sure (P/r) and v is the kinematic viscosity (m/r). The
numerical details of the simulations are disclosed in the
Supplementary Information.

4 Results and Discussions

4.1 Effect of Manufacturing

The packing units were designed with selected thickness
parameters so that they can be manufactured with different
3D printing techniques (even on existing technological plat-
forms). Moreover, the designs used in this work are directly
scalable to larger modules. One of the purposes of the work
was to understand the limitations of each 3D printing tech-
nology and the impact of the obtained properties in the
packing materials. The solids with a length of 20 mm pro-
duced with the different printing techniques are shown in
Fig. 1.

When the models are produced by stereolithography, they
need supports. If the support removal is not done carefully,
the small damages in the structure will result in a solid with

slightly different properties as what is expected. This is
more notorious in the solids with a smaller wavelength and
in smaller structures. This can be improved by scaling up
the models or alternatively, by adding an external wall. On
the other side, the solid walls of the structures produced by
SLA are smoother than the solids produced with SLS and
MJF. The rugosity of the samples produced with the
different techniques is shown in the Supplementary In-
formation. In the samples printed with SLA it is possible to
see the line-by-line production process with rugosities of
± 30 microns. It is fair to say that the results used in this
work were produced with a rather old SLA printer. Results
with an updated SLA printer (Form 3) produce much
smoother parts as can be seen in the Supplementary Infor-
mation. In the case of SLS and MJF the particles of the poly-
mer are melted to form the objects and they are only parti-
ally melted in the superficial layer, bringing the rugosity to
higher values in the order of ±40 microns.

4.2 Estimation of Pressure Drop Using CFD
in Laminar Flow

One of the main advantages of using additive manufactur-
ing for the design of packings, is that a CAD (or equivalent)
file has to be done prior to manufacturing. This file can be
used for modelling the performance of the design before is
manufactured. There is different software that allow predic-
tive modelling based on CAD designs to be used for 3D
printing manufacturing and all have their pros and cons.
The purpose of this work is not to disclose advantages or
disadvantages of any particular software, but to highlight
the flexibility of the approach of modelling before manufac-
turing. In this work, we have used OpenFoam and Comsol
Multiphysics and simulations are in good agreement
between the different software and also with the experimen-
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Table 2. Design parameters used to produce diamond TPMS packings with different 3D printing techniques: SLA, SLS, and MJF.a)

Sample 3DP Length+ d s ec
design ec

exp b) as Area VS

[mm] [mm] [mm] [–] [–] [m2m–3] [mm2] [mm3]

1 SLA 20.20 8.0 0.49 0.798 0.767 522.9 3583.39 1384.33

2 20.27 4.0 0.47 0.705 0.577 865.5 5931.73 2020.39

3 20.11 2.0 0.48 0.605 0.373 1071.1 7345.23 2706.56

4 SLS 20.16 8.0 0.49 0.798 0.797 522.9 3583.39 1384.33

5 20.22 4.0 0.47 0.705 0.695 865.5 5931.73 2020.39

6 20.23 2.0 0.48 0.605 0.602 1071.1 7345.23 2706.56

7 MJF 19.96 8.0 0.49 0.798 0.828 522.9 3583.39 1384.33

8 19.80 4.0 0.47 0.705 0.721 865.5 5931.73 2020.39

9 19.98 2.0 0.48 0.605 0.639 1071.1 7345.23 2706.56

a) The values reported are for design length of 19.6 mm and radius of 10.45 mm and resolution of 0.2 mm per voxel side. b) The value
reported is experimentally measured.
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tal data. From the pressure fields data, it was extracted the
values for cross-section sliced immediately before and after
the packing region. The average pressure was calculated for
each of these slices and the difference between them gives
the numerical result of the pressure drop through the pack-
ing module. This post-processing procedure was repeated
for all simulated systems. In Fig. 2 the pressure and velocity
vector fields are shown for the diamond TPMS with a wave-
length of 2 mm (used for samples 3, 6 and 9).

4.3 Measurement of Pressure Drop in Different
Packings

The experimental results of pressure drop at different gas
superficial velocities in the different samples is shown in
Figs. 3 and 4. Note that the results in Fig. 3 are grouped ac-
cording to the wavelength function and presented for the
different techniques used. In Fig. 4, the results are arranged
with a fixed function wavelength for the different 3D print-
ing techniques. The log-log scale used in Fig. 4 is also shown
to enhance the visualization in the low gas velocities region

(laminar flow). In this figure, the results obtained by CFD
are also included as the theoretical predictions. The pres-
sure drop obtained in these TPMS structures is slightly
higher than the one obtained using cubic lattice structures
[10, 11]. This was expectable and should be counter-bal-
anced with a higher degree of mixing obtained in the TPMS
surfaces.

As mentioned before, each of the experimental tech-
niques is subjected to an error. In this case, the experimental
errors of 3D printing can be quantified in terms of packing
porosity and in terms of rugosity. Measuring the porosity
(in this case measuring the solid volume) using simple
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Figure 2. Pressure (upper figures) and velocity magnitude (low-
er figures) fields for the simulation with Model 3 packing and
an inlet velocity of 0.1 m s–1. The fields concern the views from
two longitudinal cuts: frontal (left figures) and diagonal (right
figures).

Figure 3. Pressure drop as a function of velocity for diamond
TPMS packings produced with a) SLA, b) SLS, and c) MJF.
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techniques like water displacement, may be dangerous in
case the sample is slightly porous. We have measured the
displacement volume in a highly viscous oil that is not sup-
posed to interact with any of the polymers used. The experi-
mental values are reported in Tab. 2 and as can be seen, dif-
fer significantly for the different technologies used. In all
the cases, the porosity is SLA < SLS < MJF. It should be
noted that the results with a recent SLA machine may differ
particularly due to an improved resolution in the machine
and more controlled strategy for placing support structures.
The results in the pressure drop are very sensitive to the

porosity of the materials and thus the pressure drop
obtained is normally higher for SLA materials followed by
SLS. In the case of the samples with the smaller cells, the
results with MJF are quite much smaller than with the other
technologies and is again, due to the smaller porosity of the
samples. On the turbulent regime, the experiments will also
be able to reflect the rugosity of the sample [21]. In this
case, it is also possible to see that the rugosity of the pack-
ings prepared with SLA are smoother than the other sam-
ples as shown in Fig. 2 and that is reflected in the pressure
drop measurements.

There are several lessons to take from this study. The first
one is that the large difference of the porosities obtained is
related to the manufacturing technique but also, to a certain
extent, to the design. In this case, a side voxel of 0.2 mm
was used. Perhaps a larger file with 0.1 mm should be used
for the manufacturing process, so that the slicing accuracy
and the file dimensions at the xy coordinates are in agree-
ment. The manufacture itself has several variables that
should be optimized before producing TPMS solids that
can also have a strong influence in the packing porosity.
Ultimately, these variables have to be combined with corro-
sion studies for a given application and then decide which
technique to be used and how the particular packings can
be improved.

5 Conclusions

Structured packings with triply periodical minimal surfaces
(TPMS) were designed and manufactured using three dif-
ferent type of 3D printing techniques: stereolithography
(SLA), selective laser sintering (SLS) and multi jet fusion
(MJF). Designs with three different porosities and surface
area to volume ratio were done. The files used for the pro-
duction using 3D printing technologies were also used for
determining pressure drop in the laminar flow region. The
produced packings were characterized in terms of rugosity
and porosity. The porosity of the samples for the same files
was always SLA < SLS < MJF. The rugosity also follows the
same trend with the packings produced by SLA being
smoother than the other units. We have used computational
fluid dynamic simulations in two different software to dem-
onstrate the generic approach of predicting before manufac-
turing can be applied to the design of such packings. More-
over, the experimental data obtained is in agreement with
the simulation results in the laminar flow regime.

This work intends to communicate that the different 3D
printing techniques do not only have material’s variability,
but also that the manufacturing techniques and the parame-
ters for manufacturing should be well known before achiev-
ing a final product to be used for a given application. What
is possible to observe in this study is that with simple geo-
metric solids known from many years, it is possible to
obtain very high surface area to volume ratios at high
porosities.
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Figure 4. Log-log plot of pressure drop as a function of velocity
for diamond TPMS packings produced with wavelength of
a) 8.0 mm, b) 4.0 mm, and c) 2.0 mm.
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Symbols used

p [m2s–1] kinematic pressure
u
*

[m s–1] velocity vector
v [m2s–1] kinematic viscosity

Greek symbols

g [mm] iso-surface correction term
d [mm] wavelength of each diamond cell
m [Pa s] gas viscosity
r [kg m–3] gas density

Abbreviations

CFD computational fluid dynamics
MJF Multi Jet Fusion
SLS Selected Laser Sintering
SLA Stereolithography
TPMS triply periodic minimal surfaces
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