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Abstract

Ultralightweight lattice-frame materials (LFMs) with open, periodic microstructures are attractive multifunctional
systems that can perform structural, thermal, actuation, power storage and other functions [A.G. Evans, J.W. Hutch-
inson, M.F. Ashby, Multifunctionality of cellular metal systems, Prog. Mater. Sci. 43 (1999) 171-221]. This paper pre-
sents experimental and numerical studies of local fluid flow behaviour and its contribution to local and overall pressure
and heat transfer characteristics of such a lattice material with tetrahedral unit cells. A single layer of the LFM with
porosity of 0.938 is sandwiched between impermeable endwalls that receive uniform heat flux and the heat transfer
is subjected to forced air convection.

Experimental measurements with particle image velocity (PIV) and thermochromic liquid crystal (TLC), backed by
computational fluid mechanics (CFD) simulations, revealed two dominant local flow features in the LFM. Distinctive
vortex structures near the vertices where the LFM meets the endwalls and flow separation on the surface of LFM struts
were observed. The vortex structures formed around the vertices include horseshoe vortices and arch-shaped vortices.
The horseshoe vortex increases local heat transfer on the endwall region up to 180% more than that in regions where the
least influence of the horseshoe vortex is present. The arch-shaped vortex behind the vertices creates regions of flow
recirculation and reattachment, leading to relatively high heat transfer.

The location of flow separation along the struts varies with the spanwise position due to the presence of vertices (or
endwalls). The regions on the strut surface before flow separation contribute approximately 40% of the total heat trans-
fer in the LFM. The delay of the flow separation leads to an increase in the overall heat transfer.

Comparisons with foams and other heat dissipation media such as packed beds, louvered fins and microtruss mate-
rials suggest that the LFMs compete favourably with the best available heat dissipation media.
© 2005 Elsevier Ltd. All rights reserved.
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Nomenclature

¢y specific heat at constant pressure [J/kg K]

G, static pressure coefficient (=(P — Peeji-intet)/
(pU?/2)

d strut diameter [m]

d, unit cell length (or longitudinal unit cell
pitch) [m]

h convective heat transfer coefficient [W/
m> K]

H, W, L height, width and length of test section [m]

k thermal conductivity [W/m K]

Kcen pressure loss coefficient (=(AP/L)d,/(pU?/2))

l strut length [m]

i mass flow rate [kg/s]

Nuyg, Nusselt number (=hd,/ky)

P static pressure [P]

q heat flux (=Q/A4) [W/m?]

0 heat flow [W]

Rey, Reynolds number (=pUd,/11)
S spacing between struts [m]

t time [s]

T temperature [K]

U mean flow velocity [m/s]

X, ¥, z coordinates

z' coordinate along the strut

DOsA surface area density (=surface area/volume)
[m~']

e porosity

1. Introduction

The rapid advance in manufacturing techniques
(e.g. lithography and rapid prototyping) has made pos-
sible the construction of lightweight, highly porous
cellular metal systems with pre-specified periodic micro-
structures. The precise control of topologies during
the manufacturing stage differentiates these novel cellu-
lar materials from conventional porous heat dissipation
media such as metal foams with stochastic micro-
structures.

The periodic cellular structures were primarily used
by the materials and structures community owing to
the flexibility in design and their superior mechanical
strength/stiffness to stochastic structures. Well estab-
lished data on the mechanical properties of cellular sys-
tems with either periodic or stochastic microstructures
can be found in [1-6]. These studies demonstrate that
the relatively high stiffness and yield strength achievable
at low density creates an opportunity for lightweight
structures. In addition, the open topologies with high
surface area density have thermal attributes that may
enable applications which require a structure for heat
dissipation as well as mechanical stiffness/strength.

The focus of this work is on one of the periodic cel-
lular materials made possible by computer-based design
and numerically controlled processing, namely lattice-
frame material (LFM). The LFM consists of a three-
dimensional network of cylindrical struts forming a
tetrahedron as shown in Fig. 1(a). This tetrahedral unit
cell is interconnected with other unit cells, which are
periodically and spatially distributed (see Fig. 1(b)).

The overall pressure loss and heat transfer perfor-
mance of the LFM were reported in [7], whilst its
detailed pressure loss and heat transfer behaviour were
examined in [8-10]. It was found that the orientation
of the LFM has a strong effect on flow resistance but

not on heat transfer. In addition to promote flow mix-
ing, LFM struts made with a high thermal conductivity
material (e.g. aluminium) enhance overall heat dissipa-
tion by conduction through solid struts followed by con-
vection from strut surfaces. In comparison, LFM struts
made with a low conducting material (e.g. polycarbon-
ate) contribute to heat transfer by means of flow mixing
only. It was also revealed that the overall pressure loss of
flow across the LFM is dominated by pressure drag for
the Reynolds number considered.

To complete the study of thermofluid characteristics
in the LFM heat dissipation medium under forced air
cooling, this paper aims to (1) identify governing local
flow features; (2) examine the contribution of these fea-
tures to the local pressure and heat transfer distribution;
(3) quantify their influence on the overall thermal and
hydraulic performance; and (4) compare the perfor-
mance of LFMs with selected porous heat dissipation
media including metal foams, packed beds and louvered
fins. Experimental measurements with particle image
velocimetry (PIV) and thermochromic liquid crystal
(TLC), complemented by CFD simulation, are carried
out. To examine the detailed local flow and heat transfer
features, a LFM model much larger than the LFM
structures studied in [7-10] is fabricated and tested.

2. Experimental apparatus and procedure
2.1. Test rig

A test rig that accommodated a single layered LFM
model was fabricated; its photograph is given in Fig.
2. An axial fan draws the flow and mass flow rate in
the test section can be varied. A flow straightener (hon-
eycomb) was placed after a bell-mouth shaped inlet.
This was followed by a 500 mm long parallel section.
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Fig. 1. Topology of LFM: (a) a tetrahedral unit cell; (b) a single layered LFM sandwiched between face sheets, showing structural
anisotropy.

Flow developing Instrument tower

 Test section with the LFMs

Heating mesh &
power supply cables

Fig. 2. Photograph of test rig used to obtain detailed fluid-flow and heat transfer patterns.
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Table 1

Specifications of the wind-tunnels employed for both pressure
drop and heat transfer measurements where Lyaraner is a length
of the parallel section and H, W, L and are the channel height,
width, and length, respectively

Test rig

Flow straighter (honeycomb) 1
Parallel section 2

ratio (Lparallel/H)
Test section (Hx Wx L) [m] 0.270x0.993 x 1.72
Heating mesh (H x W) [m] 0.270 % 0.993
Number of unit cells 3 (transverse) X 6 (longitudinal)
Type of air supply Suction type single axial fan

During the data reduction process associated with
transient heat transfer experiments using thermochromic
liquid crystal (TLC), a 1D semi-infinite solid assumption
(discussed in Section 2.4) which requires a step input of
the flow temperature change is typically used. To pro-
vide the step input, a heating mesh was fabricated, fol-
lowing the methods reported in [11]. The heating mesh
was inserted between the parallel section and another
parallel section (500 mm long) before the test section.
It was made of stainless steel wire of 36 um diameter
and was sandwiched between two Tifnol frames after
being soldered to brass bus bars. The bus bars are used
to connect the heating mesh to a low voltage and high
current transformer. While air is passing through the
heating mesh, the heat generated by the electrical current
is transferred to the air. The heating mesh was connected
to an AC welding power transformer that was able to
supply a high current from 40 A up to 250 A. Specifica-
tions of the test rig are tabulated in Table 1.

2.2. LFM test model

In the test section, 18 tetrahedral unit cells were
located. There were 3 and 6 unit cells in the transverse
and longitudinal directions, respectively. Only two unit
cells from the centre of the test model were selected as
the region of interest for the TLC experiment.

The struts of the test model were fabricated from Per-
spex tubes with a wall thickness of 6 mm and an outer
diameter of 45 mm. The ends of each strut were
machined to fit with other struts. During the assembly
of the machined struts to construct the tetrahedral
LFM, chloroform was used to fix all except the remov-
able struts used later for the pressure distribution mea-
surements (see Section 2.3). The ratio of strut length to
diameter was 7.35. The model has a porosity of 0.938
when the struts are solid, where ‘porosity’ is defined as
the void volume fraction to the total volume that is
occupied by the inserted structures, e.g., the LFM [14].
Strut diameter, length and cell height are 0.045m,
0.331 m, and 0.27 m, respectively. The Perspex test

model is approximately 20 times larger than the alumin-
ium alloy LFM structures tested in [7-10].

2.3. Pressure and velocity measurements

2.3.1. Pressure loss and pressure distribution

Static pressure tappings were installed in the inlet and
outlet sections of the test section. The static pressure
tappings were connected to a 48 port J-type Scaniv-
alve™. Because the velocity range in the test rig was
0.5-1.5m/s, in order to match Reynolds numbers with
those in the small scale LFM model tests [7,9], an ana-
logue manometer (MDC FCO001, Furness Controls),
which has a pressure reading resolution of about 0.1 P,
was connected to the Scanivalve™. The output from
the analogue pressure signals was sent to an A/D card
inserted in the data acquisition PC. The LabVIEW™
software monitored and stored the pressure data.

Pressure distributions around the circumference of
the struts were measured. The measurements were car-
ried out for a unit cell, located at the centre of the
LFM matrix, i.c., the third cell out of six cells in the lon-
gitudinal direction (x-axis). A static pressure tapping
ring consisting of 24 tappings with 15° increments along
its circumference was fabricated as shown in Fig. 3. To
traverse the measuring location along the strut span,
the ring was swapped with a neighbouring plane tube
ring; a total of 15 stages were used during the
measurements.

2.3.2. Velocity field measurements

To observe velocity field around the LFM structures,
the PIV technique was used. A schematic of a measured
plane is given in Fig. 4. The result is also used to validate
CFD simulation results (see Section 3). The PIV is capa-
ble of measuring the velocity field in a plane by deter-
mining the displacement of illuminated particles over a
short interval of time using a double-pulsed light source.

Pressure tubes

Fig. 3. Photograph of the pressure tapping ring installed.
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Fluid-flow

Periodic boundary face

Vertex of type 1

Fig. 4. Transverse plane used for PIV velocity measurements.

A Nd:YAG laser was used in this study. Details associ-
ated with the PIV experiment can be found in Ref. [8].

2.3.3. Flow visualisation using the oil-florescent dye
mixture technique

An oil-florescent dye mixture technique was used to
carry out flow visualisation on the LFM strut (for the
large model used in this study) and endwall surfaces
(for the small scale model reported in [9]). The latter
model also has the same porosity of 0.938 and scaled
down to have a ratio of 1:22.5 with respect to the model
used in the present study. The experiment involves cov-
ering the strut and endwall surfaces with a fluorescent
powder and oil mixture so that when aerodynamic
forces exert on the surfaces, shear stresses redistribute
the mixture patterns, resulting in the visualisation of
the surface flow patterns. Before the mixture was coated
on selected surfaces, the strut tube was painted in black.
This black background was used to enhance the reflec-
tivity when using ultraviolet light to illuminate the sur-
face flow pattern while it was being photographed.

2.4. Transient heat transfer measurement using
thermochromic liquid crystal

2.4.1. Image acquisition setup and procedure

To obtain detailed surface heat transfer mapping on
endwalls, thermochromic liquid crystal (TLC) technique
was used. Two separate heat transfer experiments were
conducted on the endwall surface and the strut surfaces.
The solution of the encapsulated liquid crystals (BM/
R27C6W/C17-10, Hallcrest Inc.), premixed binder and
de-ionised water was sprayed using an airbrush. Subse-
quently, the black backing paint (BB-G1, Hallcrest
Inc.) was sprayed on top of the TLC layer. The illumina-
tion source used here provides low thermal radiation
with continuous cold-white light (Intralux dc-1100,
Volpi Inc.).

Instrumentation used for curved surface (i.e. strut
surface) needed additional equipment. This is due to

the structural complexity and the need to prevent flow
disturbances caused by the insertion of a lighting source
and an image capturing system into the flow. A bore-
scope (R060-046-045SW115-50, Olympus Inc.) was
employed, which is an optical device allowing one to
monitor images through a long and small diameter
metallic tube (6 mm in diameter and 450 mm in length).
A digital camcorder (SONY DCR-PC110E) connected
to the borescope was mounted on a traverse system as
shown in Fig. 5(a). It allows a linear traverse of
400 mm as well as 360° rotation of the viewing lens of
the borescope. There is a swing prism system so that di-
rect reflection from the illumination by the internal light
source can be avoided. Fig. 5(b) shows the internal light
source and the borescope lens. The light source was con-
nected to the main light generator (KMI MLS-201) by a
fibre optic. The borescope was therefore used to observe
the reflected light from the TLC layer sprayed on the
outer surface of the strut tube. It monitored the TLC
colour display from the inside of the strut tube, looking
through the tube thickness (6 mm).

During the transient experiments, the colour changes
of the reflected light of the TLC on the target surface

Linear traverse

Digital Camcorder

Rotary gear Adaptor
E
&
@0
Fibre o;;tic Borescope lens
light source L

Fig. 5. Photograph of borescope setup to monitor the color
change of the liquid crystal coated on outer surface of cylinder
tube; it captures images from within the tube.
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were monitored using the digital camera. The camera
was connected to an image acquisition PC via an IEEE
1394 (Firewire™) for real time recording. The images
were saved in PAL format (25 frames per second). Dur-
ing data processing, the TLC images in the RGB space
were converted into HSI (Hue, Saturation and Intensity)
space using the IMAQ™ software from National
Instrument Inc., which is part of LabVIEW™. The hue
values of the images are then converted into tempera-
tures based on calibration between hue value and
temperature.

2.4.2. Determination of the heat transfer coefficient
in the TLC

During the transient heat transfer experiments re-
ported here, the air temperature increases exponentially
with time. When normalized, this is described by the
expression:

_ Te(t) = Tinit _

O:(t) =
f( ) Tﬁnal - Tinit

1—e /™ (1)
where 7 is the time, T¢(7) is the fluid temperature which
varies with time (7), 7, is the time constant, Tg,. is
the final (or target) fluid temperature, and 7y is the ini-
tial fluid temperature. As reported in [12], 7, decreases
steeply as the flow velocity is increased for a given power
input to the heating mesh. The exponential rise of the
flow temperature, instead of the ideal step rise, means
that the 1D semi-infinite equation for the step rise of
the flow temperature must be modified. It is replaced
by the solution for an exponential increase according
to [13].

The solid temperature T at a fixed position (x, ) on
the surface of the endwall (treated as a semi-infinite
solid) when the flow temperature at the same location
exhibits an exponential rise may be written as

Ts(t) - Tinil
Tﬁnal - Tinit
=1 ! e erfe(p)
1+ 4

T

—t/1;

2
1|1
—_e ﬁflz {1+|: i
[ R P
21 2 t
i S ant/4 h - 2
+n;ne sin (n 12)]} (2)

where f = h\/at/k, p., = h\/at/ks, I is the heat trans-
fer coefficient, « is a thermal diffusivity of the solid, k;
is a thermal conductivity of the solid, and 7, is the time
constant that depends on the performance of the heating
mesh.

Since the non-dimensional temperature can be ob-
tained from measured Ty(¢) by the TLC, the heat trans-
fer coefficient, /1, which is the only unknown in Eq. (2),
can be implicitly calculated by comparing the non-

dimensional temperature from the TLC experiments
and that predicted from Eq. (2).

2.5. Data reduction

2.5.1. Pressure loss coefficient (pressure drop per unit
cell)

In periodic structures such as the LFM, it is expected
that the flow patterns will also be periodic, excluding
any entry and exit regions [9]. This fact leads to the con-
sideration of a unit cell for pressure drop and heat trans-
fer analyses. Information concerning the representative
unit cell can then be utilised to predict the performance
of the overall structure.

In an isotropic structure, one characteristic length
scale is normally sufficient to represent the structure
under unidirectional flow conditions. However, in an
anisotropic structure such as the LFM, it is necessary
to determine a characteristic length, d, according to
the orientation of the structure relative to the flow direc-
tion. This is because variations of flow blockage and
geometry of flow passage exist even though the porosity
of the structure remains unchanged. For the current
study, two orientations such as Orientation A (O-A)
and Orientation B (O-B) were selected: Fig. 1(b) illus-
trates the difference of the unit cell length for each
orientation.

The pressure loss coefficient K¢, representing the
pressure drop across the unit cell length d), is defined as

AP
pU?/2

Kea =

where APy is a static pressure drop per unit cell length
(=(AP/L)d,), AP/L is the pressure drop per unit length,
and pU?/2 is a dynamic pressure based on the mean inlet
velocity, U, and d, is the unit cell length.

To calculate the overall pressure loss across the LFM
matrix, Kcey would be multiplied by the total number of
unit cells in the flow direction. It should be noted that
the pressure loss coefficient does not account for the
entry and exit effects that occur.

2.5.2. Static pressure coefficient, C,

To evaluate the local pressure distribution on the
strut surfaces, a non-dimensional static pressure coeffi-
cient is defined as

_ P(QD) - Pcell-inlet
: pU*/2

where P(¢) is the static pressure measured along the
strut circumference, ¢ is the azimuth angle measured
from the stagnation point, and Pgjinet 1S @ representa-
tive static pressure at the inlet of unit cell calculated as

UZ
Pcell-inlet = Pin]et - KCellN (pT)
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where P is the measured static pressure at the inlet of
the test section, Kc is the pressure loss coefficient and
N is the number of cells between the inlet and the unit
cell of interest.

The Reynolds number based on the unit cell length is
defined as

Ud
Redp = pYap

where p is the viscosity of the fluid.

2.5.3. Heat transfer coefficient and Nusselt number in
TLC measurements

The local heat transfer coefficient /(x,y) on the end-
wall calculated using Eq. (2) together with the TLC mea-
surements was averaged over the endwall surface area to
obtain spatially averaged heat transfer coefficient / as

hz/ /h(x,y)dxdy
v Jx

The overall Nusselt number, Nug,, is then defined as

Ny =—
ay kf/dp

where k¢ is the thermal conductivity of the fluid.
2.6. Measurement uncertainty

An uncertainty analysis associated with the pressure
drop and heat transfer measurements was performed
by following the method detailed in Ref. [15]. For ran-
dom error in pressure drop measurements, the static
pressure change as a result of air density change due
to temperature variations was small, since the range of
operating temperature is small (typically less than
20 K). The uncertainty associated with the static pres-
sure drop and the corresponding pressure loss coefficient
was estimated to be less than 0.1% and 1.7%, respec-
tively. The total uncertainty of the local heat transfer
coefficient and Nusselt number was estimated to be
6.3% and 9.1%, respectively.

3. Numerical simulation

Steady state fluid-flow and heat transfer fields were
obtained by solving the three-dimensional Reynolds
Averaged Navier-Stokes (RANS) equations [16,17].
The standard k—¢ turbulence model was used for turbu-
lence closure. Apart from the entry and exit regions, the
flow within the LFM has been experimentally observed
to be periodic. This leads to the consideration of a unit
cell. The unit cell used in the experiments was based on a
structurally repeatable tetrahedral cell. A computational
unit cell was chosen based on aerodynamic periodicity
and symmetry of fluid flow within the LFM. At bound-

aries between the solid struts and flow domain, imper-
meable wall boundary conditions were imposed.
Approximately 1.6 x 10° tetrahedral cells were distrib-
uted in the domain. The commercially available CFD
code Fluent™ was used.

Flow across the computational unit cell of the LFM is
assumed to be fully developed. This is reasonable for a
unit cell placed apart from the entry and exit region. This
enables a periodic boundary condition to be imposed at
the inflow and outflow faces of the computational unit
cell. The velocity profiles and magnitudes at inflow and
outflow faces were set to be identical to conserve the mass
flow rate crossing the faces. However, the pressure and
temperature at these faces will be different. This is be-
cause pressure and temperature gradients exist in the
flow direction. The shapes of the profiles are identical.
It is only the mean level that changes. Fluent™ caters
for this aspect of periodic flow. However, the use of peri-
odic boundary conditions requires that the flow must be
incompressible and the thermodynamic properties of the
fluid such as heat capacity, thermal conductivity, viscos-
ity and density, cannot be functions of temperature. All
of the thermophysical properties were therefore deter-
mined at 298.15 K for the simulations.

For the fluid flow, either a pressure gradient (AP/L)
or a mass flow rate (7z) entering through the periodic
face can be prescribed. In the current study, the mass
flow rate was specified so that the pressure gradient
(AP/L) was to be obtained after the calculation. The
pressure loss coefficient, Kce;; was calculated for each
corresponding Reynolds number. The mean velocity
can be obtained by integrating the flow velocities at
the periodic surfaces.

For numerical accuracies, it was ensured that the cal-
culated non-dimensional wall distance (y*) was every-
where less than 8, where y* is defined as y*© = pu.ho/n,
u, is the friction velocity ((ty/p)'"’?), Ty is the wall shear
stress, and /. is the height of the first grid cell near the
walls.

4. Fluid-flow and formation of vortex structures in a
lattice-frame material

4.1. Overall flow pattern

In the present study, a single layer of the LFM was
bounded between solid walls to form a sandwich heat
exchanger. The fluid flow passes through the LFM be-
tween these walls, with the series of tetrahedral cells pro-
viding a tortuous flow passage. As shown in Fig. 1(b),
the extent of the flow tortuousity depends on the orien-
tation of the LFM. Two representative orientations were
selected for the investigation: Orientation A for the most
closed flow passage and Orientation B for the most open
flow passage.
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Fig. 6. Simulated local flow patterns over the LFM at Re,, = 2.0 x 10* showing formation of vortex structures.

Prior to examining the detailed aspects of the fluid
flow, it is instructive to examine the dominant flow
structures in the LFM, which are believed to be respon-
sible for the pressure loss and heat transfer. The fluid
flow in Orientation A was calculated assuming a steady
flow at Rey, = 2.0 x 10*. Fig. 6 shows the overall flow
patterns, illustrated by pathlines originating from one
of the symmetric faces and the bottom endwall. The flow
past the LFM experiences stagnation and separation.
The flow near the vertices where the struts meet the end-
walls exhibits complex patterns. Vortex structures
including ‘horseshoe vortex’ are clearly visible. The vor-
tex flow pattern behind each vertex appears to be differ-
ent from the horseshoe vortices.

The general flow patterns vary along the channel
height due to the variation of spacing as a result of the
inclined and yawed arrangements of the struts, leading
to different flow features on the lower and upper endwall
surfaces. Details of the local flow patterns around the
LFM struts and on the endwall surfaces are discussed
in the following sections.

4.2. Velocity distribution around the LFM struts

Given that the unit cell is chosen from the midsection
of the LFM, it is reasonable to assume that the flow is
fully developed. This implies that the incoming flow to
the representative cell is already influenced by the
upstream cells. Velocity contours at a plane in front of
the strut of type I obtained from PIV measurements at
Reg, = 2.0 x 10* were used to compare with those calcu-
lated numerically. Fig. 4 illustrates the measurement
planes (at x = 0) used for comparison, which coincides
with the periodic face in the computational unit cell. It

should be noted that the PIV technique only measures
in-plane velocities, i.e., the y- and z-velocity compo-
nents; the x-velocity component along the mainstream
direction was not available.

Fig. 7(a) and (b) show contours of the y- and z-veloc-
ity components obtained from the CFD and the PIV.
Overall, good agreement between measurement and pre-
diction is observed. There are zero y-velocity lines along
the centre of the strut of type I. These lines appear to
indicate each side of the wake developed from the strut.
It is seen from Fig. 7(b) that the flow behind the strut of
type I is directed in the negative z direction (towards the
lower endwall) whilst in the rest of the region, the flow is
in the positive z direction (towards the upper endwall).
This is associated with the topology of the strut of type
1. The highest z-velocity occurs where the distance be-
tween the struts is the smallest (i.e. above vertex type
1). The negative velocity regions appear to be in the
wake originated from the strut of type II.

4.3. Formation of vortex structures

The bounding of the LFM by the endwalls induces a
strong secondary flow, which can be classified as two
main types: (1) horseshoe type vortex in front of the
LFM vertices and (2) secondary vortical flow motion
behind the vertices. This section discusses these vortical
motions and their mechanism of formation.

4.3.1. Horseshoe vortex

The existence of the struts/vertices causes the rolling
up of the developed endwall boundary layer in front of
the vertex of the LFM. In accordance with Kelvin’s cir-
culation theorem, the boundary layer vorticity cannot be
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Fig. 7. Comparisons of the flow velocity fields at a plane
obtained from the PIV measurements and steady CFD
calculation at Re;, = 2.0 x 10*: (a) y-velocity component;
(b) z-velocity component.

destroyed. Instead, it is convected around each side of
the obstacle to form the two legs of the so-called “‘horse-
shoe” vortex. The high tangential velocity of the rolled
up vorticity away from the core region interacts with
the endwall surface, causing relatively high heat transfer.
More detailed flow patterns around the vertices are
displayed in Fig. 6 at Re,, = 2.0 x 10*. Vortex structures
including the horseshoe vortex were clearly observed at
each vertex near the lower and the upper endwalls.

4.3.2. Arch-shaped vortex

The mechanism of formation of the vortical flow
structures besides the horseshoe vortex, labelled as vor-
tical flow ‘A’ and ‘B’ in Fig. 6, is discussed next. When

Leg of the arch-shaped

Vertex of type 2
Symmetric line (y=0)

The mainstream

Arch-shaped
vortex structure

LN

Strut of type |
The mainstream flow

Shear layer _—

One side of wake

Legs of the vortex structure

b

Fig. 8. An identified vortex structure (arch-shaped vortex)
behind vertex of type 2: (a) calculated flow pattern at
Rey, = 2.0 x 10* where half of the arch-shaped vortex is shown;
(b) sketch of formation of the arch-shaped vortex.

the flow passes the vertex of type 2, the vortical flow pat-
tern ‘A’ is formed. Fig. 8(a) displays the flow pattern
behind the vertex, which was visualised by pathlines
originating from the symmetric face. An arch-shaped
vortex structure is clearly observed. This type of vortex
pattern was addressed by Hussein and Martinuzzi [18].
They observed the arch-shaped vortex behind a cube
mounted on a flat surface when the flow passes the cube.
It was concluded that developed shear layers originating
from three cube surfaces (two side surfaces and one top
surface) were responsible for the arch-shaped vortex in
the near wake.

The formation of the arch-shaped vortex in the LFM
is associated with the topology of the LFM vertex. Fig.
8(b) illustrates a sketch of the formation of the arch-
shaped vortex behind the vertex of type 2. One side of
the wake developed from the strut of type II appears
to form the legs of the vortex whilst the shear layer
developed from the ‘valley’ made by the strut of type
II, connects one pair of counterrotating vortices. The
width of the vortex estimated to be 0.3S) where S, is a
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transverse pitch of the LFM unit cell. The height of the
vortex from the endwall surface was found to be 0.25(z/
H) where H is the height of the LFM core.

The vortical flow pattern ‘B’ is formed behind the ver-
tex of type 1. Fig. 9(a) shows pathlines released from the
strut surfaces and the lower endwall, indicating a leg on
the endwall and a half of the body of the vortex struc-
ture (only half of the flow domain is shown). However,
the vortex pattern is somewhat different from that
formed at the vertex of type 2. Its mechanism is schemat-
ically drawn in Fig. 9(b). Wakes developed from the ver-
tex and the strut of type I appear to be responsible for
this vortex structure. Both sides of the core line of exten-
sion of the concentrated vorticity regions (legs of the
vortex) are inclined with respect to y =0 plane. They
meet at that plane, forming a vortex flow pattern as
illustrated in Fig. 9(b). The width and height of the vor-
tex formed at the lower endwall were estimated to be
0.3S, and 0.25(z/H), respectively.

The mainstream flow
— 5 '/

The lower endwall plate / =
i A
<y

Symmetri

Vertex of type 1
(y=0)

Strut of type Il

The mainstream flow

The lower endwall plate

One side of wakes

N

5. Local pressure distributions and overall pressure loss
5.1. Endwall flow patterns

In isotropic structures, the flow pattern is typically
unidirectional. However, because of the structural
anisotropy of the LFM, the flow patterns strongly de-
pend on its orientation. In this section, endwall flow pat-
terns corresponding to the two selected orientations,
Orientation A and Orientation B, are considered. Again,
the experimental measurements are compared to those
predicted.

5.1.1. Orientation A

Fig. 10(a) and (b) show separately the flow patterns
on the lower endwall obtained from the oil flow visual-
isation and the TLC measurements. Both were obtained
from the smaller scale LFM model at Re,, = 1.0 x 10*
[9]. The entry effect in Orientation A disappears after

NN g
':-“:‘ Arch-shaped =

Leg of the vortical flow e

/A

;f

4 ‘
y

, Strut of type |

Legs of the vortex structure

Fig. 9. An identified vortex structure (arch-shaped vortex) behind vertex of type 1: (a) calculated flow pattern at Rey, = 2.0 x 10*
where half of the arch-shaped vortex is shown; (b) sketch of formation of the arch-shaped vortex.
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Fig. 10. Visualised endwall flow patterns for Orientation A obtained from: (a) oil flow visualization; (b) the TLC.

the second unit cell in the longitudinal direction (x-axis).
In the rest of cells, very similar endwall flow patterns
over each cell were observed. It also indicates that the
flow is symmetric about a line of constant ‘y’ value
through the centre of each vertex of the LFM.

The flow visualisation images show very low momen-
tum regions on the downstream side of the vertices on
the endwalls. The location of these appears to coincide
with the position at which the legs of the arch-shaped
vortices are located. Fig. 11(a) shows closed-up flow pat-
terns of the two unit cells. This was obtained from the
bigger LFM model used in this study by selecting one
raw TLC image. More intensive flow interaction with
the endwall was clearly observed in front of and behind
the vertex. Fig. 11(b) presents the predicted flow pattern
for Orientation A. There is a saddle point, which is
singular point where zero shear stress exists, located
in front of the stagnation point of the vertex. The re-
gions (labelled as ‘legs’) where a concentrated vorticity
associated with the arch-shaped vortices is situated cor-
respond to the local minima of the endwall pressure
distribution.

5.1.2. Orientation B

Orientation B is an orientation that is rotated 90°
from Orientation A (see Fig. 1(b)). Fig. 12(a) and (b)
show the endwall flow patterns obtained from the oil
flow visualisation and the TLC measurements, respec-
tively. In contrast to Orientation A, entry effects persist
up to the fifth cell in Orientation B, highlighting a ser-
pentine flow path caused at about 1/3 of the width of
a unit cell. Furthermore, the axis of each horseshoe vor-

Horseshoe vortex

Fluid-flow

Vertex 4

3 Vertex
Vertex ere

Fig. 11. Visualised endwall flow patterns for Orientation A
obtained from: (a) TLC; (b) steady CFD calculation.

tex is skewed with respect to x-axis at the centre of each
vertex due to the structural asymmetry of the LFM
struts.
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Fig. 12. Visualised endwall flow patterns for Orientation B obtained from: (a) oil flow visualization; (b) TLC.
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Fig. 13. Configuration of a unit cell in Orientation A, showing two different types of struts.

The endwall flow images of the two orientations have the downstream side of the vertices and relatively high
common features such as the formation of the horseshoe flow interaction regions behind the vertices. However,
vortex at each vertex, the lower momentum regions at the mainstream flow patterns in each unit cell and
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around each vertex of both orientations are generally
different.

5.2. Flow pattern and pressure distribution on strut
surfaces: Orientation A

The focus of detailed flow patterns and pressure dis-
tribution on the strut surface was placed on Orientation
A. The unit cell of the LFM consists of one strut of type
I and two struts of type II as illustrated in Fig. 13. The
surface flow pattern and the corresponding pressure dis-
tribution are considered separately for each strut type in
this section.

5.2.1. Strut of type I

The strut of type I is inclined at (+)35.17° to a plane
normal to the mainstream flow direction where a posi-
tive (+) signed angle denotes the angle rotated to the
downstream direction from the axis normal to the flow
direction. The flow around this strut is expected to be
symmetric with respect to the strut axis (z’-axis).

To observe the flow pattern on the strut surface, a
flow visualisation was performed at Re;, = 1.0 x 10°
using the oil-dye mixture technique. The result is dis-
played in Fig. 14(a), showing the variation of the flow
separation point with the spanwise strut length (z’-axis).
Two distinct regions were identified based on the loca-
tion of the separation line: Region 1: 0.1 <z/H <0.27
and Region 2: 0.27 < z/H < 0.8 where z/H is the height-
wise location normalized by the channel height (H). Cor-
respondingly, the locations of the flow separation ¢
satisfy: (1) 0° < ¢ <80° and (2) 80° < ¢ < 100°, where
¢ is an azimuth angle. As z/H increases (i.e. moving
away from the connected upstream struts of type II),
the separation line moves downstream until above
z/H = 0.27 where the separation line does not appear
to be affected by the upstream struts of type II, yielding
a line parallel to the strut axis.

In conjunction with the oil flow visualisation, the sta-
tic pressure distribution on the strut surface was mea-
sured at Reg, = 2.0 x 10*. A total of 360 pressure data
points from 24 azimuth angles and 15 spanwise locations
were used for the contour plot where the 0° azimuth
angle points coincide with the stagnation points. The
results are shown in Fig. 14(b).

Of interest are the low pressure regions labelled ‘A’
and ‘B’ in Fig. 14(b). Region ‘A’ is located at the span-
wise location of z/H ~ 0.3 and at ¢ = 60°. The low pres-
sure spots result from a high velocity flow. To examine
this, particles were “‘released’ in the CFD from the sym-
metric face to form pathlines, highlighting this region.
Fig. 15 illustrates the formation of a vortical flow
pattern near the stagnation point at z/H = 0.3. After
the flow stagnates, the spanwise velocity component
(—z'-velocity, toward the lower endwall) forms the vor-
tex. This vortex is then convected downstream by the

Upper endwall plate

0.735— i - — 0.9
2/H=0.86
22 — —o7
Swy(z)/d z/H
3.68 — —o0.5
8 || Flow separation
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22 — —o0.3
2/H=0.14
0.735— — 0.1
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a
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Fig. 14. Flow on strut surface of type I, (a) surface flow pattern
obtained using oil flow visualization technique at Re,, =
1.0 x 10°; (b) static pressure distribution on strut of type I at
Reg, = 2.0 x 10,

mainstream flow. A high angular velocity component
of the vortical flow interacts with the strut surface near
z/H = 0.3 resulting in the low pressure regions. Another
low pressure region labelled as ‘B’ ranges from
z/H = 0.45 to 0.7 along the spanwise location. There is
relatively high velocity near the mid-height region, e.g.,
0.3 <z/H <0.7. As this higher, than that near both end-
walls, velocity flow convects over the struts, it causes
greater changes in static pressure due to its higher dy-
namic pressure, resulting in the lower surface pressure
in the region ‘B’.
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Fig. 16. Variation of C, along circumference of strut of type I
at Rey, = 2.0 x 10%.

In order to evaluate the location of the flow separa-
tion along the circumference of the strut, the measured
static pressure data were replotted in Fig. 16. The results
indicate that flow separation occurs around ¢ ~ 105°.
However, the flow separation near each end of the strut
(i.e. z/H = 0.2, and 0.9) takes place at different azimuth
angles. For example, at z/H = 0.2 near the vertex of type
1, the separation point is about 45°. For z/H = 0.9 near
the vertex of type 2, it is difficult to determine the sepa-
ration point. It should be noted that the location of the
flow separation obtained from the flow visualisation and
the static pressure distribution is slightly different. This
is due to the use of the oil on the strut surface for the
visualisation, which changes the flow patterns due to
the viscosity of the oil.

5.2.2. Strut of type 11

A strut of type II is inclined at ~(—)22° in the x—z
plane measuring from the z-axis and yawed at ~(+)31°
in the x—y plane measuring from x-axis, respectively.

Strut of type |

Vertex type 248

Strut of type |

Fluid-flow Vertex type 1

Vertex type )

0.9

0.8

0.7

zZIH o6

0.5

0.4

0.3

0.2 Il 4
-180 -120 60 0 60 120 180
Azimuth angle [degree]
b

Fig. 17. Static pressure distribution on strut of type II at
Req, = 2.0 x 10*: (a) pressure distribution on each strut from
the CFD simulation; (b) measured C, contour.
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Fig. 17(a) illustrates the configuration of the unit cell
including the strut of type II; it also shows the predicted
static pressure distribution on the struts. Fig. 17(b) dis-
plays the experimentally measured static pressure con-
tour on the strut surface. Five distinct pressure regions
were observed labelled as ‘C’, ‘D’, ‘E’, ‘F’ and ‘G’. The
regions ‘C’ and ‘D’ coincide with the flow stagnation
on the strut. Region ‘F’ has similar features as region ‘E’.

Region ‘G’ is located near the vertex of type 2 (at the
upper endwall) whereas ‘E’ and ‘F’ are near the vertex
type of 1 (at the lower endwall). In regions ‘E’ and ‘G,
the flow experiences acceleration due to the blockage
caused by the struts. This high momentum flow interacts
with the strut surface causing a low surface pressure. It is
thought that the formation of horseshoe vortex originat-
ing at the vertices of types 1 and 2 is responsible for the
other lower pressure region, ‘F’. Here, a high angular
velocity of the horseshoe vortices generates the low sur-
face pressure.

The measured pressure data were replotted in Fig. 18
to evaluate the flow separation points along the span in
comparison with Fig. 16 for the strut of type I, the var-
iation of the pressure distribution at different spanwise
locations is not as pronounced. Peak values of the base
pressure are located at approximately ¢ = 195°. The cir-
cumferential variation of the static pressure is asymmet-
ric, with lower pressure at the inside of the strut than
that at the outside. The flow blockage generated by
the struts accelerating the flow past these regions causes
the low surface pressure on the strut.

5.3. Overall pressure loss

The variation of the overall pressure loss over a wide
range of Reynolds numbers was studied experimentally

6 i— Flow separation e
F  (~105°and 255°)

o

|nS|de ‘ outS|de

; i i I i I I | i i i
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Fig. 18. Variation of static pressure along circumference of
strut of type II at Re,;, = 2.0 x 10°%.
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Fig. 19. Comparisons of the pressure loss coefficients obtained
from the measurements and the CFD simulation.

and numerically; the results are shown in Fig. 19. It
can be seen that the flow is laminar when Re,, < 2000,
with the pressure drop decreasing as the Reynolds num-
ber is increased. In this regime, the viscous effect domi-
nates since Kce ~ CRedl where C =~ 1000.

The transition from [aminar to form-dominated flow
occurs in the range of 2000 < Re,, < 3000. The pressure
loss coefficient of all models approaches asymptotic val-
ues after the transition if the Reynolds number is larger
than 4500. This means that the pressure drop (AP)
across the unit cell is proportional to square of the flow
velocity (U) since K¢ is approximately constant. As
the flow is in high Reynolds number regime, i.e.,
Reg, > 4500, the pressure loss becomes independent of
the skin friction (viscous drag) due to the predominance
of form drag in the total drag [19,20].

The simulated results of the pressure loss coefficient
from two different mesh densities are included in Fig.
19. Grid 1 denotes a course mesh with 0.6 million tetra-
hedral cells and Grid 2 is a more refined mesh with 1.6
million cells. Given the complexity of the LFM structure
and the large computational size, the agreement between
prediction and measurement is fairly good. It is believed
that the slightly underestimation of the pressure losses
when Re,, > 2.0 x 10* is due to the delay in flow separa-
tion in the CFD simulation, causing a reduction of the
form drag.

To confirm this, comparisons of the C, data of the
measurements with that of the CFD were made for a se-
lected spanwise location at z/H = 0.5 for both types of
struts where A is the unit cell height (see Fig. 20). For
the strut of type II, the flow separation was numerically
predicted to occur at ¢ = 120° (inside) and ¢ = 240°
(outside), compared to the measured angles of ¢ =105°
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Fig. 20. Comparisons of circumferential variation of C,
obtained from the experiments and the CFD calculation for
midspan of the struts at Re;, = 2.0 x 10*.

(inside) and ¢ = 255° (outside). On the other hand, the
flow around the strut of type I is symmetric and the flow
separation was taken place at ¢ = 135° (and ¢ = 225°)
from the CFD compared to the measured angle of
@ = 105°.

6. Overall heat transfer characteristics and local heat
transfer distribution

6.1. Overall heat transfer behaviour

Of particular interest is the amount of heat which can
be removed by the LFM for a given porosity and solid
conductivity. In order to evaluate overall heat transfer
performance, experiments were conducted using the
LFM model made from polycarbonate, having the
porosity of 0.938. Details associated with the experi-
ments can be found in [7-9] where data obtained from
small LFM models made with aluminium alloy were
also reported.

The overall heat transfer behaviour of the polycar-
bonate LFM model with aluminium substrates (end-
walls) is plotted against Reynolds number in Fig. 21.
Forced convection along Orientation A with constant
wall heat flux was used. The results are empirically cor-
related as a function of Reynolds number as

Nug, = 0.14(Re,, )"

Fig. 21 also includes results obtained from CFD calcula-
tions, and very good agreement with experiments is
observed.
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Fig. 21. Comparison of average Nusselt numbers obtained
from measurements and CFD simulation for Orientation A.

6.2. Effect of the vortex structures in local endwall
heat transfer

A further examination of the local heat transfer pat-
terns is necessary to understand the detailed heat trans-
fer mechanisms. To narrow the focus, Orientation A was
selected due to its complexity of the fluid flow and the
heat transfer patterns. In previous sections, it was shown
that the high surface heat transfer occurred in front of
the vertices. This is due to the formation of the
horseshoe vortex. Besides this region, another high heat
transfer area exists behind the arch-shaped vortex
structures.

The heat transfer map of the lower endwall surface is
given in Fig. 22(a) obtained from the TLC measure-
ments at Rey, = 2.0 x 10*. An additional map shown
in Fig. 22(b) was obtained from the CFD simulation,
with the constant wall heat flux boundary condition im-
posed at the same Reynolds number. In general, there is
good agreement between CFD simulation and experi-
mental measurements. The CFD captures all of the local
features including the formation of the horseshoe and
arch-shaped vortices.

To examine the influence of vortex structures on the
surface heat transfer, a further comparison was made in
Fig. 23 for two different axial locations along the flow
direction. It is seen that four distinct heat transfer
regions exist, described as follows:

Region (1): region under influence of horseshoe vortex
(180 < Nug, < 250),

Region (2): region under influence of arch-shaped vor-
tex and recirculating flow (165 < Nuy, <
180),
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Fig. 22. Comparisons of the surface Nusselt number distributions of lower endwall plate in Orientation A at Rey, = 2.0 x 10*

contained from: (a) TLC; (b) CFD simulation.

Region (3): free flow passage (110 < Nuy, < 165), and
Region (4): region under influence of reattached flow
(Nug, > 200).

As distinguished from the horseshoe vortex, the arch-
shaped vortex and recirculated flow also cause the high-
er heat transfer behind the vertex than that in the free
flow passage. The CFD gives an underprediction of
approximately 25% in regions under the influence of
these vortex flows, whilst a good prediction for the free
flow passage was observed. It could be said that the

presence of the vortex flows increases the local surface
heat transfer by about 180% compared with that in the
free flow passage.

In summary, the formation of the vortex structures
increases the local endwall heat transfer by means of
promoting the flow mixing around the vertices. This fea-
ture is repeated at each vertex. Although the spacing
ratio between the vertices is large (S,/d=7.35), the
staggered manner of the LFM vertices and wakes origi-
nating from the struts appears to contribute to the
increase in endwall heat transfer.
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Fig. 23. Comparisons of local surface Nusselt numbers mea-
sured using the TLC with those from the CFD calculation at
Rey, = 2.0 x 10* for selected longitudinal location on the lower
endwall: (a) at x/d, = 0.5; (b) at x/d, = 1.0.

6.3. Detailed surface heat transfer on the strut of type I

The circumferential distributions of the Nusselt num-
ber were measured at selected spans of the strut of type
I. The locations were z'//=0.3 and 0.5 where z’ is the
strut axis and / is the strut length. The distributions were
obtained using the TLC technique at Re;, = 2.0 x 10*
with the azimuth angle measured from the stagnation
point.

In Fig. 24(a), the circumferential variation of the sta-
tic pressure coefficient (C,) is plotted together with that
of Nusselt number for z’/ = 0.3. From the C, variation
curve, it seems that the flow separation occurs at around
¢ = 105°. The Nuy, variation around the strut circumfer-
ence shows a very similar flow separation point. In gen-
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Fig. 24. Comparison of circumferential variation of the Nusselt
number on the strut of type I obtained from the TLC at
Rey, = 2.0 x 10* (a) at z//I=0.3 and (b) at z'/=0.5.

eral, moving away from the stagnation point, the heat
transfer decreases until the flow separates at which point
the heat transfer is at its lowest.

Fig. 24(b) displays the Nusselt number variation at
z'/1 = 0.5 where the least interference from neighbouring
struts is expected. A very similar heat transfer pattern
along the azimuth angle to that at z'//=0.3 was ob-
served. About 15% less heat transfer in the stagnation
region was achieved compared to that at z'/l = 0.3.

6.4. Contribution of local flow features to the overall
heat transfer

The local heat transfer associated with the various
flow features has been identified through the previous
sections. For the LFM of porosity of 0.938, the endwalls
and struts occupy 60% and 40% of the total surface area
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in the LFM as displayed in Fig. 25(a). The vortex struc-
tures dominate the heat transfer on the endwalls. The
strut surface heat transfer pattern shows distinguished
patterns before and after the flow separation. This sec-
tion, in turn, attempts to integrate these local heat trans-
fer patterns to examine their contribution to the total
heat transfer performance.

The circumferential variation of the heat transfer on
the strut surface is distinguished before and after the
flow separation. Since this occurred typically at 105°
for the strut of type I (from the experiments), the Nusselt
numbers over regions from the stagnation line (¢ = 0°)
to the separation point (¢ = 105°) were spatially aver-
aged, as

1 0r=105°
— Nug,(¢) Ap
By — Py /q;lzoo p( )
before flow separation
( P

1 0r=180°
— Nug,(¢) Ap
Py — Py /w|:105° p( )
(after flow separation)

Nudp =

Nudp =

where Nug, (@) is the measured Nusselt number at each
azimuth angle. Similarly, for the strut of type II, the
averaged Nusselt number before the flow separation is

1 0,=105°
Nug, = ——— / Nuy,(¢)Ap and
Oy — @1 Jp,=0°
1 02=360°
Nuy = —— / Nuy (@) Ap
"y — 0 1=255° p( )
and, after the flow separation, it is
1 y=255°
Nuy = —— / Nug,(¢) Agp
Q= @y S =105 !

Using these formulas, it has been established that the re-
gions before and after the flow separation contribute
65% and 35% to the average strut heat transfer, respec-
tively, as shown in the pie chart in Fig. 25(b).

As discussed in Section 6.2, the formation of the
horseshoe vortex and arch-shaped vortex structures
cause an increase in the local heat transfer by up to

Table 2
Estimated contribution of the local flow features

Endwall
a
After
separation
Before
separation
b
Regions under
least influence of
the vortex
structures
Regions under
influence of the
vortex structures
c

Fig. 25. Estimation of the contribution of the endwall and strut
surfaces to the overall heat transfer for ¢ = 0.938 at Re;, = 2.0x
10*: (a) surface area density fraction; (b) effect of the flow
separation on the heat transfer from the strut surface; (c)
contribution of the vortex structures.

Fraction of

Area-averaged
total area (Y0)  Nugy, (measured)

Fraction of Total area-averaged  Fraction of
average Nug, (7o)  Nuy, total Nug, (70)

Strut Before separation 232 292.7
After separation 16.8 214.7
Endwall  Under influence of 22.2 181.4
vortex structures
Under least influence  37.8 152.2

of vortex structures

37 260 (of struts) 57
20
18 163 (of endwall) 43
25

All of the data were measured from TLC at Rey, = 2.0 x 10* for both the endwall and the struts.
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180%. Four distinct regions were identified, based on the
local Nusselt number values, which correspond to the
local flow features. From the measurements using the
TLC, the surface area-averaged Nusselt number was
obtained using:

1

Nug,(Endwall) = y
endwall

[ ) Ay 3)

where Aengwan is the area of the endwalls, Nuy, (x,y) is
the measured local Nusselt number on the endwall sur-
face. The formation of the vortex structures contributes
up to 41% of the total endwall heat transfer as shown in
Fig. 25(c). Contributions of the aforementioned local
heat transfer patterns to the overall heat transfer of
the LFM were calculated as

Nu, (Endwall)A4engwa
bap Jendua (Endwalls)
(Nudp )lolalAlOtal
Nuy (Strut) Ay
71%( U0 A (Struts)
(Nudp )totalA total

where (Nuy, ). represents the total heat transfer in
the LFM including the endwall and strut surfaces and
Agirue 18 the area of strut surfaces. Details are listed in
Table 2.

A detailed breakdown of the local heat transfer on
the endwall and strut surfaces of the LFM subjected
to forced convection along Orientation A is shown in
Fig. 26. It can be summarised as follows:

(1) the strut region before the flow separation causes
37% of the total heat transfer;

(2) the strut region after the flow separation contrib-
utes 20% of the total heat transfer;

(3) the region on the endwall on which the vortex
structures affect causes 18% of the total heat
transfer;

(4) the region on endwall on which the vortex struc-
tures reach least effect contributes 25% of the total
heat transfer.

Under least
influence of the
vortex structures

on endwall :
o Before separation
25% on strut
37%

Under influence of
the vortex
structures on
endwall After separation on
18% strut

20%

Fig. 26. Contribution of significant flow features to the overall
heat transfer at Rey, = 2.0 x 10*.
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7. Comparison with other porous heat dissipation media

The thermohydraulic performance of the LFMs (alu-
minium alloy) is compared with the following types of
porous heat dissipation medium: brazed copper textiles
[21], Kagome structures (bronze) [22], metal foams (cop-
per and FeCrAlY—a steel alloy) fabricated with the rel-
atively cheap sintering [23,24], aluminium foams made
with the expensive investment casting [25], packed beds
with non-sintered steel beads and with sintered bronze
beads [26], aluminium louver fin arrays [27], and corru-
gated ducts with sinusoidal wavy passage [28]; empty
channel [29] is also included as datum. The LFMs and
Kagome structures are both periodic lattice materials
and highly porous (¢ ~ 0.9), consisting a 3D network
of cylindrical trusses. The porosity of the packed beds,
about 0.4, is much smaller than that of the metal foams
(about 0.9).

For consistence with the published data of the se-
lected media, the channel height is used as the length
scale of the friction factor f, Nusselt number Nuy and
Reynolds number Reg. The results are plotted in Fig.
27(a) and (b). Furthermore, the thermal efficiency index
(NuH/fl/ %) for each selected medium is plotted as a func-
tion of Rey in Fig. 27(c). Physically, the chart of Fig.
27(c) ranks the heat transfer capabilities of different heat
dissipation media at a fixed pumping power. Fig. 27(c)
reveals that all the heat dissipation media considered
in this paper are better heat exchangers than an empty
channel, except for the packed bed with non-sintered
metallic particles. Note also that, in the form-dominated
regime (Rey > 1000), periodic materials (LFMs, Kag-
ome structures and copper textiles) have superior ther-
mal efficiency to other media, and their overall
performance may be further enhanced by optimizing
the topology and porosity.

8. Conclusion

The local dominant flow features in the single layered
LFM sandwich heat exchanger that consists of the tetra-
hedral unit cells were identified. These are the vortex
structures formed behind the vertices of the LFM and
the flow separation on the strut surfaces. The vortex
structures include the horseshoe vortices formed in front
of the vertices and the arch-shaped vortices behind the
vertices.

It was found that the horseshoe vortex increases local
heat transfer of the endwall regions up to 180% more
than that of regions where the least influence of the
horseshoe vortex is present. The arch-shaped vortex
forms the regions of flow recirculation and reattachment,
leading to relatively high heat transfer. The location of
flow separation along the strut varies with spanwise posi-
tion due to presence of the vertices (or endwalls). The re-

gions on the strut surface before the flow separation
contributed approximately 40% of the total heat transfer
in the LFM. It implies that the delay of the flow separa-
tion may lead to an increase in the overall heat transfer.

Performance charts are presented to compare alu-
minium LFMs with selected heat dissipation media
including metal foams, Kagome structures, brazed cop-
per textiles, packed beds, corrugated ducts, and louvered
fins. Significant opportunities exist to maximise the heat
transfer performance of periodic cellular metals varying
the pore fraction, anisotropy of the pores and metallic
alloy used. For multifunctional applications further
optimisation requires simultaneous consideration of
their thermal and structural properties.
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