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Abstract
Purpose – This study aims to computational numerical simulations to clarify and explore the influences of
periodic cellular lattice (PCL) morphological parameters – such as lattice structure topology (simple cubic,
body-centered cubic, z-reinforced body-centered cubic [BCCZ], face-centered cubic and z-reinforced face-
centered cubic [FCCZ] lattice structures) and porosity value ( ) – on the thermal-hydraulic characteristics of the
novel trussed fin-and-elliptical tube heat exchanger (FETHX), which has led to a deeper understanding of the
superior heat transfer enhancement ability of the PCL structure.
Design/methodology/approach – A three-dimensional computational fluid dynamics (CFD) model is
proposed in this paper to provide better understanding of the fluid flow and heat transfer behavior of the PCL
structures in the trussed FETHXs associated with different structure topologies and high-porosities. The flow
governing equations of the trussed FETHX are solved by the CFD software ANSYS CFXVR and use the
Menter SST turbulence model to accurately predict flow characteristics in the fluid flow region.
Findings – The thermal-hydraulic performance benchmarks analysis – such as field synergy performance
and performance evaluation criteria – conducted during this research successfully identified demonstrates
that if the high porosity of all PCL structures decrease to 92%, the best thermal-hydraulic performance is
provided. Overall, according to the obtained outcomes, the trussed FETHX with the advantages of using
BCCZ lattice structure at 92% porosity presents good thermal-hydraulic performance enhancement among all
the investigated PCL structures.
Originality/value – To the best of the authors’ knowledge, this paper is one of the first in the literature that
provides thorough thermal-hydraulic characteristics of a novel trussed FETHXwith high-porosity PCL structures.

Keywords Periodic lattice structures, Cellular materials, Heat transfer enhancement,
Finned tube heat exchanger, Field synergy principle, Goodness factors

Paper type Research paper

Nomenclature
A = cross-sectional area, m2;
Ac = minimum free-flow cross-sectional area, m2;
Af = fin surface area, m2;
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At = total heat-transfer surface area, m2;
cp = specific heat of fluid, J/kgK;
C = inertia coefficient, 1/m;
dl = ligament diameter, m;
Dh = hydraulic diameter, m;
e = tube ellipticity ratio;
E = fan power per unit core volume, W/m3;
f = friction factor;
Fs = fin spacing, m;
Fc = average field synergy number;
h = heat transfer coefficient, W/m2�K;
H = cell height, m;
j = Colburn factor;
K = permeability, m2;
l = ligament length, m;
_m = mass flow rate, kg/s;
n! = direction normal to wall;
Nu = Nusselt number;
p = pressure, Pa;
p 0 = turbulent modified pressure, Pa;
Pl = longitudinal tube pitch, m;
Pt = transverse tube pitch, m;
Pr = Prandtl number;
q00 = heat flux, W/m2;
Ra = semi-major diameter of elliptical tube, m;
Rb = semi-minor diameter of elliptical tube, m;
ReDh = Reynolds number based on hydraulic diameter;
T = temperature, K;
u, v, w = velocity components in x, y and z-directions, respectively, m/s;
umax = velocity at minimum flow cross-sectional area, m/s;
V = volume of the computational domain, m3;
yþ = dimensionless distance from wall; and
Z = heat transfer power per unit temperature and per unit volume, W/m3�K.

Greek symbols
d = fin thickness, m;
Dp = pressure drop in flow direction, Pa;
DT = temperature difference, K;
« = porosity;
hf = fin efficiency;
ho = overall surface effectiveness;
u = ligament inclination angle, °;
k = turbulence kinetic energy, m2/s2;
l = thermal conductivity, W/m-K;
lt = turbulent thermal conductivity, W/m-K;
m = dynamic viscosity, Pa.s;
mt = turbulent eddy viscosity, Pa.s;
r = fluid density, kg/m3;
s = contraction ratio of cross-sectional area;
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sk, sv = turbulent Prandtl numbers for k and v, respectively; and
v = specific turbulence dissipation rate, 1/s.

Subscripts
eff = effective;
in = air-side inlet;
lm = logarithmic mean;
out = air-side outlet;
w = tube wall; and
x = local value.

Abbreviations
BC = boundary condition;
BCC = body-centered cubic;
BCCZ = z-reinforced body-centered cubic;
CD = computational domain;
CHX = compact heat exchanger;
CM = cellular material;
FCC = face-centered cubic;
FCCZ = z-reinforced face-centered cubic;
FETHX = fin-and-elliptical tube heat exchanger;
FSP = field synergy principle;
FTHX = fin-and-tube heat exchanger;
GF = goodness factor;
PCL = periodic cellular lattice;
PEC = performance evaluation criteria;
RANS = Reynolds-averaged Navier–Stokes;
SC = simple cubic;
SST = shear stress transport;
TDR = turbulent dissipation rate;
THP = thermal-hydraulic performance;
TKE = turbulent kinetic energy; and
UC = unit cell.

1. Introduction
1.1 Finned elliptical tube heat exchangers
An appreciable deal of attempts has been made over the last few decades to construct more
efficient compact heat exchangers (CHXs), i.e. advanced fin-and-tube heat exchangers
(FTHXs) by employing diverse thermal-hydraulic performance (THP) enhancement
techniques.

When one is seeking a particular approach to intensify heat transfer rates against
minimal pressure drop penalties in an industrial CHX, one will have many design challenges
ahead. The main aim in ameliorating the THP of the FTHXs or in the innovative design of
novel ones is to augment heat transfer between hot/cold fin-tube surfaces and the fluid flow
(Mangrulkar et al., 2019; Sundén, 2010).

As is well-known, extended surfaces, e.g. fins, are one of the most significant components
of FTHXs, which are considered as one of the passive heat transfer enhancement methods.
The most beneficial method to enhance the heat transfer on the airside of a FTHX is to
optimize the fin geometry pattern. A detailed description of the heat transfer enhancement
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techniques used in the FTHXs to improve THP can be found in He and Tao (2014) and Tao
et al. (2019).

An idea to improve surface geometry of FTHXs is to use wavy (smooth wavy or
herringbone wavy) fin pattern (Cheng et al., 2009; Chu et al., 2020; Wang et al., 2002) and also
interrupted fin patterns such as slit fin (Li et al., 2020; Zhi et al., 2021), offset-strip fin
(Chennu and Paturu, 2011), louvered fin (Okbaz et al., 2018; Wan et al., 2020), convex-louver
strip fin (DeJong and Jacobi, 1999), corrugated fin (Gholami et al., 2017) and perforated fin
(Fujii et al., 1988). In addition, to achieve notable patterns, fins equipped with vortex
generators (Chai and Tassou, 2018; Lotfi et al., 2014a, 2014b, 2016a, 2016b), dimpled fin
(Lotfi and Sundén, 2020b), mesh fin (Ebisu, 1999), woven wire fin (Fugmann et al., 2017,
2020) and peripheral fin (Pussoli et al., 2012; Ribeiro and Barbosa, 2019) can be used.

The engineering and optimization of pumping power (actually as reducing pressure
drop) is of great significance in various thermal management control applications, for
instance in CHX devices. Accordingly, hitherto a series of comprehensive investigations
have been done to consider the thermal-hydraulic-aerodynamic performance of elliptical-
shaped tube bundles of CHXs, named fin-and-elliptical tube heat exchangers (FETHXs)
(Webb, 1980).

Accordingly, currently elliptical tube CHXs are widely adopted in advanced industrial
heating and air-conditioning systems, to reduce the pressure loss penalty, and thus, a lower
pumping cost is attained (Dogan et al., 2019; Hasan and Sirén, 2004). In addition, concerning
this aspect, in an innovative study, the present authors designed a new slotted-elliptical
tube-bank to improve the airside THP of the FTHXs (Lotfi and Sundén, 2020a).

1.2 Periodic cellular lattice structures
By reviewing recent academic-industrial investigations in the energy transfer field,
researchers’ focus has changed to new innovative architectures/materials for the enhanced
efficiency and improved performance in heat-exchange equipment (Li et al., 2019; Singh
et al., 2021). Hence, cellular materials (CMs) are relatively novel materials that demonstrate
commitment in a wide range of state-of-the-art mechanical/biomechanical/thermal
engineering fields (Ashby et al., 2000; Du Plessis et al., 2022; Mahjoob and Vafai, 2008; Wan
et al., 2021).

Among the various CMs, it is possible to observe two kinds of CM based on topology,
namely, cell-size (stochastic or periodic) and pore-type (open or closed). An illustrative
diagram of the classification of CMs is shown in Figure 1 (Gibson and Ashby, 1999). It is
worthwhile to note that the categorization depicted in this figure has exceptions albeit it
certainly corresponds to most of the produced CMs. However, it is found that there are a lot
of methods to create three-dimensional space-filling CMs such as solid-freeform fabrication
(SFF) techniques.

During the past decades, the heat transfer phenomenon in CMs has received considerable
attention. CMs have considerable applications in advanced thermal dissipation management
systems, such as compact heat exchangers (Arasteh et al., 2019; Buonomo et al., 2020;
Huisseune et al., 2015; Kotresha and Gnanasekaran, 2020; Sertkaya et al., 2012), thermal
energy storages (Xu et al., 2020; Yang et al., 2019), electronics heat sinks (Li et al., 2021a,
2021b), and fuel cells (Dukhan and Hmad, 2022; Vazifeshenas et al., 2020), due to their high
surface-to-volume ratio (SA:V) (from about 500 to over 10000m2/m3), highly conducting
lattice frameworks, ultra-low weight with high strength characteristics and ability to create
tortuous flow-paths to promote mixing and disturbance of the fluid flow. Consequently, the
three-dimensional vortices, such as horseshoe and arch-shaped vortex, caused by the
tortuous path followed by a fluid passing through the CM further augment heat transfer
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(Kim et al., 2005; Liang et al., 2022). It should be noted that the heat transfer mechanism in
CMs is complicated and not yet entirely understood due to the characteristics of flow
regimes.

In most engineering applications mentioned, the awareness of the thermal transport
properties and geometric-structural characteristics is of primary importance to ameliorate
the THP (Chen et al., 2020). The pioneering works in the development of the fluid dynamics
and heat transfer study in cellular porous media in a uniform channel to include conjugate
heat transfer can be traced back to Bear (1972), Collins (1976), Ettrich (2014), Nield and Bejan
(2017) and Vafai and Tien (1982).

The CMs can typically be explained by a few basic key characteristics, namely, cell
topology, pore size dp, relative density rr, porosity «, ligament (strut) diameter dl.
Morphologically, the peripheries of the pore are termed ligaments with typically circular
cross-section and interconnecting the vertices, forming a solid matrix which spans the whole
cellular structure domain. Commonly, the porosity of CMs, such as open cell metal foam, is
not less than 90% and whilst on the other hand can be as high as 98%. As pioneering
investigations in CMs structure modeling, Du Plessis et al. (1994) and Calmidi and Mahajan
(1999) proposed correlations as a function of pore diameter, porosity and ligament diameter
via experimental techniques. THP of metal foam CHX results from Yu et al. (2006) and
Nawaz et al. (2017) pointed out that the cell shape, pore size, and porosity strongly influence
the results. For metal foam CHXs, the results reported by Sertkaya et al. (2012) and
Huisseune et al. (2015) showed that metal foam CHXs cause a significant increase of the heat
transfer compared to the conventional tube-bundle CHXs. Also, they found that the THP of
metal foam CHXs specifically depends on the foam topology andmaterial.

Three-dimensional periodic cellular lattice (PCL) materials are a substantial category of
CMs, which have the superiority of uncomplicated topology capable of mechanical/thermal
functional responses. A PCL material, unlike stochastic foam, comprises a repetitive space
meshwork of longitudinal/transverse/diagonal cylindrical ligaments (or struts) of constant

Figure 1.
Classification of CMs
as a function of the
topology
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cross-section, and vertices (or nodes). A vertex is a joint where two or more ligaments meet,
and a ligament is a link that joins two vertices.

In general, a PCL material has a lower surface area than a stochastic foam for a given
porosity. Moreover, under forced convection heat transfer conditions, the pressure drop
across the PCL structure is much lower than that of the foam with a typical porosity, due to
regularity in the structure. Consequently, high flow mixing occurs to improve the heat
transfer performance from the solid ligaments to the convective flow. Accordingly, the heat
transfer performance of PCLs is more superior compared to the stochastic foam. On the
other hand, due to the structural intricacy of the solid phase of the stochastic foams, the
solution of the convection–diffusion equations inside the pores are arduous to attain.

Experimental and numerical investigations on heat transfer and fluid flow
characteristics of composite PCL core structures have been presented by Kim et al. (2005),
Gao and Sun (2014) and Zhang et al. (2017). They manifested that the solid ligaments
generate spiral and counter-rotating vortices which lead to flow mixing and hence to a high
heat transfer efficiency. To support this notion, in a worthwhile review, Kim et al. (2005)
gathered data from the immense range of resources and compared them using the thermal
efficiency index Nu/f1/3. Consequently, as seen in Figure 2, in the form-dominated flow
regime (Re > 1000, based on channel height), PCL materials have higher THP than other
enhanced cases. This fact is ascribed to the participation of conduction through the lattice of
solid ligaments in addition to forced convection.

Tian et al. (2004) and Krishnan et al. (2014) compared the overall thermal performance of
PCL material against metal foams of similar porosity. They reported that the effective
thermal conductivity of PCLmaterials is about two to three times that of metal foams.

According to the mentioned literature survey, previous investigations have proved that
the high-porosity metallic foams are usually not ideal and optimal for heat-exchange
systems. The available thermal-hydraulic data demonstrate that the mediocre augmentation

Figure 2.
THP comparisons of
various heat transfer
enhancement media
with selected data

fromKim et al. (2005)
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in the heat transfer does not justify the considerable increase in the pressure drop, especially
in the CHXs (Sertkaya et al., 2012; Huisseune et al., 2015; Kouidri and Madani, 2017; Han
et al., 2012).

Pursuant to the investigations conducted on the thermal-fluid characteristics of the PCL
materials (Huu et al., 2009; Kemerli and Kahveci, 2020; Lu et al., 1998; Wu et al., 2011),
compact heat-transfer equipment consisting of three-dimensional PCL structures, such as a
PCL cored sandwich panel, were found to be advantageous in thermal engineering
applications.

Based on the literature survey, a regular PCL structure can be demonstrated by a finite
number of polyhedral cells such as, primitive or simple cubic (SC), dodecahedron (DDH),
tetradecahedron (TDH), Weaire–Phelan (WP), Kagome and X-type. Lu et al. (1998), Huu et al.
(2009), Wu et al. (2011), Cunsolo et al. (2016), Kemerli and Kahveci (2020) and Yan et al. (2017)
investigated the influences of the key geometrical features mentioned, on the heat transfer
and flow characteristics of cellular media with periodic unit-cell structures formed with
packed SC, DDH, TDH,WP, Kagome and X-type, respectively.

It can in general be stated that air-side fin patterns can be continuous/interrupted, or they
can be PCL structures, as a “trussed fin.” Accordingly, PCL materials have high porosity
(« > 90%), large surface area per unit volume and offer low-pressure drop of the flow, and
then have considerable potential in airside THP enhancement of a “lattice-finned tube heat
exchanger.”

Extended surfaces of a FTHX can as well be adjusted in an intricate network forming a
fin system. Trussed fin patterns can have diverse architectures as was previously
investigated by Bejan (1997) and Almogbel and Bejan (2000). In their studies, they modeled
heat transfer via tree-like fin networks, a primary fin with secondary fins attached to it.
Based on the results of a numerical study by Khaled (2007), a variation of the fin
augmentation technique, termed “hairy fin system” was proposed. It was composed of a
basic rectangular fin with many slender secondary bars attached on its primary fin surface.

It has been apparent from the foregoing literature review that no related comparative
investigation of three-dimensional numerical simulation analysis for trussed FTHX with
various high-porosity PCL core structures has been published. Besides, most of the research
works were related merely to porous media heat sink consisting of a PCL-cored sandwich
panel.

The purpose of the present work is to introduce five types of PCL structures built from
regular unit cells (UCs) – simple cubic (SC), body-centered cubic (BCC), reinforced body-
centered cubic with vertical ligaments (BCCZ), face-centered cubic (FCC) and reinforced face-
centered cubic with vertical ligaments (FCCZ) with different porosities of 92% and 98%, for
application in a novel FETHX. Furthermore, the conjugate heat transfer problem and the
influences of UC configuration and porosity on each of the PCL structures on the thermal-
hydraulic performance of a trussed FETHX are explored.

2. Model description and mathematical formulations
2.1 Periodic-lattice unit cell model specifications
Figure 3 shows a schematic illustration of 3D-CAD space-filling lattice models of five
diverse types of periodic equal-sized cubic cells considered in this study, namely, SC, BCC,
BCCZ, FCC and FCCZ, with controllable geometric parameters.

The simple (or primitive) cubic UC structure has one vertex at each of its eight corners
[see Figure 3(a)]. The UC structure of BCC has one central vertex, from which eight diagonal
cylindrical ligaments extend to the UC corners. The UC structure of BCC consists of eight
ligaments having the same length [see Figure 3(b)]. The UC structure of BCCZ (or a
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reinforced BCC) is similar to the BCC structure, but with four additional vertical ligaments
along the four vertical edges of the cell as depicted in Figure 3(c). The UC structure of FCC
has two crossed ligaments on each of the vertical faces [see Figure 3(d)]. The UC structure of
FCCZ (or a reinforced FCC) is a variant of FCC with four vertical ligaments along the z-axis
as seen in Figure 3(e).

Figure 3.
Geometric

parameters of single-
layered PCL

structures in the in-
plane direction with

five 3D regular
unit-cells
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The PCL structure can be parameterized by ligament diameter dl, length of ligament l
(from vertex center to vertex center), ligament inclination angle u, UC height H, and the
dimension S represents the UC width and length. For this study, all the dimensions of the
cubic UCs are equal for all investigated configurations (i.e. Sx = Sy = H). Figure 3 describes
all the relevant controllable geometric parameters of the PCL structure. The cross-section
form of each ligament is assumed to be circular, having a constant diameter. The diameter
and length of the ligament are dependent variables and will be determined only by the
porosity of the lattice structure and cell size.

For PCL structures built from UCs, the volumetric porosity of their CAD models was
defined using the following expression:

Porosity « ¼ 1� Vlig

Vuc
(1)

where Vlig is the volume of the CAD lattice ligaments and Vuc is the overall volume
restricted by the exterior periphery. Indeed, according to the stated relationship, the
porosity « can be quantified by the relative volume Vrel = Vlig/Vuc, i.e. related to the UC
dimensions by:

Vrel ¼ C
dl
l

� �2

(2)

where dl/l is the ligament aspect ratio and C is a structural constant that depends on the
details of the UC structure. The porosity relations of lattice structures with different
types of repeating UCs are listed in Table 1 (Hooman et al., 2012; Hammetter et al., 2013;
Umer et al., 2018). Thus, for a given porosity «, one can achieve the ligament diameter of
each UC.

Table 1.
List of volumetric
porosity formulas for
equilateral (regular)
periodic lattice
structures

Cell shape Porosity «

Simple cubic (SC) 1� 3p
4

dl
l

� �2
( )

(3)

Body-centered cubic (BCC) 1� p

2cos2usinu
dl
l

� �2

¼ 1� 3
ffiffiffi
3

p
p

4
dl
l

� �2

; for u ¼ tan�1

ffiffiffi
2

p

2
(4)

Reinforced body-centered
cubic (BCCZ)

1�
p 1þ 1

4
sinu

� �
2cos2usinu

dl
l

� �2

� 1� 6
ffiffiffi
6

p

p

dl
l

� �2

; for u ¼ tan�1

ffiffiffi
2

p

2
(5)

Face-centered cubic (FCC) 1� p

sin3u

dl
l

� �2

¼ 1� 2
ffiffiffi
2

p
p

dl
l

� �2

; for u ¼ 45� (6)

Reinforced face-centered cubic
(FCCZ)

1� p 4þ sinuð Þ
4sin3u

dl
l

� �2

¼ 1� p 2
ffiffiffi
2

p
þ 1
2

� �
dl
l

� �2

; for u ¼ 45� (7)

Source: Hooman et al. (2012), Hammetter et al. (2013), Umer et al. (2018)
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2.2 Trussed fin-and-elliptical tube heat exchanger geometry model
The three-dimensional schematic view of the geometrical model and corresponding
computational domain (CD) with boundary conditions (BCs) of the trussed FETHX with
single-layered PCL core structure considered in the current study are given in Figure 4.

A single cell of the above-mentioned unit cells (SC, BCC, BCCZ, FCC and FCCZ) is
uniformly distributed in the in-plane direction with patterning distance determined by Sx =
H. It is attached on the primary plain fin surface. Thus, the PCL core is located between
adjacent plain fins. Accordingly, in the SC, BCC, BCCZ, FCC and FCCZ lattice structures, the
vertices are attached on the lower and upper fin surfaces. For the BCC, BCCZ, FCC and FCCZ
lattice structures, in addition to attaching the vertices to the fin surfaces, there also exist
vertices on the middle plane between the two adjacent fin surfaces.

To assess the amelioration of novel FETHX using PCL core structures, the present three-
dimensional numerical study investigates the usage of elliptical tubes in a staggered
arrangement. The detailed geometrical parameters of the FETHX are summarized in
Table 2. Figure 4 also depicts the view of the actual CD and the prescribed BCs, where the
upstream and downstream regions of the computational domain are not shown completely
due to space constraint of this paper.

The adjacent two primary fins’ centric surfaces are picked as the lower and upper of the
CD boundaries. The actual CD was extended 5 and 20 times relative to the Fs for the
entrance and exit region, respectively, to maintain a uniform inlet velocity and to minimize
and avoid influences of flow disturbance and recirculation from the outlet. The definition of
the local coordinate system, (x, y, z), covers the streamwise, spanwise, and normal
coordinates, respectively. The central CD was modelled in the CATIAVR V6 (Dassault
Systèmes, Inc.) as an authentic three-dimensional model of a novel FETHX with five distinct
configurations of high-porosity PCL core structures, and built-in three-staggered rows of
elliptical tubes.

Figure 4.
3D schematic

representation of the
geometric details of a
trussed FETHXwith

PCL structure and
BCs for the CD

Table 2.
Geometrical

parameters of the
FETHX

Parameter Value

Ellipticity ratio, e = Rb/Ra 0.65
Longitudinal tube pitch, Pl 16.8mm
Transverse tube pitch, Pt 25.2mm
Plain fin thickness, d 0.2mm
Fin space, Fs 8.6mm
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2.3 Flow governing equations and turbulence modeling
In numerical solutions of flow and conjugate heat transfer problems, the selection of flow
governing equations performs a key role because the vorticity flow physics are considerably
influenced by the governing equations.

Three-dimensional computational fluid dynamics (CFD) simulations of the thermal-
hydraulic characteristics in the trussed FETHX with PCL structures are carried out by an
eddy-viscosity turbulence model. For the present study, the assumptions of the considered
fluid properties are the same as those used by Lotfi et al. (2016b) and Lotfi and Sundén
(2020b). By applying vectorial notation, the system of the three-dimensional flow governing
equations used to describe the steady turbulent fluid flow and heat transfer for the fluid
domain can be formulated as in Table 3.

The results presented in Fu et al. (2017), Fugmann et al. (2017) and Välikangas et al.
(2018) showed that the recommended turbulence model to predict fluid-dynamic behavior of
FTHX with flow manipulators or turbulators, for cases with ReDh � 500, is the Shear Stress
Transport (SST) k � v turbulence model, that was developed by Menter (1994). On the
other hand, it was found that the turbulence intensity can be enhanced by up to 80%, when
the airflow is passing through the CM interior (Hall and Hiatt, 1996). Similarly, Moon et al.
(2016) and Yu et al. (2018) used the SST k � v turbulence model for simulation of detailed
flow and heat transfer in regular PCL structures.

This investigation uses the Menter SST k � v turbulence model to accurately predict
flow characteristics. Indeed, the Menter SST k� v turbulence model is a precise and robust
hybrid model, using a Low-Reynolds k � v turbulence model near the solid walls and a k �
« turbulence model in free shear layers and boundary layer edges. In the Menter SST k� v
turbulence model, the transport formulations for the TKE (turbulent kinetic energy, k) and
the TDR (turbulent dissipation rate,v), are defined as in Table 3. A detailed interpretation of
the closure coefficients and blending functions appearing in the standard SST k � v model
equations can be found in ANSYS CFX (2018) andMenter (1994).

2.4 Boundary conditions and computational procedure
A summary of the BCs employed in the CD can be observed in Figure 4. Hereupon, the
indispensable BCs are described for regions as follows:

(1) Inlet: u = uin const., v = w = 0, T = Tin = 343K, turbulence intensity level = 5%
(2) Outlet: zero streamwise gradient for all the variables

Table 3.
Summary of the flow
governing equations
for 3D-CFD
simulations, with
SST k� v
turbulence model

Item Equation expression

Conservation
equations

Continuity
equation

r � u!¼ 0 (8)

RANS equation r � r u!� u!
� �

�r � meffr u!
� �

¼ �rp0 þ r � meffr u!
� �T

(9)
Energy equation rcpr � u!Tð Þ ¼ r � leffrT

� �
(10)

SST k� v
turbulence
equations

TKE equation rr � k u!ð Þ ¼ r � mþ mtskð Þrk
	 
þ ~Gk � Yk (11)

TDR equation rr � v u!ð Þ ¼ r � mþ mtsvð Þrv
	 
þ Gv � Yv þ Dv (12)

Notes: u!: fluid velocity vector; meff: effective viscosity, meff = m þ mt; leff: effective thermal conductivity,
leff = l þ lt; ~Gk;Gv: generation term of k and v, respectively; Yk, Yv: dissipation term of k and v,
respectively; Dv: cross-diffusion term
Source:ANSYS CFX (2018), Menter (1994)
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(3) Elliptical tube wall surfaces: no-slip conditions, T = Tw = 293K
(4) PCL structure surfaces: no-slip conditions
(5) Top and Bottom sides (xy-plane):

� At extended regions: periodic conditions
� At primary fin surfaces: no-slip and adiabatic conditions

(6) Front and Back sides (xz-plane):
� At fluid and extended regions: symmetric conditions
� At trussed fin surfaces: no-slip and adiabatic conditions

(7) Solid–fluid interface:Tsolid ¼ Tfluid; � lsolid @Tsolid=@ n!
� �

¼ �lfluid @Tfluid=@ n!
� �

The stipulated governing equations of the trussed FETHX are solved by the CFD software
ANSYS CFXVR 19.2 developed by ANSYS Inc. (ANSYS CFX, 2018). More details about the
CFX numerical core algorithm applied to the 3D thermal-hydraulic numerical simulations in
this paper can be found in ANSYS CFX (2018) and Lotfi and Sundén (2020b), and will not be
restated here for brevity. The convergence criterion for all variables is that the maximum
normalized residual value should be less than 10–8.

3. Computational simulation methodology
3.1 Assessment parameters
The essential target of the present study is to simulate and predict the air-side thermal-
hydraulic characteristics in a novel trussed FETHX with five types of PCL core structures.
The evaluation parameters applied in the investigation are summarized in Table 4.

Some advanced passive heat transfer enhancement methods have managed to cut down
to certain extent not only comparative energy consumption (CEC) but also the cost of
equipment in thermal industries. Therefore, to be aware of the essence of these advanced
enhancement techniques from the standpoint of temperature and velocity fields, Guo et al.
(1998) were the first to propose the field synergy principle (FSP) concept for convective heat
transfer intensification. Fluid flow FSP for convective heat transfer explains that when the
direction of flow velocity is closer to the direction of the temperature gradient, this might
mean opportunity for heat transfer augmentation.

However, because of application conditions (e.g. thermal boundary condition and flow
regime) on field synergy performance, utilization of the FSP has some constraints (Yu et al.,
2018; Zhao et al., 2020). For instance, it has been shown that in a turbulent flow regime over
complex boundary geometries, the synergy degree could not consider the turbulent diffusion
effect (Zhu and Zhao, 2016). According to the literature survey, it is found that the
dimensionless synergism parameter, i.e. field synergy number, exhaustively embodies the
FSP, is more proper for providing a criterion to assess the synergy degree, especially in a
complicated region with turbulent flow (Guo et al., 2011; Yu et al., 2018).

In the entire volume of the CD, the average field synergy number Fc can be specified under
dimensionless variables form by introducing the characteristic lengthDh (Dh= 4V/At) as:

Fc ¼
ððð
V

u � rTð ÞdV (26)

where u ¼ u=ufrontal , rT ¼ rT= Tairflow;m � Tfin;m
� �

=Dh
	 


and dV ¼ dV=V . The more
thorough explanation of the field synergy number can be found in the studies by Guo et al.
(1998, 2005).
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Summary of the
performance and
evaluation
parameters
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Clever combinations of enhancement techniques used in compact FTHXs, i.e. extended
surfaces plus flow manipulators, to improve the thermal performance have been developed
enormously over the past years. The intention of compact FTHX design and development is
to achieve a superior heat transfer performance combined with a pressure loss as low as
possible. As is well-known, the fluid pressure drop will rise while the heat transfer is
augmented. Consequently, indispensable to establish appropriate performance evaluation
criteria (PEC), namely, principal goodness factors (GFs) (Shah, 1978), to assess the THP of
these employed techniques to select the most appropriate one for given operating conditions.
In accordance with the assumption of constant properties, the PECs’ approach is considered,
namely, flow area GF (j=f 1=3 vs:ReDh ) and core volume GF (Z vs E), suggested by Webb and
Kim (2005) and Kays and London (1950), respectively (see the equations in Table 4). The
more thorough explanation of the utilization of GFs in the evaluation of CHXs can be found
in Lotfi and Sundén (2020b).

3.2 Grid generation and grid independence test
The high precision of the CFD solutions relies on the topology and density distribution of
the grid in the CD. For all CFD-simulation cases, a multi-block hybrid grid topology (i.e.
unstructured tetrahedral/structured hexahedral) is applied to discretize the entire CD. It is
generated using the software code ANSYS ICEM CFDVR 19.2 (ANSYS, Inc.) (ANSYS ICEM,
2018).

To have reasonable accuracy of the three-dimensional numerical simulation results, the
grid close to the PCL structures and elliptical tube walls is refined to enable resolution of the
horseshoe/longitudinal vortices where high gradients are expected, as demonstrated in
Figure 5. With the intention to validate the grid independence of the numerical solution, four
various grid systems, including about 6.14 million, 7.51 million, 8.79 million and 9.18 million
cells were selected and assessed at ReDh ¼ 3000 for the FCCZ lattice structure for the 92%
porosity case.

The predicted the friction factor f and average Nusselt number Nu for the four grid
systems are provided in Table 5. The relative deviations of the friction factor f and the
average Nusselt numberNu between the 9.18 million grid cells and the 8.79 million grid cells
are less than 1% and 1.2%, respectively, as shown in Table 5. Accordingly, to keep a trade-
off between simulation economics and prediction accuracy, the adopted grid cells number in
the CD is about 8.79 million. Similar grid refinement trials were conducted for the
subsequent simulation cases as well. In addition, for the purpose to ensure computational

Figure 5.
The representative
grid of the actual
computational

domain for the FCCZ
lattice structure
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accuracy, all grids close to the walls and trussed fin surfaces are extremely dense and meet
the condition yþ# 1 (ANSYS CFX, 2018), for all Reynolds numbers investigated.

3.3 Numerical CFD validation
To validate the precision of the present CFD-simulation method, preliminary computational
results for a FTHX were compared with the comprehensive experimental data obtained by
Wang et al. (2000). To predict the fluid flow and heat transfer characteristics in the FTHX,
three various models are considered in this section of the present study, namely, a laminar
model, the Re-Normalization Group k � v turbulence model (Yakhot et al., 1992) and the
SST k � v turbulence model. As shown in Figure 6, the maximum difference between the
numerical results obtained from the SST k � v model and the experimental data for
Colburn j factor and friction factor f were found to be less than 10% and 4%, respectively.
This good agreement demonstrates the reliability of the computational model. Therefore, in
the present investigation, the SST k � v turbulence model is chosen for simulation of the
flow behavior in the fin channel with PCL structures.

In fact, no direct experimental results, or even no relevant experimental research studies,
about the fluid flow and heat transfer characteristics of trussed FETHXs with PCL core
structures are available. However, to further validate the reliability of the implemented CFD
turbulence model, numerical results of pressure drop were evaluated by simulations of fluid
flowing through the PCLmaterial.

As is well-known, generally, abundant experimental investigations on CMs, e.g. metal
foams, have been carried out and accordingly many pressure drop correlations have been
derived (Edouard et al., 2008; Bracconi et al., 2019). Pressure drop can be estimated through
the Darcy’s model and Forchheimer-extended Darcy’s model established for CMs. It should
be noted that application of the Darcy model is only appropriate for low-velocity regimes
(Re< 0.1) in the CM with low permeability. On the other hand, at higher Reynolds numbers
the viscous shear force and viscous dissipation effect become appreciable (Vafai and Tien,
1982), and hence, the pressure drop can be somewhat more accurately described by the
Forchheimer-extended Darcy model equation:

Dp
‘

¼ m

K
uþ Cru2 (27)

where K is the permeability and C is the inertial coefficient. This might be more substantial
near the boundary and in high-porosity CM. These coefficients are not actually constants;
instead, they are entirely dependent on the CM geometrical characteristics and can be
obtained only from several experimental results.

Over the past decades, considerable experimental studies have been performed to
establish on the pressure drop correlations of high-porosity CMs. However, despite
abundant investigations on CMs and the wide difference of CM geometrical parameters, the
pressure drop correlations obtained are also diverse and none of them exhibits universal
applicability so far (Dietrich, 2012).

Table 5.
Grid independence
study

Grid no. 6.14 million 7.51 million 8.79 million 9.18 million

Nu 83.855 88.626 90.021 90.713
f 0.521 0.441 0.425 0.420
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To scrutiny the precision of the CFD simulation outcomes in this study, the pressure drop
correlation for various geometrical parameters proposed by Dietrich (2012) is considered. It
is noteworthy that Dietrich’s correlation was derived based onmore than 2,500 experimental
data, within an error range of640% (Dietrich, 2012). To this end, simulation of the air-side
performance is carried out in a channel filled with the tetrakaidecahedron PCL model, which
can be considered as an ideal CM, according to the configuration and conditions provided in
Dietrich et al. (2009). The pressure drop per unit length (Dp=‘) as a function of inlet airflow
velocity obtained from the present CFD simulation is compared with the Dietrich’s
correlation (Dietrich, 2012), as presented in Figure 7. As expected, the numerical simulation
results correspond reasonably well with the pressure drop correlation established by
Dietrich.

Figure 6.
Experimental-

numerical
comparison of

Colburn j factor and
friction factor f for
model validation
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4. Computational results and discussion
4.1 Flow pattern and secondary flow vortices
Considering the heat transfer augmentation in advanced trussed FETHXs with PCL
materials, it is of interest to understand the profound heat transfer enhancement
mechanisms. Thus, the details of flow structure and influences of PCL geometric parameters
affecting heat transfer performance on fin surfaces are compared. Indeed, such phenomena
can be useful for researchers to develop more effective PCLmaterials in thermal industries.

Depictions of flow patterns including the various types of secondary flow vortices, are
displayed in Figure 8. Predicted three-dimensional trajectories of the airflow close to trussed
fin surfaces induced by the PCL core structures with 92% porosity are presented at
ReDh ¼ 3000. As expected, in comparison FETHX without PCL, the PCL core structures
change the main flow pattern and promote the turbulent flow intensity. Due to the presence
of the longitudinal/transverse/diagonal ligaments and the structure vertices, the developed
boundary layer tends to be broken up and rolled up in front of the junction of the PCL vertex
and fin surface. It is clearly revealed that the airflow behaviors at the stagnation and
downstream zones around the elliptical tube are completely changed and the airflow passing
through the PCLs presents more complex flow patterns. The great fluid flow resistance
adjacent to the PCL vertices could be causing high swirling velocity secondary flow, which
interacts with the boundary layer on the fin surfaces and the PCL ligaments. This may lead
to a considerable increase of the heat transfer performance. Also, horseshoe and arch-shaped
vortex structures are observed along the upstream region of the PCL ligaments and vertices
generating regions of reversed flow (i.e. flow recirculation and reattachment to forward
flow). This leads to increased turbulence intensity. However, owing to the difference of the
forms of the PCL vertices in SC, BCC, BCCZ, FCC and FCCZ lattice structures, the swirl flow
around the vertices representations various complex patterns. Accordingly, as air is flowing
over the central vertices, a pair of counter-rotating vortices is created in the wake regions
behind the vertices. It is worthwhile to mention that more detailed explanation of these
vortex structures across the PCL structure was addressed by Kim et al. (2005).

Owing to the distinction of the ligament configurations in the PCL structures, i.e. having
downward and upward slopes along the main flow direction, the swirling flow around the
ligament depicts various patterns near the upper and lower fin surfaces. In front of each

Figure 7.
Comparison of the
Dietrich’s pressure
drop correlation
(Dietrich, 2012) and
the numerically
simulated data from
the
tetrakaidecahedron
PCLmodel with
«= 92%
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transverse/diagonal ligament, as the fluid is passing the ligaments, the fluid is forced to flow
upward owing to the high-pressure gradient induced by the inclination of the ligament.
Also, flow separation occurs at the downstream side of each of these ligaments. Therefore, a
pair of counter-rotating streamwise vortices appears behind the ligaments. This
phenomenon is clearly shown in the flow patterns as displayed in Figure 8. This means that
heat transfer is considerably augmented by increasing the airflow mixing and disturbance

Figure 8.
Comparison of flow

patterns indicated by
three-dimensional
trajectories close to
trussed fin surfaces

induced by PCL
structures with « =

92%, at ReDh ¼ 3000
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effects induced by the PCL ligaments and vertices as well as by the high thermal
conductivity through themetallic ligaments.

To better reveal the heat transfer augmentation mechanisms for all the enhanced cases
PCL structures, Figures 9 and 10 delineate the CFD-simulated predictions of the streamlines
overlaid on the temperature contours for the five enhanced cases with 92% and 98%
porosity, respectively. The contours are shown in the three vertical cross-section passages
through the mid-vertices (xi = 7Ra, xii = 11Ra and xiii = 15Ra from the inlet of the model)
just after the first, second and third tube rows, at ReDh ¼ 3000.

The important phenomenon to notice is the substantial influence of the PCL porosity on
the fluid flow characteristics. As the airflow enters the PCL material, it accelerates
substantially, especially for the lowest porosity case (« = 92%) which has a smaller pore
size. It is clear from this figure that the lowest porosity case, (« = 92%), provides the highest
disturbances with vortices formed downstream of the PCL ligaments, whereas the highest
porosity case, (« = 98%), provides an almost uniform velocity distribution with the least
vorticity intensity downstream of the PCL ligaments and vertices.

From the vertical sections depicted in Figure 9, it is evident that in the BCCZ lattice
structure with the porosity « = 92% stronger counter-rotating vortices adjacent to the end-
wall are produced and the number of vortices is higher than for the other PCL structures,
which leads to a higher heat transfer for this porosity. As shown in Figure 10, the FCCZ
lattice structure with the porosity « = 98% provides the highest vortex intensity and the
velocity gradient is higher than for the other PCL structures. This causes better thermal
performance.

Compared to all the enhanced cases, the BCCZ lattice structure and the FCCZ lattice
structure have vertices with five overlapping ligaments on the fin surface, which induces
more irregular vortices and promotes flow mixing. In these two lattice structures, due to the

Figure 9.
Streamlines and
temperature contours
in transverse planes
at « = 92%,
ReDh ¼ 3000
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presence of vertical ligaments along the z-axis, a strong horseshoe vortex is formed around
the vertical ligament and fin junction, and a pair of counter-rotating streamwise vortices
appears downstream of each ligament.

4.2 Local analysis of the flow and heat transfer fields
To better illustrate the detailed internal flow patterns and their effect on heat transfer
characteristics, Figure 11 presents a comparison of the velocity streamlines and temperature
contours in the longitudinal central plane in the trussed fin-and-elliptical tube channels of
the different geometric configurations of PCL structures with 92% and 98% porosity, at
ReDh ¼ 3000.

For every enhanced case, the PCL structure with 92% porosity has bigger cross-section
vertices than the other porosity and results in further evident blockage and manipulation of
the airflow by the vertices and ligaments. So, this is why the wider cross-sectional area of a
vertex can intensify the secondary flow vortices. It can be seen from these figures that before
the separation saddle point of the elliptical tube, the boundary layer flow rolls up and the
horseshoe vortices begin from the vicinity of the stagnation point in front of each vertex and
extend further downstream. Downstream of each vertex, large flow separation appears;
thus, a pair of counter-rotating streamwise vortices is present.

For all the enhanced cases studied, as the porosity decreases to 92%, the downstream
temperature and average temperature on the fin surface is reduced. This occurs because the
vortex intensity becomes significantly higher as the porosity decreases, hence leading to an
increase of the heat transfer rate. Temperature contours for the case BCCZ lattice structure
indicate that the HTP in the downstream region is improved and the airflow temperature
decreases rapidly in the main flow direction. This is predominantly due to the wider vertex
cross-sectional area and narrower tortuous fluid flow path compared to the other cases.

Figure 10.
Streamlines and

temperature contours
in transverse planes

at « = 98%,
ReDh ¼ 3000
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The contour plots of the velocity field for the cases PCL structures, with 92% and 98%
porosity, on the xy-plane at the middle horizontal plane between two fins, are depicted in
Figures 12 and 13, respectively, at ReDh ¼ 3000. It is noteworthy that for a trussed fin
equipped with PCL structures, because the airflow is constantly interrupted close to the
surface, hence the flow structures near the trussed fin surface are significantly different
from those for a plain fin surface. In the design of FTHXs, it is well realized that the heat
transfer rate in wake zones downstream the tubes is relatively weak due to recirculation,
and the airflow in this region is barely mixed with the main flow. Thus, the wake region
should be decreased as far as possible. The PCL structures create tortuous flow-paths to
promotemixing and disturbance of the fluid flow in the finned elliptical tube channel.

The local distributions of the velocity around the elliptical tubes and PCL structures
are illustrated clearly in Figures 12 and 13, and these provide qualitative aspects of the
parametric design of the PCL structures. Indeed, this gives a perception of the THP of a
trussed FETHX for a detailed analysis and qualitative evaluation of the influence of the
cell topology and porosity of the PCL structures. It can be observed from these velocity
distributions that the airflow passes around the elliptical tubes and accelerates
downstream.

When the PCL structures are used as a novel flow manipulator with the appropriate cell
topology and porosity, the scale of the wake region behind the tube is highly constrained.
The airflow which goes through the lattice of ligaments performs like local jet-flows with a
random discharging direction that can aid the formation of strong vortices in the wake
region. As observed from these distributions, it is evident that in the PCL structures with
92% porosity, the velocity of the airflow increases due to the formation and evolution of the
secondary flow vortices and the blockage of the airflow by the ligaments. On the other hand,
it is clear that the size of the wake region behind the elliptical tube for the case of PCL
structures with 92% porosity is considerably smaller than that for the case with 98%
porosity at the same Reynolds number. Consequently, the highly turbulent airflowmixing in

Figure 11.
Velocity streamlines
and temperature
contours in
longitudinal central
plane at y= Pt/2,
ReDh ¼ 3000
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Figure 12.
Local distribution of
the velocity (in the

middle xy-plane) for
PCLs at « = 92%,

ReDh ¼ 3000
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Figure 13.
Local distribution of
the velocity (in the
middle xy-plane) for
PCLs at « = 98%,
ReDh ¼ 3000
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the case of PCL structures with 92% porosity gives a higher overall heat transfer
performance.

Figures 14 and 15 display the contour plots of the local Nusselt numberNu on the trussed
fin surfaces for the enhanced PCL structures with 92% and 98% porosity at ReDh ¼ 3000. In
every enhanced case, it is obvious that the maximum value of the Nusselt number occurs at
the leading edge of the plain fin and then diminishes gradually in the streamwise direction
because of the thermal boundary layer effect. The regions of high Nusselt number are
observable not only around vertices but also along the downstream of each ligament. The
former is owing to the existence of a horseshoe vortex, while the latter outcomes from the
flow reattachment and recirculation of the wakes of the ligaments.

Figures 14 and 15 demonstrate the local Nusselt number Nu distributions on the PCL
ligaments for the five enhanced cases. It is well observed that the local heat transfer on the
upstream surface of the ligament is higher than that on the downstream surface of the
ligament for all the PCL structures, which is dominated by the high-momentum
impingement airflow and low-momentum secondary flows, respectively. However,
compared to all the enhanced cases, the BCCZ and FCCZ lattice structures reveal a
remarkable higher local Nusselt number Nu on the upstream surface of the ligaments,
because these structures have vertices with more overlapping ligaments on the fin surface,
and therefore, further augmentation of the heat-exchange between the core ligaments and
the main flow occurs.

The effect of porosity value « and cell topology shown in these figures for the BCCZ
lattice structure with 92% porosity (owing to the widest projected surface area facing the
airflow which causes the highest vortex intensity), visualize that the wake regions behind
the elliptical tubes become smaller and the mainstream flow at high temperature is directed
towards the tubes leading to better heat transfer performance.

4.3 Heat transfer and fluid flow performance of new elliptical tube-banks
To investigate the influence of the cell topology and porosity of the PCL structures on the
thermal-flow field characterization for novel trussed FETHXs, a comparative study for
FETHXs with PCL core and without PCL core was accomplished. It is worth mentioning
that the FETHX without PCL core will be referred to as a “baseline” (un-enhanced) case and
the FETHX with PCL core will be referred to as “enhanced” cases. Figure 16 depicts the
effect of the porosity « on the variation of the average Nusselt number Nu versus Reynolds
number ReDh for five diverse topologies of PCL structure, i.e. SC, BCC, BCCZ, FCC and FCCZ.
One may observe from Figure 16 that the average Nusselt number Nu for both the baseline
case and the five enhanced cases increases with increasing Reynolds number. As expected,
the average Nusselt number Nu of the trussed FETHXs with PCL core is larger than that of
the baseline case at various Reynolds numbers.

The general trend for all the enhanced cases is that a reduction in porosity to 92%, which
is associated with an increase in the interfacial surface area, leads to increases in the average
Nusselt number Nu. It means that increasing the ligament diameter has a substantial effect
on the heat transfer performance on the trussed FETHXs.

According to Figure 16, the average Nusselt numbers Nu in the BCCZ and FCCZ lattice
structures, are mainly caused by better disturbance of airflow. The values are higher than
for the other enhanced cases. Concerning the porosity effectiveness evaluation, the BCCZ
lattice structure with 92% porosity possesses the highest average Nusselt number Nu as
compared to that of the other PCL structures.

The influence of the porosity « on the relation between the friction factor f and the
Reynolds number ReDh for the five diverse PCL structures studied in this investigation is
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Figure 14.
Distribution of local
Nusselt number on
the ligaments and
inner surface of the
lower fin, for PCLs at
«= 92%,
ReDh ¼ 3000
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Figure 15.
Distribution of local
Nusselt number on
the ligaments and

inner surface of the
lower fin, for PCLs at

« = 98%,
ReDh ¼ 3000
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illustrated in Figure 17. The friction factor f represents the attributes desired to specify
pressure drop characteristics for different geometry conditions and given airflow rate. As it
is observed the f decreases with an increase of ReDh for all the cases considered. In addition,
one can clearly see that when the Reynolds number ReDh is raised within the considered
range, the variation in the drag coefficient is reduced and above a certain Reynolds number
it becomes nearly constant. As is evident, the variation of the porosity for every enhanced
case can establish perceptible difference in the friction factor f, and as expected, the friction
factor f is inversely proportional to the porosity. The simulation results have implied that
with the high porosity 98%, the friction factor f appreciably declines, indicating an
increasing the free area available for airflow in the PCL structure with higher porosity. As

Figure 16.
Influence of porosity
value « of PCL
structures on average
Nusselt numberNu
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shown in Figure 17, the SC and BCC lattice structures have the least friction factor f owing to
the less channel blockage together with a smaller surface drag than that of the other PCL
structures.

4.4 Thermal-hydraulic performance benchmarks
4.4.1 Field synergy performance. From a survey of related literature about the concept of
FSP, it is widely approved that the field synergy number can serve as the appropriate
indicator for FSP, i.e. which physically is an indication of the degree of synergy between
velocity and temperature gradient fields in the entire domain. Hence, in this section, the

Figure 17.
Influence of porosity

value « of PCL
structures on friction

factor f
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influence of the porosity on the heat transfer enhancement for FETHX with high-porosity
PCL structures is analyzed according to the field synergy principle.

Figure 18 depicts the variation of the average field synergy number Fc of all the
enhanced cases versus the Reynolds number ReDh for the two values of the porosity «. From
this figure, the FETHX with PCL core has the highest average field synergy number Fc at
the same Reynolds number, while the FETHXwithout PCL core has the lowest average field
synergy number Fc. These results explain the fact that the FETHX with PCL structure
reveals a more significant heat transfer performance.

One may observe from Figure 18 that the average field synergy number Fc declines
slightly with increasing Reynolds number ReDh for all studied cases, because increasing the

Figure 18.
Influence of porosity
value « of PCL
structures on average
field synergy number
Fc
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airflow velocity cannot cover thoroughly the increase in heat transfer coefficient, according
to the Fc definition. From the standpoint of porosity effectiveness evaluation, the BCCZ
lattice structure with 92% porosity possesses the highest average field synergy number Fc
compared to the other PCL structures.

4.4.2 Performance evaluation criterion. Thermal-hydraulic aspects of CHX design have
created numerous challenges for designers. Hereupon, continuous effective efforts have been
made to improve the THP of CHXs in all thermal application fields.

As is well-known, the heat transfer and flow characteristics of CHXs, e.g. FTHXs in
terms of the Nusselt number and the friction factor, are used to perform the THP evaluation
between geometrically similar CHXs. Generally, the augmentation of the Nusselt number
results in an increased heat transfer rate, and this will be associated with a reduction of
thermodynamic cost. On the other hand, reduced pumping power due to dropping friction
factor leads to a lower cost of a heat exchanger operation.

Based on the existing literature survey on the THP studies of FTHXs, it is found that the
improvement in the thermal performance by using enhancement passive techniques is
usually associated with an increase in the pressure drop penalty, which induces a higher
pumping cost. Therefore, the optimum design of FTHXs is very complex, as it requires
precise and extensive analysis of heat transfer rate and pressure drop simultaneously.
Accordingly, any novel enhancement methods developed into the CHX, e.g. FTHX should be
a balanced trade-off between the benefits of heat transfer coefficient and the higher pumping
cost due to the raised frictional losses.

Two performance evaluation criteria were employed in this section of the study to assess
the overall THP of the trussed FETHX with PCL structures with different high-porosities of
92% and 98%, namely,modified flow area GF (i.e. j/f1/3 versus ReDh ) and core volume GF (i.e.
Z versus E). The modified flow area GF indicates essentially the direct analogy of the j/f1/3

ratio as a function of Reynolds number ReDh for the purpose of identification of the extended
surface needing the minimal frontal area for a constant pressure loss penalty. The influence
of the porosity « on the flow modified flow area GF at different Reynolds numbers for the
five diverse PCL structures is shown in Figure 19. It is observed that the ratio of j/f1/3 tends
to decrease with the increase of Reynolds number. For the enhanced cases PCL structures
studied, the ratio of PEC index j/f1/3 for BCCZ and FCCZ lattice structure with 92% and 98%
porosity, respectively, is higher than that of the other enhanced cases.

The flow area GF method does not alone serve as a definite effective assessment tool;
because in addition to the effect of pressure drop, the entire volume of CHX must be
considered. Accordingly, another PEC of the CHX is assessed and determined by the core
volume GF method, which compares the isothermal heat transport per unit core volume (Z)
to the pumping power required per unit core volume (E).

In the present study, from the standpoint of the trussed FETHX volume required,
configuration geometries with larger values of Z will need less core volume for a given air-
side heat transfer capacity. Figure 20 depicts the core volume GF for different enhanced
cases PCL structures with two values of the porosity «. The BCCZ lattice structure case with
92% porosity has a slightly higher value than other enhanced cases. On the other hand,
Figure 20(b) shows that the FCCZ lattice structure case with 98% porosity transfers the
highest heat flux per unit volume for the same pumping power per unit volume. Considering
Figures 19 and 20, because of PEC, one can see that if the porosity is decreased to 92%,
which in turn increases the diameter of the ligaments, will yield a more desirable surface
based on these performancemetrics.
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4.5 Pec comparison: influence of enhanced fin patterns
As is well-known, the heat transfer performance of FTHXs is highly dependent on the
structure of fins because the dominant thermal resistance is generally on the air-side. The
purpose of next generation CHXs is to increase the THP due to combined enhancement
techniques and thereby improve the energy-efficiency. Hence, currently, the utilization of
enhanced fin patterns is very appropriate in advanced FTHXs.

To reveal the importance of this issue, a number of enhanced FTHXs were compared,
namely – louvered FTHX (Okbaz et al., 2020), wavy FTHX (Okbaz et al., 2020), wavy
FETHX with rectangular trapezoidal winglet (RTW) vortex generators at attack angle 60°
(Lotfi et al., 2014a), FETHX with upward triangular dimple (UwTD) turbulators (Lotfi and
Sundén, 2020b), and trussed FETHX with BCCZ lattice structure at 92% porosity

Figure 19.
Modified flow area
goodness factor
criterion for PCLs
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(i.e. present study), by two key performance evaluation criteria, i.e. modified flow area GF
and core volume GF. The results of these comparisons are presented in Figure 21.

It can be seen that the trussed FETHX with BCCZ lattice structure at « = 92% provides a
better flow modified flow area GF than the other enhanced cases. An overview of Figure 21(b)
reveals that the trussed FETHX with BCCZ lattice structure at « = 92% and then wavy
FETHX with RTW vortex generators at a = 60° have the higher core volume GF than the
other enhanced cases.

An important point should be noted, by changing the essential design parameters such
as the longitudinal and transverse tube pitch and also specifically the tube diameter and fin

Figure 20.
Core volume

goodness factor
criterion for PCLs
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pitch, etc., effectiveness of the flow manipulators and turbulators on the THP can be
different and thus the comparison of the results will also be changed.

5. Concluding remarks
The thermal-hydraulic studies reveal clearly that the capabilities of CMs are extremely evident
for advanced thermal energy transfer devices such as compact heat exchangers. Hence, a novel
trussed finned elliptical tube heat exchanger aimed at representing the potential benefits of
applying high-porosity periodic cellular lattice materials is proposed in this paper.

In the present investigation, three-dimensional CFD numerical simulations were
conducted to clarify and explore the influences of periodic cellular lattice fin configuration

Figure 21.
PEC comparison of
several enhanced
FTHXs
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geometry characteristics and high-porosity values on the thermal-hydraulic performance of
the novel trussed fin-and-elliptical tube heat exchanger. The highlights of conclusions
drawn in this investigation are summarized as follows:

� The local dominant flow patterns and features in the trussed FETHX consisting of
the lattice structures were identified. Multiform and complex secondary flow vortex
structures around the vertices of the PCL include the horseshoe and arch-shaped
vortices, which formed upstream and downstream of the vertices, respectively, and
the flow separation on the ligament surfaces leading to a substantial increase in the
heat transfer performance.

� Investigating the influence of morphological parameters–such as lattice structure
topology (SC, BCC, BCCZ, FCC and FCCZ lattice structures) and porosity value (« =
92% � 98%)–on the thermal-hydraulic characteristics has led to a deeper
understanding of the interaction between fluid flow and PCL structure in trussed
FETHX.

� Benchmark analyses of the thermal-hydraulic performance such as “field synergy
performance” (i.e. synergy number) and “performance evaluation criterion” (i.e. flow
area goodness factor and core volume goodness factor) have been carried out to
study the heat transfer and pressure drop characteristics in trussed FETHX utilized
PCL structures.

� Based on the predicted friction factor f of this study, it is revealed that with a high
porosity value by 98%, the pressure drop appreciably declines, indicating an
increasing free area available for airflow in the PCL structure with higher porosity.

� A cell topology investigation of the PCL structures using the performance
assessment benchmarks showed that BCCZ and FCCZ lattice structure with 92%
and 98% porosity, respectively, has better thermal-hydraulic performance
enhancement compared to the other PCL structures.

� The computational results showed that the rate of FSP and PEC indices of the PCL
structures decreases as the porosity value increases. Thereby, it has been
demonstrated that if the high-porosity of all PCL structures decreases to 92%–
which in turn increases the diameter of the ligaments, the increment in the heat
transfer surface area density–provides the best thermal-hydraulic performance.

It is worth mentioning that despite the many limitations on the production of CMs,
noteworthy opportunities exist to maximize the thermal-hydraulic performance of advanced
compact heat exchangers with periodic cellular lattice structures via varying the lattice cell
morphological and type of metallic alloy used
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