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Abstract

In this study, the pressure drop and heat transfer in a heat-transfer tube filled with a sintered
porous medium comprising Al fibers were investigated using computational fluid dynamics
(CFD) simulations. We reconstructed the sintered fibrous porous structure and generated a
computational mesh using X-ray computed tomography, and the simulated pressure drop and
heat transfer agreed well with the results reported by Enoki et al. The differences in both the
form coefficient and the permeability between two different samples can be reasonably
explained by the differences in both the specific solid surface area and the porosity. Further,
the CFD simulations indicated that thermal conduction of the Al solid phase enhanced the
heat exchange between the air and Al fibers. To examine the effect of solid-phase thermal
conduction, we generated a model of a heat-transfer tube having an ideal wire mesh structure,
in which we introduced the interfacial thermal conductivity between Al fibers and the inner

tube wall as additional factors. We also performed CFD simulations with four different shell-
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region thicknesses and found that even a very narrow gap of 5 to 10 um heavily impacted the
heat-exchange performance because of the low thermal conductivity of the shell region.
Keywords: Heat transfer; Pressure drop; Computational fluid dynamics; X-ray computed

tomography; Image-based finite element modeling.

1. Introduction

Efficient heat transfer and thermal recovery are required to ensure both the reliability
and stability of devices such as heat exchangers and heat sinks for the cooling of integrated
circuit chips and power electronics, as well as to improve their energy efficiencies. To
enhance the heat-transfer characteristics of such devices, porous media can be added, and this
approach has drawn significant attention. Crucially, porous materials exhibit favorable
thermal and hydrodynamic performance for use in industry, for example, as heat exchangers,
heat sinks, and thermal energy storage units. Generally, porous materials have large heat-
transfer areas per unit volume, and maximizing this parameter is key to enhancing the heat-
transfer rate. However, large heat-transfer areas often cause large pressure drops owing to
frictional losses of the flowing fluid. Therefore, a precise understanding of the pressure drop
and amount of heat transferred within devices, such as heat-transfer tubes, containing porous
materials is crucial for achieving optimal and efficient device function.

To date, different forms of porous materials, including metal foams, fibers, and
particle beds, have been used to enhance the heat-transfer performance. Of these, metal foams
have a disordered and interconnected network structure with a tortuous flow path. Kim et al.
[1] experimentally examined the effect of Al foam on the flow and convective heat transfer in
an asymmetrically heated channel. In addition, Noh et al. [2] experimentally investigated
both the fluid flow and heat transfer in an annulus containing high-porosity Al foam. Further,
Adabi et al. [3] experimentally measured the heat transfer and pressure drop in a small Cu

tube filled with Cu foam.
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Woven wire gauzes have also been used in heat-transfer equipment and processes.
For example, Tian et al. [4] experimentally examined the effect of the orientation of the air
flow on the overall pressure drop and heat-transfer performance of brazed Cu textile meshes
with periodic cellular topologies; Wu et al. [5] experimentally measured the pressure drop
through woven metal screens and formulated an empirical equation to describe their friction
characteristics; and Kolodziej et al. [6] experimentally investigated the fluid flow and heat
transfer in a tubular apparatus composed of stacked wire gauzes. In addition, Iwaniszyn et al.
[7] performed computational fluid dynamics (CFD) simulations of the fluid flow and heat
transfer of a single wire gauze using the representative volume element (RVE) model.

Heat-transfer tubes filled with solid particles have also been frequently employed
because they can be manufactured relatively easily by filling a channel or tube with particles
and powder. Jiang et al. [8] experimentally investigated the fluid flow and forced convective
heat transfer in a plate channel filled with glass or metallic spherical particles. In a different
study, they also performed similar experimental investigations on microchannel heat
exchangers and microporous heat exchangers [9]. Later, Jeng et al. [10] experimentally
investigated heat transfer in an asymmetrically heated rectangular channel filled with brass
beads, and Zhang et al. [11] analyzed the heat transfer associated with forced convection in a
heat-transfer tube filled with granular porous media.

Fibrous porous materials have also been studied where the porous media are
composed of fibers or fiber-like particles. For example, Tadrist et al. [12] reported the
thermal and hydrodynamic performance of two kinds of fibrous materials: randomly stacked
fibers and commercial Al foam, whereas Enoki et al. [13,14] conducted experiments on the
heat transfer and pressure drop in the Al heat-transfer tube filled with sintered Al fibrous
high-porosity media. Panerai et al. [15] experimentally measured the pressure gradient across
a sample composed of a commercial fibrous carbon media to obtain a benchmark dataset of

the permeability properties. Raudensky et al. [16] reported a new type of heat exchanger,
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chaotised flexible polymeric fiber heat exchangers (CFPFHEs), where the flexible polymeric
hollow fibers were used as heat transfer elements.

In the studies mentioned above, correlations between the friction factor or heat-
transfer coefficient and the fluid velocity (or the Reynolds number) were proposed to
understand the heat-transfer performance associated with forced convection [1-3,5—
10,13,14]. However, the proposed correlation formulas were somewhat different for several
coefficient values for each kind of porous media, and the reasons underlying this difference
have been discussed considering porosity, specific surface area, equivalent pore diameter,
strut diameter, and tortuosity differences. Particularly, the equivalent pore diameter is a
crucial parameter used to estimate the characteristic length scale for the interstitial fluid flow.
Dietrich et al. [17] proposed an estimation procedure for the equivalent pore diameter using
the specific surface area via magnetic resonance imaging for ceramic open-cell foams, and
they also proposed correlations between the equivalent pore diameter and the nominal pore
per inch number provided by the foam manufacturer.

Compared to woven wire gauze and open-cell foams, in the case of fibrous porous
structure, insufficient information concerning the correlation between the equivalent pore
diameter and geometrical parameters such as the fiber diameter, fiber length, porosity, and
specific surface area has been elucidated. The equivalent pore diameter is closely related to
the tangle level of large number fibers, which depends on the processing conditions such as
fiber filling and sintering. For these reasons, several earlier studies employed the square root
of the permeability as the characteristic length scale instead of the equivalent pore diameter
[2,13,14]. However, tedious and time-consuming experimental measurements are required to
estimate the permeability. CFD simulations may therefore be used as alternative methods for
experimentally estimating the permeability within fibrous porous materials.

Recently, computational power has increased significantly, and various numerical

studies of fluid flow through idealized porous structures have been conducted. For example,
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Boomsma et al. [18] performed CFD simulations of the fluid flow through an idealized open-
cell metal foam (OCMF) using the RVE model. Kopanidis et al. [19] performed a CFD
simulation for the heat transfer associated with fluid flow through an idealized high-porosity
OCMF, in which eight cells composed of six tetrakaidekahedra and two dodecahedra were
used as the representative open-cell volume. Bai et al. [20] performed a CFD simulation of
fluid flow through a simplified OCMF comprising a one-sphere-centered tetrakaidecahedron
structure. Tang et al. [21] also performed a pore-scale CFD simulation of the heat transfer
and fluid flow characteristics in tetrakaidekahedron OCMF. Nie et al. [22] numerically
investigated the pressure drop and heat transfer through an OCMF having a three-
dimensional (3D) structure created by Laguerre—Voronoi tessellation. Yang et al. [23]
performed a pore-scale CFD simulation of the fluid flow and heat transfer through a high-
porosity OCMF under rotating conditions; specifically, a radially rotating channel filled with
a Weaire—Phelan foam cell was numerically modeled. Konduru et al. [24] also presented an
experimental and numerical studies on porous heat exchangers composed of Kelvin-cell-
based metal foam (KMF) at high temperature by considering the interplay among conduction,
convection, and radiation. Recently, triply periodic minimal surface (TPMS) structure has
drawn significant attention toward the novel convective heat-transfer enhancement [25-29],
in which both the method to precisely control TPMS lattice structure and the effects of TPMS
lattice parameters on the thermo-hydraulic performance were reported.

Furthermore, recent numerical studies have focused on the effects of the metal foam
strut shape on convective heat transfer and pressure drop performance. For example, Moon et
al. [30] performed CFD simulations of the fluid flow and heat transfer through a modified
KMF with circular or elliptical struts. In addition, Calati et al. [31] further examined the fluid
flow and heat transfer through a KMF with elliptical struts and discussed the effect of the
strut orientation with respect to the main fluid-flow direction on the pressure drop and heat

transfer coefficient. Finally, Ambrosio et al. [32] numerically examined the effects of strut
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shape on the convective heat transfer and pressure drop in ideal and real foams using the
RVE model.

Recently, the fluid-flow and heat-transfer rates in foams having realistic pore
structures have been numerically calculated using CFD combined with X-ray computed
tomography (CT) measurements. For example, Torre et al. [33] performed laminar CFD
simulations of the fluid flow through an Al foam. Using the Darcy—Forchheimer law [34,35]
and micro-CT image-based CFD simulations, they estimated both the permeability and form
coefficient. Ranut et al. [36] numerically investigated the fluid flow and heat transfer in an Al
metal foam using CFD simulations combined with the X-ray CT technique. In their study, a
small representative cubic volume was extracted as the RVE model. Meinicke et al. [37]
performed CFD simulations of the fluid flow inside a porous SiO; glass sponge and also
carried out experimental measurements of the fluid velocity using the particle image
velocimetry technique. In their CFD simulations, the RVE of the sponge structure was
numerically modeled using high-resolution X-ray CT, and the calculated velocity fields were
compared with their own experimental measurements. Dixit et al. [38] performed CFD
simulations of the fluid flow and heat transfer through an open-cell Al foam and reported
small deviations between the experimental and calculated results that arose from the small
computational elemental size extracted from the original foam sample. Wang et al. [39]
investigated the fluid flow and heat transfer inside reticulated porous ceramics numerically
using unsteady-state CFD simulations combined with X-ray CT data, and they discussed the
local thermal equilibrium during the transient conjugate heat-transfer process. Liu et al. [40]
numerically investigated a pore-scale convective heat transfer characteristics in a Bentheimer
sandstone core sample, where the numerical model was reconstructed with micro-CT image
data. Recently, Zhang et al. [41] performed a pore-scale simulation of forced convection heat
transfer in metal foams with uniform and gradient porosities, where CFD models were

reconstructed with an X-ray CT scan of copper foam samples and the CFD model with



156  gradient porosity was constructed merging two separate models with different porosities

157  numerically. They examined the effect of the gradient orientation on the heat transfer

158  performance. Kuhlmann et al. [42] developed an open-source based workflow for converting
159  CT data to volume meshes appliable for finite volume method based CFD simulation. In
160  recent numerical studies [43-45], the Lattice Boltzmann Method (LBM) was used to

161  calculated fluid flow through metal foams reconstructed with micro-CT data, since the LBM
162  is a quasi-molecular method and considered as powerful tool for microscopic or mesoscopic
163  fluid flow phenomena.

164 Most studies mentioned above used a RVE model with symmetrical or periodic

165  boundary conditions. Few studies have investigated the fluid flow associated with heat

166  transfer over the entire structure of a realistic porous structure. However, Sadeghi et al.

167  performed a full-field CFD simulation of the gas flow over the entire structure of open-cell
168  foams [46] and regular catalytic monolithic structures [47]. In their studies, the open-cell
169  foam and ceramic honeycomb structures were numerically generated based on X-ray CT
170  data. They also performed experimental measurements of the fluid-flow pattern using

171 magnetic resonance velocimetry. The calculated spatially resolved flow patterns

172 corresponded well with their experimental measurements. Although the RVE model can

173  reduce computational time, it does not consider the effects of a heterogeneous pore

174  distribution within the porous medium on both the pressure drop and heat-transfer

175  characteristics. In particular, when a porous medium is manufactured by filling a container
176  with fibers or particles, they are confined by the container inner wall, which affects the

177  porosity distribution within the medium,; this is the so-called wall-confinement effect [48,49].
178 A full-field CFD simulation is needed to examine the wall-confinement effect on the fluid
179  flow associated with heat transfer.

180 Furthermore, in real heat-transfer tubes containing fibrous porous media, the tube

181  walls often serve as a heat sink or heat source, and the interface between the inner tube wall
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and the fibers is closely associated with the solid-phase thermal conduction path between the
porous structure and the heat sink or source region. Few studies have thus far investigated the
heat-transfer performance within the porous media associated with the solid-phase thermal
conduction path from the heat sink or source region. However, Zavattoni et al. [5S0] recently
numerically examined the effect of “contact or non-contact” between the porous structure and
parting plate, which serves as the heat sink or source region. In their CFD model, a relatively
wide gap of 0.25 mm was employed due to the difficulty of welding two different ceramic
materials. Their study focused on the heat-transfer tube in relatively high-temperature
environment (600 to 1000 K) where the porous ceramic structures and parting plate or tube
were manufactured separately. Relatively wide clearance inevitably was observed when the
porous structures and parting plate or tube were coupled together in the final device form.
Conversely, metal materials such as Cu and Al have been often employed as heat-transfer
tubes in a relatively low-temperature environment (around 300 to 500 K). These metal heat-
transfer tubes can be manufactured in a combined state using a sintering process, where a
very narrow gap region (107 to 10 m) between the porous structure and tube inner wall is
expected to be present. To date, no studies have focused on the effects of such a narrow gap
region between the porous structure and the heat sink or source region on the heat-transfer
performance of such systems.

In this study, we applied an X-ray CT-based CFD model to heat transfer associated
with fluid flow through the entire structure of a heat-transfer tube filled with a sintered
fibrous high-porosity medium for the quantitative estimation of both the permeability and
form coefficient. The entire structure of the actual heat-transfer tube filled with sintered
fibrous high-porosity medium was reconstructed and modeled using the X-ray CT technique.
The calculated pressure drop and amount of heat transferred were compared with the results
of previous measurements by Enoki et al [13,14]. In their study, the heat-transfer tube was

manufactured by the same process as that in the present study. Following the precedent set by
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earlier experimental studies, the outer wall of the heat-transfer tube in the present CFD model
used was defined as the heat sink.

Furthermore, the Al heat-transfer tube filled with sintered fibrous high-porosity
media has very large specific fluid surface area S, iz of 2000 to 3000 m™!, which is
approximately two-times larger than those reported in earlier CFD simulations using the X-
ray CT technique (Sy, iz of 300 to 1500 m™' [31,32,36,39]). This is the first study to apply a
CFD model with X-ray CT to an entire Al heat-transfer tube filled with high-porosity media
whose S, /uia value is over 2000 m™!, which is the first novelty of the present study. Higher S,
fuia values inevitably produce very narrow pores and highly irregular surface shapes for the
porous structure composed of sintered fibers. In the present study, the finite element method
was selected for analysis because of its high suitability for the 3D modelling of the irregular
shapes of sintered fibrous high-porosity structures. Both the permeability and form
coefficient were estimated using the calculated results and the Darcy—Forchheimer law. The
effects of the differences in the porosity and the specific solid surface area between the
different Al heat-transfer tube samples on both the permeability and form coefficient were
discussed according to the Ergun equation. The second novelty of the present research is to
numerically examine and discuss relationship between the Ergun parameters and X-ray CT
based porous structure.

Further, to discuss the heat-transfer performance of the heat-transfer tube containing
a fibrous high-porosity medium, a heat-transfer tube having an idealized wire mesh structure
was generated, which has a S, iz value of 3500 m™!. The effect of a very narrow gap region
on the order of 10~ to 10°° m between the fibers and the tube inner wall on the heat-transfer
performance was numerically examined, and the shell conduction model was employed to
achieve simulations with limited computational costs. The third novelty of this study is to

numerically examine such narrow gap effects on the heat transfer performance.
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2. CFD model

In the present study, a YXLON Cheetah pHD multifocus X-ray CT instrument was
used to scan the sample. Two Al heat-transfer tubes having sizes of J18 X 25 mm and
@18 x 50 mm filled with a sintered fibrous high-porosity medium having a porosity of
approximately 80 % were manufactured at Mitsubishi Materials Corporation (MMC
Innovation Center, SAITAMA-SHI, Japan). Aluminum fiber having a diameter of
approximately 300 um was used as the fibrous material. The inner and outer diameters of the
heat-transfer tube were approximately 18 and 20 mm, respectively. The process used for the
manufacture of the filled Al heat-transfer tube was the same as that used in previous
experimental studies [13,14]. To reconstruct 3D images and generate a computational mesh
from cross-sectional image data, the Amira—Avizo program [51] was employed.

Figure 1 shows a cross-sectional image of the Al heat-transfer tube filled with
sintered fibrous high-porosity medium obtained using X-ray CT. In this figure, the white and
black colors correspond to the solid Al and fluid air phases, respectively. The 3D image of
the Al heat-transfer tube filled with sintered fibrous high-porosity media was then
reconstructed from the stack of cross-sectional two-dimensional images containing voxels
having sides measuring 55.4 um. A total of 400 cross-sectional images were used to generate
the CFD model of the tube having a size of &J18 x 25 mm, whereas 900 cross-sectional
images were employed for the sample having a size of J18 % 50 mm. The specific fluid
surface area S, /uia, specific solid surface area S,, soiia, and porosity ¢ are listed in Table 1,
which were estimated using the CFD model.

Figure 2 shows the generated CFD model setup and boundary conditions for the Al
heat-transfer tube filled with sintered fibrous high-porosity media. This model setup was
determined based on the previous experimental studies by Enoki et al. [13,14]. Figure 2 also
shows the cross-sectional plane used to visualize the temperature and fluid-flow velocity

contours. The CFD model was set up within the ANSYS FLUENT framework. In this study,
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Egs. (1), (2), (3) and (4) are the continuity, momentum, and energy equations and were
solved numerically using the single-phase steady-state laminar model [19,30].
Continuity equation:

V:(pu) = 0. (1)
Momentum equation:

V- (puu) = —Vp + nV2u. (2)
Energy transport equation in the fluid region:
V- (pcpuT) = V(kVT). (3)

Energy transport equation in the solid region:

V(kVT) = 0. 4)
Here, p expresses the fluid density, u = (u,v,w) is the fluid velocity vector, p is the pressure, 7
is the viscosity, ¢, is the specific heat capacity, 7 is the temperature, and k is thermal
conductivity. Unlike in earlier numerical studies [7,22-24,31-33,36,37,39,46,47], the
dependencies of the density, viscosity, specific heat capacity, and thermal conductivity of the
fluid on temperature were determined using Eqgs. (5)—(8), respectively [52].

p=-2331X10"8xT3+3409%X 10 5xT?2—-1.819x 1072 X T +4.196 (5)

n=4317x10"8 X T +5.529 x 106 (6)
cp = —2112x 1078 X T* +3.353 x 1075 X T3 — 1.909 x 1072 X T2 + 4.692 x T +
582.9 (7)

k=7128x10">XT + 4.196 x 1073 (8)
The material properties of the solid Al phase are listed in Table 2 and were assumed to be
constant [31].
A fixed temperature of 273.15 K was applied to the outer tube wall surface as a
boundary condition. On the thick inlet and outlet side walls of the heat-transfer tube, the heat
flux was assumed to be zero, and a no-slip boundary condition was applied to the wall

surfaces. The mass-flow inlet boundary condition was adopted at the inlet interface, and a
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constant mass-flow rate of 0.125—-1.5 g/s was set. A fixed air temperature of 473.15 K was
applied to the inlet surface. A mass-flow outlet boundary condition with a specified mass-
flow rate was applied at the outlet interface.

Preliminarily, the grid independence was tested for the same geometrical model with
different computational grid sizes. Figure 3 compared the pressure drop along the heat-
transfer tube length L and the averaged outlet air temperature among three CFD models with
different computational grid sizes for the same heat-transfer tube having size of J18 x 25
mm. In these calculations, the air mass-flow rate was varied between 0.25 and 1.5 g/s. We
examined three different computational meshes composed of 10 million, 25 million, and 40
million computational cells. As seen in Figure 3(a), the calculated pressure drops in 10
million cells were lower than those obtained in both 25 million and 40 million ones in each
air flow velocity. Similarly, the calculated averaged outlet air temperatures in 10 million cells
were lower than those obtained in both 25 million and 40 million ones in each air flow
velocity. Using the calculated results in 40 million cells as a benchmark, the relative error
increased with the air flow velocity, which became up to 9 % for pressure drop and over 1 %
for outlet air temperature. Contrarily, both the pressure drops and outlet air temperatures
obtained in 25 million cells, corresponded well with those obtained in 40 million cells: the
averaged relative error was estimated to be within 2.5% for pressure drop and 0.5 % for outlet
air temperature. Thus, we considered that approximately 25 million and 50 million
computational cells were appropriate for the present CFD simulations for the heat-transfer
tubes having sizes of 18 x 25 mm and 18 x 50 mm, respectively. Figure 4 shows the
generated surface mesh for the heat-transfer tubes having sizes of J18 x 25 mm, and the
typical visualizations of cross-sectional computational mesh in XY, XZ, and XZ mid-planes.
In Figures 4(b)-(d), the red and blue colors correspond to the solid Al and fluid air phases,

respectively.
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3. RESULTS
3.1 Numerical evaluation of the Al heat-transfer tube filled with a sintered fibrous
high-porosity medium

Figure 5 shows the computed air-flow patterns and temperature contours in the Al
heat-transfer tube having a size of (J18 x 25 mm. For these calculations, the air mass-flow
rates were 0.5 and 1.0 g/s respectively. Figure 5(a) shows the streamlines of the air flow
through the heat-transfer tube, and the air temperature is shown as colored contours. The
complicated path line indicated the intricate porous structure of the sintered Al fibers, which
remain unchanged with change in the air mass-flow rate. The average air temperature on the
outlet surface was estimated to be 280 K at a flow rate of 0.5 g/s, whereas it was estimated to
be 295 K at a flow rate of 1.0 g/s, suggesting that the temperature of the downstream air
increased with the increase in the air mass-flow rate because of the limited heat exchange.
Figures 5(b) and 5(c) show the contours of the Al fiber and air temperatures, respectively.
Notably, as the air-flow rate increased, the temperature of the Al fibers increased, particularly
in the upstream region. This indicates that the Al fibers receive a significant amount of heat,
and, thus, the solid-phase thermal conduction cannot cool the fibers sufficiently.

Figure 6 shows typical examples of the calculated cross-sectional contours for the Al
heat-transfer tube having a size of 18 x 25 mm for air mass-flow rates of 0.5 and 1.0 g/s
respectively. Figure 6(a) shows the cross-sectional temperature contours, where the
temperatures of the air and solid Al phases are shown. Figure 6(b) shows the cross-sectional
contours of the fluid velocity. The fluid velocity vector is shown as a black arrow, and the
solid Al phase is shown in white. Figure 6(a) shows the Al fiber portion as a relatively lower-
temperature contour owing to the solid-phase thermal conduction toward the outer wall of the
heat-transfer tube, indicating that solid-phase thermal conduction is a key factor in achieving
a high degree of heat exchange. Figure 6(b) shows the intricate air-flow stream, as indicated

by the black arrow. As shown, the air passes through the narrow gap between the Al fibers
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with a relatively higher velocity and then bifurcates after collision with the downstream Al
fiber. Therefore, the Al fiber should receive a large amount of heat via heat exchange during
collisions with the air molecules.

At higher air flow rates, both the air and Al fibers had higher temperatures within the
heat-transfer tube owing to the limited heat exchange. Figure 6(b) shows that both local high-
and low-velocity regions are scattered within the heat-transfer tube as a result of the
heterogeneous distribution of the gap regions. Air having a local low-velocity in the wide
gaps is expected to flow through the medium without sufficient heat exchange, whereas air
with a local high-velocity in the narrow gaps is expected to flow through with a high degree
of heat exchange. In addition, the local high-velocity air flow inside the narrow gaps
contributes to a larger pressure drop owing to frictional losses. Thus, fabricating a heat-
transfer tube without extremely narrow or wide gaps is desirable for enhancing heat exchange
with lower pressure drop. However, in the manufacturing process used in this study, the gap
distribution in the heat-transfer tube cannot be controlled. Therefore, the reproducibility of
both the pressure drop and heat-transfer performance is reduced, and this is a key

disadvantage of the sintered fibrous high-porosity medium used in this study.

3.2 Comparison of CFD simulation and literature results

Figure 7 shows a comparison of the calculated pressure drops with those reported in
Ref. [13]. In these calculations, the air mass-flow rate was varied between 0.125 and 1.5 g/s
for heat-transfer tubes having sizes of J18 x 25 and 18 x 50 mm. The vertical axis
indicates the pressure drop from the inlet to the outlet divided by L. The black circles and
black squares indicate the experimental results reported in Ref. [13]. As shown in Figure 7,
both the measured and calculated pressure drops can be expressed by the following

Forchheimer-extended Darcy equation [34,35].
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AP
T=%u+6pu2 9)

Here, u expresses the air-flow velocity, C is the form coefficient, and K is the permeability.
The first term is the pressure drop arising from viscous effects, whereas the second term is
the pressure drop arising from inertial effects. The red and blue dotted lines are the
approximations to experimental results obtained using Eq. (9) for heat-transfer tubes having
sizes of J18 X 25 and 18 X 50 mm, respectively. For the heat-transfer tube having a size of
18 X 50 mm, our calculated results (blue line with square symbols) corresponded well with
the experimental results (black squares with blue dotted line). However, a slight deviation
between the calculated and measured values was observed for the tube having a size of

@18 X 25 mm. We speculate that the reason for this discrepancy is that the heat-transfer tube
samples used in this study were not the same as those used in Ref. [13]. According to Eq. (9),
both C and K were estimated from the CFD simulations. The estimated values are listed in
Table 3, where experimental measurement data obtained by Enoki et al. [13] are also
included. The C values estimated by the present CFD simulation corresponded well with the
measured values, whereas the estimated K values via the present CFD simulation were
slightly larger than the measured values. The deviation of the pressure drop between the
calculated and measured values was therefore ascribed to this difference in permeability as a
higher permeability in the CFD simulation corresponds to a decrease in the pressure drop, as
seen in Eq. (9). Next, we examined the effects of the differences in the geometrical
parameters of the porous structure on the differences in both C and K estimated using the
calculated results for two different heat-transfer tube samples of J18 X 25 and J18 X 50 mm.
It is well-known that Eq. (9) can be rewritten as the following Ergun equation [53-55].

L 2(1-£)2 . —
ATP = asv,solldgs(l €) nu + ﬁsv,sollgds(l €) puZ (10)

Here,  and f express the Ergun parameters for viscous and inertial terms, respectively.

According to Tables 1 and 3, («, f) can be estimated as (2.86, 0.35) for J18 x 25 mm and
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(3.43, 0.33) for J18 x 50 mm. Similar values of f were obtained between J18 x 25 mm and
18 x 50 mm, whereas the values of « differed from one another. This result indicates that
the way the air flows through the Al heat-transfer tube of J18 x 25 mm is quite similar to
that in the J18 x 50 mm tube, and « is more sensitive to slight differences in S, soiis and &
than . Furthermore, the values of (&, f) estimated by the present CFD simulations differ
from the empirical values of (4.17, 0.292) estimated by Ergun [55], whereas they agree well
with the results of an earlier study by Inayat et al. [53], who estimated (¢, f) as (3.65, 0.31)
around a porosity of 0.84 in the case of cylindrical struts. In a different study, Inayat et al.
also proposed the semi-empirical correlation for reticulated ceramics foams [56] which
estimated (a, f) as (2.60, 0.30) around a porosity of 0.84. These comparisons suggests that
the tortuous flow trajectories associated with the sintered fibrous high-porosity media are
clearly different from those in packed-bed porous media, and they are quite similar to those in
open-cell foams with cylindrical struts around a porosity of 0.84. Considering the above
discussion, we speculate that the discrepancy between the calculated and measured pressure
drops occurs because the differences in both S, soiis and & between the heat-transfer tube
samples used in the present study and those used in Ref. [13] results in differences in « and
K. The present CFD simulations using X-ray CT can reasonably predict both C and K, even
though no detailed information concerning S, soiiv and & was identified in an earlier study
[13]. Furthermore, we speculate that a deviation of (¢, f) between the results of this study
and those by Inayat et al. [53,56] may be ascribed to the difference in the averaged tortuous
flow-path length, which is closely related to the geometric parameters (S,, soiiz and ) and the
heterogeneous gap distribution within the heat-transfer tube. To improve the prediction
accuracy of (¢, f), the effects of the intricate fluid-flow trajectory associated with the
geometric tortuosity of the porous structure, S, soiid, and € on (e, f) must be examined.
Figure 8 shows a comparison of the calculated amount of transferred heat O with the

experimental values reported in Ref. [14]. In the present simulation, Q was estimated from
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the total heat-transfer rate over the entire wall surface area available for heat transfer, and Q
increased with the increase in L in the region having a high air mass-flow rate. This result
suggests that the heat exchange is not maximized at an air-flow rate of 1.5 g/s for the tube
having a size of J18 x 50 mm. Further, good quantitative agreements between the
calculations and experimental results were observed despite the differences in the samples

used in our study and that of Ref. [14].

4. Discussion

As discussed in Section 3.1, the solid-phase thermal conduction between the Al
fibers and outer wall of the heat-transfer tube contributes to the high heat exchange between
the air and Al fibers. To examine the importance of solid-phase thermal conduction on the
heat-transfer performance, an Al heat-transfer tube having an idealized wire mesh structure
was modeled. Moreover, the interfacial thermal conductivity between the Al fibers and the
inner wall of the heat-transfer tube was introduced to the simulation model, and the effect of
interfacial thermal conduction on the heat-transfer performance was numerically examined.

Figure 9 shows the generated computational model of the Al heat-transfer tube
having an idealized wire mesh structure, procedure used for the development of the 25-mm-
long heat-transfer tube model, and generated CFD model of the 25-mm-long heat-transfer
tube. The Al heat-transfer tube having an idealized wire mesh structure contained Al fibers
having widths and thicknesses of 0.3 and 0.3 mm, respectively, and was generated as shown
in Figure 9(a). The 0.5-mm-long heat-transfer tube had approximately 80 % porosity, and the
25-mm-long heat-transfer tube model was composed of 50 0.5-mm-long heat-transfer tubes.
The 25-mm-long heat-transfer tube model has a specific solid surface area of 13500 m™! and a
specific fluid surface area of 3500 m™'. Each tube was stacked in the axial (z) direction and
rotated at 30° with respect to its neighbor, as shown in Figure 9(b). Approximately 50 million

computational cells were used in the CFD simulation for the heat-transfer tube having a size
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of @18 x 25 mm. The CFD model setup and boundary conditions were the same as those
described in Section 2. The constant mass-flow rates in the simulation were 0.5 and 1.0 g/s.

In this CFD model, the interfacial thermal conductivity between the Al fibers and the
inner wall of the heat-transfer tube was introduced using the shell conduction model in the
Ansys Fluent framework. This interfacial region is called the shell region and is indicated by
the red line in Figure 9(a). In this shell region, a constant thermal conductivity of 0.3 W/mK
was used, which was comparable to the thermal conductivity of air. The constant thickness of
the shell region was introduced as the input parameter and ranged from 1 to 10 um. The
effect of the shell-region thickness on the heat-transfer performance was also examined.

Figure 10 shows typical results of the calculation of the cross-sectional temperature
and air-flow velocity contours when the interfacial thermal conductivity between the Al
fibers and tube inner wall was assumed to be zero. Similar to Figure 6(a), Figure 10(a) shows
the Al fiber portion as a relatively lower-temperature contour owing to the contribution of the
solid-phase thermal conduction between the Al fibers and the outer wall of the heat-transfer
tube. Comparing Figures 6(a) with 10(a), both the air and Al fibers have a lower temperature
in the downstream region of the heat-transfer tube with the idealized wire mesh structure;
hence, the idealized wire mesh structure is expected to achieve higher heat exchange than that
of the sintered fibrous high-porosity medium.

As shown in Figure 10(b), the air passes through the narrow gap between the wire
mesh with a relatively high velocity and then bifurcates after collision with the Al fibers.
Compared to that shown in Figure 6(b), the local high-velocity regions are evenly distributed
throughout the heat-transfer tube as a result of the designed constant narrow gap of the wire
mesh. As discussed in Section 3.1, the air flow at higher velocities is expected to achieve
higher heat exchange with the Al fibers owing to convective heat transfer despite the larger

pressure drop owing to the friction loss within the narrow gaps.
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The pressure drop and Q in the heat-transfer tube having an idealized Al wire mesh
structure at 0.5 g/s were estimated to be 0.00844 kPa/mm and 101.3 W, respectively, by CFD
simulation. However, these quantities were estimated to be 0.00404 kPa/mm and 97.88 W,
respectively, in the case of the sintered fibrous high-porosity medium. Therefore, the heat-
transfer tube having an idealized wire mesh structure exhibited superior heat-exchange
performance than that filled with the sintered fibrous high-porosity medium. The same
superior heat-transfer performance in terms of pressure drop and Q was obtained at 1.0 g/s:
0.0147 kPa/mm and 179.8 W for the sintered fibrous high-porosity media but 0.03101
kPa/mm and 201.3 W for the idealized wire mesh structure. Therefore, the idealized Al wire
mesh structure, which could be fabricated through additive manufacturing (for example,
metal 3D printing), is expected to overcome the aforementioned disadvantages of sintered
fibrous high-porosity media because additive manufacturing can precisely control the gap
distribution within the heat-transfer tube. Thus, we believe that the idealized Al wire mesh
structure is a promising candidate, especially if prepared through additive manufacturing, for
achieving superior heat-exchange performance with better reproducibility. This superior heat-
exchange performance of the idealized Al wire mesh structure may be also ascribed to the
Ergun parameters (o, ), which are closely related to the intricate fluid-flow trajectory
associated with the geometric parameters of a porous structure. The overall heat-transfer
performance has been frequently analyzed in terms of an efficiency factor, which is defined
by the Colburn number (or Nusselt number) and the frictional factor [30,35]. Because the
frictional factor is dependent on the Ergun parameters (¢, f), the efficiency factor is also
dependent on geometric parameters such as Sy, soiiv and & To optimize the Ergun parameters
(e, P) to achieve superior heat-transfer performance, it is necessary to examine the effects of
the Ergun parameters (¢, f) and geometric parameters of the porous structure on the

efficiency factor, which will be considered in a future study.
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Further, the effect of the interfacial thermal conduction between the Al fibers and the
inner tube wall surface on the heat-transfer performance was examined. Figure 11 shows the
dependence of the calculated cross-sectional temperature contours on the shell-region
thickness at 0.5 g/s. As shown, with the increase in the shell-region thickness, the radial heat
transfer from the Al fibers toward the tube outer wall is attenuated as a result of the low
thermal conductivity of the shell region, which results in a higher temperature in both the
downstream air and Al fibers.

Figure 12 shows the dependence of both the pressure drop and Q on the thickness of
the shell region at 0.5 g/s. The left and right vertical axes indicate the pressure drop and Q,
respectively. As shown, the pressure drop increases slightly with the increase in shell
thickness. This is because when the shell is thicker, the air has a higher temperature, and the
viscosity of the air increases with temperature, which results in a large friction loss. In
contrast to the dependence of the pressure drop on the shell thickness, Q clearly decreased
with increasing shell thickness. This is because the low thermal conductivity of the shell
region dampens the solid-phase thermal conduction between the Al fibers and tube outer
wall, resulting in inferior heat-exchange performance. An earlier study [50] also reported that
a narrow constant gap of 0.25 mm heavily impacted the thermal performance when high
thermal conductive materials were employed for heat exchanger manufacturing. The present
CFD simulations clearly indicate that even a very narrow gap of 5 to 10 um heavily impacts
the heat-exchange performance, and the connectivity between the Al fibers and inner wall of
the heat-transfer tube is therefore a key factor affecting heat-exchange performance. In
particular, the high heat-exchange performance of the Al heat-transfer tubes filled with
sintered fibrous high-porosity media manufactured at the MMC can be attributed to the good

connectivity between the Al fibers and the tube inner wall.

5. Conclusion
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In the present study, we numerically calculated the fluid flow and temperature fields
over the whole structure of a heat-transfer tube filled with a sintered fibrous high-porosity
medium using a CFD model based on X-ray CT data. Calculated pressure drop, the amount
of heat transferred, the form coefficient C, and the permeability K were compared with earlier
studies [13,14], and the discrepancies was discussed according to the Ergun equation. To
examine the importance of solid-phase thermal conduction on the heat-transfer performance,
an Al heat-transfer tube having an idealized wire mesh structure was modeled, where the
interfacial thermal conductivity between the Al fibers and the inner wall of the heat-transfer

tube was introduced. Major conclusions of this study are listed as below.

® (alculated pressure drop, the amount of heat transferred, and the form coefficient

C corresponded well with the results of previous experimental studies. The
estimated permeability K via present CFD simulation were slightly larger than the
measured ones. Based on the quantitative investigation according to Ergun
equation, we speculated that the difference in K occurs because the differences in
both S, ;. and £ between the heat-transfer tube samples used in the present study
and those used in previous experimental study.

The differences in both C and K estimated via present CFD simulations between
two different samples can be reasonably explained by the slight differences in
both S, sz and & « value in the Ergun equation was more sensitive to slight
differences in S, soiiv and ¢ than £, which was a key parameter to estimate the
permeability. The higher & value was required to achieve lower pressure drop and
lower permeability.

The results of the CFD simulations revealed that even a very narrow gap of 5 to
10 um heavily impacted the heat-exchange performance because of the low

thermal conductivity of the shell region, and the connectivity between the Al

21



942

943

544

945

246

947

248

949

550

951

252

953

254

959

256

957

258

959

560

961

262
263
264
969

266
267

fibers and inner wall of the tube was a key factor in obtaining high heat-exchange
performance.

® The heat-transfer tube having an idealized wire mesh structure exhibited superior
heat-exchange performance compared to that filled with a sintered fibrous high-
porosity medium. We speculated such superior performance of the idealized Al
wire mesh structure may be ascribed to the presence of Ergun parameters that are
more suitable for obtaining a high heat-exchange performance than those filled

with a sintered fibrous high-porosity medium.

The present CFD simulation can reasonably predict both C and K. However, further
investigations into the relationship between the Ergun parameters, the averaged flow path
associated with the geometric parameters of the porous structure, and the heterogeneous gap
distribution within the heat-transfer tube are required to improve the prediction accuracy for
the pressure drop associated with both C and K. Furthermore, the effect of the Ergun
parameters on the efficiency factor associated with the heat-transfer performance concerning
nondimensional analysis was not disclosed systematically in the present research. These

investigations are currently in progress.
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Figure 1. Cross-sectional image of the Al heat-transfer tube filled with the sintered fibrous

high-porosity medium obtained using X-ray CT.
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Figure 2. CFD model of the Al heat-transfer tube filled with the sintered fibrous high-

porosity medium generated from the X-ray CT data. The boundary conditions for the model

are also specified.
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777  Figure 3. Comparison of (a) pressure drop with respect to tube length and (b) averaged outlet

778  air temperature among three CFD models with different computational grid sizes for the heat-

779  transfer tube having a size of J18 x 25 mm.
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(a) Generated surface mesh of the Al heat-transfer tube
filled with the sintered fibrous high-porosity medium
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L. . I~

782  Figure 4. Details of the computational cell used for the Al heat-transfer tube filled with the

781

783  sintered fibrous high-porosity medium having a size of J18 x 25 mm. (a) Generated surface
784  mesh of Al heat-transfer tube, (b)-(d): typical visualizations of cross-sectional computational
785 mesh in XY, XZ, and XZ mid-planes.
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Figure 5. Computed air-flow patterns and temperature contours in the Al heat-transfer tube
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temperature
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1.0 g/s

having a size of 18 x 25 mm at different air flow rates of 0.5 and 1.0 g/s. (a) Streamlines of

the air flow through the heat-transfer tube, (b) temperature contours of Al fibers, and (c)

temperature contours of air within the heat-transfer tube.
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Figure 6. Calculated cross-sectional temperature and air-flow velocity contours for the Al
heat-transfer tube of size J18 x 25 mm at air-flow rates of 0.5 and 1.0 g/s. (a) Cross-
sectional temperature contour and (b) cross-sectional contour of the fluid velocity. The fluid

velocity vector is represented by the black arrow.
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experimentally [13]. The abscissa represents the air-flow velocity estimated by the mass-flow

rate between 0.125 and 1.5 g/s. The sizes of the heat-transfer tubes were &J18 x 25 mm and

@18 x 50 mm. The dotted lines are approximations to the experimental measurements.
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Figure 9. Generated computational model of the Al heat-transfer unit tube containing an

idealized wire mesh structure and 25-mm-long heat-transfer tube model in which the unit

tubes are stacked and rotated 30° with respect to the next. (a) 0.5-mm-long heat-transfer unit

tube model, (b) stacking procedure for the model containing 50 heat-transfer tubes, and (c)

25-mm-long heat-transfer tube model. In Figure 7(a), the shell region is indicated by a red

line. In Figure 7(b), 50 tubes are stacked and rotated 30° with respect to the axial (z)

direction.
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Figure 10. Calculated cross-sectional temperature and air-flow velocity contours at air-flow
rates of 0.5 and 1.0 g/s. The interfacial thermal conductivity between the Al fiber and tube
inner wall is assumed to be zero. (a) Cross-sectional temperature contours and (b) cross-
sectional contours of the fluid velocity. The fluid velocity vector is represented by a black

arrow.
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841  Table 1. Geometrical properties of the Al heat transfer tube with a sintered fibrous high-

842  porosity medium used in the present CFD simulations.

18 x 25 mm[J18 x 50 mm
Specific fluid
surface area Sy suia 2274 2527
[ m']
Specific solid
surface area S, soiq [11830 12040
[m]
Porosity £ [vol%] [0.839 0.827

843
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845

846
847

Table 2. Physical properties of the solid Al phase used in the present CFD simulations.

Density [kg/m3] 2719
Specific heat

capacity [J/(kgK)] 871
Thermal

conductivity

[W/(mK)] 237
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Table 3. Comparison of the form coefficient and permeability between the present CFD

simulations and experimental measurements presented in Ref. [13].

Present simulations

Experiments in Ref. [13]

D18 x 25 mm |Z18 x 50 mm |F18 X 25 mm |F18 X 50 mm
Form coefficient C [m™] 1128 1227 1051 1018
Permeability K [m’] 5.67x108 3.78x10°% 1.25x10°8 1.28x1078
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