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Abstract

Metallic open-cell foams have desirable properties such as high porosity, specific area and tortuosity.
These features are suitable for the improvement of heat exchanger performance as it allows higher heat
transfer rates for the same volume when compared with traditional geometries. With the development
of additive manufacturing the opportunity to tune porous media geometry has emerged and it is
now possible to use complex topologies as triply periodic minimal surfaces. Triply Periodic Minimal
Surfaces are mathematically defined surfaces, infinite in 3-D space, that minimize local mean surface
curvature for a given boundary and can divide space in two continuous regions intertwined with one
another with smooth curvatures and no edges or angles rendering them suitable candidates to newly
engineered porous media to enhance heat transfer while minimizing pressure drop. To evaluate its
properties detailed solutions of the Navier-Stokes equations were obtained for periodic 3-D cells based
on the Schwarz-P, Schwarz-D and Schoen Gyroid topologies with different wall thicknesses. The inertial
regime was described, and transition Reynolds numbers were obtained. Pressure drop was calculated
using Darcy-Forcheimmer law and friction factor. To assess heat transfer capabilities effective thermal
conductivities and constant wall temperature Nusselt numbers were obtained. Finally heat transfer,
pumping power and material use efficiency were compared with the benchmark case of the flat plate.
Keywords: porous media, triply periodic minimal surfaces, laminar flow, convective heat transfer,
heat exchangers

1. Introduction

Heat exchangers have a crucial role on the effi-
ciency of numerous applications such as automo-
tive and aerospatial industries, food and chemical
industries, power production, manufacturing indus-
tries and air quality equipment to name a few and
nowadays increase in performance of the equipment
is crucial. In the later years thermal improvement
has been investigated based on the use of extended
surfaces, that includes porous media, to increase
the surface-to-volume ratio, at the expense of in-
creased pressure drop and in heat exchangers the
use of metal foams has been investigated due to
structural strength allied high thermal conductiv-
ity. Understanding all the phenomena of fluid flow
and heat transfer in porous media is a difficult task
due to the geometric complexity and random ori-
entation of the solid phase. This difficulty in ana-
lytical and computational studies has been tackled
with the analysis of idealized geometries [12, 11] and
volume averaged equations over a representative el-
ementary volume although in the laminar regime
it is enough to define volume averaged character-
istics such as porosity, permeability and form drag
coefficient to describe the fluid flow based on Darcy-

Forchheimer law. Regarding the heat transfer two
approaches are available depending on the problem
in hands. When the local temperature differences
between solid and the fluid phases are negligible the
thermal properties can be averaged over both do-
mains, and therefore results in a single energy equa-
tion and an effective thermal conductivity (keff ) is
defined accounting for both phases. Mendes et al.
[12] investigated various methods for prediction of
keff and concluded that when the ratio between the
conductivities of the fluid and the solid domains are
very small keff can be approximated by keff of the
solid phase only. When the local temperature dif-
ferences between phases are significantly different
there is the need of a two energy equations model,
for the solid and the fluid domains separately and
it is necessary to define of convection heat transfer
coefficients [16].

Triply Periodic Minimal Surfaces (TPMS) are
mathematically defined surfaces, infinite in 3-D
space that minimize local mean surface curvature
for a given boundary [14, 1]. This kind of surfaces
can divide space in two continuous regions inter-
twined with one another with smooth curvatures
and no edges or angles [8]. While minimising sur-
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face area, TPMS present the opportunity to create
new lightweight yet stiff structures for several ap-
plications [1], and several authors have investigated
their properties. Abbueida et al.[2] investigated me-
chanical properties of TPMS experimentally and
numerically and also made finite-element simula-
tions to obtain electrical/thermal effective conduc-
tivities of several TPMS, including the ones stud-
ied in this work, for several wall thicknesses and
compared with plate, fibres and particle reinforced
composites. Guest and Prévost [6] made an opti-
mization study that achieved a surface similar to
Schwarz-P surface with an algorithm to maximize
permeability of microstructures. Femmer et al. [5]
created several micro heat exchangers with four dif-
ferent TPMS working in cross-flow and analysed the
thermal performance in low Reynolds regime (up to
Re = 12) and reported promising results as far as
heat transfer and effectiveness, although pressure
drop across the heat exchanger was predicted using
numerical simulation.

The goals of this work is the evaluation and
comparison of metal foams properties (permeabil-
ities, form-drag coefficients, keff , Nusselt num-
bers, friction factors and effectivenesses) based on
the Schwarz-P (SP ), Schwarz-D (SD) and Schoen-
Gyroid (G) topologies with different wall thick-
nesses by means of detailed solutions of the 3-D
Navier-Stokes equations in 3-D periodic cells using
the Star-CCM+r code.

2. Background
2.1. Volume averaged governing equations
At microscopic scale the continuity, momentum
transport and energy equations can be used if
a representative number of pores are considered,
and hence, macroscopic information can be post-
processed for a Representative Elementary Vol-
ume (REV) [15]. Considering a saturated porous
medium with a single fluid phase the application of
the Volume-Average theorem to the Navier-Stokes
equations results in the equations [15]:

∇· 〈 #�v 〉 = 0 (1)

ρ
∂〈 #�v 〉
∂t

+ ρ〈 #�v 〉f∇ · 〈 #�v 〉f +
ρ

φ
∇(〈 #�v̂ #�
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1
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∫
Asf

(−p̂+ µ∇ #�
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From the work of Kuwahara et al. [10], there
are 2 models for volume-averaged energy equations.
If the flow regime is under low Péclet numbers
(Pe = RePr), we can assume local thermal equilib-
rium, 〈T 〉f = 〈T 〉s = 〈T 〉, and therefore is possible

to combine the fluid and solid equations into a sin-
gle equation that treats the two phases as a single
medium [9]:

(ρC)eff
∂T

∂t
+ ρfCp 〈 #�v 〉 · ∇T = ∇ · (keff∇T )

(3)

where (ρC)eff is the effective heat capacity of the
solid and fluid phases combined. According to
Mendes et al. [12] for low kf , keff can be approx-
imated by the effective thermal conductivity of the
solid phase only, keff,s. Taking a cubic unit cell
with side Lr, keff is given by:

q′′ = keff
TH − TC

Lr
(4)

where q′′ is the average steady-state heat flux in
x1 direction. A temperature difference of TH − TC ,
with TH > TC , is applied in the x1 direction and
the remaining four boundaries are considered adia-
batic. If the hypothesis of local thermal equilibrium
breaks down, two equations are needed to account
for energy in the solid and fluid phases. This two-
equations model has been presented in the literature
has it follows [10]:

φρfCp

[
∂〈T 〉f

∂t
+ 〈 #�v 〉f · ∇〈T 〉f

]
=

∇ · (keff,f · ∇〈T 〉f ) + hsf asf (〈T 〉s − 〈T 〉f ) (5)

(1− φ)ρsC
∂〈T 〉s

∂t
=

∇ · (keff,s · ∇〈T 〉s)− hsf asf (〈T 〉s − 〈T 〉f ) (6)

where keff,f and keff,s are the effective thermal
conductivities tensors of the fluid and solid phase re-
spectively, asf = Asf/V is the specific surface area,
and hsf is the interfacial convective heat transfer
coefficient. keff,f , keff,s and hsf have to be deter-
mined.

2.2. Empirical flow model
For internal flows the Reynolds number is based
on the mean tube velocity and the diameter or hy-
draulic diameter but for porous media there is no
consensus among authors on either the velocity used
or the characteristic length and this makes it diffi-
cult to choose a Re to compare and validate re-
sults. Following the work of several authors [15, 3]
the characteristic length used on this work is th hy-
draulic diameter defined by:

dh =
4 φ

asf
(7)
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where φ is the porosity. The Reynolds number is
defined by:

Re =
ρ vp dh
µ

(8)

where vp is the pore velocity and is related to the
Darcian velocity by vd = φ vp. The flow through
porous media can be divided in four distinct flow
regimes [3]:
• Re < 1, Darcy or creeping regime - laminar

steady
• 1–10 < Re < 150, moderate Forchheimer (or

inertial) regime - laminar steady
• 150 < Re < 300, strong Forchheimer (or iner-

tial) regime - Laminar unsteady
• Re > 300, Turbulent

The scope of this work lays in the inertial regime
where the effects of inertia and form-drag are con-
sidered and the pressure drop is related to the su-
perficial velocity with the Darcy-Forchheimer law.

∆p

L
= − µ

K
vd −

ρ cf√
K

v2d (9)

2.3. Heat transfer in internal flows
In internal flow it is usual to define pressure drop in
the dimensionless form given by the Darcy friction
factor (f) defined by:

f =
∆P

1
2 ρ v

2
p

L
dh

(10)

Regarding the thermal boundary condition at the
wall, according to Shah and London [13] if the wall
conductivity ks in the axial and peripheral direc-
tions are high enough to be considered infinite, in
the radial direction ks can be an arbitrary value
that the proper boundary condition to use is con-
stant temperature. To characterise heat transfer
across the wall it is needed the convection heat
transfer coefficient (h) and its dimensionless form
the Nusselt number (Nu). For convection heat
transfer definition, h is given by:

h =
q′′

∆TLM
(11)

where ∆TLM is the mean-log temperature differ-
ence. This definition although it does not enter
directly in volume-averaged energy equations, it al-
lows the comparison of h of porous media with other
internal flows as the case of the flat-plate and this is
the definition used in this work. With the definition
of h established, Nu is defined by:

Nux =
h x

kf
(12)

where x are the characteristic lengths use in this
work the hydraulic diameter dh or the periodic

length L. The effectiveness (ε) relates the actual
heat transfer rate for a heat exchanger to the maxi-
mum possible heat transfer rate accounting only for
convection. This is defined as:

ε ≡ Tin − Tout
Tin − Ts

(13)

For high enough Pe numbers it is a valid approxi-
mation but for Pe < 30 this assumption no longer
holds due to the axial conduction mechanism along
the fluid domain, not taken into account.

3. Implementation
3.1. Surface creation

The geometry creation starts with the generation of
TPMS using the software Surface Evolver to obtain
stl files. Afterwards the surfaces are transferred to
the software Solidworksr to be thickened and create
the fluid counterparts. Finally the wall and fluid
domains are transferred to the CFD software Star-
CCM+r for simulation.

(a) (b) (c)

Figure 1: TPMS analysed in this work: SP (a), SD
(b) and G (c).

3.2. Numerical model

After the domain is imported into Star-CCM+r

a finite volume mesh is built with polyhedral cells
and prism layers in the fluid solid interface. For
the physical models, for both the fluid and solid do-
mains the following assumptions were made: steady
state incompressible flow with constant properties
and heat transfer. All the simulations were made
with ρ = 1 kg/m3, µ = 2 × 10−5Pa · s and
k = 0.01 W/m K as fluid properties and C =
903 J/kg K and k = 237 W/m K as solid proper-
ties. For boundary conditions fully developed flow
interfaces normal to the x direction were with pre-
scribed bulk temperatures of Th,in = 363 K in the
hot channel and Tc,in = 293 K in the cold chan-
nel, and periodic pairs of internal interfaces in the
boundaries normal to the y and z directions. The
solid walls have no-slip condition at the fluid-solid
interfaces, are adiabatic in the boundaries normal
to the x-direction and have periodic interfaces in
the boundaries normal to the y and z directions.
The convergence criteria was set at a value of 10−7

for all the residuals as negligible variations in the
measured quantities were verified.
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3.3. Verification and validation
In the verification process a grid independence
study was executed on a REV of a unit cubic cell,
12mm x 12mm x 12mm, composed of a solid do-
main modelled after the G surface and two fluid
domains. The cell was designed to have 70% to-
tal porosity and constant wall thickness of 1.2mm.
For grid convergence evaluation it was calculated
f and Nudh

were calculated at Re = 25 for 8 dif-
ferent meshes. From Figures 2(a) and (b) it can
be inferred that there are no significant differences
between the last two meshes in terms of pressure
loss and heat transfer. In fact from mesh 7 to mesh
8 there is only difference of 0.26% in terms of the
averaged Nudh

of the two channels and -0.05% for
the friction factors averaged between the two chan-
nels. Comparing the results for each channel inde-
pendently, the difference between them is of 0.03%
for the Nu and 0.01% for the friction factor.
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Figure 2: Results of grid convergence for Re = 25:
Nudh

(top) and f (bottom).

For the code validation, 2D simulations of a
flat plate heat exchanger were performed. On the
top and bottom walls periodic boundary conditions
were used, the flow was made fully developed to
obtain the fully developed pressure drop along the
channel and heat flux through the walls. The walls
boundaries normal to the x-direction were assumed
adiabatic.

In the Figure 3 (b) it is shown the evolution of
f with Re in one of the channels and the curve
fits perfectly with the theoretical curve described by
f = 96/Re with the difference between the simula-
tions and the theoretical curve being of 0.03% on all
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Figure 3: Results of grid convergence for Re = 25:
Nudh

(a) and f (b).

points. With respect with Nudh
the results of the

simulations compare very well with the theoretical
values referred by Shah and London [13] with Nudh

tending towards the constant value of 7.54 for large
Pe, as it should for the constant wall temperature
case and for Pe < 50 the effects of axial conduc-
tion along the fluid become more pronounced and
the effect on Nudh

is notorious by its increase with
lower Pe.

4. Results

An example of domains used can be seen in Figure
4. After a first post-processing of the results, it was
chosen to evaluate the effect of wall thickness on
SD and G surfaces and it was created the SDt and
Gt cases with t/L = 1/30. In Table 1 it can be
found the relevant geometric features of each case.
It is noted that due to the complementary nature
of TPMS, φc and φh corresponds to the porosity of
cold or hot channels respectively and φc + φh = φ.
The wall volume Vs it is also listed in Table 2 as
a reference of the material used in manufacturing.
In the first four geometries analysed the same wall
thickness was used, given by the parameter t/L, but
due to topology differences, different values of φ are
obtained for each surfaces.

4.1. Effective thermal conductivity

Considering only the solid domains, keff was cal-
culated for the three topologies using the equation
(4). The results are resumed in Figure 5 where it is
plotted the evolution of keff/ks with φ. The plot
also presents the results of SP and SD surfaces cal-
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(a) (b)

(c) (d)

Figure 4: Geometric domains of G unit cell: Unit
cells of cold fluid channel (a), unit cell of hot fluid
channel (b), unit cells of intertwined fluid domain
(c) and the full REV(d).

Table 1: Geometric properties of the topologies
analysed.

Type t/L φc,h φ (asf )c,h asf (dh)c,h
[m−1] [m−1] [mm]

Flat 1/10 0.4 0.8 166.667 333.333 9.60
plates

SP 1/10 0.384 0.768 190.138 380.275 8.08
SD 1/10 0.312 0.624 300.189 600.378 4.16
G 1/10 0.349 0.698 247.972 495.943 5.63

SDt 1/30 0.436 0.872 318.487 636.973 5.48
Gt 1/30 0.449 0.898 256.944 513.889 6.99

Table 2: Material volume used at the wall.

Geometries Vs [×10−7 m3]

Flat plates 3.456
SP 4.015
SD 6.499
G 5.219

SDt 2.209
Gt 1.768

culated by Abueidda et al. [2], with proper scaling,
and the results of anisotropic foams calculated by
Mendes et al. [12]. As seen in Figure 5 the SP
and G surfaces have the highest values of keff/ks
with both curves being almost coincident. This is
validated when comparing the curves of SP and G
obtained in this work with the results of Abueidda

et al. [2]. The results of keff/ks for the SD sur-
face are 10% lower than SP and G but significantly
different from the results of Abueidda et al. [2]. In
their work, it was reported low connectivity at the
boundary of the unit cell as the cause of low val-
ues and this may be due to the use of the surface
inserted in rhombic dodecahedron unit cell rather
than in a cubic unit cell. Comparing the results
with the calculations for anisotropic foams made by
Mendes et al. [12] it can be seen that, for the same
porosity, TPMS present far superior performance.

φ
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

k
ef

f
/k

s
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0.1

0.2

0.3
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SD
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SP, Abueidda et al.

SD, Abueidda et al.

Anisotropic foams, Mendes et al.

Figure 5: Effective thermal conductivities.

4.2. Flow Analysis
The flow through the SP topology is dominated by
two main features: the contraction area and the
recirculation bubbles, as seen in Figure 6. The con-
traction area creates preferred flow lanes, as the flow
across aligned tube banks referenced by Incropera
et al. [7], and the rest of the volume remains at
wake of the wall as it can be seen on Figure 6. Due
to this flow arrangement, the surface is not used to
the full extent and the effective contact between the
fluid and the wall changes with the size of the recir-
culation zones. The size of the recirculation zones
increase from Re = 5−25 and remain constant until
the transition. After Re = 75 the flow begins to os-
cillate and transits to the laminar unsteady regime.

Figure 6: SP streamlines across three REVs for
Re=5.

The SD surfaces create structures similar to a di-
amond cubic crystalline with its voids that allows
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five connection points per unit cell in each channel
were the flow can mix. Until Re = 45 − 60, the
flow in this mixing regime follows perfectly the ar-
rangement described above and, due to the mixing
in the connection points, the flow creates homoge-
neous temperature field. Between Re = 50−60 and
up to Re = 75− 100, due to inertia, the flow starts
to deviate from the crystalline structure and cre-
ates preferred flow lanes, as in the SP surface, that
lower the increase in heat exchanged. This tran-
sitional laminar regime depends on the wall thick-
ness, where thick walls push the transition regime
towards lower Re, and thinner walls have the tran-
sitional regime at higher Re. This is verified by the
wall thickness study made where for t/L = 1/10 the
transitional regime is between Re = 50−75 and for
t/L = 1/10 it stands at Re = 60 − 100. After
the transitional regime, the flow is completely dif-
ferentiated and in each channel it is possible to see
distinct flow lanes with very little mixing between
the two. This evolution is represented by Figure
7. Heat transfer, although continues to increase, it
does so but at a lower pace as comparing with the
mixing regime. For either thick or thin versions of
the surface transition to laminar unsteady regime
occurs at Re = 150.

(a) (b)

(c) (d)

Figure 7: SD streamlines for Re=10 (a), Re=50
(b), Re=75 (c) and Re=125 (d) seen perpendicu-
larly to the axial direction from left to right.

The flow through G surfaces is divided in two
streams on each channel twisted along the axial di-
rection. In Figures 8 (a) and (b) it is possible to see
the evolution of tangential velocity with increasing

Re. The flow maintains the structure with increas-
ing Re up to Re = 75 where the abrupt change
in direction seen at the interfaces between the two
streams and the wall give way to vortices as in Fig-
ure 8(b). After Re = 75 the flow becomes unsteady.

(a) (b)

Figure 8: G streamlines at the cold channel for
Re=5 (a) and Re=75 (b).

4.3. Pressure Drop
In order to use a simplified porous media models in
CFD, the results of pressure drop from the simu-
lations were fitted to Darcy-Forchheimer law with
the least square method, and the values for perme-
ability and form-drag coefficient present on Table
3 and Figure 9 were obtained. Table 3 shows that
SP surface, due to low contact with the wall, has
the highest permeability and the lowest form-drag
of the three surfaces analysed, with the same wall
thickness. This is in agreement with the results of
Guest and Prévost [6] although their results were
obtained only for the creeping flow regime. Com-
paring the coefficients of G and SD surfaces, one
can see that the permeability of SD is almost half
of that for G and although the form drag of G is
higher than that of SD, the latter surface has higher
pressure gradients as seen in Figure 9.

Table 3: Permeability and form-drag coefficients for
TPMS.

Geometry t/L K [×10−8 m2] cf

SP 1/10 18.98 0.175
SD 1/10 6.55 0.599
G 1/10 12.88 0.714
SDt 1/30 13.66 0.244
Gt 1/30 23.42 0.409

Comparing the pressure gradients of SD and G
surfaces with the respective thinner counterparts
(SDt and Gt), the thinner versions of the surfaces
have more linear pressure gradients due to the lower
tortuosity induced by the wall and higher hydraulic
diameters. These correlations tend to deviate from
the numerical results at lower Re. For SP surface
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the correlation overestimates pressure gradient by
13% at Re = 5 and for SD where the underesti-
mations reach 7.6% at Re = 7.5. These deviations
occur for all surfaces at Re ≤ 10, but gradually de-
crease with increasing Re, probably due to the use
of a correlation made for predictions in the inertial
laminar regime.

vd [m/s]
0 0.05 0.1 0.15 0.2 0.25

∆
P
/L

[P
a
/m

]

0

50

100

150

200
Flat plate
SP
SD
G
SDt
Gt

Figure 9: Plot of the Darcy-Forchheimer law fit.

In plot of friction factor of Figure 10 it is possi-
ble to see that all of the surfaces present exponen-
tial decrease of f with Re, with the flat plate having
much lower values of f due to the tortuosity present
in TPMS. The curve corresponding to SP surfaces
gives the highest values of f for a given Re due to
the dependency on dh/v

2
p factor. SP surface has the

lowest velocities and the highest dh of the TPMS
analysed and this results in a distortion of the re-
sults. The SD and G curves are almost perfectly
overlapped with the thinner versions of the surfaces
meaning that the friction factor is a good parame-
ter of pressure drop evaluation for the TPMS as the
curve for a given topology is not affected too much
by the wall thickness. Evaluating the friction factor,
the flat plate has the advantage of maintaining the
laminar regime up to Re ≈ 2000 where the pressure
drop is lower, while the steady laminar regime of
TPMS has a short extension ending at Re = 75 to
SP and G topologies and at Re = 150 for SD topol-
ogy and afterwards transition to regimes where the
pressure drop are higher due to turbulence.

Nevertheless, in the inertial steady regime, the
SP topology showed the lowest values of pressure
drop for the analysed TPMS, although it presented
higher than the reference case.

4.4. Thermal Performance
For evaluation of the heat transfer between fluids
and solids the first parameter of analysis is the Nu
number, that depends on a characteristic length.
As it is usual for internal flows it was calculated
the Nudh

as first approach .
The values of Nudh

for SP surface present a de-
crease from Re = 5− 25 due to two factors: the de-
crease in axial conduction contribution to the over-
all heat transferred across the wall and, as men-
tioned in section 4.2, the reduction of effective con-
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Figure 10: Friction factor vs. Re.
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Figure 11: Nudh
vs. Re.

tact area between the preferred stream and the
wall. From Re = 25 until the beginning of the un-
steady regime, due to stabilization of the recircula-
tion zones, the contact area remains constant and
with increase of Re it is seen a slight increase of the
Nudh

. Over G and Gt surfaces there is a decrease
in Nudh

from Re = 5 to Re = 10 due to decrease in
the fluid axial conduction contribution to the over-
all heat transferred. This effect is not present in SD
and SDt surfaces due to the high degree of mixing
that exists at low Re. After Re = 50 − 60 starts
the transitional laminar regime with the decrease
in values of Nudh

seen in the plot of Figure 11. Af-
ter the change in flow structures is complete, Nudh

increases again due to the increase in mass flow.
From the values of Nu plotted in Figure 11 the
improvement of TPMS is not as great as expected
when compared with the flat plate. Because of the
higher hydraulic diameter of the flat plate and the
effect of lower φ on dh calculation for SD and G,
the results get distorted. Using the same charac-
teristic length for all of the topologies analysed, as
the periodic length L, the results reflect better the
convection properties of TPMS compared with the
flat plate.

From the plot in Figure 12, the improvement in
convection of TPMS is notorious. The values of
NuL of the SP surfaces are not as low as compared
with the flat plate, and for increasing Re, the G and
Gt surfaces have greater performance in almost all
of the laminar regime. SD and SD surfaces clearly
outshine the flat plate in terms of convection in the
laminar regime. This definition of Nu is inline with
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Figure 12: NuL vs. Re.

the evolution of h with Re seen in Figure 13.
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Figure 13: h vs. Re.

The change in characteristic length shows that
the TPMS have superior convection properties in
the full extent of the laminar regime. This means
that, with transition to the unsteady laminar and
turbulent regimes, the increase in convection prop-
erties of the TPMS will be even larger when com-
pared with the flat plate that holds the laminar
regime up to Re ≈ 2000 where the convection coef-
ficient is constant.

On Figure 14 the energy density exchanged across
the REV is shown. For the SP surface, the energy
density is fairly constant as expected from the Nu
numbers plotted above and the same can be said
about the flat plate. G and Gt surfaces have greater
heat exchanged, with Gt reaching more than dou-
ble than the flat plate for the maximum mass flux
across Gt and G surface reaching almost triple than
the flat plate for the maximum mass flux across G.
SD and SDt have closely the same energy density
up to the end of the mixing regime, and thereafter
SD energy density increases more than SDt due to
higher velocities.

To evaluate the energy traded with respect to the
material used to manufacture the structure, it was
plotted in Figure 15 the heat exchanged per unit of
solid material to better evaluate the use of wall ma-
terial and see if the use of material is as useful as it
should be. From Figure 15 it is possible to see that
for very low mass fluxes the flat plate is the better
alternative. Until the end of the mixing regime of
the SD surface, the material used in it gives the
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Figure 14: q/L3 vs. mass flux.

same energy output as the G surface, with the lat-
ter using less material. The thinner versions SDt
and Gt stand out of the rest because of the obvious
advantage of lower wall thickness. Comparing one
another, SDt, even though it has more material,
it surpasses Gt across all the laminar regime. The
plot also suggests that, with increasing wall thick-
ness, the G topology may be more useful than the
SD topology as it gives better use for the material.
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Figure 15: q/vols vs. mass flux.

To evaluate the efficiency of heat transfer across
the wall, the ε was calculated and plotted on Figure
16. The SD and SDt surfaces have the best ε in
the laminar regime, especially for Re < 50, and
thereafter ε approximates to the ones of G and Gt.
The wall thickness decreases the ε of the surface
due to higher porosities. All of the TPMS analysed
have superior ε compared to the flat plates except
for SP due to the reduced contact area between the
main flow and the wall. ε of flat plates comes near
to the values of G and Gt surfaces only for Re < 25,
although this region has some modelling errors due
to the contribution of the axial conduction in the
fluid domains that are not taken into account.

After evaluating the pressure drop across the
TPMS and heat exchanged in the TPMS, the final
thought is to compare the energy trade-off between
the heat exchanged (what one gets) and the pump
power required to move the fluid across (what one
pays). From the results plotted in Figure 17 what
stands out is the higher energy trade-off of the flat
plate. In fact, due to the absence of wall block-
age effect, the pump power required in flat plates
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Figure 16: ε vs. Re.

is lower compared with the TPMS and greatly in-
fluences the results. In an overall analysis of the
plot, TPMS have similar energy trade-off’s, with
SD having the lowest values. SP surface has the
better trade-off of the TPMS for t/L = 1/10 at
low Re, and near the transition the values are near
those of G surface. The higher effective contact wall
for low Re indicates that this surface is better for
this regime. G topology either in thick or thin wall
version has better trade-off’s when compared with
the SD topology. As expected, the decrease in wall
thickness improves the energy trade-off as increases
wall surface while decreasing pressure drop.

Re
0 25 50 75 100 125 150

q/
(∆

P
·
V̇
)

102

104

106

108
Flat plate
SP
SD
G
SDt
Gt

Figure 17: Energy Trade-off vs. Re.

To better summarize the results in terms of ther-
mal performance, the TPMS are the best solution
when lower space or material is needed. The SD
topology, having higher Nu, allows for greater heat
transfer and thermal effectiveness compared with
the other surfaces in the scope of this work. Note
that this conclusion is in line with the work of Fem-
mer et al. [5]. This improvement however is made
at the expense of higher pressure drop across the
domain. Figure 18, a multi-objective optimization
plot for minimizing the volume per heat transferred
and pumping power, represents this conclusion as
the flat plate has a good ratio between volume and
heat exchanged at lower pumping power but with
increasing pump power the increase in the ratio
stalls while the TPMS continue to increase and sur-
pass the flat plates with the exception of SP . The
plot on Figure 18 also features an area where the all
of the geometries analysed converge, with exception

of SP . This area (0.02 < ∆PV̇ /L3 < 0.06 W/m3)
represents the point where increased heat exchanger
compactness implies increased pump power and
TPMS are the better choice and decreased pump
power means a less compact heat exchanger and
the flat plate is the obvious choice.
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Figure 18: Heat exchanged vs inverse of pumping
power.

To manufacture a heat exchanger, from the re-
sults presented here in this work, SDt presents it
self as the best geometry due to higher convection
properties allied with lower pressure drop and lower
wall material used, in comparison with the SD.

5. Conclusions
The use of Triply Periodic Minimal surfaces
(Schwarz-P, Schwarz-D and Schoen-Gyroid) on
counter-flow heat exchangers was numerically in-
vestigated. For this, it was calculated pressure
drop and heat transfer in the laminar steady regime
across a representative elementary volume accord-
ing to two energy models used in the literature
for porous media. All the calculations were per-
formed on a REV with periodic boundaries on Star-
CCM+r. To the author’s knowledge there are not
many works studying heat transfer in porous media
modelled as the Triply Periodic Minimal Surfaces.

The calculations of keff agree with the results
found in the literature and show superior proper-
ties compared with anisotropic foams. The transi-
tion points to the unsteady laminar regimes based
on the Re number were found. Two of the surfaces
(Schwarz-P and Schoen-Gyroid) presented transi-
tion at Re = 75, lower than the values found in
the literature. Schwarz-D topology presented tran-
sition at Re = 150 in accordance with the liter-
ature. From the Schwarz-D flow analysis, it was
found the existence of three sub-regimes in the mod-
erate Forchheimer regime, mixing, laminar transi-
tional and inertial sub-regimes, that depend on the
porosity and in the laminar transitional sub-regime
there is a decrease in convection compared with
the other two sub-regimes. Pressure drops were
fitted to the Darcy-Forchheimer law based on the
least-square method, and afterwards, values for per-
meability and form-drag coefficients were obtained.
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Schwarz-P presented the lowest pressure drop and
highest permeability values due to lower effective
contact between the preferred stream and the wall.
The pressure drop was made dimensionless through
the friction factor and compared with the flat plate,
noting that all the surfaces present exponential de-
cay. TPMS have higher values compared with the
flat plate and the porosity was found to have no
influence on friction factor. Regarding convection
two definitions of the Nu number for constant wall
temperature, based on hydraulic diameter or peri-
odic length, were evaluated and compared with the
benchmark case. The Nu number based on the pe-
riodic length was found to be more useful to com-
pare convection as it better reflects the behaviour of
convection coefficient for periodic elements with the
same REV size. Schwarz-D topology presented the
highest values of convection coefficients followed by
Schoen-Gyroid, the flat plate and Schwarz-P and
the same tendency can be found in effectiveness. It
was also found that convection coefficient inversely
varies with the porosity. Wall material was related
to the heat transferred across the wall and Schwarz-
D presented the higher heat power per solid volume
but increasing wall thickness this value compares
to the Schoen-Gyroid with for same wall thickness
but lower material used creating a threshold where
for lower material usage the Schwarz-D is better
and for higher material quantity Schoen-Gyroid is
better. The increase in thermal performance cal-
culated for Schwarz-D and Schoen-Gyroid is made
at the expense of increased tortuosity and pump
power. The flat plate was found to be the best so-
lution at lower mass fluxes as it presents lower pump
power and for higher heat transfer rates Schwarz-D
and Schoen-Gyroid are better, making them suit-
able candidates for compact geometries.
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