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Abstract: Foam materials are widely used in heat exchange because of their high porosity and large
specific surface area. Correctly characterizing heat transfer characteristics is the key to ensuring
efficient heat transfer. In this paper, single-blow transient test technology is used to experimentally
measure the temperature. Silicon carbide ceramics with various thicknesses ranging from 30 to
105 mm and different pore structures were used in the experiments. The test was carried out at the
velocity ranging from 0.5 to 1.8 m/s. The air temperature distributions of the inlet and outlet were
obtained by processing the experimental data, and the regularity of the average volumetric heat
transfer coefficient was obtained and analyzed. Subsequently, the simplified tetrakaidecahedron
models with a porosity of 0.85 and 0.75 were used to analyze the heat transfer characteristics. The local
thermal equilibrium and local thermal non-equilibrium at the pore scale were analyzed. By comparing
the simulation with the experiment, it shows that the larger thickness affects local thermal equilibrium
and leads to a decrease in the volumetric heat transfer coefficient. The conclusion can be used to
guide the optimization of the design of foam material-mediated heat exchange equipment.

Keywords: single-blow method; local thermal equilibrium; volumetric heat transfer coefficient; heat
transfer characteristics; foam materials

1. Introduction

Foam material is a type of porous, lightweight, high-strength, low-density media [1], which has
high heat transfer characteristics and strong flow mixing characteristics due to its inherent properties
such as high porosity, large specific surface area, disordered pore distribution, tortuous flow path [2].
Hence, foam materials are widely used in various heat exchange fields, including heat exchangers [3],
heat sinks [4—6], electronic cooling [7], cooling towers [8], volumetric absorbers [9-11], catalytic
reactors [12,13], etc.

The purpose of devising maximum effective heat transfer efficiency and using smaller and lighter
material is well recognized when using foam material as the heat exchange medium for products [14].
Due to the specific structure of the foam material, the magnitude of the volumetric heat transfer
coefficient is as high as 10* to 10° W/(m?K), and the convective heat transfer of the fluid-solid phase
contributes greatly to the overall heat transfer. Therefore, it is appropriate to use the convective
volumetric heat transfer coefficient to characterize and evaluate the heat transfer performance [15].

Experimental research and numerical simulation are common methods for solving this coefficient.
For experiment, researchers typically measure wall and internal temperature and the temperatures at

Energies 2020, 13, 348; doi:10.3390/en13020348 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-7661-7128
http://dx.doi.org/10.3390/en13020348
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/2/348?type=check_update&version=2

Energies 2020, 13, 348 2of 14

the inlet and outlet of the foam [16-18], where the measurement of internal temperature of fluid-solid
is usually achieved by drilling, which will destroy the characteristics of the flow field. However, none
of these methods directly yields heat transfer details in the fluid-solid interface. For this reason, based
on the experimental data, the numerical inversion method has been used to obtain the volumetric heat
transfer coefficient [19]. Based on this principle, the steady-state method in which a heat source is
fixed to a wall-heated foam material and the single-blow method in which a fluid heated or cooled
foam material are proposed [20,21]. Under the experimental conditions, the steady-state method has a
temperature gradient in the channel, and the volumetric heat transfer coefficient mostly depends on the
thermal conductivity of the solid phase. For the single-blow method, the temperature of the channel
section can be ensured to be uniform by processing the experimental test section, and it becomes
a mainstream scheme [22,23]. In this method, the volumetric heat transfer coefficient correlations
are determined on foam materials with different geometric structures, such as those described by
Dietrich [18] and Xia [19].

From such measurements, the determined coefficients represent the average effect of convective
heat transfer, while the heat transfer regularities of the internal details need to be simulated in the pore
scale. Therefore, numerical simulations are analyzed by using the “true” microstructure obtained by
XCT (micro computed tomography) and the simplified ideal geometry [24-27]. For instance, Zafari [20]
simulated scanned structure to analyze internal heat transfer details and obtained the Nusselt number.
Wu [27] used the simplified tetrakaidecahedron to obtain the correlation of the local volumetric heat
transfer coefficient.

Although a large number of correlations relate to porosity, pore size, and velocity are obtained
through experiments and numerical simulations [20,28-32]. The phenomenon of local thermal
equilibrium (LTE) easily occurs inside the foam due to the complex structure and the high volumetric
heat transfer coefficient. At this time, the temperature of the fluid-solid phase is equal, which means that
the local convective heat transfer is equal to zero. Comparing the foams that have been in local thermal
non-equilibrium (LTNE), the appearance of LTE weakens the ability to enhance heat transfer, and the
heat transfer efficiency will be overestimated if the current correlation use continues. In addition, from
the perspective of heat transfer, the LTE phenomenon in the foam is more obvious when the thickness
is larger, so the thickness should be considered as a key factor. In fact, most studies are based on the
specific thickness. The LTE phenomenon has been ignored when the thickness is larger and limits the
scope of the application of the existing correlation.

In this paper, experiments on foam ceramics with different geometric structures are carried out
based on the principle of the single-blow method. The influence of thickness on LTE and average
volumetric heat transfer coefficient are discussed. Further, the experimental data show that the
average volumetric heat transfer coefficient decreases with increasing thickness. Apart from this, to
better understand the characteristics of foam and remedy the limitations of the experimental method,
the simplified tetrakaidecahedron geometries are used to analyze the effect of pore structure and
thickness on heat transfer. Moreover, the results show that the phenomenon of LTE and LTNE change
along the thickness direction.

2. Experiment and Analysis

2.1. Experimental System

The experiment system is depicted in Figure 1. By arranging two sets of AB valves and two fans,
the experimental system was designed to be regulated by hot air and cold air control system and to
form the main measurement loop and a balanced differential pressure bypass. Foam ceramic samples
(thickness varying from 30 to 105 mm, PPI from 30 to 60, and porosity from 0.75 to 0.85) placed on the
test section were tested with a different velocity varying from 0.5 to 1.8 m/s. At first, under the hot air
control, a hot fan transported air with a constant flow rate through heater 1 to heat the foam material
and construct a stable initial environment (range from 323 to 324 K). Then, by switching valves A
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to B to implement a transient heat transfer test, a cold fan transported air with a constant flow rate
through the thermostatic cold bath and the heater 2 to provide a sudden temperature change (range
from 285 to 286 K) for the foam ceramics. The transient air temperatures at the inlet (i) and outlet (ii)
were recorded by the data acquisition system. The inversion method was adopted to determine the
volumetric heat transfer coefficient. More details about the experiment, such as the layout and model
of the test instrument, data reduction, foam parameters, experimental uncertainty, etc., are described
in detail in another experimental article that has been submitted.

B A: cold air control B A
E B: hot air control

@

Balance differential
pressure section |

touch screen
digital control

Water cooling

1
1
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Figure 1. Schematic diagram of the experimental setup.
2.2. Experimental Results

The experimental measurement was carried out by varying the velocity from 0.5 to 1.8 m/s,
and the specimens with various thicknesses ranging from 30 to 105 mm, different PPI from 30 to 60.
Different porosities ranging from 0.75 to 0.85 were investigated for subsequent analysis of the results.

2.2.1. The Temperature Change in Foams

The curve of the outlet air temperature change in foams under different parameters is shown in
Figure 2. As it clearly appears, during the first ten seconds, the outlet air temperature of the sample is
approximately equal to the initial temperature. It is considered that the LTE occurs inside the foam
ceramic within a short period of time, and for the condition of larger thickness or lower flow velocity,
the LTE phenomenon will last longer.

From the point of view of heat exchange, the thickness reflects the number of solid skeletons,
which determines the total amount of convective heat transfer. The flow velocity determines the heat
carried by air. During a certain period of time, when the heat carried by air is less than the total amount
of convective heat transfer, the LTE phenomenon will appear in the foam ceramic. Therefore, under
the same conditions, the larger the thickness, the easier the LTE occurs.
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Figure 2. Curve of outlet temperature change with time in foams: (a) Different thickness,
(b) different velocity.

2.2.2. The Volumetric Heat Transfer Coefficient in Foams

The volumetric heat transfer coefficients are estimated by the inversion method, the details of the
change are shown in Figure 3.

It is clearly found that the change of the volumetric heat transfer coefficients has obvious regularity
in the research conditions and thickness range of this paper, which shows that the volumetric heat
transfer coefficient increases with the increase of flow velocity and decreases with the increase
of thickness. Among them, the volumetric heat transfer coefficient with a thickness of 30 mm is
approximately three times that of a thickness of 105 mm. In the existing studies, researchers pay more
attention to the pore structure and propose correlations that are only related to porosity, pore size,
and Reynolds number. The thickness is considered as an irrelevant parameter and is usually directly
given as a fixed value, for example, foams with thicknesses of 120 and 50 mm have been tested by
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Xia [19] and Dietrich [18], respectively. However, this section proves that the volumetric heat transfer
coefficient of foam materials with different thicknesses is not a constant.
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Figure 3. Curve of the experimental volumetric heat transfer coefficients change with velocity.

From the analysis of the results in Section 2.2, it can be seen that the obvious LTE phenomenon
occurs in materials with a large thickness, and at this time, the situation where local convection
heat transfer is equal to zero will occur in a large range, resulting in a smaller volumetric heat
transfer coefficient. Therefore, foam materials with different thicknesses have different volumetric heat
transfer coefficients owing to the degree of influence of the thickness on the local thermal equilibrium.
In particular, the larger the thickness, the greater the degree of influence, and the smaller the volumetric
heat transfer coefficient. When studying the heat transfer characteristics of foam materials, thickness
should be taken into account as an important influencing factor, which can avoid the overestimation of
the volumetric heat transfer coefficient due to local thermal equilibrium caused by larger thickness.

3. Numerical Simulation

Although the above experiment has proved the existence of the LTE phenomenon, the experimental
data can only visually show the LTE phenomenon at the beginning of the transient, and the processing
results of the experimental data can only prove that the larger thickness leads to the decrease of the
volumetric heat transfer coefficient. In addition, the details of the LTE and LTNE vary along the entire
thickness, the flow and heat transfer inside the foam ceramic, and the specific influence of the pore
structures on LTE are not available in the existing experimental methods. Therefore, it is necessary to
numerically simulate the foam ceramics to systematically analyze the internal fluid-solid heat transfer
characteristics, and the results will supplement the experimental results.

In this paper, the simplified geometries that can reflect the pore structure were employed to
investigate the effect of the pore structure on the thermal equilibrium and to analyze the internal heat
transfer along the thickness direction.

3.1. Geometric Model

By observing the true three-dimensional geometry of the experimental sample and considering the
current research of the simplified model, the simplified tetrakaidecahedron was selected for research
in this paper, as shown in Figure 4.
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Figure 4. Geometric model used for simulation.

where the Lg and d represent the length of ligament and cell diameter, respectively, the relationship
between the relevant parameters in geometric modeling is referred to the formulas proposed by
Wu [27], and the corresponding formulas are as follows:

d = 2.828Ls; 1)

_ @(d_) n ﬁ(d_)

8 \/E Ls 8 \/E Ls !
where ¢ is the porosity, ds is the strut diameter. In this study, the geometric parameters of the silicon
carbide ceramic sample with a porosity of 0.85 and a PPI of 45 were selected as the basis for geometric
design, and the corresponding cell diameter is 3.8 mm and the strut diameter is 0.608 mm. According to
the Equations (1) and (2), a simplified geometric structure with a porosity of 0.85, a cell diameter of
3.8 mm and a strut diameter of 0.624 mm was obtained, which was about 2.5% compared to real strut
diameter. In order to visually analyze the effect of pore structure on convective heat transfer, another
geometric structure with a porosity of 0.75 and strut diameter 0.84 mm was obtained under the same
cell diameter of 3.8 mm.

@

3.2. Computing Domain

Based on the consideration of the structure of simplified unit cell and the symmetry of the
tetrakaidecahedron, this paper establishes a computational model by using the STAR-CCM+ software,
as shown in the Figure 5. The four walls were set to symmetrical boundary conditions, and the solid
skeleton surface was defined as a non-slip, non-penetrating wall surface. Besides, a large solid domain
with thickness of L = 254 was employed to study the LTE phenomenon under pore scale, and the
boundary conditions are given as velocity inlet and pressure outlet. The corresponding conditions
are given, including initial temperature Ts = T = 323 K, inlet air temperature Tf;, = 283 K, velocity
u=1m/s.
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Figure 5. Computing domain of the simulation.
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3.2.1. Grid Model and Physical Model

Affected by pore structure, there are phenomena such as impact and separation, when the fluid
continuously impacts the solid skeleton. Therefore, a finer grid scheme is required. In this study;,
the polyhedral mesh and prismatic grid were used, and the mesh at the interface was encrypted.
For the physical model, the K-Epsilon turbulence model was employed, the working fluid was air with
constant thermophysical properties, referencing the temperature of 278 K, and the solid was silicon
carbide. Last, a transient solution controller was selected for this simulation, the time-step was set to
20 stepsin1s.

3.2.2. Grid Verification

In order to ensure the reliability of the simulation results, three grids parameters were set for
comparison. The numbers of grids with a porosity of 0.85 are as presented in Table 1.

Table 1. Detail parameter values of mesh.

Parameter Casel Case2 Case3
Base size 0.5 mm 0.5 mm 0.4 mm
Minimum face mesh size 0.125 mm 0.05 mm 0.04 mm

Total number of grid cells 1,072,595 3,942,086 5,466,177
Number of mesh nodes 4,798,145 19,797,049 27,577,773
Pressure drop 36.83 Pa 35.18 Pa 35.15 Pa

For these three grids, the velocity and pressure distribution along the flow direction are shown
in Figure 6. Case 1 differs greatly from the other two schemes, while Case 2 and Case 3 almost
overlap. By calculation, the relative error between Case 1 and Case 3 is 4.7%, and the relative error
between Case 2 and Case 3 is only 0.08%. Thus, Case 2 is believed to perform the following simulation.
The corresponding grid details can be seen in Figure 7.
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Figure 6. Cont.
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Figure 6. The velocity and pressure distribution along flow direction (a) velocity, (b) pressure.

(b)
Figure 7. Details of mesh: (a) Surface mesh, (b) body mesh.

4. Results and Discussion

Under the above boundary conditions, the numerical simulation results of fluid-solid coupling
heat transfer are reported as follows.

4.1. The Characteristics of Flow Field

Figure 8 shows the variation of the velocity field for a porosity of 0.85.

From the overall view, the average velocity distribution in the calculation domain is uniform.
Due to the symmetry of the geometric structure, the velocity exhibits a consistent regularity in each cell.
While from the streamline diagram, it can be found that the flow path becomes tortuous and velocity
accelerates near the pore and other regions affected by the pore structure of the foam.

Taking into account the local details, three planes were chosen for plotting, including the oblique
cross-section, x = 0 center section, x = —1 mm cross-section, and Figure 9 shows the three plans,
respectively. When the air impacts the solid skeleton, the velocity increases faster after passing through
the pores, forming a flow acceleration region at the pores. Due to the resistance of the ligaments, there
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is a flow lag region behind the ligaments, which causes the velocity of the downstream part of the pore
to be higher than that of the ligaments area.

Velocity: Magnitude (m/s)
0.00000 0.52342 1.0468 1.5703

Figure 8. The variation of velocity: (a) Overall velocity scalar field, (b) velocity streamline.

/
!/

(@)

(0

2.0937 2.6171

(b)

(d)

0.00000 0.52761 1.0 828 2.1104 2.6380

Figure 9. Velocity contours in three planes: (a) Schematic of planes, (b) oblique cross section, (c) center

Velocity (m/s)
552 1.5

section, (d) x = —1 mm cross section.

Figure 10 compares the flow characteristics of foam with a porosity of 0.85 and 0.75, it is found
that the foam with porosity of 0.75 has larger strut diameter due to the lower porosity, which causes
smaller pores and larger velocity, thereby increasing flow perturbation and velocity non-uniformity of
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the flow field, where the resistance of the ligaments is greater, and the phenomenon of the flow lag
region is more obvious.

Velocity (m/s)
0.00000 0.68000 1.3600 2.0400 2.7200 3.4000

Figure 10. The comparison of velocity in different porosities: (a) Porosity of 0.85, (b) porosity of 0.75.

4.2. The Local Thermal Equilibrium and Local Thermal Non-Equilibrium

Figure 11a shows the variation of the internal temperature field of the foam ceramic with a porosity
of 0.85 at different times in the oblique section. It can be found that the LTE phenomenon first occurs in
the second half of the foam. Then, the area of this phenomenon in the second half gradually decreases
and closes to zero at 10 s with time. Therefore, during this period, the temperature of the fluid-solid in
the latter part of the foam is equal, and there is no convective heat transfer, which corresponds to the
experimental result that the outlet air temperature is equal to the initial temperature at the beginning
of the transient. As the transient process continues, the LTE phenomenon also begins to appear in
the entrance section and gradually expands the scope of effect along the flow path, with an obvious
LTE area at 60 s. Since a larger thickness is selected in this study, it requires more heat to achieve
convective heat transfer. As the air continuously replenishes heat, the temperature difference between
the fluid and solid at the inlet gradually decreases, causing the occurrence of the LTE phenomenon and
the gradual backward movement of convective heat transfer, therefore, the LTE phenomenon occurs
throughout the transient heat transfer progress. This effect gradually weakens in the second half of
the foam ceramic and gradually increases in the front section, that is, there is always a case where
the fluid-solid convection heat transfer is zero. Although a larger thickness foam can exchange more
heat, once the above-mentioned LTE phenomenon exists in a large range, the effective heat exchange
capacity will be greatly weakened. Therefore, for materials with a defined geometric structure, it is
necessary to choose a suitable thickness to design the heat transfer product.

Comparing the temperature field of foam with a porosity of 0.85 and 0.75 in Figure 11a,b, since
the skeleton with a porosity of 0.75 accounts for a large proportion, the cross-section area of the solid is
larger and more heat is required per unit thickness to fully heat exchange and achieve equilibrium.
Therefore, both the temperature change and the internal LTE phenomenon lag behind 0.85, causing the
LTE phenomenon to continue to appear in the second half of heat transfer at 10 s, while the entrance
section is still in the LTNE state at 60 s, which further makes the LTNE effect exist in a wide range.
Therefore, in the case of large thickness, the smaller the porosity of the foam material with a similar
structure, the more obvious the LTNE phenomenon is, which is beneficial to heat exchange.

Observing the temperature field in the middle position of three different sections of the foam with
a porosity of 0.85 as shown in Figure 12 at 10 s, and it is found that the temperature change near the
pore is faster, and the temperature lag region appears behind the ligaments, the fluid-solid phase is in
an LTNE state. At this time, the fluid-solid can fully exchange heat. In fact, this phenomenon mainly
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depends on the previous flow field characteristics, and the temperature distribution is consistent
with the velocity distribution. The region with rapid temperature change is generated in the flow
acceleration region and the temperature lag region is generated in the flow lag region, which can
explain the obvious LTNE phenomenon. In particular, the foam with a porosity of 0.75 has stronger
flow field characteristics, and its LTNE phenomenon will be more obvious and will work in a larger
area, making the effective heat transfer area increase.

Solution Time 2 (s) Solution Time 2 (s)

Solution Time 10 (s) Solution Time 10 (s)

| -seb coeNBEEEERSE | R |
Solution Time 30 (s) Solution Time 30 (5,
| coSSEEEEE - el e > e = s

Solution Time 50 (s) Solution Time 50 (s)
Solution Time 60 (s) Solution Time 60 isi :
@ (b)

Temperature (K)
30.

282.99 291.19 299.39 7.60 315.80 324.00

Figure 11. The comparison of temperature scale with different porosities at different times in the
oblique section: (a) Porosity of 0.85, (b) porosity of 0.75.
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Temperature (K)
282.99 291.19 299.39 307.60 315.80 324.00

Figure 12. Temperature scale in three planes: (a) Oblique cross section, (b) center section, (c) x = =1 mm

cross section.

Through the study of the internal details of the foam ceramic, it can be concluded that for foam
materials with a certain thickness and similar geometric structure, the porosity can change the pore
structures and the amount of solid skeletons, thereby affecting the flow characteristics and causing LTE
and LTNE. The smaller the porosity, the more obvious LTNE. However, smaller porosity also brings
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the problem of increased flow resistance, therefore it is important to balance the relationship between
pressure loss and heat transfer in practical applications. In addition, for a specific pore structure,
the fluid-solid convective heat transfer along the unit time is determined, when putting in a certain
amount of heat, the larger thickness foam in the same time cannot completely exchange heat, and it is
necessary to sacrifice time to supplement the heat, causing to LTE occur along with the whole transient
heat transfer process. This leads to the experimental results in which there is a large hysteresis of
air temperature at the outlet for larger thickness foam. Therefore, in the case of the same heat input,
the thickness greatly affects the overall heat transfer performance, resulting in inaccuracy volumetric
heat transfer coefficient.

5. Conclusions

In this work, the experiment with different geometries of silicon carbide and numerical simulation
with simplified tetrakaidecahedron have been presented to understand the effects of key factors such as
thickness and pore structure on local thermal equilibrium and heat transfer characteristics. The main
conclusions are drawn as follows:

(1) The local thermal equilibrium easily occurs in a state when the thickness is larger or the
flow velocity is smaller, which leads to a decrease in the volumetric heat transfer coefficient.
Ignoring local thermal equilibrium leads to a significant deviation in evaluating volumetric heat
transfer characteristics.

(2) The foam structure such as pores and ligaments change the flow path, along with the disordered
flow velocity, which affects the flow field and heat transfer characteristics, resulting in different
degrees of local thermal equilibrium and local thermal non-equilibrium in the foams. Moreover,
for foams with the same thickness and similar structure, the smaller porosity has obvious LTNE
phenomenon and effective convective heat transfer effects.

(3) For foams with a defined geometric structure, the larger the thickness, the thermal equilibrium
phenomenon alternates with time and there is a large range for a long time, resulting in a reduction
in the effective heat exchange area and a decrease in heat exchange efficiency.

(4) The thickness and pore structure should be considered when using foam as the heat transfer
medium to maintain a long local thermal non-equilibrium state and obtain a large heat exchange
efficiency in designing products.
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Nomenclature

€ porosity

PPI pores per inch

ds strut diameter

Ls length of ligament

T temperature

hv volumetric heat transfer coefficient
u velocity

d cell diameter

L thickness of foam

Ty initial temperature
Ttin Inlet fluid temperature

Ts solid temperature
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