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ABSTRACT

Three zinc titanate compounds have been confirmed to exist in the ZnO-TiOz system,
namely, Zn,TiO4 (cubic), ZnTiOz (hexagonal) and Zn,TisOg (cubic). Due to its relatively
low sintering temperature and excellent microwave dielectric properties, moreover, for the
low cost of its raw materials, ZnO-TiO. ceramics has been considered to be a promising
candidate for low temperature co-fired ceramics (LTCC), and then more and more
interesting has been paid in the investigation of its structure, sintering behavior and
microwave dielectric properties in recent years. The first chapter of this dissertation,
vanadium pentoxide (V20s) was chosen as a sintering aid to lower the sintering temperature
of the ZnO-TiO: system. The advantage of V20Os is that it has a lower melting point, around
680 °C. Solid V20s would become liquid phase during the sintering process, which can
facilitate the densification of ceramics. The ZnO-TiO ceramics was prepared by the
conventional mixed-oxide method. Cermets made from ceramics and copper (Cu) was
prepared using the powder metallurgy method. The effect of V205 on the sintering behavior
of ZnO-TiOz ceramics and cermets was studied as a function of additive percentage and
sintering temperature.

Porous ceramics is one of the frequently used materials for a variety of applications,
including the filtration of molten metals, high-temperature thermal insulation, support for
catalytic reactions, filtration of particulates from diesel engine exhaust gases, filtration of
hot corrosive gases in various industrial processes, and lightweight structural materials.
Many different preparation methods for porous ceramics have been studied over the past

decade, such as polymeric foam replication, starch consolidation casting, and gel casting,
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etc. The second chapter of this work, porous alumina ceramics with different porosity were
fabricated by two different methods. The first one combined the starch consolidation
process with the gel-casting process using corn starch as the pore-forming agent and also
as the binder. The other one used hollow microspheres as the pore-forming agent. No
relative studies using hollow microspheres as the pore-forming agent is reported in the
literature so far. For both of two methods, the bulk density, porosity, and microstructure of
the obtained alumina ceramics were studied.

Open cell foams, as one type of porous materials, are nowadays commercially used
in modern biomedical and technical applications. One of the main biomedical interests is
the reconstruction of the human body by the implantation of scaffolds. Other important
fields of foam applications are engineering applications, such as filtering and catalysis, etc.
The third chapter in this dissertation, we wish to model foam structures that have a roughly
uniform cell size, but which are still random and isotropic. A non-periodic, evenly spaced,
and isotropic arrangement of seed points is, therefore, necessary. A method for the
generation of random foam structures, based on Laguerre-Voronoi tessellations of
randomly packed spheres with log-normal volume distribution, was proposed. This model
could give the study of the variation coefficient effect on the geometric and topological
properties of foams. To evaluate the generated model in this work, a series of parameters
were discussed, such as the average number of faces per foam cell, porosity, and specific
surface area, etc.

Since the microstructures of open cell foams are normally of order mm in size and
can be easily identified, it is desirable to establish the relationship between the

microstructure and the macroscopic mechanical properties of foams. The fourth chapter in

XX



this work, a three dimensional random Laguerre-VVoronoi foam model was developed to
investigate the elastic properties of open cell ceramic foams. A size sensitivity study was
first performed to determine the appropriate number of cells to be included in each foam
specimen and the suitable number of specimens to be used in statistical analysis. This was
followed by a finite element analysis to calculate the effective Young’s modulus, shear
modulus, and Poisson ratio of the foams. Finally, the results obtained in this work were
compared with some results in the literature. A few conclusions on the models and the
obtained results are summarized in the final part.

Open cell foam structures exhibit specific properties such as high specific surface
area, high porosity (60%—-95%), low density, favorable mechanical, thermal and corrosion
resistance. They are well suited to serve as compact heat exchangers, reaction catalyst
support, flow stabilizers or filters. High porosities enable a considerable reduction of the
pressure drop along the catalyst bed even at high flow rates; also, the solid ligaments (or
struts) in open cell foams allow the continuous connection of the different catalyst domains
which increase the effective thermal conductivity of the entire system without thermal
breaking points. The last chapter of this dissertation investigated the pressure drop and heat
transfer through open cell foams. A pressure drop correlation with a universal form was
developed based on theoretical grounds and the tortuosity of open cell foams was taken
into account for the pressure drop. The developed correlation was then validated using
numerical simulations on pressure drop properties of aluminum foam structures of pore
densities between 10 ppi and 50 ppi and porosities from 70% to 95%, with the commercial
CFD analysis package: ANSYS Fluent. The numerical results for pressure drop were

compared with the prediction by the theoretical correlation. The results showed that the
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pressure drop of foams increased with increasing pore density and decreasing porosity. The
numerical results were consistent with the prediction of the theoretical correlation.
Permeability and friction factor of foams were also evaluated. For the low Reynolds
number range, friction factor scaled as 1/Re at lower Reynolds numbers, while at higher
Reynolds numbers, the non-linear term began to dominate because of the inertial effects.
Then the computed interstitial heat transfer coefficients were investigated. The heat
transfer coefficient increased with the air velocity and the heat transfer coefficient
increased when the porosity increases at constant pore density. At constant porosity the
heat transfer coefficient increased when increasing the pore density. Furthermore, a
correlation was given to derive the hydraulic diameter from the ppi number.

Finally, this dissertation stated that with additive manufacturing techniques, e.g.,
SLS and EBM, it is possible to control the morphological and geometrical parameters of
foam structures with a high degree of reproducibility and vary these properties in a
controlled manner and it is possible to perform computational design for open cell foams
with defined flow properties using the Laguerre-Voronoi model developed in Chapter 3

and Chapter 4 of this work.
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CHAPTER 1 LOW-TEMPERATURE SINTERING OF ZnO-TiO;
CERAMICS

1.1 Introduction

Zinc titanate (ZnO-TiO2) has been used as pigments and catalysts since the phase
diagram and the characterization of the ZnO-TiO2 system have been studied by Dulin et
al. [1], Bartram et al. [2] and Yamaguchi et al. [3] last century. The ZnO-TiO, system
includes three compounds: Zn,TizOs (cubic), ZnTiOs (hexagonal) and Zn,TiO4 (cubic) [4,
5]. In recent years, the ZnO-TiO, system has been of considerable interest to the
microwave dielectric ceramics industry since pure ZnTiOs, in the ZnO-TiO, system,
possesses good microwave dielectric properties and features relatively low-cost raw
materials [6, 7]. Namely, it has high dielectric constant €, = 19, high quality factor, Q =
3000 (at 10 GHz), and low as close as possible to zero temperature coefficient of resonant
frequency, 7 ~ —55 ppm/°C [8]. Table 1.1 shows the dielectric properties of ZnO-TiO;
with different composition under different sintering temperature in the literature. Thus, the
ZnO-TiO; system ceramics is regarded as one of the most promising candidates for gas
sensor [9] (for example, sensor for CO, ethanol, etc.) and microwave resonator [10]. ZnO—
TiO2 ceramics in most of known studies, which have been employed for the present
applications, have been usually fabricated by employing the high sintering temperature,
which is usually between 1100-1500 °C. [11]. High temperature processing hence forbids
the use of cheaper base metals, e.g., Cu, Ag, as an electrode, instead of noble metals like
Pd, Pt, Mo, or Ni, which is currently employed. It increases the manufacturing cost, both

in terms of money and energy. Hence, it is of prime importance to lower the sintering



temperature of the dielectrics in order to replace the noble metals by base metals as an
electrode. This substitution is an indispensable condition for producing low temperature
co-fired ceramics (LTCC) devices which imposes to use silver as electrodes [12, 13].
Remembering the melting point of silver (961 °C.), obtaining a sintering temperature lower
than this value is the technological challenge that will allow to produce cheaper, performer
and more miniaturize devices. Moreover, with the development of electronic chip
components, the demand for reducing energy consumption has been promoting the study
of LTCC, especially research into the sintering of the ZnO-TiO, ceramics [14-18]. In
principle, two basic approaches can be adopted to reduce the sintering temperature of
ceramics: (1) the addition of glass phase or crystalized materials to act as densification
promoter (owing to the formation of a liquid phase to improve species diffusion); (2) the
using liquid phase processing (e.g., sol-gel method) or grinding system in order to reduce

the grain size of the powder, which in turn enhances the reactivity of the final powder.

Table 1.1 Dielectric properties of ZnO-TiO, ceramics in [19]

Composition tem?é?;iLlrr«]eg(T) Density (g/cm®) €, 1OQGaIE|z 77 (ppm/°C)
ZnO-TiO; 1200 4.59 30 2500 +25
ZnO-TiO; 920 4.39 19 3000 -55
ZnO-TiO; 1100 5.00 15 200 28

ZnO-1.1TiO; 920 4.53 27 4400 +6

1.1ZnO-TiO; 1100 4.70 24 3000 -13

The second point is not often privileged in an industrial environment because of the
high cost of the precursors and of the complexity of the liquid phase processing. The first

point, i.e. the sintering of dielectric materials with glass addition have already been



successfully developed in several microwave dielectric systems, e.g. (Zr,Sn)TiO4, ZNnO—
Nb20Os-TiO2, (Ca,Mg)TiO3, BaO-Nb20s-TiO> [20-26].

Zhang et al. presented that the density of ZnO-TiO> ceramics increased up to 98%
of theoretical density through sintering at 900 <C for 3 hours with 2.0 wt.% ZnO-B20s—
SiO2 [17]; Kim et al. noted that zinc titanates can be sintered at lower than 900 <C with less
than 5 wt.% glass frit as the sintering aid [20]; Kim et al. clarified that densities of higher
than 94% of the theoretical density have been obtained for the ZnO-TiO> system when it
was sintered at 875 <C for 4 hours with a small amount of B,O3 additives (less than 1 wt.%)
[27]. Table 1.2 shows the results on low-temperature sintering of ZnO-TiO ceramics in

the literature.

Table 1.2 Results on low-temperature sintering of ZnO-TiO; ceramics in the literature

Ceramics Sintering aid Sintering Phase Relative Reference
g temperature (<C)  composition? density (%)
. K,0-ZnO-

Zno-Tio: '3 “sio, 920 zZT 85 [19]

ZnO-TiO,

+0.25 TiO, B20Os 880 ZT+T 94 [27]
1Zn0O-1.2TiO; Z”O‘SBiZOO;‘ 900 ZT+T 97 [17]

ZnO-TiO; CuO + B20s 900 Z,T+T 96.5 [6]

ZnO-TiO, Bi,O3 1000 Z,T+T 95 [28]

#: T, ZT, and Z,T are TiOy, ZnTiO3, and Zn,TiO4, respectively.

Liquid-phase sintering is a frequently used method to realize ceramics densification
under low-temperature sintering. To this end, the selected sintering aids are mostly oxide
which possesses low melting point [14, 29]. In this study, vanadium pentoxide (V20s) was
chosen as a sintering aid to lower the sintering temperature of the ZnO-TiOz system. The
advantage of V20Os is that it has a lower melting point, around 680 °C. Solid V20s would

become liquid phase during the sintering process, which can facilitate the densification of



ceramics. The ZnO-TiO. ceramics was prepared by the conventional mixed-oxide method.
Cermets made from ceramics and copper (Cu) was prepared using the powder metallurgy
method. The effect of VV2Os on the sintering behavior of ZnO-TiO> ceramics and cermets
was studied as a function of additive percentage and sintering temperature. The properties
of these two materials made in this work were investigated. The prospect of applying three-
dimensional printing technology using ZnO-TiO, ceramics and cermets as raw materials

was also discussed.

1.2 Experimental procedures

The ceramics raw powders were prepared by the conventional mixed-oxide
method. Reagent-grade raw powders of ZnO (Alfa Aesar Co., USA) and TiO; (Alfa Aesar
Co., USA) with purities higher than 99.9% were chosen as raw materials. The raw powders
were weighed with the mole ratio of ZnO:TiO2/2:1, and then mixed using ball mill with
beads (2-3 mm in diameter) for 24 hours. Both jar and milling beads are made of agate
while milling medium is deionized water. The mixed materials were then dried in an
electric oven at a temperature of 80 °C and sieved using a 120-mesh sieve. The mixed
materials were pre-sintered at 800 °C for 4 hours in Al,Oz crucible. V20s powders were
added after pre-sintering and before the second ball-milling. To granulate ground powders,
5 wt.% polyvinyl alcohol (PVA) solution was added as a binder and milled again for 1
hour. Powders were then compacted by using a single-axial cold press under a pressure of
200 MPa. Shaped specimens of 13 mm in diameter and 6 mm in thickness were obtained.
The sintering process was done in an electric heating furnace and the sintering temperature

was from 800 °C to 1300 °C at a heating rate of 5 °C/min. The specimens were held in an



Al>03 crucible and an argon atmosphere sintering environment. Specimens stayed in 500
°C for 2 hours to eliminate PVA, were heated to set the temperature at the same heating
rate and stayed at such temperature for another 4 hours, after which time the specimens
were cooled to room temperature in the furnace. The block diagrams of the process are

shown in Figure 1.1 and Figure 1.2. Figure 1.3 shows the specimens made in this study.

TiO: ZnO Testing
I Mole ratio 1:2 *

Sintering
y i

Ball-milling Compacting
¢ V20s powder T
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Sieving f—»  Fre Ball-milling |—>| Drying |—3| Sieving
- sintering - .
Figure 1.1 Block diagram for ceramics preparation
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I Sintering
v T
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Drying Granulating
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Figure 1.2 Block diagram for cermets preparation
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Figure 1.3 Specimens made of (a) ZnO and TiO,, (b) ZnO, TiO,, and Cu in this study

1.3 Results and discussion

1.3.1 ZnO-TiO; system

The bulk densities of ZnO-TiO> ceramics under different sintering temperatures is
profiled in Figure 1.4. The densities were measured by Archimedes technique. This figure
shows that ceramics with approximate 95% theoretical density (theoretical density=5.14
g/cmd, estimated from the XRD pattern of phase ZnTiOs) is attained when the sintering
temperature is around 1200 °C. The density of ZnO-TiO2 ceramics rapidly increased from
around 950 °C, which states that the specimens started densification at about 950 °C. Thus,
the ceramics density was almost unchanged when the sintering temperature was below 950
°C. The temperature barrier the sintering needs to overcome is at around 950 °C. When the
sintering temperature was between 1100 °C and 1300 °C, the density of ceramics increased
only slightly.

Figure 1.5 shows that the hardness of ZnO-TiO, ceramics related to sintering

temperature. Comparing Figure 1.5 with Figure 1.4, the relationship between hardness and



the sintering temperature presents the same trend as that between density and the sintering
temperature since higher sintering temperatures (the range of sintering temperature is 800—
1300 °C in this study) can be very helpful in getting well-sintered ceramics, which
possesses better densification and higher hardness. As shown in Figure 1.5, the hardness
of ZnO-TiO. ceramics sintered at a temperature of more than 1000 °C could reach to 650

HV. Ceramics at this hardness have good machining properties and possible broader

applications.
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Figure 1.4 Relative densities of ZnO-TiO; ceramics related to sintering temperature
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Figure 1.5 Hardness of ZnO-TiO- ceramics related to sintering temperature
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Figure 1.6 illustrates the relationship between the bulk densities of ZnO-TiO;
ceramics and the amount of V205 additive at different sintering temperatures. As presented
in Figure 1.6, the density of ZnO-TiO> ceramics using V20s as the sintering aid, compared
to using pure ZnO-TiOz ceramics, apparently increased below 950 °C. The density of ZnO—
TiO2 ceramics can attain 95% theoretical density between 900 °C and 920 °C. The 90%,
92%, 95%, and 90% of theoretical density of ZnO-TiO ceramics added 0.5, 1, 2, and 4
wt.% sintering aid were abtained at 920, 920, 900, and 920 °C, respectively. With 0.5 and
4.0 wt% V20s aid, the density increased along with the increase of the sintering
temperature and became saturated. However, for the ceramics with 1-2 wt.% V05 aid, the
densities of the specimens initially increased along with increasing sintering temperatures,
reached a maximum, and then decreased. When the amount of V20s aid is up to 2 wt.%,
the density of ZnO-TiO. ceramics first increases and then dramatically decreases. This
phenomenon may be explained by following. V20s has a low melting point, about 680 °C.
A liquid phase was formed in the sintering process, the existence of which can improve
material transfer rate and the sintering rate of the ceramics body, and thus making ZnO-
TiO, ceramics to denser at a lower sintering temperature. The amount of V205 ranging
from 1.0 wt.% to 2.0 wt.%, V.05 formed a liquid phase which was very helpful in
increasing the density of the ceramics body when increasing the sintering temperature.
However, more than 2 wt.% V>0s addition and higher sintering temperatures resulted in
excess pores occurring due to the evaporation of the V20s, which in turn, reduced the
density of the ZnO-TiO ceramics. When the amount of V20s is less than 1 wt.% the liquid
phase that V205 formed is not enough to improve sintering. Therefore, the 2 wt.% V20s

addition can make ZnO-TiO2 ceramics realize more than 90 % densification between 900—



920 °C. V205 is a good sintering aid in lowering sintering temperatures of ZnO-TiO;
ceramics. The hardness of specimens with the 2 wt.% V»0s addition at different sintering
temperatures is shown in Figure 1.7. For the ZnO-TiO> ceramics with the 2 wt.% V205
addition, the hardness values increased along with an increase of the sintering temperature

and then attained a stable value, which is approximately 560 HV.
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Figure 1.8 shows (a) the XRD patterns of ZnO-TiO; specimens sintered at 900 °C
with 0.5 wt.%, 1 wt.%, 2 wt.%, and 4 wt.% V>0Os as the sintering aid, and (b) without VV20s
sintered at different temperatures. For all the specimens sintered at 900 °C for 4 hours, rutile
(TiO2) and hexagonal ZnTiOs were formed. The hexagonal phase was retained when the
sintering temperature was less than 900 °C. As shown in Figure 1.8, the Zn,TiO4 phase has
been synthesized at this sintering temperature with excess rutile solubility. The form of
Zn,TiO4 was not influenced by the amount of V205 at 900 °C. Thus, the Zn,TiO4 was stable
when the sintering temperature was less than 950 °C. These results indicate that the addition
of V205 lowered the temperature of phase transition from that of hexagonal ZnTiOs to
cubic Zn,TiO4. Figure 1.8 also shows that there is no any other impurity phase formed in
all specimens. This suggests that V.Os may have formed a solid solution with the principal

phase, may have entered into the principal lattice, or may have evaporated away.
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Figure 1.8 (a) XRD patterns of ZnO—TiO, ceramics sintered with V,0s at 900 °C, and (b) without V20s at

different temperatures

SEM micrographs of ZnO-TiO ceramics sintered at 880 °C and 900 °C for 4h
without V20s and with 2 wt.% V20s are shown in Figure 1.9. From Figure 1.9 (a) and (b),
basically, ZnO-TiO; sintered at 880 °C and 900 °C without V205 could not obtain good
ceramics having high relative density, which has been stated in Figure 1.4. On the other
hand, the ceramics have traces of liquid phase sintering when sintered with 2 wt.% V>0s.
Based on the XRD results, the larger grains are Zn,TiO4 and the smaller ones are
uncombined rutile. From Figure 1.9 (c) and (d), the small agglomeration of white grain in
the specimens sintered at 880 °C can be observed, which is rather large in some areas.
However, there is no such agglomeration in specimens sintered at 900 °C. Both size and
number of the pores in all specimens significantly decreased when the sintering
temperature increased, which also proves that the addition of V2Os improved the grain

growth of ZnO-TiO2 ceramics.
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Figure 1.9 SEM micrographs of ZnO—TiO, ceramics sintered for 4 hours at (a) 880 °C and (b) 900 °C

without V>0s, (¢) 880 °C and (d) 900 °C with 2 wt.% V205

1.3.2 ZnO-TiO2+Cu system

In this study, the cermets made from ZnO-TiO> ceramics and copper (Cu) was
prepared using powder metallurgy method. The amount of V20s, sintering aid, is 2 wt.%
based on that of ZnO-TiO- system.

The relative density curve of cermets as a function of the amount of Cu at different
sintering temperature for 4 hours is shown in Figure 1.10. The theoretical density was

calculated by lattice parameters which can be determined using XRD patterns and atomic
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masses. The melting point of copper is 1083.4 °C. In order to prevent Cu from being
extruded from the specimen, the highest sintering temperature is 1000 °C in this study. The
density curve can be divided into three stages: (1) <880 °C; (2) 880-960 °C; (3) >960 °C.
When the cermets were sintered below 880 °C, its density increased slowly. The density of
cermets increased significantly between 880 °Cand 960 °C, and almost stayed the same
above 960 °C. The density of cermets can reach 90% theoretical density when the sintering
temperature is higher than 960 °C. The above facts indicate that when the sintering
temperature is below 880 °C, the densification of cermets is difficult to attain since sintering
hasn’t crossed the temperature barrier. The densification of cermets mainly occurs from

880 °C to 960 °C. Figure 1.11 shows the cermets specimen with 80 wt.% Cu after sintering.
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Figure 1.10 Relative densities of cermets as a function of amount of Cu and sintering temperature
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Figure 1.11 Cermets specimen with 80 wt.% Cu after sintering

Figure 1.12 presents that the hardness of cermets with 80 wt.% Cu varies with
sintering temperatures. As shown in Figure 1.10, the relationship between hardness of
cermets and sintering temperature was same as that between relative density of cermets
and sintering temperature as illustrated in Figure 1.10 was revealed. The reason is that
cermets can be sintered well at a higher sintering temperature (the range of sintering
temperature of cermets in this study is 840-1000 °C), which possesses nearly complete
densification and higher hardness. Figure 1.12 shows that the hardness of cermets sintered
at a temperature of more than 1000 °C could reach to 130 HV. Such hardness is only 19%
of that of ZnO-TiO. ceramics added 2 wt.% V>Os addition since the amount of Cu in the
cermets up to 80 wt.%. However, the hardness of cermets made in this study is higher than

that of common pure copper.
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Figure 1.12 Hardness of cermets with 80 wt.% Cu as a function of sintering temperature

SEM micrographs of the cermets made of ZnO-TiO; ceramics and 80 wt.% Cu
with the addition of 2 wt.% V20s sintered at 880 °C, 900°C, and 920 °C for 4h are shown
in Figure 1.13. The phase structure of the cermets has lots of pores and the grains did not
grow and are quite loose, as shown in Figure 1.13 (a). However, densification and grain
growth can be observed for the specimens sintered at 900°C and 920 °C, as shown in Figure
1.13 (b) and (c).Also, it can be seen that the densification of ceramics sintered at 900°C is
better than that of 920 °C. According to the density results above in this study, the
densification of specimens added V20s as the sintering aid has begun, but was not
completed when sintered at 880 °C. And the ceramics conversion reactions have completed
when sintered at 920 °C. Thus, the SEM results agreed with the analysis above in this study.
Comparing the SEM micrographs and density analysis results, V2Os can improve the
ceramics conversion reactions in cermets made of ZnO-TiO> ceramics and Cu and can

lower its sintering temperature.
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(b) ©)

Figure 1.13 SEM micrographs of cermets made of ZnO—TiO, ceramics and 80 wt.% Cu sintered for 4

hours with 2 wt.% V,0s addition at (a) 880 °C, (b) 900 °C, and (c) 920 °C

1.3.3 Application prospect

Most previous work with respect to ZnO-TiOz system attempted to apply the theory
of the system to microwave dielectric ceramics or LTCC. However, no study applying the
ZnO-TiOz system to three dimensional printing (3DP) has been previously reported. It has
been demonstrated that 3DP has the capability of fabricating complex 3D structures which
can be made from a variety of materials, including ceramics, metals, and polymers with an

array of unique geometries and enabling small quantities of customized goods to be
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produced at relatively low costs [30-32]. The authors will attempt to use the ZnO-TiO-
ceramics and cermets made in this study as a raw material for a further study on three
dimensional printing: what will happen to 3DP products when going through sintering and

how can we improve the machining properties of the products after sintering.

1.4 Conclusions

The effect of V20s as the sintering aid on the density and hardness of ZnO-TiO>
ceramics and cermets made of ZnO-TiO; ceramics and copper were investigated. The
density of ZnO-TiO, ceramics was increased up to 95% of theoretical density with an
additive of 2 wt.% V20s at low sintering temperature: 900-920 °C, for 4 hours. With the
additional of more V20s, the density was reduced since many large pores were formed due
to the evaporation of the excess liquid phase of the sintering aid. The hardness of ZnO—
TiO2 ceramics added 2 wt.% V20s addition sintered at a 920 °C for 4 hours could reach to
560 HV. For the cermets made of ZnO-TiO, ceramics and copper, up to 90% of theoretical
density can be obtained when the sintering temperature is 960 °C for 4 hours. The hardness
of cermets made of ZnO-TiO, ceramics and 80 wt.% Cu can reach 130 HV, which is higher
than that of common pure copper. Based on the facts in this study, the prospective
applications using ZnO-TiO2 ceramics and cermets made of ZnO-TiO2 ceramics and

copper as raw materials of 3DP would be very attractive.
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CHAPTER 2 FABRICATION OF POROUS ALUMINA
CERAMICS IN TWO DIFFERENT WAYS

2.1 Introduction

Porous ceramics is one of the frequently used materials for a variety of applications,
including the filtration of molten metals, high-temperature thermal insulation, support for
catalytic reactions, filtration of particulates from diesel engine exhaust gases, filtration of
hot corrosive gases in various industrial processes, and lightweight structural materials [ 1-
5]. The advantages of using porous ceramics in these applications are usually the high
melting point, tailored electronic properties, high corrosion, and wear resistance in
combination with the features gained by the replacement of solid material by voids in the
component. Such features include low thermal mass, low thermal conductivity, controlled
permeability, high surface area, low density, high specific strength, and low dielectric
constant. Many different preparation methods for porous ceramics have been studied over
the past decade, such as polymeric foam replication, starch consolidation casting, and gel
casting, etc.

2.1.1 Polymeric foam replication

Yao et al. prepared the reticulated porous silicon carbide ceramics using polymeric
foam replication by a recoating technique. Reticulated porous ceramics (RPCs) are highly
porous ceramics (70-95%) with an open, three-dimensional network structure. The most
common applications of the RPCs are molten metal and diesel engine exhaust filters,
catalyst supports due to their high permeability, resistance to chemical attack and structural

uniformity [6-8].
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The “polymeric sponge” process [7], invented by Schwartzwalder and Somers [9].
In the method, green RPCs consisting of a few filled cells were fabricated by coating a
polyurethane sponge with a thixotropic slurry. In order to remove excess slurry from the
sponge, centrifuging or passing through preset rollers is the commonly used technique.
RPCs produced by this process are of low strength and fracture toughness since very thin
struts of the ceramic structure may remain and triangular pores exist after the organic
sponge is burned out, making them sensitive to structural stresses and limiting their
structural applications [10]. Several techniques have been tried to improve the slurry
coverage [11, 12]. A second coating of the slurry may be applied to fill in any flaws or thin
areas in the first coating. As suggested by Schwartzwalder and Somers [9] and Brown and
Green [ 13], the second coat may be directly applied on the dried original coating. The dried
body including the sponge substrate is difficult to recoat by dipping since dipping can wash
away some of the previously deposited ceramic coatings and weaken the structure. At the
same time, the recoat slurry floated by gravity will lead to filled cells, especially near the
bottom portion of the part. Zhu et al. [14] developed a new recoating method. First, the
green body prepared by preset roller method is preheated to produce a reticulated preform
with enough handling strength after the sponge is burnt out. Then, the preform was recoated
by a thinner slurry using the centrifugal method. This technique greatly improved the
mechanical properties of RPCs.

Wen et al. [15] prepared porous ceramics with controllable pore size using natural
clay and silica as starting materials and organic polymer sponge as a template. Table
2.1 shows the bulk chemical composition of the natural clay used here; LOI refers to weight

loss after ignition at 1000 °C. Figure 2.1 shows that sintered samples with decreasing
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porosities from A through F. All the samples have a reticular structure with open cells. The
cells are linked together by solid 3D skeletons forming connected open channels, allowing
fluid access and to a limited degree even fluid flow. The cell sizes of each porous ceramic

sample depend on the cell sizes of the organic polymer sponge templates used.

Table 2.1 Chemical composition of the natural clay [15]

Si0O, AL O3 Fe,O; TiO» CaO MgO K>,O Na,O LOI Total
wt.%  70.63 16.96 0.54 0.03 0.45 1.00 1.95 0.31 8.13  100.00

Figure 2.1 Morphology of the prepared porous silica ceramics with different pore sizes (A: 5.7 mm pore
size and 78 vol.% porosity, B: 5.3 mm pore size and 77.8 vol.% porosity, C: 4.4 mm pore size and 77.3

vol.% porosity, D: 3.2 mm pore size and 76.2 vol.% porosity [15]

2.1.2 Starch consolidation casting (SCC)

The use of pore-forming agents is one of the frequently used methods to produce
porous ceramics with controlled microstructure (porosity and pore size) [2, 16]. During
heating up to the final firing temperature of the ceramics, these pore-forming agents are
burnt out, leaving void pores in the ceramic. Among the various pore-forming agents, those

24



of biological origin, in particular, starch, have gained a prominent position. They are cheap,
non-toxic, environmentally friendly and exhibit defect free burnout between approximately
300 and 600 °C [17, 18]. A specific advantage for porous ceramics is the fact that the pore
size can be controlled by choosing the appropriate starch type and that the pore size
distribution is in most cases sufficiently narrow to make technological process control
efficient [19]. The pore sizes achievable with commercial starch types ranging from ~5 pm
in rice starch to ~50 pm in potato starch [18].

Starch grains are normally white, dense and water-insoluble at room temperature.
Most starches consist of mixtures of two polysaccharide types, a linear one, amylose, and
a highly branched one, amylopectin. Amylose gives the starch its gelling property in
aqueous suspensions. The glucose units that build up the polymeric chains in starch expose
a lot of hydroxyl groups and, therefore, give a strong hydrophilic character to starch
granules, as shown in Figure 2.2 [20]. These have some favorable characteristics such as

good thickening, stabilizing, membrane-forming and gelling properties.

CH,0H OH CH,OH
0
o] Q =—
OH
H OH
OH CH,OH OH

Figure 2.2 Starch as a polymer consisting of condensed glucose units [20]

SCC is based on the ability of starch to swell and finally gelatinize in water at
elevated temperature (60-80 °C), so that ceramic green samples can be formed from

suspensions in impermeable molds (usually metal molds) [19, 21-24]. As the starch
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granules or particles swell they will also act as a binder adding strength to the consolidated
body, which enables demolding prior to drying. After burn-out of the starch and sintering
of the ceramic matrix, a material is obtained with a porosity corresponding to the original
amount, shape and size of the starch particles [20].

Gregorova et al. presented that the porous alumina ceramics between 25 and 50%
porosity were produced by SCC and the limits of pore size and porosity were discussed
[19, 22, 25]. In addition, Sepulveda et al. made open cell hydroxyapatite (HA) foams with
relative porosities from 72 to 90% [26]. Colombo et al. obtained the macrocellular and
microcellular silicon carbide open cell ceramics using sacrificial template technique.
Macrocellular structures with cell sizes ranging from 100-600 pm were synthesized by a
foaming approach. Microcellular structures with a cell size of around 8§ pm were fabricated
using polymer microbeads as sacrificial templates [27].

Among the methods aforementioned, polymeric foam replication and sacrificial
templates are the processing routes used for the production of macroporous ceramics
exhibiting pore size (d) larger than 50 nm; additionally, direct foaming also used for the
preparation of macroporous ceramics as shown in Figure 2.3 [2]. While starch
consolidation casting and gel-casting are used to produce the micro- (d < 2 nm) and

mesoporous (2 nm < d < 50 nm) ceramics [2].
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Figure 2.3 Scheme of possible processing routes used for the production of macroporous ceramics [2]

Each of these routes mentioned above has its own disadvantages, e.g., the
mechanical properties of the ceramics prepared by the polymeric foam replication are poor
because of the drawbacks of the pyrolysis process and its pore sizes are limited to macro
scale and millimeter scale. In order to fabricate porous ceramics without drawbacks
mentioned above, some studies developed procedures combining these techniques to
produce ceramics with improved properties that could not be obtained by a single
technique. Ramay et al. reported that the macro porous hydroxyapatite scaffolds, which
possessed an open, uniform, and interconnected porous structure with a pore size of 200—
400 pm and a compressive yield strength of 5 MPa, by combining the replication method
with the gel-casting method [23]. Mao et al. developed a new technique to make ceramics
with hierarchical pore structure using starch consolidation casting and foaming methods
[28].

In this work, porous alumina ceramics with different porosity were fabricated by
two different methods: the first one combined the starch consolidation process with the gel-

casting process using corn starch as the pore-forming agent and also as the binder. The
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other one used hollow microspheres as the pore-forming agent. No relative studies using
hollow microspheres as the pore-forming agent is reported in the literature so far. For both
of two methods, the bulk density, porosity, and microstructure of the obtained alumina

ceramics were studied.

2.2 Alumina ceramics fabrication with corn starch

In this study, porous alumina ceramics with different porosity were fabricated by
combining the starch consolidation process with the gel-casting process using corn starch
as the pore-forming agent and the binder. The bulk density, porosity, and microstructure of
the obtained alumina ceramics were studied. Moreover, a relationship between the total
porosity of alumina ceramics after sintering and corn starch content was obtained. The
relation between the linear shrinkage of porous alumina ceramics and the starch content
also was discussed. Finally, the compressive strength of the sintered samples was

measured.

2.2.1 Theory

SCC is based on the ability of starch to swell in water at elevated temperature and
thus to absorb water from aqueous ceramic suspensions. This behavior enables the
preparation of ceramic green bodies by casting starch-containing ceramic suspensions into
impermeable molds and heating the system up to approximate 807 °C. The swelling starch
compresses the ceramic powder and at the same time dewaters the suspension. In

combination with the subsequent rheological changes, this transforms the initially viscous
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suspension into an elastic (more or less rigid) ceramic green body. After some time, this
green body can be taken out of the mold (demolded) and subsequently dried and fired.
The relative volumetric swelling € of starch granules (with V being the volume
after swelling and V,, the volume before swelling) is related to the diameter of the swollen
starch granules D (more precisely, its volume-weighted arithmetic mean) by the following

equation:

V-V, /Dy
= =(=) -1 2.1
T, <D0> @D

where D, is the diameter of the dry starch granule (before swelling). The swelling kinetics
has a sigmoidal time dependence which may conveniently be fitted with the three-

parameter so-called logistic model [24]:

a
“T1+ bexp(—ct)

(2.2)

where t is the time in minutes (includes heating and swelling time) and a, b, c are
adjustable fit parameters (empirical fit parameters without physical meaning). When
ceramic powder particles are present in addition to starch, like in a ceramic suspension, the
swelling starch granules push the ceramic particles (which are much smaller than the starch
granules) aside and press them into a dense “random close packed” or “maximally random
jammed” structure [29]. For monodisperse spheres the maximum packing density of such
a system is approximate 64% and a similar value may be adopted as an estimate for
moderately polydisperse systems of isometric particles. However, it is ascertained that in
many cases the swelling factor (ratio of swollen diameter to initial diameter) cannot attain

its maximum value since the excess water present in the suspension will be exhausted
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before this value is attained. Based on elementary geometrical considerations the maximum

relative volumetric swelling of the starch is given by the following relationship [24]:

o @F = p0) (1= ¢9)
BT Pocbs

(2.3)

where ¢, is the volume fraction of ceramic powder in water (without starch), ¢J***

maximum value (typically around 0.64) and ¢s the nominal starch content in the
suspension (i.e. the volume fraction of starch related to the solids content without water).
After measuring the unconstrained swelling kinetics (in water), the time dependence of the
relative volumetric swelling can be fitted using the logistic model and the minimum time
needed for the consolidation step in the constrained system can be predicted with this
equation [24]:

[n (%) 2.4)
C

tmin

The sum of the final porosity of a ceramic body and its volumetric shrinkage after

firing equals the initial porosity (before firing). Under the assumption of isotropic and

uniform microstructures, the volumetric shrinkage of a ceramic body is related to its linear
shrinkage 0; (measured in one direction):

oy = op — 30} + 30, (2.5)

2.2.2 Experimental procedure

As ceramics’ raw materials, alumina powder (main size less than 0.5 pm, A16SG,
Alcoa Inc., New York City, USA) was chosen as received in this study. Alumina
nanopowder (40—80 nm, gamma-phase > 99%, Alfa Aesar Co., Ward Hill, USA) was used

as a sintering additive. The 5 wt.% polyvinyl alcohol (PVA) solution was added as an
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adhesive agent. Commercially available corn starch (density=1.6 g/cm?®, Hodgson Mill
Inc., Effingham, USA) was selected as the pore-forming agent and binder. The corn starch
in this study received no pre-processing. Figure 2.4 and Figure 2.5 show the micrographs,
and size distributions of corn starch, respectively and it can be observed that the mean

diameter of corn starch is between 12.9 pm and 15.0 pum [30].

Figure 2.4 Optical micrograph of corn starch chose in this study [30]
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Figure 2.5 (a) Number-weighted size distributions, and (b) volume-weighted size distributions [30]

The micron scale alumina powder and alumina nanopowder were combined with

the weight ratio of 95%/5%, and then mixed using a ball mill with beads (2-3 mm in
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diameter) for 8 hours. Both jar and milling beads consisted of agate while milling medium
is deionized water. The 5 wt.% polyvinyl alcohol (PVA) solution was added to the alumina
suspension. PVA has an excellent adhesive property which could help sample molding
during the molding process and can undergo pyrolysis above 200 °C. Amounts of 0-50%
corn starch mixed with the stabilized alumina suspension were then measured by the
volume fraction of raw ceramics powders. 0.5 wt.% commercial dispersant for Al,O3
(Dolapix CE64, Zschimmer & Schwarz Inc., Milledgeville, USA) also added with the corn
starch. The resulting mixtures were prepared to a slurry with 15 vol.% solid loading,
including Al,O3 powders, starch, PVA, and dispersant and then were agitated using an
electromagnetic stirrer at room temperature for 24 hours. The slurry was then subjected to
de-aeration to remove undesired entrapped bubbles. After that, the slurry was agitated and
heated on the electromagnetic stirrer at 80 °C for 1 hour. This process was based on the
swelling and absorbing ability of starch in the aqueous ceramics suspensions after heating
to around 80 °C [19]. The slurry was then dried in an oven at 60 °C for 2—-3 days. Figure 2.6
shows the mechanism of the preparation process of the green body. The dried powders were
compacted under 100 MPa into samples of 16 mm-diameter and 10 mm-thickness, as
shown in Figure 2.7. The compacted samples were then sintered in an air environment at
atmospheric pressure in an electric heating furnace. After sintering all samples were cut to
a size of 12 mm-diameter and 4 mm-thickness. The compressive strength was tested with
a cross head speed of 0.05 mm/min on an Instron 3369 Testing Machine. Eight samples

were utilized to obtain average values and standard deviations.
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Figure 2.6 Schematic view of ceramic green body formation in this study
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Figure 2.7 Ceramic green body prepared with corn starch

In this study, the PVA and corn starch must be burnt out during the sintering process
to develop the desired porosity. According to the thermogravimetric and differential
thermal analysis of the compacted ceramics body, the crucial temperature range for burning
starch out before ceramic sintering is from 300 to 600 °C, as shown in Figure 2.8 [28].

Therefore, the samples in this study were heated from room temperature up to 500 °C at a
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heating rate of 0.5 °C/min, as well as dwelled at 200 °C for 1 hour to remove the water
content of samples in order to reduce cracks in samples during the heating process. The
samples were held at 500 °C for 1 hour to eliminate PVA completely. Then the samples
were heated from 500 °C to 600 °C at a rate of 0.5 °C/min and assisted by dwelling at 600
°C for 2 hours to burn out the corn starch. Thereafter, the heating rate was changed to 5
°C/min and then the sintering was accomplished at 1500 °C for 3 hours. The heating
schedule is shown in Figure 2.9. Figure 2.10 shows the block diagram of the specimens’

preparation process.
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Figure 2.8 TG/DSC analysis for thermal behavior of dried body in air [28]
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Figure 2.10 Flow chart of preparation process for ceramic specimens
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2.2.3 Results and discussion

Figure 2.11 shows the ceramic specimens after the sintering process in this study.
The bulk densities of alumina ceramics with different amounts of added corn starch is
shown in Figure 2.12. The densities were measured by the Archimedes Technique. This
figure shows that the density decreased linearly with increasing starch content. The alumina
ceramics with approximate 80% theoretical density (theoretical density of alumina
ceramics = 3.95 g/cm?) was attained with 10% starch content. The density reduced to the
minimum value 1.33 g/cm? at 50 vol.% starch content. This result indicates that the burnout
of corn starch during the sintering process does not influence the sintering of ceramics and
the forming of the porous structure. Moreover, the densities of alumina ceramics obtained

in this study were greater than that of ceramics prepared by the gel-casting technique [28].

Figure 2.11 Ceramic specimens after sintering process
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Figure 2.12 Bulk density of sintered samples vs. starch content

Figure 2.13 illustrates the relationship between linear shrinkage of alumina
ceramics and starch content. The relationship indicates that the linear shrinkage was not
dependent on the amounts of corn starch. As presented in Figure 2.13, linear shrinkages
after sintering were from 13.0 to 14.4%. In general, the linear shrinkages presented an
upward trend with increasing corn starch content. The shrinkages under 20 vol.% starch
content had a similar value and from 30 to 50 vol.% had a similar value but greater than
the ones under 20 vol.%. It was believed that the linear shrinkage was only dependent on
the large pores formed in the burnout process of starch [19, 22, 25]. As mentioned above,
PVA acted as an adhesive agent which might cause the agglomeration of corn starch in this
study. If so, the linear shrinkage would change considerably when increasing corn starch
content. However, the linear shrinkages were nearly the same in this study. Thus, the linear

shrinkage result of this work presented that the PVA did not cause the agglomeration of
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corn starch and the burnout process of PVA had no impact on the linear shrinkage when
sintering ceramics.

The total porosity obtained in this study as a function of starch content is shown in
Figure 2.14. As shown in Figure 2.14, the linearly increasing trend was observed when the
starch content increased from 10 vol.% to 50 vol.%. The total porosity of 14.8% was
obtained at 10 vol.% starch content while it increases to 55.3% at 50 vol.% starch content.

This suggests that the compressive molding after the starch consolidation step did not affect

the total porosity.
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Figure 2.13 Linear shrinkage changes as a function of starch content
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Figure 2.14 Total porosity of sintered alumina ceramics as a function the starch content

Figure 2.14 also makes a comparison between the results achieved in this study and
that of the traditional slip casting. In the process of traditional slip casting, no starch
swelling step occurs since starch is only used as a pore forming agent. Therefore, the
amounts of starch content when preparing the raw materials of ceramics are equal to the
total porosity of sintered ceramics (cf. the solid line in Figure 2.14). As another method to
produce porous ceramics, the starch consolidation casting can produce the total porosity
ranging from 25% to 50%. Total porosities less than 20% are not easy to achieve [22]. For
alumina ceramics fabricated in this study, however, the total porosities were typically
greater than the amounts of starch added in the preparation process (cf. the dashed line in
Figure 2.14). The limits of starch consolidation casting and traditional slip casting were
reported in [20, 30-33]. Thus, the relationship found in this study demonstrates that the
total porosity of alumina ceramics fabricated using the method combining the starch

consolidation and gel-casting process was higher than that of the ceramics made by
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traditional slip-casting. The range of total porosity of ceramics in this work was broader
than that of the ceramics produced by starch consolidation casting.

Figure 2.15 shows SEM micrographs of typical fracture surfaces of the porous
alumina ceramics with different starch contents (0—50 vol.%) after sintering at 1500 °C for
3 hours. The microstructure of the alumina ceramics without corn starch is shown in Figure
2.15 (a). As revealed, lower porosity and grain growth can be observed for the samples
sintered at this temperature. According to references [19, 32, 33], the densification and the
phase transition from gamma to alpha of alumina ceramics had completed typically under
this temperature.

As shown in Figure 2.15 (b)—(f), the amorphous materials completely burned and
the skeleton was formed through the grains connecting. The porosity and porous structures
of the alumina ceramics added starch increased when the amounts of corn starch increased
from 10 to 50 vol.%. The reason is that more starch grains connected with each other when
more corn starch was added into the ceramics’ raw materials, which led to the rise of
porosity and porous structures. Moreover, the grains-connecting of corn starch resulted in
the increase of channels among pores after sintering. Similar results were also attained by
other work using other methods for fabrication of porous alumina ceramics [3, 34, 35].
Comparing the micrographs in Figure 2.15, the alumina samples with 40 vol.% corn starch

possessed a more uniform pore size.
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Figure 2.15 SEM micrographs of porous alumina ceramics with different amounts of corn starch (a) 0%,

(6)10%, (c) 20%, (d) 30%, (€) 40%, and (f) 50%

The compressive strength of porous alumina ceramics as a function of starch
contents is shown in Figure 2.16. The compressive strength decreased significantly when

the corn starch contents increased from 10 to 50 vol.% corresponding with a compressive
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strength of 5.89-24.16 MPa. The decreasing trend of compressive strength with increasing
starch content indicates that size changes of crucial loading area occurred in the samples
when sintering with different starch contents. The increasing corn starch content resulted
in the higher porosity and more porous structure that can lead to the weak skeletons among
pores within the samples.

Generally, a number of expressions can be used to describe the compressive
strength-porosity behavior of porous ceramics. One of the simplest methods was firstly
proposed by Ryshkewitch and Duckworth [36], and developed to be the Rice equation [37]:

o = g, exp(—be) (2.6)
where oy, is the strength of a dense material which is from 30 MPa to 35 MPa for alumina
ceramics [28, 37], and o is the strength of the porous material with a porosity of €, and b
is a parameter depending on the structure and material composition. The value of the
parameter b represents the susceptivity of strength on porosity, i.e. the larger b value, the
more susceptivity of strength on porosity. The fitting curve in Figure 2.16 can be expressed
by

o = 33.8exp(—0.025¢) (2.7)
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Figure 2.16 Compressive strength of sintered samples vs. starch content

2.2.4 Conclusions

Porous alumina ceramics with different porosity were fabricated by combining the
starch consolidation process with the gel-casting process using corn starch as pore-forming
agents and also as binders. The bulk density, porosity, and microstructure of the obtained
alumina ceramics were studied. It was found that the total porosity range of sintered
samples with different amount of starch contents from 10 to 50 vol% is 14.8-55.3% and
the total porosity increased with the increase of starch content. A relationship between the
total porosity of specimens and corn starch content was obtained. This relationship
indicates that the total porosity of alumina ceramics fabricated in this work was higher than
that of the ceramics made by traditional slip-casting. The range of total porosity of ceramics
in this work was broader than that of the ceramics produced by starch consolidation casting.
The relationship between the linear shrinkage of porous alumina ceramics and the starch

content also was discussed. The compressive strength of the sintered samples varied within
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the range of 5.89-24.16 MPa, corresponding to the starch content of 50—10 vol%. The
porous alumina ceramics fabricated in this work with high porosity would be used as
preforms for pressure filtration in authors’ next research stage and may have the potential
for other applications such as hot gases media, catalyst support, and lightweight structural

materials.

2.3 Alumina ceramics fabrication with hollow microspheres

In this work, porous alumina ceramics with different porosity were fabricated using
hollow microspheres as a pore-forming agent. The relative density, total porosity, and
microstructure of the obtained alumina ceramics were studied. The cell morphology of
resulting materials has a hierarchical structure with pores of two different sizes. The
advantage of using hollow microspheres as a pore-forming agent is that hollow
microsphere has lower amounts of gaseous by-products when it is pyrolyzed during
sintering process than other microbeads such as PMMA-PEG and is less expensive than
other bulk microbeads. The compressive strength of the sintered samples also was

measured.

2.3.1 Experimental procedure

As ceramics’ raw materials, alumina powder (main size less than 0.5 um, A16SG,
Alcoa Inc., New York City, USA) was chosen as received in this study. Alumina
nanopowder (40-80 nm, gamma-phase > 99%, Alfa Aesar Co., Haverhill, USA) was used
as a sintering additive. The 5 wt.% polyvinyl alcohol (PVA) solution was added as a binder.

Commercially available microspheres (Expancel 920 DE8O0 d30, particle sizes = 55-85um,
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true density = 30 kg/m3, Akzo Nobel Coating Inc., Amsterdam, Netherlands) was selected
as the pore-foaming agent. Expancel microspheres are small spherical plastic particles
made of hydrocarbon. The microspheres consist of a polymer shell encapsulating a gas.
When heated, the internal pressure of the gas increases and the thermoplastic shell softens,
resulting in a dramatic increase in the volume of the microspheres as shown in Figure 2.17
[38]. Product specification for Expancel microspheres is shown in Table 2.2. The
commercial Expancel product used in this work is shown in Figure 2.18 and Figure 2.19.
No pre-processing to prepare the microspheres in this study.

hydrocarbon 3
2 pm. d %

thermoplastic shell

40 pm

Figure 2.17 Expansion of Expancel microspheres when heated [38]

Table 2.2 Product specification for Expancel Microspheres [38]

Expancel Particle size (um) True density (kg/m?) Solvent resistance

551 DE 40 d42 30-50 4244 3
551 DE 40 d42+2 30-50 4242 3
461 DE 20 d70 15-25 7016 4
461 DE 40 d60 20-40 6045 4
461 DET 40 d25 35-55 2543 4
461 DET 80 d25 60-90 2543 4
092 DET 100 d25 80-120 2543 5
920 DE 40 d30 35-55 3043 5
920 DET 40 d25 35-55 2543 5
920 DE 80 d30 55-85 3043 5
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Figure 2.18 Microspheres of Expancel product: 920DE80d30

Figure 2.19 SEM image of product 920 DE 80 d30 [38]

The micron scale alumina powder and alumina nanopowder were weighed with the
weight ratio of 95%/5%, and then mixed using ball mill with beads (2—3 mm in diameter)
for 8 hours. Both jar and milling beads are made of agate while milling medium is
deionized water. The 5 wt.% polyvinyl alcohol (PVA) solution was added to the alumina
suspension. Amounts of 2.0—4.0% hollow microspheres mixed with the suspension were
then measured by the weight fraction of ceramics powders. 0.5 wt.% commercial dispersant

for AIO3 (Dolapix CE64, Zschimmer & Schwarz Inc., USA) also added with the hollow
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microspheres. The resulting mixtures were agitated using electromagnetic stirrer at room
temperature for 24 hours. After that, the suspension was then stirred and dried in an oven
at 60 °C for a couple of days. The dried powders were compacted into samples of 16 mm-
diameter and 5 mm-thickness. The compacted samples were then sintered in an air
environment at atmospheric pressure. The sintering process was performed in an electric

heating furnace. The block diagram of the preparation process is shown in Figure 2.20.

Alumina powder (micron scale). alumina
nanopowder, and deionized water

Y

Ceramics suspension

J

Ball-milling

Hollow microspheres Dispersant

Agitating

|

Drying

|

Molding

J

Sintering

Figure 2.20 Flow chart of preparation process for porous alumina ceramics in this study

In this study, the PVA and hollow microspheres must be burnt out during sintering
process in order to get the desired porous ceramics. According to the thermogravimetry
analysis and Fourier transform infrared spectroscopy of the compacted ceramics body [39],
the crucial temperatures for burning hollow microspheres out before the ceramics sintering

is from 300 to 500 °C. Therefore, the samples in this study were heated from room
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temperature up to 300 °C at a heating rate of 0.5 °C/min and stayed at this temperature for
1 hour to eliminate PVA completely. Then the samples were heated from 300 °C to 400 °C
at a rate of 0.5 °C/min and assisted by dwelling at 400 °C for 2 hours to burn out the hollow
microspheres. Thereafter, the heating rate was changed to 5 °C/min and then the sintering
was accomplished at 1500 °C for 3 hours. The sintering processes aforementioned were
performed in a tube furnace (GSL-1700X-80VT-UL, MTTI Corp., Richmond, USA). The

heating schedule is shown in Figure 2.21.

1800

1600 Simntering
1400

1200

1000

o
S

Temperature (°C)

-
PVA Burnout Microspheres Burnout

0 150 210 610 670 870 990 1210 1390 1450 2500
Time (min)

Figure 2.21 Heating schedule for the sintering process

The relative density of sintered ceramics was calculated by the weight-to-volume
ratio of the samples. The total porosity of ceramics was determined through the ratio of
bulk density to the true density of samples. The grain and cell morphology of obtained
ceramics was observed by scanning electron microscopy (SEM, FEI Sirion 200, Hillsboro,
USA). The compressive strength was measured at a crosshead speed of 1.0 mm/min. The

diameter of the test samples was 13 mm and the thicknesses were from 3.5 mm to 6.5 mm.
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2.3.2 Results and discussion

Figure 2.22 shows the specimens using hollow microspheres as the pore-forming
agent after sintering process. The relative densities of alumina ceramics added different
amounts of hollow microsphere is profiled in Figure 2.23. The bulk densities were
measured by Archimedes technique. This figure shows that the density decreases linearly
with increasing amount of hollow microsphere. The alumina ceramics with approximate
26% theoretical density (theoretical density of alumina ceramics = 3.95 g/cm?) was attained
when the microsphere content was 2.0 wt.%. The density reduced to the minimum value
0.82 g/cm? at 4.0 wt.% microsphere content. This result indicates that the burnout of hollow
microspheres during sintering process does not influence the sintering of ceramics and the

forming of the porous structure.

Figure 2.22 Specimens using hollow microspheres as the pore-forming agent after sintering process
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Figure 2.23 Relative density of alumina ceramics varies with microsphere contents

The total porosity obtained in this study as a function of hollow microsphere content
is shown in Figure 2.24. As shown in Figure 2.24, the linearly increasing trend was
observed when the hollow microsphere content increased from 2.0 wt.% to 4.0 wt.%. The
total porosity of 69.3% was obtained at 2.0 wt.% microsphere content while it increased to
75.6% at 4.0 wt.% microsphere content. This result suggests that the microsphere

expansion during the sintering process increases the total porosity of sintered ceramics.
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Figure 2.24 Total porosity of sintered alumina ceramics as a function of microsphere content

Figure 2.25 shows that the SEM micrographs of the typical surfaces of the sintered
alumina ceramics with different hollow microsphere contents (2.0—4.0 wt.%) after sintering
at 1500 °C for 3 hours. The pores and grain growth can be observed for the samples sintered
at this temperature. As illustrated in Figure 2.25, the cell structure changed from spherical
to irregular as the hollow microsphere content was increased in the sintered alumina
ceramics. Good morphology and well-distributed cell structure with struts was observed in
Figure 2.25 (b) when the content of hollow microsphere was 3.0 wt.%. Such morphology
was almost spherical, stating that the shape of hollow microsphere was retained in the
sample compacting, in the expansion, and in the pyrolysis of the sintering process. The
diameters of the cells were from 20 to 60 um, and there are no large voids in the ceramics
with 3.0 wt.% microsphere content sintered at this temperature. However, the cell structure
was collapsed when the microsphere content was up to 4.0 wt.% as shown in Figure 2.25

(c). A lot of small voids can be observed in this case, which illustrates that the shape of
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hollow microsphere is destroyed during the ceramic sintering process. From Figure 2.25
(a), although the spherical shape of microsphere was retained to some extent, there was a
small number of interconnections between cells when the microsphere content was 2.0

wt.%.

Figure 2.25 SEM micrographs of porous alumina ceramics at 1500 °C with different hollow microsphere

contents: (a) 2.0 wt.%, (b) 3.0 wt.%, and (c) 4.0 wt.%

The microstructure feature of porous ceramics with 3.0 wt.% hollow microsphere
content is shown in Figure 2.26. A hierarchical structure consists of large-sized cells with
diameters of 20—60 um, small-sized pores in cell walls averaging about 10 pm as shown
in Figure 2.26 (a). It can be inferred that the large-sized cells and small-sized pores are

formed from the elimination of microspheres, bubbles produced by microsphere pyrolysis,
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respectively. The large-sized cells mainly attributed to the porosity of ceramics. The small-
sized pores acted as cell windows connecting several cells. These cell windows are
critically important in the catalyst supports and biomaterials since they sieve mass transfer
between contiguous cells. Since the ceramics are fabricated through a direct foaming
process which forms the nucleation of gas bubbles within a liquid which then tend to grow
and coalesce [4], a large dispersion in pore size is observed. Similar results were also
attained by other work by other methods for fabrication of porous alumina ceramics [20,
28, 30, 33]. From Figure 2.26 (c), it can be observed that the alumina samples with 3.0
wt.% hollow microsphere possesses a uniform cells. As shown in Figure 2.25 and Figure
2.26, a variety of structures can be obtained using hollow microsphere as pore-forming
agent or so-called structure foam agent for the fabrication of porous ceramics. The
microstructure of obtained porous ceramics can actually be designed to be open-celled
contain small-sized pores in cell walls, or to be open cells without cell windows, or to

contain a lot of pores and voids.

53



. Large-sized cells
e

Figure 2.26 Microstructure feature of porous ceramics with 3.0 wt.% microsphere content

The compressive strength of porous alumina ceramics as a function of microsphere
contents is shown in Figure 2.27. As can be seen, the compressive strength decreased
slightly when the microsphere contents increased from 2.0 to 4.0 wt.% corresponding with
a compressive strength of 8.31-11.50 MPa. The decreasing trend of compressive strength
with increasing of microsphere content is an indication of the fact that size changes of
crucial loading area occur in the samples when sintering with different amounts of pore-
forming agent. This tendency has been found in many other porous ceramics [40-42]. The
increasing hollow microsphere content resulted in the higher porosity and more porous

structure that could lead to the weak struts among pores within the ceramics.
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Figure 2.27 Compressive strength of sintered ceramics with different hollow microsphere content

2.3.3 Conclusions

Porous alumina ceramics with two different pore sizes were fabricated using hollow
microspheres as a pore-forming agent. The relative density, total porosity, and
microstructure of the obtained alumina ceramics were studied. It was found that the total
porosity range of sintered samples with different amount of hollow microsphere contents
from 2.0 wt.% to 4.0 wt.% was 69.3-75.6% and the total porosity increased with the
increase of hollow microsphere contents. The interconnected and spherical cell
morphology was obtained with 3.0 wt.% hollow microsphere content. The resulting
ceramics consists of a hierarchical structure. The hierarchical structure consists of large-
sized cells with diameters of 20-60 um, small-sized pores in cell walls averaging about 10
um. Moreover, the compressive strength of the sintered samples varied within the range of

8.31-11.50 MPa, corresponding to hollow microsphere contents of 2.0-4.0 wt.%.
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2.4 Conclusions

In this chapter, porous alumina ceramics with different porosity were fabricated by
two different methods: one combined the starch consolidation process with the gel-casting
process using corn starch as the pore-forming agent and also as the binder. The other one
used hollow microspheres as the pore-forming agent. No relative studies using hollow
microspheres as the pore-forming agent is reported in the literature so far.

For both of two methods, the bulk density, porosity, and microstructure of the
obtained alumina ceramics were studied. It was found that the total porosity range of
sintered samples with different amount of starch contents from 10 to 50 vol% is 14.8—
55.3% and the total porosity increased with the increase of starch content. The relationship
between the total porosity of alumina ceramics was compared with that of the ceramics
made by traditional slip-casting. The range of total porosity of ceramics in this work was
broader than that of the ceramics produced by starch consolidation casting. The relationship
between the linear shrinkage of porous alumina ceramics and the starch content also was
discussed. The compressive strength of the sintered samples varied within the range of
5.89-24.16 MPa, corresponding to the starch content of 50-10 vol%. Meanwhile, it was
found that the total porosity range of specimens prepared by the second method with the
different amount of hollow microsphere contents from 2.0 wt.% to 4.0 wt.% was 69.3—
75.6% and the total porosity increased with the increase of hollow microsphere contents.
The interconnected and spherical cell morphology was obtained with 3.0 wt.% hollow
microsphere content. The resulting ceramics consists of a hierarchical structure. The
hierarchical structure consists of large-sized cells with diameters of 20—60 pm, small-sized

pores in cell walls averaging about 10 um. Moreover, the compressive strength of the
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sintered samples varied within the range of 8.31-11.50 MPa, corresponding to hollow

microsphere contents of 2.0—4.0 wt.%. The porous alumina ceramics fabricated in this

work with high porosity would be used as preforms for pressure filtration in authors’ next

research stage and may have the potential for other applications such as hot gases media,

catalyst support, and lightweight structural materials.
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CHAPTER 3 MODELING STRUCTURES OF OPEN CELL
FOAMS

3.1 Introduction

Foams (ceramic, metal, or polymer), as shown in Figure 3.1 [1, 2], are the materials
of high interest in a wide range of application areas. Foams are characterized by polyhedral
cells forming a space-filling structure. They are classified as either open cell with a strut-
like morphology forming a continuous network, or as closed cell with solid membrane-like
faces. Foam structures are frequently observed in nature. Due to the high porosity and large
specific strength (strength related to mass) and permeability, they form the most
structurally demanding parts of plants and animals [3, 4]. Foams are nowadays
commercially used in modern biomedical and technical applications [5-8]. One of the main
biomedical interests is the reconstruction of the human body by the implantation of
scaffolds [9, 10]. In this case, both mechanical and functional properties of foams
(scaffolds) are of key importance. Other important fields of foam applications are
engineering applications, such as filtering and catalysis, etc. High porosity polymer foams
allow efficient thermal insulating materials to be achieved [11-13]. Thanks to their good
resistance to high temperatures and strong chemical corrosion resistance, open cell ceramic
foams are used for the filtering of liquid metals in casting processes, combustion supports
for porous burners, and as volumetric absorbers in solar thermal and thermochemical
reactors [14-20]. They are also commonly used in diesel particulate filter or exhaust gas
catalytic converters [21]. The foam structures can also be infiltrated by other materials
(mainly metals) in order to produce composites [22, 23]. High porosity open cell metallic

foams, usually having a structure of enclosed porous material, have attracted much

62



attention for designing compact heat exchangers and heat sinks [24, 25]. Metallic foams
filled with phase change materials offer a possibility for heat energy storage applications
[26, 27]. New manufacturing technologies are available also for open cell metallic foams

for structural applications [28, 29].

(b)

Figure 3.1 (a) Photo of different foam samples made of Al,O3 with 10 ppi (pores per inch), 20 ppi, 30 ppi,

45 ppi, microscopy picture of a 45 ppi sponge (from left to right), and (b) foam samples made of OBSiC

(left) and Mullite (right) with 10 ppi [1, 2]
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All these applications require materials with specific properties. Some properties
(mainly mechanical) are less sensitive to the local geometry of the foam structure [30]. In
such a case porosity and average pore size are the only parameters which are required to
find structure-property relationships. Other properties, related to flow through the porous
media, are more strongly influenced by the local environment of the particular pores and
that is why they require a better understanding obtained through explicitly modeling the
geometry of the foam structure [31].

There are a number of publications presenting different models of open cell foam
structures. In general, there are three approaches to model the foam structures. The first
method uses Kelvin cell to obtain the structure. The Kelvin cell (tetrakaidecahedron) has
14 faces (6 quadrilateral and 8 hexagonal) and 24 vertices as shown in Figure 3.2. In 1887,
Lord Kelvin proposed that the tetrakaidecahedron was the best shape for packing equal-
sized objects together to fill space with minimal surface area. Kelvin thought about this
problem in the context of the bubbles which make up a foam. This method entails modeling
an idealized periodic cell structure as shown in Figure 3.3. For a long time, Kelvin's foam
was considered as an optimal representation of real foam structures. However, this model
exhibits unusual behavior regarding mechanical properties that has not been confirmed in
real materials [32]. It is likely that the random disorder in real foams is responsible for that
[33]. It also has been already proved that Kelvin's structure has certain disadvantages and
that it cannot simulate certain mechanical properties of real foams. Due to its lack of
randomness, Kelvin's structure is clearly anisotropic which is not true for real foams [32,

33].
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Figure 3.2 Structure of Kelvin cell

@ (b)

Figure 3.3 (a) Single Kelvin cell, and (b) Kelvin multi-cells model

Trying to capture the structural random disorder of real foams, many authors use
different methods to consider the randomness and imperfection of real foam, which are

defined as the second approach modeling the foam structures in this work. Habisreuther et
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al. [34] obtained a randomization of the Kelvin structure by relocating the nodes of the
ordered Kelvin multi-cells structure, Py .4, With a vector 7 having stochastic direction and
stochastic values of the individual components rand(L,,x) between 0 and L, .4, avoiding

any change in network connection (i.e. topology):

_ —

Prand = Pord + t(Lmax) (3.1)

Py rand = Pord T rand(Lyax) k=x,y,z (3.2)
Lmax = C1(min(PPy) — dy) (3.3)

Prand = Pora +7¢(CoLc) + 77 (Lmax) (34)

In order to avoid possible crossing of the struts, it was necessary to restrict the
amount of dislocation of each node to L,.x What resulted in narrowing the possible
variation range of strut lengths. Therefore, a combined procedure was applied allowing the
biggest possible amount of dislocation. In one step a maximal random dislocation L, of
the nodes P was limited to the fraction C; of geometrical distance to the neighboring node
Py taking into account the strut diameter ds. In another step, the node P was displaced for
a random amount of dislocation but in the given direction to the cell center of the ordered
structure 7¢. L represents the distance between the node to be displaced and the cell center.
Both of the displacements were sequential conducted, first in the direction to the cell center
and afterwards in the random direction. The constants C; and C, represent the fractions of
the maximal displacement being applied in randomizing process. The randomized Kelvin
structure is shown in Figure 3.4 [34].

Many other researchers generated the random models by means of the VVoronoi
tessellation or Poisson-Voronoi tessellation (discussed in Chapter 3.2) using random seed

points in space. Within this model, a cell is defined by the space that is closer to a specific
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seed point than to any other. The amount of disorder of such a structure depends on the
spatial distribution of the seed points. However, it is found that a major disadvantage of
Voronoi structures is the usually higher number of struts per node in comparison with real
sponge structures and that geometrical parameters of real foams differ from those obtained

by Poisson-Voronoi tessellation [34, 35].
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Figure 3.4 Perspective view of the randomized Kelvin structures (8>4>4 cells, round struts). Top: ordered

structure C, = C, = 0; bottom: randomized with C, = C, = 0.6 [34]

The third method includes closely resembling of the microstructure of real sponges
and it can be accomplished by use of tomographic images or digitized images of the sponge.
X-ray micro tomography (CT) and magnetic resonance imaging (MRI) have recently
proved to be a very powerful tool allowing the characterization of the microstructure of
materials or the architecture of cellular materials in a non-invasive and non-destructive
way. This approach also is called 3D reconstruction technology, which reconstructs three-

dimensional model using two-dimensional image slices such as CT and MRI stacks as
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shown in Figure 3.5 [36]. Reconstructed topological image of typical foam structures are
shown in Figure 3.6 [37]. However, three-dimensional structures obtained this way are
unique for each individual foam sample and may not be necessarily representative. Such
high-cost equipment also is not always available and reconstruction process is very

complicated and time-consuming.

drilled hole

} 1.4mm 4 ansformation of the
STL file into solid
model and import

into ANSYS

20 images

3D reconstruction of the

images analysis model by digital stacking
(alignment of the of serial sections
serial section) (STL file)

Figure 3.5 Schematic diagram accounting for the image processing to obtain the 3D model [36]

3D STL model
>

Figure 3.6 A 3D image of the STL file generated from 2D pCT slices for the open cell Ni foam structure

[37]

Due to the need for a more general determination of foam properties as well as for

the investigation of the effects of changes in structure on foam properties, it is necessary
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to generate statistical models that could achieve this function. In this work, we wish to
model foam structures that have a roughly uniform cell size, but which are still random and
isotropic. A non-periodic, evenly spaced, and isotropic arrangement of seed points is,
therefore, necessary. A method for the generation of random foam structures, based on
Laguerre-Voronoi tessellations of randomly packed spheres with log-normal volume
distribution, is proposed. This model could give the study of the variation coefficient effect
on the geometric and topological properties of foams. To evaluate the generated model in
this work, a series of parameters are discussed, such as the average number of faces per

foam cell, porosity, and specific surface area, etc.

3.2 Methods and modeling

The model generated in this work is referred to as the LV foam model, which is the
Laguerre-Voronoi tessellation based on the randomly closed packing of spheres. VVoronoi
tessellation and Laguerre-Voronoi tessellation are the tools that usually are used to obtain

the polycrystalline structures of certain materials or to division spaces in many fields.

3.2.1 Voronoi tessellation
The Voronoi tessellation (VT) is constructed with a set of n separate points, S =
{p1, P2, -+, vy} If the normal Euclidean distance between p; and any other point q in the
space is denoted as dy (p;, q), a Voronoi cell (v-cell) corresponding to p; is defined as
vy (p) = {plp € R®, dy(p,p) < dv(ppj), i #j} (3.5)
i.e., a set of points in three-dimensional space R which are closer to the nucleus point p;

than to any other nucleus points in S. In this sense, vy, (p;) is the dominant region of p;.
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Each point in S generates its own v-cell; and all v-cells form a VT, which divides three-
dimensional space into an array of convex, space-filling and non-overlapping polyhedrons
with planar faces as shown in Figure 3.7. The well-known Poisson-Voronoi diagram is a

kind of VT with point set S generated through a homogeneous Poisson point process.

(©)

Figure 3.7 (a) Hlustration of v-cells, (b) a 2D, and (c) a 3D Voronoi tessellation diagram of a set of points

3.2.2 Laguerre-Voronoi tessellation

Laguerre-Voronoi tessellation (LVT), also referred to as power diagram, is a kind
of weighted VVoronoi tessellation [38]. To point p; in set S, a weight r; is assigned, forming
aweightset r = {ry, 1, .-+, 1.}, and the distance between p; and any point q is measured in

Laguerre geometry:
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di(pi, @) = {[dv (i, Q1 — r?}/? (3.6)
Similar to VT, a lv-cell corresponding to point p; is defined as:

v (p) = {plp € R?, dy(p,p)) < dp(p,p)) i # )} (3.7)
and the set of all Iv-cells, V,(S,7) = {v;(p1, 02, -+, Pn) }, is called an LV diagram as shown
in Figure 3.8. Here v;(p;) is the dominant region of p; with a weight of r;. Lv-cells are also
space-filling convex polyhedrons without overlapping interconnected in a topological

manner in the same way as grains in polycrystalline materials.

Sphere 1 \

D= 0.5(L+(R?-RA L)

(@) (b)

©

Figure 3.8 (a) Schematic illustration of LV tessellation, (b) A 2D, and (c) a 3D Laguerre-VVoronoi diagram
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3.2.3 Randomly packed spheres

Randomly packed spheres have been extensively studied by both experiments and
computer algorithms [39-41]. Among the research methods, computer simulations used to
generate randomly packed spheres can be classified into two catalogs: sequential
generation method and collective rearrangement algorithms. In this work, the first method
is used and a classical molecular dynamics code, LAMMPS (an acronym for Large-scale
Atomic/Molecular Massively Parallel Simulator), is employed to generate randomly closed
packing of spheres as shown in Figure 3.9 (It is visualized and rendered by OVITO.).
LAMMPS has potentials for solid-state materials (metals, semiconductors) and soft matter
(biomolecules, polymers) and coarse-grained or mesoscopic systems. It can be used to
model atoms or, more generically, as a parallel particle simulator at the atomic, meso, or
continuum scale [42]. The LAMMPS code developed in this work is shown in Appendix

A.

Figure 3.9 A randomly closed packing of spheres generated by LAMMPS
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3.2.4 LV tessellation based on randomly packed spheres

The LV diagram is constructed based on randomly packed spheres, which provides
point set S consisting of all the centers of spheres and weight set r of the corresponding
radii (Figure 3.8 (a)). In the LV diagram, each sphere has its own lv-cell, which, in return,
encloses the whole sphere. Neighboring spheres belong to adjacent Iv-cells. Tangent plane
of two tangent spheres is just the sharing face of the corresponding polyhedrons. Thus, the
volume distribution of Iv-cells strongly inherits that of the original spheres. Randomly
packed spheres serves as a template in the generation of the LV diagram. In order to
improve the computational efficiency, LV tessellation firstly is programed with C++ and
then is compiled under Linux environment in this work. The output files are created to
contain a variety of different statistics about the computed Iv-cells, including centroid,
volume, and the number of vertices, edges, and faces, etc. Also, the output files of program
include the visualization output for a visualization tool, POV-Ray. An LV diagram based
on randomly packed spheres is shown in Figure 3.10 (Figure is visualized and rendered by

POV-Ray.).

Figure 3.10 An LV diagram based on randomly packed spheres
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3.2.5 Foam structure generation

In this work, lv-cells are assumed to represent individual cells of open cell foams.
As shown in Figure 3.10, foam structure can be obtained by deleting packed spheres,
volumes of Iv-cells, and interfaces between any two Iv-cells and only keeping the edges of
all Iv-cells and vertices of all lv-cells. To eliminate possible boundary effect, cells centered
within the outer shell of the initial diagram are cut off and not included in the further

statistical procedure as shown in Figure 3.11.

Figure 3.11 Foam structure with cylindrical struts generated by LV tessellation

3.2.6 Modeling procedure

Due to the randomness and imperfection of foams preparation, real foams usually
have a coefficient of variation (CV) of pore volumes, ranging from 1.09 to 2.13 and the
volume distribution in real foams has been suggested to be log-normal by Rhines et al. [43,

44]. Therefore, the generation of randomly packed spheres with a defined log-normal
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distribution of volume in the computations was adopted with the pre-selected average pore
volume, E (V) and the coefficient of variation, CV (V).

In conclusion, the procedure for the modeling of foam structures employed in the

present study consists of the following six steps:

(1) Generate random closed packing of more than 1,000 spheres within a cubic
space. Keep the average pore volume E(V) as a constant, i.e. average pore
volume of commercial 10 ppi (pores per inch) alumina foams, and the volume
distribution log-normal with CV (V) varying from 0.4 to 3.0 at intervals of 0.2,
so 14 types of randomly packed spheres with different CV (V) values are
obtained,;

(2) Repeat first step for two times. In this way, for each type of randomly packed
spheres, three groups of more than 1,000 spheres are generated,

(3) Perform Laguerre-Voronoi tessellation to transform each group into LV
diagram;

(4) Delete packed spheres, volumes of lv-cells, and interfaces between any two Iv-
cells and only keep the edges and vertices of all Iv-cells to obtain foam
structures;

(5) To eliminate possible boundary effect, cells centered within the outer shell of
the initial structure are cut off and not included in the further statistical
procedure. As a result, each group of foam structures has about 500 effective

foam-cells;
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(6) For further analysis, merge the three sets of statistical data of the foam
structures tessellated based on randomly packed spheres with the same CV (V)
value into one.

The procedure based on the above given six-steps approach is schematically

presented in Figure 3.12.

a

Mlcommercial 10 PPI
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Frequency (‘/-)

Statlstlcal
analysis

Figure 3.12 Schematic illustration of the procedure for foam structure generation: (a) spheres of pre-
selected volume distribution, (b) the algorithm of randomly packed spheres, (c) LV diagram based on

randomly packed spheres, (d) Iv-cells with cylindrical edges, and (e) foam structure with cylindrical struts

3.3 Results and discussion

3.3.1 Distributions of volume, face and edge number
As the volume distribution in real material has been suggested to be log-normal by

Rhines and Patterson [44] and Okazaki and Conrad [43], the log-normal distribution is used
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to analyze statistical data of foam structures in present work. Its probability density

function is described by the following equation:

—(In(x) - u)2> (3.8)

1
X, U|0) = ex

where p and o are two parameters related to expectation E(x) and variance Var(x) by

formulas:
E(x) = e(’”(GZ/Z)) (3.9)
Var(x) = e(2u+20?) _ o(2u+0?) (3.10)
The coefficient of variation, CV(x), is defined as the ratio of the standard

deviation ST D (x) to the expectation E(x):

STD(x)
E(x)

CV(x) = (3.11)

where STD(x) = Var(x)/2.

In formulas (3.9) and (3.10), E(x) and Var(x) can be given by the unbiased
estimators  and ﬁ ™, (V; = V)2, where V; is the volume of the ith foam-cell in certain

foam structure and V is the average of all the cell volumes in corresponding foam structure.
In this work, we assume the volumes distributions in foam structures to be log-normal,
whose parameters are calculated using formulas (3.9) and (3.10).

Figure 3.13 shows the relationship between the mean and standard deviation (ST D)
of foam-cell volumes in the foam structure and CV(V) of spheres volumes in
corresponding randomly packed spheres. The mean of foam-cell volumes decreases
linearly with increasing CV (V) of spheres while the standard deviation of foam-cell

volumes increases when the CV (V) of spheres increases. The standard deviation changes
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slightly when the CV (V') of spheres is greater than 1.6. Figure 3.14, Figure 3.15, and Figure
3.16 show the volumes distribution and face number of foam-cells, respectively. Figure
3.14 includes the histogram of foam-cell volumes in the foam structures and fitted log-
normal distribution with corresponding parameters. This foam structure is generated based
on randomly packed spheres, which have a log-normal volume distribution with
CV (V)=0.4; Figure 3.15 shows the histogram of face number per foam-cell in the foam
structures and fitted log-normal distribution with corresponding parameters. This foam
structure also is generated based on randomly packed spheres with a log-normal volume
distribution with CV (V)=0.4; Figure 3.16 shows the histogram of edge number per cell-
face in the foam structures and fitted log-normal distribution with corresponding
parameters. This foam structure also is generated based on randomly packed spheres with

a log-normal volume distribution with CV (V)=0.4.

Cell volumes
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Figure 3.13 Mean and standard deviation (STD) of foam-cell volumes in the foam structure vs. CV (V) of

spheres volumes in corresponding randomly packed spheres
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Figure 3.14 Histogram of foam-cell volumes in foam structures (10 ppi) and fitted log-normal distribution
with corresponding parameters; this foam structure is generated based on randomly packed spheres, which

have a log-normal volume distribution with CV (V)=0.4
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Figure 3.15 Histogram of face number per foam-cell in foam structures (10 ppi) and fitted log-normal
distribution with corresponding parameters; this foam structure is generated based on randomly packed

spheres, which have a log-normal volume distribution with CV (V)=0.4
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Figure 3.16 Histogram of edge number per cell-face in foam structures (10 ppi) and fitted log-normal
distribution with corresponding parameters; this foam structure is generated based on randomly packed

spheres, which have a log-normal volume distribution with CV (V)=0.4

3.3.2 More analysis for foam structures

For randomly packed spheres with certain CV (V)sphere Value of sphere volumes,
corresponding statistics of foam structures, including average number of faces per foam-
cell F, average number of edges per face E, and variation coefficient value of foam-cell
volumes distribution CV (V)e;, are obtained. Figure 3.17 shows the plot of F vs. CV of
sphere volumes in corresponding randomly packed spheres. It is ascertained that real foam
ceramics has the average number of faces per cell of 13.7-15.5 [45]. The results in present
work are in good agreement with real foams. The relationship between E and CV (V)sphere

is shown in Figure 3.18, and between CV (V) e and CV (V) sphere 1S drawn in Figure 3.19.

Using a quadratic fitting, F vs. CV (V)sphere aNd E' VS. CV (V) sphere Can be expressed as:
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F = 0.081(CV(V)sphere)” — 0.615CV (V)sphere + 14.669 (312)

with a norm of residuals of 0.1082,

E = 0.0044(CV (V)sphere)  — 0.0358CV (V)sphere + 51824 (3.13)

with a norm of residuals of 0.0062. A cubic fitting is applied to describe the relationship

of CV(V)cell VS. CV(V)sphere:

CV (V) cert = 0.056(CV (V) sphere)” — 0.395(CV(V)sphere)” .10
+ 1.492CV (V) sphere — 0.213

with a norm of residuals of 0.1375.

These figures show that when CV (V) sphere increases from 0.40 to 3.0, F decreases
from 14.43 to 13.56, E from 5.17 to 5.11, while CV (V)ep increases from 0.33 to 2.17.
Except for a good agreement with real ceramic foams, it is worth mentioning here that, for
some natural materials, the average number of faces per cell F, and the average number of
edges per face E as shown in Table 3.1. It also can be noted that these results confirm that
variation of foam-cells size can be obtained via manipulating the initial randomly packed
spheres size distribution (Figure 3.19).

Table 3.1 F and E of some natural materials

No. of cells F E Reference
Mixed bubbles 150 13.26 5.095 [46]
Uniform bubbles 600 13.702 5.111 [47]
Vegetable cells 450 13.802 5.123 [47]
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Figure 3.17 Average number of faces per foam-cell in the foam structure vs. CV of sphere volumes in

corresponding randomly packed spheres
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Figure 3.18 Average number of edges per foam-cell in the foam structure vs. CV of sphere volumes in

corresponding randomly packed spheres
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Figure 3.19 CV of foam-cell volume distribution in the foam structure vs. CV of sphere volumes in

corresponding randomly packed spheres

3.4 Verification

In this work, the verification of a morphological model that connects macroscopic
with mesoscopic features of foams (especially ceramic foams in this work) is based on a
work by Gibson and Ashby [48, 49]. On the basis of morphological analysis of numerous
natural foams, they found that the average number of struts per cell window is about 5. A
structure built by packed polyhedron with pentagonal faces would represent closely the
foam morphology. However, a package of regular pentagonal dodecahedra does not fill the
entire space. Alternatively, a dense package of Kelvin cell (Figure 3.20) will be considered.
The Kelvin cell can be described as a truncated octahedron, exhibiting six square and eight
hexagonal faces. The average number of struts per face is 5.14, which is close to the

corresponding value for a pentagonal dodecahedron. Another important geometrical
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feature of foam structures is that of the shape of the strut. Most of the models assume
cylindrical struts with a constant diameter along the cell edges (or edges of cells). In some
models overlapping of the struts at vertices is accepted without evaluation of the related
error. The struts of real foams in this work are simplified by using cylinders of a constant

diameter.

A

X
31

Figure 3.20 Geometry parameters of single Kelvin cell

Gibson and Ashby derived the following equation for the relative density and

porosity of a package of Kelvin cell as a function of the strut dimensions:

2

t
s=1—£=1—q0=1—1.06(—) (3.15)
Ps !

where ¢ is porosity of foam structures; p is the density of foam structures, p; is the density
of solid skeleton and p/ps = ¢ is called relative density; [ represents the length and t the
edge width of the struts (see Figure 3.20, t can be replaced by d the diameter of the struts
when considering ceramic foams). The length of the struts [ is difficult to assess. More
convenient would be an equation containing the cell diameter d.;; as an input parameter.
In the Kelvin cell, the cell diameter d..;; is defined as the distance between two square

faces that are parallel to each other, which can be calculated as follows:
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ooy = 2V21 (3.16)

which follows that

2

d
=1—8.48< s ) (3.17)
dcell

2
e=1-1.06 <L>
dcell/z\/E

The exposed geometric surface areas of all struts in a Kelvin cell can be calculated.

The cell volume is
V,oy = 113113 (3.18)

The unit cell consists of 36 struts. Each of them belongs to three cells, which yields an
average of 12 struts/cell. The surface area of a strut (with a cylindrical shape) amounts to
nld,. This results in a surface area of 12mld per cell or, expressed in area per unit volume

as a function of dg and d.;;:

12nld, 127ld, 127d, 26.66 ( ds )2 (3.19)
v = = - B |
Veeu 11.3183 11.31(dcell/2\/§)2 s

dcell
Combining Equations (3.16) and (3.19) gives the following relationship, in which the
geometric surface area is described as a function of the porosity or relative density and the

strut diameter:

4
S, =~ (1-) (3.20)
ds
1p (3.21)
or S, =—2 :
" ds ps

For a dense randomly packed spheres in this work, d..;; in the Equations (3.17) and (3.19)

can be replaced with the average diameter of packed spheres E(d):

deett = E(d) + 2d; (3'22)
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2

e=1-848 (—ds ) (323)

E(d) + 2d;
5 = 26.66( dg )2 (3.24)
7 dy \E(d) + 2d,

Therefore, the foam structures with different properties, including variation coefficient of
foam-cell volumes CV (V), porosity &, relative density p/ps, and specific surface area Sy,
can be generated by controlling the average diameter E (d) and variation coefficient CV (d)
of packed spheres, and the strut diameter d;.

Figure 3.21 shows the porosities of foam structures generated by changing the ratio
of strut diameter d, to the average diameter E(d) of randomly packed spheres under
CV(V)=1.5. The theoretical curve is drawn using Equation (3.23). The results obtained
from the model in current work is in a good agreement with the theoretical result. Using a
quadratic expression to fit the relation between porosity vs. ds/E(d) follows that

€ = —6.477(ds/E(d))? — 0.068(ds/E(d)) + 1.003 (3.25)

with a norm of residuals of 0.0406.
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Figure 3.21 Porosity vs. the ratio of strut diameter d, to the average diameter E(d) of randomly packed

spheres under CV(V)=1.5
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Given different strut diameter d, the Equation (3.24) is plot in Figure 3.22. As
presented, using current model different foam structures with different specific surface area
can be obtained via changing strut diameter dg and the ratio of d, to the average diameter
of randomly packed spheres E(d). Figure 3.23 shows the observed specific surface areas
of foam structures generated in current work. The simulated results are consistent with the

theoretical values.
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Figure 3.22 Specific surface area Sy, vs. dg/E (d) under different strut diameter d
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Figure 3.23 Specific surface area Sy, vs. dg/E(d) under d,=1.5 mm
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For each structure with different CV (d) the strut diameter d, was altered to see its
impact on the properties of the modeled foam. In total 36 structures were examined with
the porosity and specific surface area calculated using Equation (3.23) and (3.24). The
results of these calculations are drawn in Figure 3.24 and Figure 3.25. It can be noted that
CV(d) influences € and S;, more strongly when the ratio of the strut diameter to pore size,

ds/E(d), is higher.
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Figure 3.24 Porosity ¢ for simulated foam structures calculated using Equation (3.23)
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Figure 3.25 Specific surface area for simulated foam structures calculated using Equation (3.24)
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The model proposed in this work was also assessed using commercial alumina
foams with different pores per inch (ppi). The characteristics of the foam structures used
for assessment were obtained in the literature. The experiments were firstly characterized
by 3D X-ray tomography on representative samples. Subsequently, methods of image
analysis were applied to measure structural parameters. The values of these parameters are

listed in Table 3.2 [35].

Table 3.2 Structural parameters of the foams obtained by 3D X-ray tomography [35]

Foam (ppi)
Parameter 10 20 30 40 50
Porosity, ¢ (%) 74 69 70 70 75
Specific surface area, S, (m?/m3) 1053 1476 1738 2081 2449
Average pore diameter, E(d)(mm) 3.53 244 2.08 1.64 1.17
Variation coefficient of pore diameter, CV (d) 0.28 0.26 0.28 0.3 0.33
Average strut diameter, E (d)(mm) 1.35 1.17 0.90 0.86 0.58

The porosity and specific surface area of foam structures are calculated using our
model and compared with the parameters obtained from other models available in the
literature as shown in Figure 3.26 and Figure 3.27. The real foams used for verification had
similar porosity, which varied from 69% to 75%. The simulated results in this work are in
a good agreement with that of real foams. The results from the literature presented in Figure

3.26 yielded a strong scatter of the estimates with the porosity differing up to 20%.
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Figure 3.28 shows the cell parameters of real foams modeled in current work. As

shown, the average numbers of vertices, edges, and faces are in close proximity to that of

Kelvin cell.
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3.5 Conclusions

An original geometrical model based on randomly packed spheres is proposed
using Laguerre-Voronoi tessellations, referred to as LVT structure, to simulate geometrical
and topological characteristics in the microstructure of open cell foams. The model permits
the study of the coefficient of variation effect on the pore size in real foams. The
distribution of foam-cell volumes in foam structures generated in this work is strongly
influenced by the log-normal distribution of sphere volumes in corresponding randomly
packed spheres. The statistical data of foam structures, including volume, face, and edge
number distributions, F, E and CV (V). , are very close to those of real materials. The
results also show that higher diversity in the sphere size results in the reduction of the
average number of faces per foam-cell. It is found that this parameter varies from 13.56 to
14.43 for different sphere size variation coefficients. Compared to structures generated by

Poisson-Voronoi tessellations whose the number of faces per cell is about 15.5, the
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Laguerre-VVoronoi approach gives results which are much closer to the real foams. Further
analysis has shown that the porosity of foam structures, &, decreases with the ratio of strut
diameter to the average diameter of randomly packed spheres, d¢/E(d) , while the specific
surface area of foams, Sy, increases with d;/E(d).

Another issue undertaken here is the model verification using commercial foams.
The struts of real foams, which typically exhibit thickness distribution, are simplified in
the model by using cylinders of a constant diameter. This simplification is very common
in the literature. The results show that the proposed model provides more accurate results
compared with other models available in the literature. The proposed model gives a better
inside into understanding interrelationships between statistical geometry parameters and
the properties of isotropic foam structures. It enables for calculation structural parameters
difficult to measure experimentally, which might have a significant impact on foams

properties.
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CHAPTER 4 COMPUTATIONAL MODELING OF THE
ELASTIC PROPERTY OF THREE DIMENSIONAL OPEN
CELL FOAMS

4.1 Introduction

Engineered cellular solids (foams) have been developed for a range of applications
[1], as discussed in Chapter 3 of this work, for example, filtration, insulation, and light-
weight structure components, etc., and their natural counterparts (e.g., bone and sponge)
have a cellular structure that optimizes performance in a particular setting. Commercially
available foams can either have closed cell or open cell microstructures, depending on the
foaming technology used in the manufacturing processing. The useful properties of open
cell solids depend on the material from which they are fabricated, their relative density,
and their internal geometrical microstructure. Their macroscopic properties are dictated by
the solid materials used to produce the foams, and more importantly by the geometrical
aspects of the microstructures of the foams, such as the microscopic topology. It is essential
to examine the relation between the physical properties of open cell solids to their relative
density and complex microstructure, in order to understand how such properties can be
optimized for a given application and to facilitate more application of foams [2-7].

Since the microstructures of foams are normally of order mm in size and can be
easily identified, it is desirable to establish the relationship between the microstructure and
the macroscopic mechanical properties of foams. Numerous micromechanics models have
been developed (see, for example, Gibson and Ashby [8]; Banhart [9]). Many studies have
focused on how local cell features, such as strut shape, affect the properties of periodic

arrays of cells. Some of the theoretical results for such models are generalizable to real
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materials, but some are not. On the other hand, the effect of randomness and imperfections
(e.g., isotropy), and the interaction between cells on a cells-scale have been examined as
most real open cell solids are not periodic.

In general, the models in the literature can be categorized into two approaches. In
the first approach of modeling, idealized models with the repetitive unit cell are proposed
to provide the homogenized behavior of foams, including two dimensional
foam/honeycomb models [8, 10-15] and three dimensional bubble models, cubic,
tetrahedral, and tetrakaidecahedral (Kelvin cell) models [8, 16-21]. Based on the developed
idealized models with repetitive unit cell, the mechanical properties of foams (e.g.,
Young’s modulus, bulk modulus, Poisson ratio, and multi-axial failure surface, etc.) are
evaluated. Idealized models with repetitive unit cell have been proven to be useful in
understanding some important features of real foams, however, there exist several
drawbacks. It is found that they usually over-predict the bulk modulus and hydrostatic yield
strength of real foams. To overcome this drawback, various morphological defects (e.g.,
non-uniform and wavy cell edges) have to be included [10, 12, 22, 23]. Furthermore, for
the sake of computational efficiency, many models employ periodic boundary conditions
in which a representative volume element is repeated to represent the entire foam structure.
Another problem in idealized models with the repetitive unit cell is that they, in theory, are
only applicable to foams with regular and periodic cells while real foams always have an
irregular microstructure and almost are isotropic [24-31].

The second approach of micromechanics modeling, i.e., so-called “super-cell
models”, has thus been developed in order to give a better representation of the

morphological structure of real foams, which usually contains a number of irregular cells
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and imperfections. Among super-cell models, Voronoi models in conjunction with the
finite element method are most widely used. Gibson and her co-workers developed two
dimensional VVoronoi models [32-39]. They found that the elastic and plastic uni-axial
responses of two dimensional Voronoi foams to external loading, on average, is not far
away from that of periodic regular honeycombs. They also found that removing a few
percent of cell edges would lead to a sharp decrease in stiffness and strength under a uni-
axial loading. Comprehensive analysis of the effects of various morphological defects upon
the macroscopic mechanical properties of foams is presented by Chen et al. [12]. By
introducing imperfections into the microstructure of foams, Chen et al. predicted an
elliptical yield surface for elastoplastic foams under a multi-axial loading. Finite element
analysis of three dimensional VVoronoi models is much more computationally challenging.
So far, most available studies on three dimensional Voronoi foams have been limited to
investigating their elastic properties [12, 18, 22, 40-44] . Zhu et al. found that, at very small
values of relative density p (e.g., p = 0.01), the predicted Young’s modulus of three
dimensional random Voronoi foams is 50% greater than that of Kelvin foams while the
bulk modulus of VVoronoi foams is about 20% less than that of Kelvin foams [24]. Despite
of this discrepancy, the computed uni-axial stress-strain curves of three dimensional elastic
random Voronoi foams, for the compressive engineering strain up to 50%, is quantitatively
similar to that of Kelvin foams. The predicted plateau stress of random Voronoi foams,
however, is significantly lower than that of perfect Kelvin foams under hydrostatic
compression [19, 44].

The irregularity of cell shapes, cell size variations, fractured cell wall imperfections

are some types of disparity and randomness effects that are considered in investigating the
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mechanical properties in the literature [22, 45, 46]. Zhu et al. used random Voronoi foam
models by applying finite element method to study the effects of cell irregularity [24]. Li
et al. analyzed the effect of only one type of imperfection is analyzed at a time as presented
in the literature [47]. Since several imperfections commonly exist simultaneously in foam
structures, these sources of scattering from ideal repeated structures must be modeled at
the same time to have reliable mechanical models [8]. Due to this necessity, one of the
recent studies on the elastic properties of open cell foams takes into account two types of
imperfections which are an irregularity of cell shapes and cell wall imperfections in the
same foam model [47, 48].

In other studies recently developed to examine mechanical properties of cellular
solids, complex heterogeneity of the three dimensional porous materials is captured by the
automated serial-sectioning techniques [49-52]. In those techniques, a number of sectional
images are taken via a light microscopy montage from the cellular structure injected with
an epoxy resin. Then, three dimensional foam models are generated by distinguishing foam
regions from epoxy regions which are in different colors and comparing successive
sectional images in a computational environment. Imperfections and uniqueness for each
individual foam sample are highly incorporated into the three dimensional models in [49].
However, the number of sections or thickness of layers determines the accuracy of the
model, which increases the manual work and modeling time.

In this work, an alternative three dimensional random Laguerre-Voronoi foam
model is developed to investigate the elastic properties of open cell ceramic foams. At the
first stage, three dimensional model of ceramic foams having pre-selected cell size

distribution with random coordinates and orientations is created via a finite element
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analysis (FEA) software package: ANSYS. Randomness and imperfections are included in
the modeling via a LAMMPS program written for calculation of cell locations and sizes
with the assumption of spherical cell geometry. At the second stage, different groups of
finite element models are then generated using the developed Laguerre-Voronoi foam
model. Each of these foam specimens contains different numbers of lv-cells. The cell
morphology of the random foam models is not included in this chapter since it has been
analyzed in Chapter 3. A size sensitivity study is first performed to determine the
appropriate number of cells to be included in each foam specimen and the suitable number
of specimens to be used in statistical analysis. This is followed by a finite element analysis
to calculate the effective Young’s modulus, shear modulus, and Poisson ratio of the foams.
Finally, the results obtained in this work are compared with some results in the literature.
It is shown that presented approach yields more accurate mechanical models for open cell
ceramic foams than that of other models in the literature. A few conclusions on the models

and the obtained results are summarized in the final part.

4.2 Modeling

As discussed in Chapter 3, foam models are obtained by the Laguerre-Voronoi
tessellation method applied to a set of spheres with specified size distribution, randomly
packed in a cube. The foam struts are generated by placing cylinders with defined radius
along the Iv-cell edges.

The procedure for the modeling of foam structures employed in the present study

consists of the following four steps:
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(1) Generation of spheres with a pre-selected size distribution (in the computations
log-normal distribution of volume is adopted with certain average value E (V),
and variation coefficient CV (1)),

(2) Randomly packing of the spheres;

(3) Performing the Laguerre-Voronoi tessellation;

(4) Generation of struts.

The procedure based on the above given four-steps approach is schematically
presented in Figure 4.1.

Steps (1) and (2) are computed in an open source software package, LAMMPS,
which is normally used for molecular dynamics simulations. LAMMPS runs by reading in
scripts and executing the commands. The basic idea of step (2) is to randomly “pour”
spheres into the top of the simulation cell and then let them fall to the bottom under
gravitational forces. A quadratic potential is applied for the pairwise interactions between
any two different spheres, so they’re technically real solid balls. This allows one to use a
straightforward molecular dynamics simulation with gravity turned on to do the packing.
A visualization software, OVITO is used to visualize the steps (1) and (2). After sphere
packing, the Laguerre—\Voronoi tessellation are performed to obtain porous structures. In
the Laguerre—\VVoronoi tessellation method the Iv-cell faces are generated using the
intersecting planes located in the proportional distance between two neighboring spheres
surfaces. In the step (4) the cylinders with constant diameter are created along the cell
edges. Additionally, spheres that have diameters equal to those of the cylinders are placed
in the cell vertices to assure dimensional conformity along the edges. Steps (3) and (4) are

performed using a script written in the APDL language for the package ANSYS.
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Figure 4.1 Schematic illustration of Laguerre-VVoronoi tessellations developed for generating foam

structures: (a) randomly packed spheres with the pre-selected volume distribution, (b) cellular structure
obtained using Laguerre-Voronoi tessellations, (c) Iv-cell edges of the cellular structure, and (d) foam

structure with cylindrical struts

According to the structure parameters of real ceramic foams, as shown in Table 3.2,
a set of eighteen type of structures (see Table 4.1) with a coefficient of pore volume
variation CV (d) ranging from 0.25 to 0.28 is generated. For each type of structure, totally

two same structures are developed to obtain the mean value of each parameter. Variation
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coefficient of pore volume CV (V) is set using a selected range of sphere diameters in the
first step of Laguerre-Voronoi tessellation procedure described above. The CV (V) values
of pore volume for each structure are calculated as CV (V) for Iv-cells (Figure 4.1 (b)). Each
structure is limited by a bounding box of cubic shape and consisted of at least 125 cells.
This is expected to be sufficiently high number of cells to study their effect on the
properties of the structures in question, which will be discussed in Chapter 4.4. Strut
diameters values were varied from 0.3 to 1.3 mm, which resulted in porosity ranging from
60.0 to 94.7%. The strut diameter 1.3 mm was used to generate structures representative

for 10 ppi commercial ceramic foams.

Table 4.1 Structure parameters for models generated using Laguerre-Voronoi tessellation procedure

Mean pore Mean strut Specific surface area

Structure (ppi) diameter (mm) v (d) diameter (mm) Porosity (%) (x 10% m*/m3)
1.2 72.7 909.6
1.1 75.9 893.1
1.0 78.4 871.7
10 3.53 0.25 0.8 84.0 810.4
0.6 89.4 714.9
0.4 94.7 568.7
0.8 67.0 1306.5
0.6 76.9 1207.1
0.55 79.5 1169.9
20 2.44 0.26 05 82.1 1126.3
0.4 86.6 1015.7
0.3 92.3 791.0
0.8 60.0 1574.7
0.6 71.6 1486.7
0.55 74.2 1449.8
30 2.08 0.28 05 777 1404.9
0.4 83.6 1285.5
0.3 89.4 1113.4

Figure 4.2 shows the foam structures generated for commercial 10 ppi ceramic

foams with different porosities: (¢) 75% and (d) 95%. Figure 4.3 and Figure 4.4 show the
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foam structures for commercial 20 ppi and 30 ppi ceramic foams with porosity from 72%

to 92%.

(a) * - B commercil 10 PPI]

Frequency (%)

Figure 4.2 Foam structures generated for commercial 10 ppi ceramic foams: (a) the pore size distribution
obtained by X-ray tomography, (b) randomly packed spheres, (c) foam structure with porosity 75%, and (d)

foam structure with porosity 95%
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Figure 4.3 Foam structures generated for commercial 20 ppi ceramic foams: (a) the pore size distribution
obtained by X-ray tomography, (b) randomly packed spheres, (c) foam structure with porosity 72%, and (d)

foam structure with porosity 90%
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Figure 4.4 Foam structures generated for commercial 30 ppi ceramic foams: (a) the pore size distribution
obtained by X-ray tomography, (b) randomly packed spheres, (c) foam structure with porosity 75%, and (d)

foam structure with porosity 92%

4.3 Finite element analysis

A finite element study is performed to obtain the elastic properties of foams with
cell shape and variation coefficient using the commercial finite element analysis software
ANSYS 16.0 (Ansys, Inc., Canonsburg, PA, USA). Alumina ceramic foams are considered

here. The Young’s modulus E; and Poisson’s ratio v, of the alumina strut material are,
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respectively, taken to be 370 GPa and 0.22 [53]. Each cell strut of the foams is modeled by
a few to a number of Timoshenko beam elements (i.e., element type Beam189 in ANSYS
which is a three-node beam element), the number of which depends on the slenderness
ratio of the cell strut. The Timoshenko beam elements are appropriate for both slender and
stout beams, which involves bending, stretching, twisting and shearing deformation
mechanisms. Previous studies have proved that using such a beam element to model each
strut is sufficient for convergence [40, 46-48]. It is noted that exceptionally short struts do
exist in foam structures having highly irregular cell shapes. Typical beam elements cannot
represent these short struts well. However, the effect incurred from using inappropriate
element types could be negligible since short struts only account for a small fraction (a few
percent) of the total number of struts [54].

In current work, uni-axial compressive tests on foam structures along three
orthogonal directions, x;, x, and x5, are considered in three separate analyses to obtain the
effective Young’s moduli and Poisson’s ratios of the foam relative to the three directions.
In x;x, plane, the performed analyses refer to Figure 4.5. For instance, displacement
constraints may be imposed at the bottom nodes of the specimen in the x, direction and at
the nodes on the left side of the specimen in the x; direction, if strains are applied on the
top and/or right sides of the specimen, as shown in Figure 4.5. The cases in x,x5 and x3x;
planes are the same as that of x,x, plane. The analysis settings of ceramic foam models in
ANSYS are shown in Figure 4.6. In each analysis, a small compressive strain (e.g.,
—0.001) is applied in the loading direction such that no local buckling of struts would take
place. The effective Young’s modulus, E;, and Poisson’s ratios, v,, and v, 3, of the foam

along the x; direction are given by
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[ (4.2)
18, LyLs

1

oM U3 (4.2a,b)
12 61L2' 12 61L3

where §; is the applied compressive strain, here which is —0.001, and F; is the total

reaction force along x; direction on the defined boundary, which is to be obtained from the
finite element analysis, and u} i,j €{1,2,3}, is the lateral displacement (extension) in the
x; direction perpendicular to the loading direction x;. The effective Young’s moduli and

Poisson’s ratios along the x,and x5 directions, E,, E5, v,1, V3, V31 and vg,, can be

similarly determined as described in equation

E, = —2 (4.3)

Uy __ 43 (4.4a,b)

P (4.5)

Uy __ % (4.6a,b)

Figure 4.5 Performed analyses for determining the elastic properties
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Figure 4.6 Boundary conditions of ceramic foam models in ANSY'S

To obtain the effective shear modulus G,, a bi-axial loading test is performed. A
small tensile strain §; = 0.001 in the x; direction and a small compressive strain §; =
—0.001 in the x, direction are applied simultaneously (see Figure 4.5). Then, the effective

shear modulus G,,, defined by G,, = 11,/Y712, IS given by

G — Fi/Ly, — Fy/Ly 4.7)
P 2L3(8, - 62)

where F; and F, are obtained from the finite element analysis. The other two shear moduli,

G,3 and Gs4, can be similarly determined by
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_ Fy/Ls — F3/L, (4.8)
= 2L4(6, — 63)

F3/L1 - F1/L3 (4,9)
2L,(63 — 61)

Gz =

In modeling uni-axial or bi-axial loading tests, displacement boundary conditions
are typically used in the literature [23, 32, 39, 54]. However, displacement boundary
conditions that only restrain normal displacements might underestimate foams’ elastic
properties (e.g., Li et al., [47, 48]). Since the specimens are cut out of an infinite structure
that can be regarded as periodic, spatially periodic boundary conditions should be applied
to ensure that the predicted properties of the specimens are representative of those of the
foam material [43, 47, 48, 55]. The specimens obtained by the procedure described in
Chapter 4.2 are periodic, i.e., each node on one face (e.g., k™) has a matched node on the
opposite face of the specimen (e.g., h™), as shown in Figure 4.7. For a uni-axially deformed
specimens subjected to prescribed strain §;, the periodic boundary conditions may be

represented by

2 2 l

w - u = 5 (K =), 0k~ =0,ie{1,2,3  (+10aD)

k
i

where x*" and x} are the positions of the matched nodes k* and k~ on the specimens

k

boundary faces with outward unit normal vectors e; and —e;, respectively; u;

+ k™
¢ and u;

k

are the normal displacement components of k* and k~ respectively; w; " and wk

i+ are the
rotations of matched notes k* and k~, respectively. In addition, it should be noted that the
periodic boundary conditions defined by Equation (4.10) work well only for foams

undergoing small deformations, which is the case here with the applied compressive strain

taken to be §; = —0.001 in using Equations (4.1)—(4.9) [46-48]. However, non-periodic
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localized deformations might occur (e.g., Gong et al., [17, 21, 56]) when foams are
subjected to a large compressive strain and periodic boundary conditions cannot be
adequately applied any more.

The periodic boundary conditions given in Equation (4.10) can be implemented in
ANSYS and by introducing four reference nodes NO, N1, N2, and N3, which define three
two-node AXIAL connector elements EO1, EO2, and EO3 as shown in Figure 4.7. The three
connector elements intersect at reference node NO and are located along the e;, e, and e;
directions, respectively. Nodes N1, N2 and N3 are allowed to move axially only along their
associated connector elements. The degrees of freedom of the matched nodes may be
coupled with those of the reference nodes by
Xk — xk”

w g U = U =0

i i

k+
i —

k™ _

u i

u
(4.11a,b)

W — 0k —(F - 0Ky =0,i €{1,2,3}
where X;, U;, and (; are the positions, displacements and rotations of the reference nodes,
respectively; the superscript K* stands for reference nodes N1, N2, and N3, and the
superscript K~ denotes reference node NO. For uni-axial compression along direction —e;,
for example, node NO is fixed and a displacement corresponding to §; = —0.001 is applied

at node N1.

s+. e

f!.'“ I A N3

’ J'l e
X

Figure 4.7 Matched nodes for implementing spatially periodic boundary conditions
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In the meshing of foam models partition option of the ANSYS software is used to
divide the volume of foam models into simple parts to mesh entire body easily. Because of
the complicated 3-D topology, tetrahedron elements are used for foam models. Finite
element models of ceramic foams have a large number of elements with large degrees of
freedom. For example, the 125-cells model having 90% porosity consists of approximate
1,200,000 quadratic 10-noded tetrahedron elements, around 2,000,000 nodes, and
approximate ten million degrees of freedom. These approximate numbers of finite elements
and degrees of freedom increase as the porosity value decreases. Moreover, for
convergence tests of finite element analyses, the number of elements is increased in the

analyses. Examples of meshes generated on foam structures are shown in Figure 4.8.

E 0 0.005 0.01 (m)
x — —

0.0025 0.0075

(@)
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(b)

Figure 4.8 Examples of meshed foam models for finite element analysis

In conclusion, an algorithm is developed and implemented using APDL language
(ANSYS software) which includes commands allowing to generate meshed geometry file,
define boundary conditions, set solution parameters, calculate results, post-process
obtained data and save them into the output file. Based on Chapter 4.2 and 4.3, the
procedure of modeling foam structures and subsequent finite element analysis for the

investigation of foam structures’ elastic properties are depicted in Figure 4.9.
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Figure 4.9 (a) Schematic illustration of procedures for modeling foam structures, and (b) finite element

analysis algorithm for investigating elastic properties of foam structures

4.4 Results and discussion

4.4.1 Sensitivity of model size

Before proceeding to model three dimensional foams, an important issue that needs
to be considered is to determine the appropriate number of cells to be involved in one
model. Since the foam models in this work have random structure, numerical results based
on a foam model with only very few cells show too much scatter to draw definitive

conclusions on the macroscopic properties. On the other hand, if a foam model consists of
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too many cells the computational cost would be too high and be very time-consuming.
Therefore, it is necessary to have a trade-off between the number of cells involved in the
foam models and repeatable results.

Based on a finite element analysis of random materials using representative volume
elements of various sizes, Kanit et al. found that for a given precision the effective elastic
properties of the materials can be obtained through using either a large representative
volume elements accompanied by a small number of models or a small representative
volume elements accompanied by a large number of models [57]. This indicates that the
number of models and cells needs to be carefully chosen for accurate predictions. For this
part, five different scales of foam models are considered: C-2, C-3, C-4, C-5, and C-6
corresponding to foam specimens with2x2x2,3x3x3,4x4x4,5x5x5,and 6 X 6 X
6 cells, respectively. In each model, ten random foam specimens with a porosity of
approximate 90% based on five different kinds of commercial alumina ceramic foams: 10
ppi, 20 ppi, 30 ppi, 40 ppi, and 50 ppi, are generated to obtain the mean value and standard
deviation of effective elastic properties. The foam specimens are loaded by the uni-axial
compression. The corresponding elastic constants such as Young’s modulus, Poisson’s
ratio, and shear modulus can be derived from the initial slopes of the computed stress-strain
curves. The obtained numerical results of E;, E,, E3, V12, Vo3, V31, G12, G3, and G5, are
drawn in Figure 4.10-Figure 4.12.

From Figure 4.10-Figure 4.12 it can be seen that as the number of cells increases,
the mean values of the effective Young’s moduli and the effective shear moduli decrease
slightly while that of the effective Poisson’s ratios remain almost the same. The standard

deviations (error bars in Figure 4.10-Figure 4.12) of all properties decrease significantly
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with the increase of the number of cells from 8 to 125. When the number of cells is equal
to 125, the standard deviation is no more than 5% of the mean value for all properties.
Further increases in the number of cells do not result in obvious changes in the values of
standard deviation, although small fluctuations (reflecting the random nature of the foam
structures) are observed. Therefore, 125-cells is selected as the number of cells to be

included in each specimen for further analyses.
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Figure 4.10 Young's modulus vs. the number of cells
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Figure 4.11 Poisson's ratio vs. the number of cells
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Figure 4.12 Shear modulus vs. the number of cells

4.4.2 Effects of porosity (or relative density)

With the aim of obtaining the definitive mechanical responses of foam models
under defined testing in this work, a set of distinct cross-sections in the direction of loading
are analyzed as shown in Figure 4.13. Figure 4.14 shows the numerical results of alumina

foam models under uni-axial compression loading.

~
“I
e
.
8
o<
A
g

Figure 4.13 Two of distinct cross-sections in the direction of loading: cross-section 4 (left) and 8 (right)
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Figure 4.15 shows the numerical results of alumina foam models under bi-axial
loading. The overall results of alumina foam model under uni-axial and bi-axial loading

are shown in Figure 4.16 and Figure 4.17.
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Figure 4.14 Finite element analysis results: (a), (c), and (e) are, respectively, normal stress, total stress, and
strain of cross-section 4; (b), (d), and (e) are, respectively, normal stress, total stress, and strain of cross-

section 8 under uni-axial loading in x direction

122



A: Elastic Properties
SX - cross-sectiond
Expression: SX

' A:Elastic Properties
SX - cross-section

Expression: SX
Time: 2 Time: 2
5.3663¢8 Max 2.537¢8 Max
405538 138088
27443e8 22465¢7
14334¢8 -9.3154e7
 1223%7 -2.0877e8
y -11886e8 -32439%8
-24995¢8 -440018
-3.8105e8 -5.5563e8
-5.1215e8 -6.7125¢8
-6.4325¢8 -7.8687¢8
~7.7434e8 -9.0249e8
-9.0544¢8 -1.0181e9
-1.0365¢9 Min -11337e9
-1.2493¢9 Min

(a) (b)

0.005 001 (m)
0.0025 0.0075 0.0025

A: Elastic Properties
$1+52+53 - cross-sectiond |

Expression: S1+52+53 . Expression: S1+82+53

Time: 2 Time: 2
2.5212e9 Max 1.6338e9 Max
20725¢% 1.2387¢9
162389 84362¢8

= 17520 | 44851e8
7.2652e8 5.3394e7
2.7786e8 -34172¢8
-1.708¢8 -7.3683e8
-6.1947e8 -11319e9
-1.0681e3 -15271e9
~1.5168e9 Min -1.9222¢9 Min

(©) (d)

0 0005 0.01 (m)
0.0025 0.0075

—
0.0025 00075

A: Elastic Properties

. © A:Elastic Properties
EPELL - cross-sectiond = EPEL1 - cross-sectiond
Expression: EPELL . Expression; EPELL
Time: 2 Time: 2
0.0035677 Max 0.0027962 Max
00032091 0.0025389
0.0028505 00022816
0.0024918 00020242
00021332 0.0017669
00017745 0.0015096
00014159 00012523
00010572 0.00099496
0.0006986 0.00073764
0.00033996 0.00048032
-1.868¢-5 Min 0000223
-3.4318e-5 Min

(e) ®

0 0005 001(m) 0 0.005
I |

001 (m)
1

0.0025 0.0075 0.0025 0.0075

Figure 4.15 Finite element analysis results: (a), (c), and (e) are, respectively normal stress, total stress, and
strain of cross-section 4; (b), (d), and (e) are, respectively, normal stress, total stress, and strain of cross-

section 8 under bi-axial loading in x and y directions
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Figure 4.16 Total numerical results of alumina foam models under uni-axial loading: (a) total deformation,

(b) equivalent total strain, (c) normal stress, and (d) safety factor
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Figure 4.17 Total numerical results of alumina foam models under bi-axial loading: (a) total deformation,

(b) equivalent total strain, (c) normal stress, and (d) safety factor
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Some of the open cell foam models in the literature are used to compare with the
finite element analysis’s results. Gibson and Ashby found that Young’s modulus and bulk
modulus of open cell foams are proportional to the square of relative density and relative
density, respectively, using a cubic foam model. Their results indicate that the respective
deformation mechanisms of open cell foams under uni-axial and hydrostatic loading are
foam struts stretching and bending [8]. This conclusion has been confirmed by others using
perfect Kelvin foam model [18-20, 58]. In addition, Zhu et al. have calculated the
dependence of elastic constants (i.e., Young’s modulus, Poisson’s ratio and bulk modulus)
of open cell Voronoi foams upon the relative density and showed that the deformation
mechanism of Voronoi foams is similar to that of perfect Kelvin foams in the small relative
density regime [24]. The effects of the porosity (or relative density) of foam models on its
elastic properties of is also considered in this work. Note that in this work the foam models
of the same morphological structure but different porosities or relative densities are
obtained by varying the radius of the constituent struts of the foam models.

First of these is Warren and Kraynik’s theoretical tetrahedral unit cell model
developed for linear elastic properties of three dimensional open cell foams [10].
According to this approach, effective compressive elastic constants for uniform struts in a

tetrahedral structure are given as:

g = Es0*(l+49) (4.12)
(10 + 31 + 4¢?2)

- (1-¢)(5+49) (4.13)
~ (10 + 31¢ + 4¢2)

where E; is Young’s modulus of solid material that alumina foam is made and ¢ is the

relative density, which is equal to 1 — &, € is porosity of foams. Relative density is defined
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as the volume fraction of the solid material of the foam to total volume of the bulk
geometry, ¢ = p/p, (see Chapter 3.4). As stated previously the foam material, namely
core material, is assumed to be isotropic with Young’s modulus E and Poisson’s ratio vg
are taken as 370 GPa and 0.22, respectively [53].

Second model for open cell foam obtained by Zhu et al. yields closed form solutions

for the elastic constants of Kelvin foams as follows [20]:

_ 1.009E;9” (4.14)
1+ 1.514¢
1-1514
= o5 LT 15149 (4.15)
1+ 1.514¢
_ 0.32E59° (4.16)
1+ 0.96¢

Another approach taken as a comparison criterion is three dimensional VVoronoi
models without imperfections developed by Gan et al. [40]. In that study, three dimensional
random Voronoi cells are used to obtain mechanical properties of linearly elastic open cell

foams where curve fitting to FEM results yields:

= 59 (4.17)
1+ 6¢
V= v+ (05 —v)——2 (4.18)
s T TN T 4g

where v is Poisson’s ratio of solid material that alumina foam is made.

The last study used for comparison is Roberts and Garboczi’s study, which adopts
random Voronoi tessellation technique for the elastic properties of open cell foams [43].
Open cell tessellation model of Roberts and Garboczi is fitted by the formula E =

E,C(1 — )™ which is derived by Gibson and Ashby [8]; the parameters C and n are found
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as 0.930 and 2.04, respectively, for the high porosity foams, i.e., 0.9 < € < 0.96. Because
constant Poisson’s ratio assumption is made through Roberts and Garboczi’s study, here
this work only use Young’s modulus formula which is shown below:

E = 0.93E;p20* (4.19)

The finite element calculated Young’s modulus E, Poisson’s ratio v, and shear
modulus G for foam models having different porosity values, and the comparison with

other researchers’ results are drawn in Figure 4.18-Figure 4.20.
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Figure 4.18 Effective Young's modulus variation with porosity
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Curve fitting the numerical results yields:
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E = E4[3.32(1 — ¢)% — 7.37(1 — ¢)? + 4.98(1 — ) — 0.92] (4.20)

v = v4[20.68(1 — ¢)® — 42.09(1 — ¢)? + 30(1 — ¢) — 6.91] (4.21)

Equations ((4.12)—(4.21) are included in Figure 4.18-Figure 4.20 for the purpose of
comparison. It is seen from Figure 4.18 that, in the range of high porosity (90% < € <
95%), results ((4.20) and ((4.21) for alumina foam models developed in current work are
close to those of Kelvin foams ((4.12)—((4.19): the discrepancy is normally less than 1%.
In addition, Zhu et al. also reported slightly different results for Voronoi foams. Even at
very high value of ¢ (i.e., ¢ > 96%), they found that the predicted Young’s modulus of
Voronoi foams is 50% greater than that of Kelvin foams while the bulk modulus of VVoronoi
foams is about 20% less than that of Kelvin foams. The underlying reason for the difference
between the results of Voronoi foams and those of Kelvin foams cannot be readily
identified. Also, the results of Laguerre-Voronoi foams in this work is closer to those of
Voronoi foams by Robarts and Garboczi than Kelvin cells. Such phenomenon is not hard
to understand since Laguerre-Voronoi foams and Voronoi foams, as discussed in Chapter
3, have similar generation algorithm and thus similar foam structure. As seen in Figure
4.18, the results of current work generally are also in a good agreement with the
experimental data by Z. Nowak et al., who studied the elastic responses of alumina foams
with porosity of 74-90% under compression loadings [53]. For smaller values of &,
however, it can be seen from Figure 4.18 that the Young’s modulus of foam models in this
work (Equation (4.20)) deviates significantly from that of perfect Kelvin foams (Equation
((4.14)). This could be due to the fact that the current numerical analysis is based on
Timoshenko beam theory and can be applied to stout beams, corresponding to foams with
moderate or even small values of porosity, whilst the closed form solutions ((4.14)—((4.15)
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are based on Euler-Bernoulli beam theory and are thus only suitable for foams with large
€. Furthermore, it should be noted that the struts of real open cell foams with lower porosity
(say less than 80%) cannot be simply modeled as uniform beams any more: plateau border
effect will predominant in such foams [10, 12]. This might be the major reason that the
results for lower porosity in the literature deviates significantly from each other.

From Figure 4.19, it is noted that the Poisson’s ratio of this work has a similar trend
as another tow theoretical models: tetrahedral cell model by Warren and Kraynik and
Kelvin cell model by Zhu et al. However, the amplitude of variation of this work is smaller
than those of two theoretical models. Moreover, the Poisson’s ratio results of this work are
close to the constant assumption of Roberts and Garboczi, i.e., assuming Poisson’s ratio as
a constant is acceptable. The results of current work can be regarded as a verification for
the constant assumption of Poisson’s ratio in open cell foams study. As for shear modulus,
from Figure 4.20 it is seen that results of the current model are in a good agreement with
that of Kelvin cell model by Zhu et al. when porosity is greater than 90%. The shear

modulus predictions of these two models have a big difference at low porosity (say <85%).

4.5 Conclusions

The main benefit of this study is that three-dimensional random Laguerre-Voronoi
models are developed in ANSYS. The proposed method can generate accurate foam
models having randomly distributed parameter values. At the first stage, three dimensional
model of ceramic foams having pre-selected cell size distribution with random coordinates
and orientations is created via the software package ANSY'S. At the second stage, different

groups of finite element models are then generated using the developed Laguerre-Voronoi
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foam model. The size sensitivity study presents that each of foam specimens at least
contains 125 lv-cells.

The developed foam models are used to simulate the macroscopic elastic properties
of open cell foams under uni-axial and bi-axial loading and are compared with the existing
open cell foam models in the literature. In the high porosity regime, it is found that the
elastic properties predicted by random Laguerre-Voronoi foam models are almost the same
as those by perfect Kelvin foam models while in the low porosity regime the results of
present work deviate significantly from those of other models in the literature. However,
the results of current work generally are in a better agreement with experimental data than
other models. Thus, the Laguerre-Voronoi foam models generated in this work are quite
close to real foam topology and yields more accurate results than other open cell foam

models.

REFERENCE

[1] Gibson, L.J. and M.F. Ashby. The mechanics of three-dimensional cellular
materials. in Proceedings of the Royal Society of London A: Mathematical,
Physical and Engineering Sciences. 1982. The Royal Society.

[2] Gibson, L.J. and M.F. Ashby, Cellular solids: structure and properties. 1999:
Cambridge university press.

[3] Stone, R.M., Strength and stiffness of cellular foamed materials. 1997.

[4] Nieh, T., K. Higashi, and J. Wadsworth, Effect of cell morphology on the
compressive properties of open-cell aluminum foams. Materials Science and

Engineering: A, 2000. 283(1): p. 105-110.

131



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Twigg, M.V. and J.T. Richardson, Theory and Applications of Ceramic Foam
Catalysts. Chemical Engineering Research and Design, 2002. 80(2): p. 183-189.
Ashby, M.F., et al., Metal foams: a design guide: Butterworth-Heinemann, Oxford,
UK, ISBN 0-7506-7219-6, Published 2000, Hardback, 251 pp., $75.00. 2002,
Elsevier.

Ashby, M.F., etal., Metal Foams: A Design Guide: A Design Guide. 2000: Elsevier.
Gibson, L.J., M. Ashby, and C. Solids, Structure and properties. Cellular Solids,
1997: p. 307-308.

Banhart, J., Manufacture, characterisation and application of cellular metals and
metal foams. Progress in materials science, 2001. 46(6): p. 559-632.

Warren, W. and A. Kraynik, The linear elastic properties of open-cell foams.
Journal of Applied Mechanics, 1988. 55(2): p. 341-346.

Triantafyllidis, N. and M. Schraad, Onset of failure in aluminum honeycombs under
general in-plane loading. Journal of the Mechanics and Physics of Solids, 1998.
46(6): p. 1089-1124.

Chen, C., T. Lu, and N. Fleck, Effect of imperfections on the yielding of two-
dimensional foams. Journal of the Mechanics and Physics of Solids, 1999. 47(11):
p. 2235-2272.

Papka, S. and S. Kyriakides, In-plane biaxial crushing of honeycombs—: Part I1:
Analysis. International Journal of Solids and Structures, 1999. 36(29): p. 4397-

4423.

132



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Papka, S. and S. Kyriakides, Biaxial crushing of honeycombs:—Part 1:
Experiments. International Journal of Solids and Structures, 1999. 36(29): p. 4367-
4396.

Gu, S., T. Lu, and A. Evans, On the design of two-dimensional cellular metals for
combined heat dissipation and structural load capacity. International Journal of
Heat and Mass Transfer, 2001. 44(11): p. 2163-2175.

Warren, W. and A. Kraynik, The nonlinear elastic behavior of open-cell foams.
Journal of Applied Mechanics, 1991. 58(2): p. 376-381.

Gong, L. and S. Kyriakides, Compressive response of open cell foams Part Il:
Initiation and evolution of crushing. International Journal of Solids and Structures,
2005. 42(5): p. 1381-1399.

Warren, W. and A. Kraynik, Linear elastic behavior of a low-density Kelvin foam
with open cells. Journal of Applied Mechanics, 1997. 64(4): p. 787-794.

Warren, W., M. Neilsen, and A. Kraynik, Torsional rigidity of a plateau border.
Mechanics Research Communications, 1997. 24(6): p. 667-672.

Zhu, H., N. Mills, and J. Knott, Analysis of the high strain compression of open-
cell foams. Journal of the Mechanics and Physics of Solids, 1997. 45(11): p. 1875-
1904.

Gong, L., S. Kyriakides, and W.Y. Jang, Compressive response of open-cell foams.
Part 1: Morphology and elastic properties. International Journal of Solids and
Structures, 2005. 42(5-6): p. 1355-1379.

Grenestedt, J.L. and K. Tanaka, Influence of cell shape variations on elastic

stiffness of closed cell cellular solids. Scripta Materialia, 1998. 40(1): p. 71-77.

133



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Simone, A. and L. Gibson, Effects of solid distribution on the stiffness and strength
of metallic foams. Acta Materialia, 1998. 46(6): p. 2139-2150.

Zhu, H., J. Hobdell, and A. Windle, Effects of cell irregularity on the elastic
properties of open-cell foams. Acta materialia, 2000. 48(20): p. 4893-4900.

Li, K., X.L. Gao, and A.K. Roy, Micromechanics model for three-dimensional
open-cell foams using a tetrakaidecahedral unit cell and Castigliano's second
theorem. Composites Science and Technology, 2003. 63(12): p. 1769-1781.

Sihn, S. and A.K. Roy, Modeling and prediction of bulk properties of open-cell
carbon foam. Journal of the Mechanics and Physics of Solids, 2004. 52(1): p. 167-
191.

Kirca, M., et al., Computational modeling of micro-cellular carbon foams. Finite
Elements in Analysis and Design, 2007. 44(1-2): p. 45-52.

Jang, W.-Y., A.M. Kraynik, and S. Kyriakides, On the microstructure of open-cell
foams and its effect on elastic properties. International Journal of Solids and
Structures, 2008. 45(7-8): p. 1845-1875.

Alkhader, M. and M. Vural, Mechanical response of cellular solids: Role of
cellular topology and microstructural irregularity. International Journal of
Engineering Science, 2008. 46(10): p. 1035-1051.

Guessasma, S., et al., Relating cellular structure of open solid food foams to their
Young’s modulus: Finite element calculation. International Journal of Solids and

Structures, 2008. 45(10): p. 2881-2896.

134



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Guessasma, S., Young’s modulus of 2D cellular structures under periodic boundary
conditions and subject to structural effects. Computational Materials Science,
2008. 44(2): p. 552-565.

Silva, M.J.,, W.C. Hayes, and L.J. Gibson, The effects of non-periodic
microstructure on the elastic properties of two-dimensional cellular solids.
International Journal of Mechanical Sciences, 1995. 37(11): p. 1161-1177.
Redenbach, C., Microstructure models for cellular materials. Computational
Materials Science, 2009. 44(4): p. 1397-1407.

Thiyagasundaram, P., B.V. Sankar, and N.K. Arakere, Elastic Properties of Open-
Cell Foams with Tetrakaidecahedral Cells Using Finite Element Analysis. AIAA
Journal, 2010. 48(4): p. 818-828.

Michailidis, N., et al., Experimental and FEM analysis of the material response of
porous metals imposed to mechanical loading. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 2011. 382(1): p. 124-131.

Schladitz, K., et al., Model Based Estimation of Geometric Characteristics of Open
Foams. Methodology and Computing in Applied Probability, 2011. 14(4): p. 1011-
1032.

D’Angelo, C., A. Ortona, and P. Colombo, Influence of the loading direction on the
mechanical behavior of ceramic foams and lattices under compression. Acta
Materialia, 2013. 61(14): p. 5525-5534.

Wejrzanowski, T., et al., Modeling structures of cellular materials for application
at various length-scales. Computer Methods in Materials Science, 2013. 13(4): p.

493--500.

135



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Silva, M. and L. Gibson, Modeling the mechanical behavior of vertebral trabecular
bone: effects of age-related changes in microstructure. Bone, 1997. 21(2): p. 191-
199.

Gan, Y.X., C. Chen, and Y.P. Shen, Three-dimensional modeling of the mechanical
property of linearly elastic open cell foams. International Journal of Solids and
Structures, 2005. 42(26): p. 6628-6642.

Shulmeister, V., et al., A numerical study of large deformations of low-density
elastomeric open-cell foams. Mechanics of Materials, 1998. 30(2): p. 125-140.
Roberts, A.P. and E.J. Garboczi, Elastic moduli of model random three-
dimensional closed-cell cellular solids. Acta materialia, 2001. 49(2): p. 189-197.
Roberts, A.P. and E.J. Garboczi, Elastic properties of model random three-
dimensional open-cell solids. Journal of the Mechanics and Physics of Solids, 2002.
50(1): p. 33-55.

Zhu, H. and A. Windle, Effects of cell irregularity on the high strain compression
of open-cell foams. Acta Materialia, 2002. 50(5): p. 1041-1052.

Grenestedt, J.L. and F. Bassinet, Influence of cell wall thickness variations on
elastic stiffness of closed-cell cellular solids. International Journal of Mechanical
Sciences, 2000. 42(7): p. 1327-1338.

Li, J.-g., et al., Preparation and dielectric properties of porous silicon nitride
ceramics. Transactions of Nonferrous Metals Society of China, 2006. 16: p. s487-

s489.

136



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Li, K., X.L. Gao, and G. Subhash, Effects of cell shape and cell wall thickness
variations on the elastic properties of two-dimensional cellular solids. International
Journal of Solids and Structures, 2005. 42(5-6): p. 1777-1795.

Li, K., X.L. Gao, and A.K. Roy, Micromechanical modeling of three-dimensional
open-cell foams using the matrix method for spatial frames. Composites Part B:
Engineering, 2005. 36(3): p. 249-262.

Maruyama, B., et al., A new technique for obtaining three-dimensional structures
in pitch-based carbon foams. Scripta materialia, 2006. 54(9): p. 1709-1713.
<Effects of cell irregularity on the elastic properties of open-cell foams.pdf>.
Zhou, J., et al., Design of Mechanical Properties of Open-Cell Porous Materials
Based on uCT Study of Commercial Foams. MATEC Web of Conferences, 2015.
30: p. 03005.

Zhou, J., et al., Micro-Computed Tomography and Finite Element Method Study of
Open-Cell Porous Materials. MATEC Web of Conferences, 2015. 30: p. 03006.
Nowak, Z., et al., Mechanical Properties Of The Ceramic Open-Cell Foams Of
Variable Cell Sizes. Archives of Metallurgy and Materials, 2015. 60(3).

Van der Burg, M., et al., On the linear elastic properties of regular and random
open-cell foam models. Journal of Cellular Plastics, 1997. 33(1): p. 31-54.
Laroussi, M., K. Sab, and A. Alaoui, Foam mechanics: nonlinear response of an
elastic 3D-periodic microstructure. International Journal of Solids and Structures,

2002. 39(13): p. 3599-3623.

137



[56]

[57]

[58]

Gong, L., S. Kyriakides, and W.-Y. Jang, Compressive response of open-cell foams.
Part 1: Morphology and elastic properties. International Journal of Solids and
Structures, 2005. 42(5): p. 1355-1379.

Kanit, T., et al., Determination of the size of the representative volume element for
random composites: statistical and numerical approach. International Journal of
solids and structures, 2003. 40(13): p. 3647-3679.

Zhu, H.X., J.F. Knott, and N.J. Mills, Analysis of the elastic properties of open-cell
foams with tetrakaidecahedral cells. Journal of the Mechanics and Physics of

Solids, 1997. 45(3): p. 319-343.

138



CHAPTER 5 NUMERICAL INVESTIGATION OF PRESSURE
DROP AND HEAT TRANSFER THROUGH OPEN CELL
FOAMS

5.1 Introduction

The use of porous structures with high external surface area and continuous three-
dimensional cellular structure, as discussed Chapter 3 and Chapter 4, represents an
important breakthrough in many industrial applications, especially in catalytic systems.
The main advantage of using these porous structures is the high contact area (specific
surface area) between the fluid and solid phase and also the low pressure drop along the
catalyst bed. One eminent example in chemical engineering is packed beds, which are
frequently utilized in catalytic converters and thermal energy storage device [1-4].
However, due to the low porosity (in the range of 30%-60%), packed beds induce a high
pressure drop at high flow rates which is detrimental for the operating system, especially
when the high space velocity is required for maintaining acceptable selectivity. In addition,
the conduction through the packed bed is not perfect since the particles in a packed bed
were not well connected with each other but by local contact points; therefore, the effective
thermal conductivity of such system is generally low and some heterogeneous temperature
zones could be formed inside the catalyst bed [5-8]. It is then of interest to find new support
materials which could remediate these drawbacks.

The industrial importance of materials with open cell structures in the form of
ceramic or metallic foams, in order to overcome the shortcomings of the conventional
packed beds, e.g., spheres and pellets, has grown in recent years. These materials exhibit

specific properties such as high specific surface area, high porosity (60%—-95%), low
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density, favorable mechanical, thermal and corrosion resistance. Thus, they are well suited
to serve as compact heat exchangers, reaction catalyst support, flow stabilizers or filters.
High porosities enable a considerable reduction of the pressure drop along the catalyst bed
even at high flow rates; also, the solid ligaments (or struts) in open cell foams allow the
continuous connection of the different catalyst domains which increase the effective
thermal conductivity of the entire system without thermal breaking points as occurred in
packed beds.

Open cell foams can be manufactured with different geometries and shapes,
allowing, for example, the adjustment of axial or radial flow patterns in the reactor. The
pore structure of a typical commercial product of foam, as shown in Figure 3.1, evidences
a high degree of interconnectivity through the entire matrix of the foam. The small
thickness of the struts or wall constituting the foam or monolith can allow the significant
reduction of the diffusional phenomena reducing secondary reactions and by-products. In
commercial products and industrial applications, open cell foams (ceramic or metallic), in
general, are primarily characterized by following parameters: the volumetric porosity
denoted by &, which is defined as the ratio of total void volume to cumulative volume
occupied by the solid matrix and void volume; ligament thickness t (which is replaced with
the struts diameter d; in this dissertation) and length [; and the number of pores per linear
inch (ppi), as shown in Figure 5.1.

In order to take advantage of these remarkable properties of open cell foams, new
reactor or column designs with open cell foams as internals are inevitable [8-12]. In this

context, an accurate knowledge or prediction of the pressure drop and heat transfer
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properties is essential for a successful design and operation of high performance industrial

systems.

Figure 5.1 Photo of a 10 ppi aluminum foam and Kelvin cell representation of a single cell [13]

During the past decade, therefore, considerable research has been conducted on
open-cell foams which has led to a greater understanding of their structure—property
relationships and to the development of important correlations. Such correlations are
necessary to predict the relevant data which in turn are required for designing the chemical
engineering equipment such as, e.g., heat exchangers, reactor, and column with open-cell
foams as internals.

Bhattacharya et al. [14] investigated the pressure drop of different aluminum foams,
which were inserted in a wind tunnel. The measurements were conducted by using air as
the coolant. The 15 tested Aluminum foams presented 5-40 ppi and a porosity that varied
between 90.6% and 97%. The experimental results show that the permeability increases
with pore diameter and porosity of the medium, while the inertial coefficient depends only

on porosity. Moreover, analytical models in agreement with experimental data are
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proposed to predict permeability and inertial coefficient. Kim et al. [15] experimentally
studied the pressure drops with respect to air flowing in forced convection through six
aluminum foams, with 1040 ppi and porosity from 89% to 96%. A simple correlation to
calculate pressure drop is also presented. Paek et al. [16] measured the air flow through
metal foams with cell size between 0.65 and 2.50 mm and different porosity from 89% to
96%. They found that at constant porosity the permeability increases as the cell size
increases.

Dukhan et al. [17, 18] reported experimental pressure drops for air flowing across
nine compressed and uncompressed samples of open-cell aluminum foams with porosity
which varies from 68% to 92% and pore density from 10 to 40 ppi. At a constant porosity,
the pressure gradient increases as the pores density increases while at constant a pores
density, it increases with decreasing porosity. Permeability and inertial coefficient were
correlated to the surface area per unit volume and porosity. Crosnier et al. [19] presented
the pressure drop with air flowing in 20 and 40 ppi aluminum foam and 20 ppi stainless
steel foam using air, with porosities greater than 90%. They stated that the smaller the pore
diameter the smaller the permeability and the larger the pressure drop. Permeability and
inertial coefficient were functions of the pore size, the surface area, the porosity and the
solid structure of the foam. Khayargoli et al. [20] studied the airflow in nickel and nickel—
chromium foams, permeability increased and inertial coefficient decreased with increasing
the pore size. Topin et al. [21] investigated several foam samples with 10, 40, 60, 100 ppi
of copper and nickel with single phase flow of air and water and experimentally determined
the permeability and inertial coefficient. Permeability increases with pore diameter while

inertial coefficient decreases when pore size and fiber thickness increase. Tadrist et al. [22]
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measured the permeability and inertial coefficient of three aluminum foams (10, 20, and
40 ppi). Liu et al. [23] obtained the pressure drop during air flow through seven aluminum
foam samples with porosity ranging from 87% to 96% and the pore density from 5 to 40
ppi. They observed that with the similar porosity, the decreasing of pore size increases the
pressure drop and also proposed an empirical correlation based on the pressure drops
measured by the same authors on aluminum samples and the measurements relative to
ceramic foam materials by Richardson et al. [24].

Hwang et al. [25] presented the pressure drops, permeability and inertia coefficient
for air flowing in 10 ppi aluminum foams with porosity 70%, 80%, 95%, while Kim et al.
[26] measured pressure drop relative to air flowing through FeCrAlY foams, with cell size
between 1 and 3 mm and relative density between 4.6% and 12.5%. The experimental data
show that higher pressure drops per unit of cell were obtained for foams having smaller
porosity and smaller pore diameters. Poulikakos et al. [27, 28] measured the hydraulic
performance of compressed and uncompressed aluminum foams using water flowing with
maximum frontal velocity of 1.4 m/s. Holding the porosity constant and decreasing the
pore size in the uncompressed metal foams, the permeability decreased and the inertial
coefficient increased. They also suggested a new numerical approach to model porous
media as idealized units of eight cells.

A wide review of available correlations for computing pressure drop during single
phase flow in metal foams is presented by Edouard et al. [29] and Mahjoob et al. [30]. In
the literature [29], the authors presented that among all correlations those by Lacroix et al.
[31], and Du Plessis et al. [32] are more suitable to estimate the pressure drop within foam

structures since they do not involve any fitting of the data. Fourie and Du Plessis [33] and
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Bhattacharya et al. [14] proposed other equations which do not require experimental
coefficients, while correlations based on experimental data relative to air and water flowing
in ceramic foams are stated by Richardson et al. [24], Garrido et al. [34], Moreira et al.
[35]. For Du Plessis et al. [32] the permeability and the inertia coefficient are complex
functions of porosity and pore size. Bhattacharya et al. [14] modified the model of Du
Plessis et al. to take into account the variation of the shape of fiber cross section with
porosity and to incorporate a correction for the tortuosity of the metal foam samples.
Lacroix et al. [31] reported a model which is based on a cubic lattice approach of the foam
structure and it is validated by experimental data of air (velocity < 4 m/s) through SiC and
Al,O3 foams. Other Authors, such as Paek et al. [16], Beavers and Sparrow [36],
Hamaguchi et al. [37] and Vafai and Tien [38], developed four different correlations for
the prediction of the pressure drops by using the experimental value of the permeability.
Meanwhile, several different research groups have studied both experimentally and
analytically the heat transfer characteristics of open cell foams. Lin et al. [39] proposed a
simple analytical model to evaluate the utility of metal foams as compact heat exchangers.
A cubic unit cell model consisting of slender cylinders as edges was developed to obtain
the most important trends of heat transfer due to forced convection, and conduction through
cell ligaments of the cellular foam. Calmidi et al. [40, 41] investigated the heat transfer
behavior of different aluminum foams that were inserted in a wind tunnel. The
measurements were conducted by heating the base of the foam and using air as the coolant.
The seven tested aluminum foams presented 5-40 ppi and a porosity that varied between
89% and 97%. They found that the experimental Nusselt number based on the length of

the heated section increases with the Reynolds number. Also at a constant number of pores
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density, the Nusselt number seems to be higher at high porosity. Hsieh et al. [42] carried
out an experimental study to analyze the heat transfer characteristics of several heat sinks
made of aluminum metal foams with different porosities (87%—-96%) and ppi (10-40).
Hsieh et al. experimentally investigated the effect of porosity in heat transfer. In fact, they
measured the heat transfer performance of four samples with 20 ppi and different
porosities. The Nusselt number based on the length of the test section decreases with the
decrease in porosity. At a constant porosity, they found that the heat transfer performance
is better at higher ppi number. Kim et al. [43] experimentally studied the heat transfer in
forced convection of air across aluminum foams. The authors tested three foams, which
presented 10 ppi, 20 ppi, and 40 ppi with a constant porosity of 92%. The authors found
that at constant Reynolds number, the heat transfer performance is improved by changing
the pores density from 10 to 40 ppi. Moreover, Boomsma et al. [28] tested several different
metal foam heat exchangers during liquid flow and they compared the results with the
performance of several commercially available units. The porous heat exchangers
presented thermal resistances lower than the commercially available heat sinks while
requiring the same pumping power. Finally, Boomsma and Poulikakos [27] investigated
the effective thermal conductivity of a three-dimensionally structured metal foam saturated
with liquid.

Most of the research in the literature on heat transfer through open cell foams has
been focused on single phase flow. Similarly, a majority of the literature views foam
structures as an alternative extended surface (i.e., fins) using air as the coolant. Examples
of experimental studies on forced convection of air through metal foams include those by

Younis and Viskanta [44], Hwang et al. [25], Hsieh et al. [42], Duckhan and Chen [45],
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Garrido et al. [46, 47], Mancin et al. [6, 7, 9], and Zhao [11]. Among these work, Mancin
et al. [9] published the heat transfer measurements performed for forced convection of air
through multiple copper foam samples. The samples investigated consisted of ppi values
in the range 5-40, and porosity values in the range 90.5%-93.4%. The effect of different
structural parameters of open cell foams on the global heat transfer coefficient, normalized
mean wall temperature, pressure gradient, permeability, inertia coefficient, and drag
coefficient were discussed. Zhao [11] provided a review of several thermal transport
mechanisms in open cell foams including conduction, forced convection, natural
convection, thermal radiation, as well as pool boiling and flow boiling heat transfer. Very
few researchers had focused on detailed heat transfer analysis at the pore scale, either by
numerical or experimental approaches.

However, the recent literature shows that the state-of-the-art correlations for
predicting the heat transfer and pressure drop properties of open cell foams lack general
applicability and therefore need improvement. After reviewing the literature, it is believed
that one of the main sources of deviation for most correlations is the use of empirical
coefficients. Since these coefficients are usually determined for a limited set of data, they
are not suitable for extrapolation to a wider range of porosity, pores density, and/or working
fluids, thus causing a considerable deviation from measured pressure drop data.

Hence, further research is definitely needed in this area in order to come up with
correlations featuring enhanced applicability. In this regard, the focus of the present work
is to address the problem of pressure drop prediction in open cell foams, thereby achieving
a higher level of accuracy and reliability. This work presents a universal correlation for

pressure drops of open cell foams based on theoretical grounds and the tortuosity of foams
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is taken into account for the pressure drop. Then a numerical study of pressure drops for
different open cell ceramic foams of pore densities between 10 ppi and 50 ppi, of porosities
from 70% to 95%. Permeability and friction factor of foams are also evaluated and the
computed interstitial heat transfer coefficients are investigated. Furthermore, the presented
pressure drop correlation provides a simple method for determining hydraulic diameters
for open cell foams with unknown geometric parameters (strut, window and pore diameter,
etc.) based on pressure drop simulations. A correlation is derived the hydraulic diameter
from the number of pores per inch (ppi). Final, this work states that it is possible to perform
computational design for open cell foams with defined flow properties using the Laguerre-

VVoronoi model developed in Chapter 3 and Chapter 4 of this work.

5.2 Theoretical background

Ergun et al. studied the fluid flow through randomly packed beds and proposed the
definition of friction factor to calculate the pressure drop of packed beds [48, 49].
According to [48, 49], there have been two main approaches for developing friction factor
expressions for packed columns. In one method the packed bed is visualized as a bundle
of tangled tubes of weird cross section; the theory is then developed by applying the results
for single straight tubes to the collection of crooked tubes. In the second method the packed
bed is regarded as a collection of submerged objects, and the pressure drop is obtained by
summing up the resistances of the submerged particles. The tube bundle theories have been
somewhat more successful, and this work discusses them here. Figure 5.2 depicts a packed

bed column.
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Fluid

Figure 5.2 A cylindrical tube packed with spheres

A number of materials could be used for the packing in beds: spheres, cylinders,
and so forth. It is assumed throughout the following discussion that the packing is
statistically uniform, so that “channeling” is ignored (in actual situations, channeling
frequently occurs, and then the development given here does not consider the channeling).
It is further assumed that the diameter of the packing particles is small in comparison to
the diameter of the bed in which the packing is contained and that the bed diameter is
uniform.

Byron Bird et al. defined the friction factor for the packed bed by the following

equation [50]:

le(&> Po— P (5.1)
4L %pw?

where L is the length of the packed bed, D,, is the mean particle diameter, P, — P, is the
pressure drop, and v, is the superficial velocity, which is equal to the volume flow rate

divided by the void cross section of the bed, v, = w/pS.
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The pressure drop between two ends of a representative tube in the tube bundle

model is given by the following equation [50]:

L

1
Po = P =5 p{v)* <R_h) feuve (5:2)

where the friction factor for a single tube, f;ype, 1S @ function of the Reynolds number
Rey, = 4R, (v) p/u, and (v) is the average velocity in the tube [50]. Substituting this

pressure difference into Equation (5.1) yields

1D, (v)? 1D, 5.3
f:ZR_hv_g tube :4_8R_hftube (5:3)

In the second equation, the void fraction, ¢, is the fraction of space in the bed not occupied
by the packing. Then v, = (v)e, which results from the definition of the superficial
velocity mentioned above [50].

The hydraulic radius can be expressed in terms of the void fraction e and the wetted

surface s per unit volume of bed as follows:

(cross section available for ﬂow> (volume available for ﬂOW)
h = =

wetted perimeter total wetted surface

(Volume of VOidS) / wetted surface)

volume of bed volume of bed

£ (5.4)

Ry =-
h S

The quantity s is related to the specific surface S, (total particle surface per volume of

particles) by

s (5.5)

S, =
V7 1—¢

The quantity is also used to define the mean particle diameter D,, as follows:

149



p =2 (5.6)

This definition is selected since, for spheres of uniform diameter, D,, is exactly the diameter
of a sphere. From the Equations (5.4), (5.5), and (5.6), it is obvious that the hydraulic radius

is R, = D,e/6(1 — ¢) [50]. Substituting it into Equation (5.3) yields

f= ;(1 ; s) frube ®7)

This results can be applied to laminar and turbulent flows by finding out appropriate
expressions for fiy,pe-

(@) For laminar flow, fi,,e = 16/Rey, [50]. This is exact for circular tubes only. To
consider the non-cylindrical surfaces and tortuous fluid paths encountered in typical packed
bed operations, it has been found that replacing 16 by 100/3 allows the tube bundle model
to describe the packed bed data. When this modified expression for the tube friction factor

is substituted, Equation (5.7) becomes

_ (1 - S)Z 75 (58)
e® (DyGo/n)

f

in which G, = pv, is the mass flux through the system, and u is the dynamic viscosity of

fluid. Substituting Equation (5.8) into Equation (5.1) obtains

Po= P _ ygo(tre) =2 (5.9)
L D3 &3

which is the Blake-Kozeny equation [50]. Equations (5.8) and (5.9) are generally good for
(DpGo /1 (1 — €)) < 10 and for porosities less than & = 0.5.

(b) For highly turbulent flow a treatment similar to the above expression can be
given. This case can be analyzed with the expression for the friction factor definition for

flow in a circular tube. For highly turbulent flow in tubes with any appreciable roughness,
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however, the friction factor is a function of the roughness only and is not dependent on the
Reynolds number. If it is assumed that the tubes in all packed beds have similar roughness
characteristics, then the value of f;,,., may be taken to be the same constant for all
systems. Taking fiupe = 7/12 proves to be an acceptable choice [50]. When this is

substituted into Equation (5.7), f is given by

_T1-e (5.10)
8 &3

f

Substituting Equation (5.10) into Equation (5.1) gets

Po—P, _ Z(m%?) 1-¢ (5.11)

L 4\D,) &

which is the Burke-Plummer equation, valid for (D,,Go/u (1 — £)) > 1000 [50]. Note that
the dependence on the porosity is different from that for laminar flow.
(c) For the transition region, a superpose of the pressure drop equations for (a) and

(b) above is applied to obtain

Po=Pu_ jgo(too) 0= 7 (pvo)1—¢ (6.12)
L D2) & T 4\D,) &

For very small v, this simplifies to the Blake-Kozeny equation, and for very large v, to
the Burke-Plummer equation. Such empirical superposition of asymptotes often leads to

satisfactory results [50]. Equation (5.12) can be rewritten to dimensionless forms [50]:

_ 3 —
(P, Pﬂp&( £ ):150 1-¢ 7 (5.13)
G2 L\l1-¢ D,Go/u = 4

This is so-called Ergun equation, which is shown in Figure 5.3 along with the Blake-
Kozeny and Burke-Plummer equations and experimental data. It has been applied with

success to gas flow through packed beds by using the average density of the gas at the
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arithmetic average of pressures [50]. Here G, is constant through the bed, whereas v,
changes through the bed for compressible fluids. For large pressure drops, however, it
seems more appropriate to apply Equation (5.12) locally by expressing the pressure
gradient in differential form [50].

The Ergun equation is but one of many that have been proposed for describing
packed bed. In the literature, many authors have adopted Ergun-type equation for deriving
correlations for pressure drop prediction in foam structures. Foam-like structures are
viewed as an inverse of bed-like structures where solid particles are substituted by pores.
They usually replace particle diameter, D,,, with the equivalent hydraulic diameter, dj,. An
extensive review of pressure drop correlations for foams was provided by Edouard et al.
[29]. All presented formulae are based on the Darcy-Forchheimer relation. The Darcy-
Forchheimer equation (5.14) have been broadly applied to evaluate the permeability and

pressure drop of both packed beds and open cell foams.

AP _p P, (5.14)
I —k1v+k2v

in which AP /L is the average pressure gradient, u, p and v are the dynamic viscosity,
density and velocity of the fluid, and the coefficients k; and k, are called viscous and
inertial permeabilities, respectively. These permeabilities should be functions of beds’ or

foams’ geometry.
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Figure 5.3 The Ergun equation for flow in packed beds, and the two related asymptotes, the Blake-Kozeny

equation and the Burke-Plummer equation [50]

The Darcy-Forchheimer equation is a general relation pressure drop in porous
media. Although obtained empirically by Forchheimer, it can be shown that in emerges
form a proper averaging of the Navier-Stokes equations and it can actually be applied to
various kinds of porous structures like packed beds of spheres, rings, or virtually any other
structures.

Additionally, varying numerical constants preceding the geometry dependent
coefficients are often used. This kind of general correlation was proposed by Gibson and

Ashby [51]:

AP (-o? (-9

=a— U +
r ¢ e382 Hu+p e38y

where the characteristic dimension is the reciprocal of the specific surface area, S,. This

formula was used by Richardson et al. [24], where a series of high porosity (¢ > 90%)
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alumina foams of ppi number in range from 10 to 65 were investigated. They verified a
few specific relations between S,, and the mean pore diameter, d, and selected the one
presented by Kozeny [52] for packed beds of particles. The pore diameter was found from
the image analysis of slices of the foam structures. The coefficient a and g were fitted to

the experimental data and became functions of porosity and mean pore diameter.

5.3 Analytical pressure drop for open cell foams

From the discussion in the last section, it is noted that in the open literature there
are many pressure drop correlations for open cell foams, however, none of them exhibits a
general applicability. Edouard et al. [29] reviewed state-of-art correlations for pressure
drop prediction in foam structures. They reported that the standard deviation between
experimental data and theoretical values of the pressure drop can be as high as 100%.
Garrido et al. [46] evaluated pressure drop correlations from the literature by comparing
the predictions with their own experimental data. It was concluded that the prediction of
all of the correlations from the literature was not satisfactory. In order to develop a general
pressure drop correlation for open cell foams completely based on theoretical analysis that
allows for the prediction of pressure drop only based on easily measurable geometric foam
properties and which thus possesses an improved adaptability and applicability, this work
begins with the basic Hagen-Poiseuille equation. Consider an empty tube of length L and
inner diameter D, as shown in Figure 5.4. The pressure drop for laminar fluid flow through

this tube can be given according to the Hagen—Poiseuille equation [3, 53]:

AP M (5.16)
= 32 dlev
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in which d,, is the equivalent hydraulic diameter (4 x cross-sectional area available for

flow/wetted perimeter).

Figure 5.4 An empty tube of length L and diameter D

As mentioned in the last section, a considerable amount of work has been done in
correlating data for porous media. It is found that for fluid flow at low velocities, viscous
forces account for the pressure drop within the accuracy of measurement, whereas for
higher velocities, kinetic effects become more important and the pressure drop appears to
vary with some power of the velocity, the exponent ranging between 1 and 2 [48]. At high
velocities, however, kinetic effects do not alone account for the pressure drop without the
aid of factors which in turn are functions of flow rate [48].

The transition from the dominance of viscous to kinetic effects, for most packed
systems, is smooth, indicating that there should be a continuous function relating pressure
drop to flow rate. A general relationship may be developed using the Kozeny assumption
that the porous media is viewed as a bundle of tangled tubes of weird cross-sections, as
shown in Figure 5.5, such that the total specific surface area, open porosity, and hence the

hydraulic diameter are equal to that of the open cell foam. Therefore, for higher flow
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bundle model for the packed foam in (a)
156

velocities, a term for kinetic energy losses which proposed by Brillouin [48] for capillary
This equation, like many others that relate pressure drop to polynomials of the fluid flow

rate, differs from them in that the coefficients have definite theoretical significance.

flow might be added to the above equation to get

Figure 5.5 (a) An open cell foam packed in a tube of length L and diameter D and (b) a schematic of a tube



For an open cell foam packed in a tube, the flow path is complicated and sinuous
and the streamlines frequently diverge and converge. The kinetic losses, which occur only
once for the capillary, vary with a frequency that is statistically related to the sinuousness
of the flow path. For these reasons, a correction factor must be applied to Equation (5.17).

This factor may be designated as t, which is called tortuosity [3]. Equation (5.17) becomes

AP u 1 p
=321 = S (5.18)
I 3 lezlv+zrdhv

or
AP U 1p
— —32= -F 2 (5.19)
LT E g

The first term in Equation (5.18) is called the viscous term, and the second is identified as
the inertial term. The hydraulic diameter of the open cell foam is obtained by:

cross section available for flow

A
—4.L.

A L_, vV _t (520
wetted perimeter U SV

=~ =

dh=4

where Af is cross section available for flow, U is the wetted perimeter; V; is volume
available for flow; S is total wetted surface; V is the volume of the open cell foam; ¢ is the
porosity of the open cell foam; and Sy, is the specific surface area of the open cell foam.

In the open cell foam packed in a tube, as discussed above, the fluid has to flow
through a complicated and tortuous path covering a longer distance L, compared to the
straight path L. Moreover, the velocity is not the same as that of the straight tube but higher,
designated as v'. Taking these facts into consideration, Equation (5.19) can be translated
for open cell foam as follows:

AP U 1p
Ll (5.21)
L, z' *2a,"
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The tortuous distance L, depends on the tortuosity of the flow which in turn should
depend on the structural or geometrical properties of the open cell foam packed in the tube

and can be calculated as follow [3]:

L, =1L (5.22)

in which L is the straight path length of the tube and L, the tortuous length: L, = L +
additional path length due to the tortuosity.
Based on the work of Carman [54], the velocity of a fluid through a porous medium

of open porosity € and tortuosity T can be expressed by

(5.23)

Taking the definitions of velocity and tortuosity above, Equation (5.21) can be rewritten as

follows:

P u 1 p
— —3p2 -3 2 (5.24)
Lt T2 g,

Equation (5.24) could depict the pressure drop for fluid flow cross the porous media packed
in a tube, for example, an open cell foam and is independent of any empirical coefficients.

The concept of tortuosity for porous media was first proposed by Kozeny [52], who
pointed out that for the fluid flow in a porous medium of length L, the actual path L,
covered by a fluid element is greater than L, which is due to the tortuosity of the flow path
(see Equation (5.22)). Sobieski et al. [55] stated that, when a fluid flows cross a porous
medium of length L, there are numerous (and not only one) possible channels. Each of
these channels features a path length of L;, thus giving a (microscopic) tortuosity of L; /L.

This would result in multiple (microscopic) tortuosities, and the overall tortuosity L, /L
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would then be the average value of all microscopic tortuosities. This overall tortuosity is
difficult to determine directly under most situations. However, one can consider an
imaginary channel which has the same fluid conducting property as the sum of all
microscopic channels. In the following contents, a similar method is utilized to derive a
correlation for the overall tortuosity of open cell foams.

According to the basic definition of tortuosity (5.22) can be rewritten as follows:

L L + additional length (5.25)

Now consider the tube shown in Figure 5.4. The properties of the tube with respect to the
internal diameter could be calculated by the following formulae as shown in Table 5.1.
Accordingly, the tortuosity of the empty tube is Tempey = L/L = 1.

Table 5.1 Formulae for tube's geometric properties

Property Formula
Surface area, S DL
Volume, V nD?L/4
Specific surface area, Sy 4/D
Dimensionless specific surface area, DSy, 4

For open cell foams of open porosity & packed in a tube as shown in Figure 5.5(a),

the overall tortuosity 7 can be obtained by

L+ L (5.26)
= —= 1 —
T T

in which L' is the additional length of the flow path due to the tortuosity of the open cell

foam. By transforming Equation (5.26) one could get the following equation:
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mDL'/V _ . ®DL/V _ . D(@DL/V) (5.27)

-1 = =
H = Y] L—"

Here, the additional path length L' is confined in the effective free volume of the open cell
foam (with a porosity of &) which in turn is placed into the tube with a total internal volume
of V. Therefore, in Equation (5.27), in order to consider the effective free volume, V is
replaced by Ve. Furthermore, the effective pore size will be reduced from the tube’s
internal diameter to some average pore size of open cell foams. According to Inayat et al.
[56, 57], the predominant size for tortuosity and hence pressure drop of open cell foams is
not average pore size d, or average strut diameter d,, but the average window size d,,,, as
shown in Figure 5.6, since a window is an opening into the cell and serves as a medium for
cell-to-cell communication. The average window size d,, is determined by converting the
average area of the square and hexagonal windows to an equivalent circle, as explained in
Figure 5.6. In order to determine the areas, the dimensions of the square and hexagonal
windows (accessible from top, bottom, and sides of the foam samples) could be measured
with a vernier caliper. Also, magnified digital images of the foam samples could be
analyzed by the software DatlInf measure. In some researches [31, 58, 59], d,, is obtained
by Equation (5.28) if only the cell diameter is known. This equation also is used by some
foam manufacturers to give customers the approximate window diameter for their

products.

d
i, =L (5.28)

2.3

Then Equation (5.27) can then be written as follows:

14 dw(miwL’/ V) (5.29)
&
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Figure 5.6 Calculation of the average window size of open cell foams [3, 60]

Assume L' is the length of an imaginary tube whose surface area d,, L' is equal to
the surface area of the open cell foam, then d,, (nd, L' /V) should be equal to the
dimensionless specific surface area of the open cell foam. Hence, Equation can be written

as:

dimensionless(S
+ on (Sv) (5.30)

This equation could give the overall tortuosity of an open cell foam packed in a tube. The
overall tortuosity depends on the open porosity and specific surface area of the open cell
foam. Note that the tortuosity given in Equation (5.30) represents the tortuosity of the fluid

path inside the open cell foam. For the calculation of the tortuosity, an imaginary tube with
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the same fluid flow capacity as that of the open cell foam has been assumed and its specific
surface area is equal to that of the open cell foam. Therefore, the additional path L' for the
fluid flow resulted from the porous structure is dependent on the struts of the open cell
foams and calculated by the inverse dimensionless hydraulic diameter which is second term
in Equation (5.30).

Sy can be determined by applying mathematical correlations using easily
measurable structural parameters of open cell foams, for instance, open porosity, strut
diameter, and window diameter, etc. In the open literature, there are many correlations
available to calculate the specific surface area. Most of them, however, do not have the
accurate estimates as compared to the experimental data.

As for the Kelvin cell discussed in this work, the specific surface area can be
directly obtained via Equation (3.20): S, = 4(1 — €)/d;. Inayat et al. [60] proposed a
theoretical correlation for calculating the strut diameter with the window diameter and open
porosity of open cell foams, as shown in Equation (5.31). This work gives a close
agreement to the experimental data from the open literature. The conclusions stated by

Inayat et al. [60] also were confirmed by other researchers [61, 62].

_ 0.6164d,,(1 - €)0s (5.31)
$1-0.971(1 — )05

Substituting Equation (5.31) into Equation (3.20) yields

1-0.971(1 —¢)°° (5.32)

S, = 6.489 RS (1-2¢)

Here d,, is the window diameter of the open cell foam mentioned above. The
dimensionless Sy , i.e. d,,(Sy) obtained from Equation (5.32) is substituted into Equation

(5.30) to get the following equation:

162



1-0971(1 — &) (1 —¢) (5.33)

=14+1.622
t + (1—¢g)05 €

Some other authors also presented mathematical expressions to predict the
tortuosity of porous structures. Most of them are derived from the cubic unit cell model

and defined as

= % void volume (5.34)

minimum free area perpendicular to the flow direction

Obviously, this definition does not consider the effect of the internal specific surface area
of the tube in which the open cell foam is packed. Furthermore, as discussed in Chapter 4
of this work, the cubic unit cell model may not be suitable for open cell foams since this
model overestimates the specific surface area and the pressure drop [29]. Also, it is not
easy to define and determine so-called minimum free area perpendicular to the fluid flow
direction for open cell foams. Thus, it is not recommended using the cubic unit cell model
to calculate the pressure drop in open cell foams. In order to compare the result of this work
with other results in the open literature, the overall tortuosity curves are plotted in Figure

5.7.
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Figure 5.7 Tortuosity vs. open porosity
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Equation (5.24) can be rewritten as

AP p_ 2 (5.35)
A =C— dh v+ C—— Zdh

so that the coefficients of viscous C; and inertia C, terms with respect to hydraulic

diameter are given as

C, = 3272 (5.36)
1
¢ -1v (5.37)

Although the form of Equation (5.35) is similar to that of correlations reported in
the open literature, the important difference is that C; and C, are not empirical values. They
are derived on the theoretical grounds of fluid flow in a tube and are functions of structural

properties of the open cell foam. From Equation (5.35), it also can be noted that for very

small velocity v, it could be simplified to only have the viscous term, 61 v and for very

P_1p2. Leva et al. reported that in

large v, it could be simplified to the inertial term, C, Zar
packed tubes, when the flow velocity is low, the viscous forces are predominant, and the
pressure drop is proportional to (1 — £)2/3; whereas, at higher flow velocities, the inertial
forces are dominant and the corresponding dependence on (1 — &)/3 [48]. Equation
(5.35) has a similar form to the pressure drop correlation for packed tubes, but not exactly
expected from that of packed tubes. Furthermore, it can be observed that Equation (5.35)
has a universal form which is independent on the material and geometrical factors of foams,

but dependent on the properties of fluids. Therefore, Equation (5.35) could be applied to

all kinds of open cell foams similar to those investigated in this work.
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The dimensionless forms for the velocity and pressure drop of the open cell foam
are Reynolds number, Re, and Hagen number, Hg, respectively. The Reynolds number and

Hagen number are introduced as given in Equations (5.38) and (5.39).

d
Re = 2nY (5.38)
&V
AP d3
Hg = = _nz (5.39)
pv

Here v is kinematic viscosity, v = u/p. Then the dimensionless form of Equation (5.35)

becomes
Hg = C;Re + C,Re? (5.40)

From the process of derivation above, the developed correlation Equation (5.35) or
(5.40) has a universal form independent of structural properties and materials of open cell
foams. Therefore, this correlation possesses the adaptability and applicability for different
working fluids for a wide range of Reynolds numbers and for a wide range of pore sizes,
porosities, and materials of open-cell foams. For comparison purposes, different methods
of calculating the coefficients of viscous and inertia terms for open cell foams from the

literature are shown in Figure 5.8.
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Figure 5.8 A comparison of coefficients of (a) viscous and (b) inertial terms

5.4 Numerical model

In order to verify the correlation proposed in the last chapter, fluid flow simulations
are performed using Finite Volume Method in this work. The procedure of modeling three
dimensional open cell foam structures is developed in Chapter 4.2 and Chapter 4.3. Foam
structures are created using Laguerre-Voronoi tessellation (LVT). LVT is applied to
spheres with specified size distribution, which are packed in the cuboid volume. The foam
struts are created by cylinders with defined constant diameter generated along cell edges,
as shown in Figure 5.9. The structure presented in Figure 5.9 can be successfully applied
to the calculation of flow and thermal properties of open cell foams. In this chapter, the
study is performed over structures of pores density (10, 20, 30, 40, and 50 ppi), porosity
(70, 75, 80, 85, 90, 95%), and flow velocity (0.5, 1-10, 12, 14, 16, 18, 20 m/s). They are
systematically varied for a total of 480 simulations. The resulting Reynolds number based

on the hydraulic diameter is included in the range 50-10000.
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Figure 5.9 An open cell foam structure generated by LVT for flow simulations

To study flow and thermal phenomena through open cell foams, the volume
constructed from struts must be subtracted from the box. The results of the subtracted
operation can then be meshed and simulated as a fluid field. Subtracted operation can be
performed in software DesignModeler. The generated foam structures are then imported
into another meshing tool in order to build the discretized computational domains for
ANSYS Fluent. The meshing procedure is proved to be very challenging because of the
complexity of the foam structures, which needs an unstructured grid generation algorithm.
A high level of refinement is necessary to capture the intricate features of the structure and
to ensure a good resolution of the flow boundary layer next to the foam struts.

Meshing a complex volume would place a significant demand on memory during
meshing operation. The meshes thus produced would need huge computational resources

for numerical analysis of fluid flow and heat transfer. Therefore, in this work only smaller
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regions are considered for meshing operation. Furthermore, the length of the open cell
foams in the flow direction has effects on simulations since a not fully developed flow may
produce incorrect results. To ensure a fully developed flow conditions in the numerical
simulations, the foam must have an adequate number of pores in the flow direction. Diani
et al. [1] reported a sensitivity analysis to determine the number of pores that is necessary
for obtaining the fully developed flow. The reported simulations were analyzed on the 40
ppi sample with fluid domains having different number of pores along the flow direction
but the same boundary conditions and fluid properties. The difference in the pressure
gradient was determined on computational domains consisting of 5, 10, and 20 pores in the
flow direction. It was observed that the differences in the pressure gradient between the 5
pores and the 10 pores sized domains was -15.7%, whereas between the 10 pores and 20
pores sized domains, the difference was only -3.2%. Thus, a domain size of approximately
10 pores in the flow direction is considered sufficient for attaining fully developed fluid
flows.

At a constant mesh element size, and considering computational domains with 10
pores along the flow direction, the number of mesh elements directly depends on the
number of pores density of the open cell foam; the number of mesh elements increases
when pores density increases since the pore size decreases, and vice versa. The total mesh
count ranges from 6.0 — 15 x 10° cells. Mesh independence is attained when an average
mesh length scale of 0.01d (d is pore diameter) is employed. The computational domain
is defined as a square duct consisting of an undisturbed inlet and outlet region and an
intermediate section containing the foam structure. The computational domain in this work

is meshed in ICEM CFD. Figure 5.10 shows an example of meshing in ICEM CFD.
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Figure 5.10 An example of meshing in ICEM CFD

Diani et al. [63] studied the pressure drop for the flow of air through the copper
foams by solving the continuity and momentum equations directly on the pore-scale control
volume. In this work, the analysis is extended to solve for heat transfer. The equation for

conservation of mass in a control volume is defined as

0
% 4 9 = 5 G4

in which p is the fluid density and ¥ is the velocity vector and S,,, is a source term which
accounts for added mass to the continuous phase from dispersed second phase or/and any
other user-defined sources. Equation (5.41) is the general form of the mass conservation
equation and is valid for both incompressible and compressible fluids.

The conversation of momentum in a static reference frame is given by

97 .
% + V(pi%) = —Vp + V(&) + pg + F

(5.42)

in which p is the static pressure, & is the stress tensor, pg and F are the gravitational and

body force and external body forces terms, respectively. The stress tensor is defined as
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G=u [(vﬁ +V@)T) - %vm (5.43)

in which p is the fluid dynamic viscosity, I is the unit tensor and the second term on the
right hand side accounts for the effect of volume dilation.
The governing equation for heat transfer is given by

d d oT
9% (pvicyT) = 9%, (ﬂ a—xi) (5.44)

where v; represents velocity in the i-direction, ¢, is specific heat, A is fluid thermal
conductivity, and T is fluid temperature. These governing equations are based on the three
dimensional steady-state Reynolds Average Navier-Stokes equations. They are solved
using the finite volume commercial software ANSYS Fluent, using a first-order upwind
difference scheme for flow and energy calculations. The SIMPLE scheme is utilized for
pressure-velocity coupling, and the flow domain is deemed converged when the absolute
values of all residuals fall below 1.0 x 107° for the flow calculations, and below 1.0 x
1078 for the energy calculations.
As depicted in Figure 5.11, the following boundary conditions are employed:
(1) velocity-inlet boundary condition with a specified temperature 300 K at the inlet
of the fluid domain (y-z plane at x minimum);
(2) pressure-outlet boundary condition with a gauge pressure p = 0 at the outlet of
the fluid domain (y-z plane at x maximum);
(3) symmetric boundary conditions on the lateral sides of the domain (x-y plane at
z maximum, x-y plane at z minimum, x-z plane at y maximum, and x-z plane

at y minimum); and
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(4) the foam surface is assumed to be perfectly smooth with a no-slip boundary
condition and constant heat flux 10 kW/m? at the interface between the solid
and fluid domain.

A constant heat flux boundary condition represents an ideal condition in which the foam
finned surface efficiency is equal to 1. The air is used as the fluid in the simulation, which
is assumed to be a Newtonian fluid having a constant density and viscosity. The density
and viscosity of the air are 1.225 kg/m? and 1.7894 x 107> Pa - s, respectively. The next
section states the details of results obtained, as well as a comparison with the proposed

correlation and experimental data.

Figure 5.11 Boundary conditions employed in this work

5.5 Results and discussion

The visualization of the velocity field, temperature field, and pressure field inside
foam structures investigated in this work are shown in Figure 5.12-Figure 5.15. Figure
5.12 shows the velocity field contours and temperature field contours for the cases of an

inlet velocity of 2.0 m/s and imposed heat flux of 10 kW/m? for 10 ppi foam with six
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different porosities: 70%, 75%, 80%, 85%, 90%, and 95%. Velocity contours and
temperature contours are shown in Figure 5.13 for the cases of different velocities from 2
m/s to 20 m/s and imposed heat flux of 10 kW/m? in a cross section for 10 ppi-80% foams.
The struts of metal foams act as obstacles to the flow, homogenizing the fluid flow and
temperature field. The fluid is well mixed through foams because of the tortuous nature of
the three dimensional foam structures. There are many local hot spot temperatures
presenting in the regions downstream of struts, which correspond to stagnant zones with
low air velocities; however, even though the maximum air temperature can rise up to a
higher value, the mean air temperature can keep a lower one due to the mixing induced by
such enhanced surfaces, as can be seen in Figure 5.12 and Figure 5.13.

Details of the flow field of an inlet velocity of 2 m/s for foams with the same
porosity 80% and five different pore densities of 10 ppi, 20 ppi, 30 ppi, 40 ppi, and 50 ppi
are given in Figure 5.14. From the velocity contours of Figure 5.14, it can be seen that at
every strut flow fluid is separated and accelerated through the pores apertures, where high
velocity streaks show the flow passing through the narrowest passages. The overall
pressure change has an apparent linear behavior, however, the complex structure of pores
causes a complex pressure distribution inside the foam and stagnation areas are observed
in front of the struts. Figure 5.15 shows the details of the velocity contours inside the 30

ppi-80% foam at three different cross sections.
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Figure 5.12 Velocity field contours (left), and temperature field contours (right) shown for the cases of an

inlet velocity of 2.0 m/s and imposed heat flux of 10 kW/m? for 10 ppi foam with six different porosities:

(a) 70%, (b) 75%, (c) 80%, (d) 85%, (€) 90%, and (f) 95%
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Figure 5.13 Velocity field contours (left), and temperature field contours (right) shown for the cases of
different velocities: (a) 2 m/s, (b) 4 m/s, (c) 8 m/s, (d) 16 m/s, and (e) 20 m/s and imposed heat flux of 10

kW/m?, in a cross section for 10 ppi-80% foams
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Figure 5.14 Details of the flow field of an inlet velocity of 2 m/s for foams with the same porosity 80% and

five different pore densities: (a) 10 ppi, (b) 20 ppi, (c) 30 ppi, (d) 40 ppi, and (e) 50 ppi. Left: cut plane of

the velocity magnitude field; right: cut plane of the pressure field
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Figure 5.15 Details of the velocity contours inside the 30 ppi-80% foam at three different cross sections

5.5.1 Pressure drop of foams with different porosity

Five different open cell foams with porosity from 70% to 95% are simulated and
compared (see Table 5.2-Table 5.6). The pore density varies from 10 ppi to 50 ppi. The
results of the simulations of flows across designed foams are also compared with the
theoretical prediction developed in Chapter 5.3 under the same ppi number and different
porosities, as shown in Figure 5.16. It can be observed that the expected result of increasing
pressure drop with decreasing porosity is obtained. Decreasing porosity means an increase
in solid materials in the same sample volume, which results in an increase in flow friction.
Furthermore, it can be noted that, in general, the pressure drops obtained from numerical
simulations are consistent with that of the theoretical model. There is a good agreement

when the flow velocity is low. According to Equation (5.38), the definition of Reynolds
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number in this work, the Reynolds number would be less than 2000-3000 when the
velocity smaller than 6-10 m/s. The fluid flow falling into such regime is called laminar

flow, otherwise it is called turbulent flow.

Table 5.2 Structural parameters and porosity of the simulated 10 ppi foam structure

Average pore diameter

Pore density d (mm) Strut diameter d; (mm) Porosity (%)
1.30 70
1.12 75
. 0.90 80
10 ppi 3.53 0.76 g5
0.60 90
0.40 95

Table 5.3 Structural parameters and porosity of the simulated 20 ppi foam structure

Average pore diameter

Pore density d (mm) Strut diameter d; (mm) Porosity (%)
0.90 70
0.76 75
. 0.64 80
20 ppi 2.44 0.54 85
0.40 90
0.28 95

Table 5.4 Structural parameters and porosity of the simulated 30 ppi foam structure

Average pore diameter

Pore density d (mm) Strut diameter dg (mm) Porosity (%)
0.76 70
0.66 75
. 0.56 80
30 ppi 2.08 0.46 85
0.34 90
0.24 95
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Table 5.5 Structural parameters and porosity of the simulated 40 ppi foam structure

Average pore diameter

Pore density d (mm) Strut diameter d; (mm) Porosity (%)
0.62 70
0.52 75
. 0.44 80
40 ppi 1.64 0.36 85
0.28 90
0.20 95

Table 5.6 Structural parameters and porosity of the simulated 50 ppi foam structure

Average pore diameter

Pore density d (mm) Strut diameter dg (mm) Porosity (%)
0.44 70
0.38 75
. 0.32 80
50 ppi 1.17
PP 0.26 85
0.20 90
0.13 95
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Figure 5.16 Comparison of pressure drop from simulations and the theoretical prediction for (a) 10 ppi, (b)

20 ppi, (c) 30 ppi, (d) 40 ppi, and (e) 50 ppi

Figure 5.17 shows the comparison of simulation results and theoretical model in
the laminar regime. In the laminar regime, the theoretical model proposed in Chapter 5.3
can predict the pressure drop more accurate than that of turbulent flow. The following
discussion gives a possible explanation of this phenomenon. In fluid dynamics, turbulence
is a flow regime characterized by chaotic changes in pressure and flow velocity where

inertial forces dominate viscous forces. The difference between laminar flow and turbulent

181



flow is shown in Figure 5.18. Laminar flows are parallel with no disruption, e.g., no mass
transfer, between layers. However, the fluid in turbulent flow undergoes irregular
fluctuations or mixing. There are transfers of mass and momentum between different layers
or positions. The velocity of the fluid at a point is continuously changed in magnitude and
direction, which results in swirling and eddying as the bulk of the fluid moves in a specific
direction. Moreover, unsteady vortices, in turbulent flow, appear on many scales and
interact with each other. Drag due to boundary layer skin friction increases. The structure
and location of boundary layer separation often change. It is obvious that turbulent flow is

far more complicated than laminar flow. Figure 5.18 (b) shows a flow visualization of a

turbulent jet.
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Figure 5.17 Comparison of pressure drop from simulations and the theoretical prediction in the laminar

regime for (a) 10 ppi, (b) 20 ppi, (c) 30 ppi, (d) 40 ppi, and (e) 50 ppi
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Figure 5.18 (a) A schematic illustration of laminar flow and turbulent flow, and (b) flow visualization of a

turbulent jet [64]

In present simulations, the fluid needs to flow around many cylinders, which are
the struts of the open cell foams. The crossflow of tubes or cylinders shows many flow

regimes, that are dependent on the Reynolds number. By increasing the flow velocity, as
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shown in Figure 5.19, a number of different flow situations can be created, each situation
being identified by a specific Reynolds number range. For all cases it is assumed that the
undisturbed flow is laminar. For very low values of Reynolds number (e.g., Re < 1) the
flow remains attached to the cylinder through all periphery (the first case from left in Figure
5.19). For 1 < Re < 30 the flow remains symmetrical in shape but flow separation occurs
downstream of the cylinder as shown in second case from left in Figure 5.19 giving origin
to stationary vortices. For values of Reynolds number 40 < Re < 4000 alternating vortices
of symmetrical intensity are shed downstream of the cylinder forming the so called “von
Kaman vortex trail” (third case from left in Figure 5.19). For Reynolds number values
above the last range the flow downstream of the cylinder became turbulent as shown in
fourth and fifth cases in Figure 5.19. In this work, however, the flow is far more
complicated than the flow around one cylinder mentioned above, as shown in velocity
fields in Figure 5.12—Figure 5.15, since the fluid has to flow around a number of cylinders
most of which are not perpendicular to the flow direction. Hence, the flow fields in present
work are more complex than that of the laminar flow and even that of the turbulent flow.
Figure 5.20 and Figure 5.21 show that the velocity vector fields obtained from present
simulations. The flow fields in present work are rather complicated either at low velocity
0.5 m/s or high velocity 20 m/s, and can be viewed as a turbulent mode. It is observed that
the velocity direction of a point in flow field, especially at high velocities, is not necessarily
parallel with the flow direction, but could have an angle from the flow direction and even
could be perpendicular to it, as shown in Figure 5.20 (d), and Figure 5.21 (b) and (d). As
for the velocity direction of any point in laminar flow, however, it is about parallel with

the flow direction.
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For the theoretical model developed in Chapter 5.3, the open cell foams are viewed
as a bundle of tangled tubes of weird cross-sections, as shown in Figure 5.5 (b). The viscous
term and inertial term in Equation (5.18) are derived from the laminar flow situation in
tubes with the introduction of tortuosity into the flow inside foams. To verify the rationality
of assumptions during the derivation process, the streamlines inside part of investigated
foams are given in Figure 5.22. Since the integration of the streamline stops if it hits one
of the foam struts, it can be clearly seen that the majority of streamlines gets trapped on the
foam. Obviously, in reality, the streamlines would not simply disappear if they hit one of
the struts, in fact, several other phenomena would be expected to take place such as fluid
splashing and backflow, all of which are outside the scope of this work. From Figure 5.22,
it is approved that the tortuosity can be applied to the flow inside foams and Equation (5.18)
has its physical meaning in this work. It should be noted that Equation (5.18) does not
consider the transfer of mass and momentum between different layers in fluid flow in open
cell foams. When the fluid velocity is low, e.g., in the laminar-like regime in this work,
velocity < 6 m/s, there is no much mass transfer between different layers, and thus the
theoretical model can obtain a good prediction of pressure drop for open cell foams.

In order to compare the theoretical predictions and simulation results more
efficiently and clearly, Figure 5.17 is replotted to Figure 5.23. The pressure drops for 10
ppi foams globally match the numerical results with an average relative and absolute
deviation of 11.33% and 17.26%, respectively, demonstrating the accuracy of the
theoretical model developed. Relative deviation e,, absolute deviation e,,,, and standard
deviation STD between the numerical and theoretical results for each type of foams are

summarized in Table 5.7-Table 5.11.
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Figure 5.20 Cut plan of velocity vector fields at y=10 mm for the 10 ppi-80% foam for the case of an inlet

velocity of (a) and (b) 0.5 m/s, (c) and (d) 20 m/s
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Figure 5.21 Cut plan of velocity vector fields at z=5 mm for the 10 ppi-80% foam for the case of an inlet

velocity of (a) and (b) 8.0 m/s, (c) and (d) 20 m/s
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Figure 5.23 Comparison between numerical simulation results and theoretical predictions for pressure

drops: (a) 10 ppi, (b) 20 ppi, (c) 30 ppi, (d) 40 ppi, and (e) 50 ppi

Table 5.7 Difference between numerically simulated and theoretical predictions of dP /L for 10 ppi foam

Parameter Foam Porosity (%) e, (%) eaps (%0) STD (%)
70 -14.36 9.42 12.31
75 -4.98 11.51 14.84
. 80 -4.59 14.37 18.13
dp/L 10 ppi 85 16.63 10.84 14.43
90 23.31 16.37 20.94
95 51.99 41.06 76.28
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Table 5.8 Difference between numerically simulated and theoretical predictions of dP /L for 20 ppi foam

Parameter Foam Porosity (%) e, (%) eaps (%0) STD (%)
70 -11.55 453 6.11
75 -4.54 7.86 10.33
. 80 3.56 13.34 16.84
dp/L 20 ppi 85 2.8 15.39 19.17
90 26.76 13.22 17.18
95 38.52 21.20 27.03

Table 5.9 Difference between numerically simulated and theoretical predictions of dP /L for 30 ppi foam

Parameter Foam Porosity (%) e, (%) eaps (%0) STD (%)
70 -4.44 4.98 6.63
75 -6.85 13.70 17.05
. 80 4.70 8.56 11.09
dp/L 30 ppi 85 9.27 15.13 18.94
90 25.89 20.80 25.89
95 25.66 18.69 23.75

Table 5.10 Difference between numerically simulated and theoretical predictions of dP /L for 40 ppi foam

Parameter Foam Porosity (%) e, (%) €aps (%0) STD (%)
70 20.99 8.90 11.31
75 5,86 11.54 14.44
. 80 2.82 12.17 15.27
dP/L 40 ppi 85 6.26 1551 19.28
90 5.66 15.30 19.15
95 8.16 16.63 21.03

Table 5.11 Difference between numerically simulated and theoretical predictions of dP /L for 50 ppi foam

Parameter Foam Porosity (%) e, (%) eaps (%0) STD (%)
70 -1.63 7.67 9.51
75 2.67 12.72 15.56
. 80 6.88 14.42 17.71
dp/L 50 ppi 85 8.06 14.98 18.50
90 2.84 14.57 18.17
95 -7.73 15.78 19.76
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5.5.2 Pressure drop of foams with different pore density

In Figure 5.24, the samples simulated present the same porosity but with different
pore densities in each figure. It can be observed that an increase in the pore density implies
an increase of the pressure drop. That is, the flow resistance increases for increasing ppi
number at a constant porosity. Indeed, the channel through which fluid has to flow becomes
smaller and the fluid frictions get stronger, inducing higher pressure drops. Figure 5.24
also states that open cell foams with the same porosity and different pore density present
different pressure drop properties. This indicates that not only the porosity is important for
the pressure drop description in open cell foams but also the pore density. The flow
resistance is affected by the pore density, and thus the pressure drop, influenced by the
flow resistance (refer to the contents of Chapter 5.2 and Chapter 5.3), is dependent on the
pore density.

In order to compare with the data in the open literature, only data from foams with
features similar to those of current foam structures are taken into account. Dietrich et al.
measured the pressure drop of open cell foams with porosity 80% [65]. The authors
observed four kinds of foams with different pore densities: 10, 20, 30, and 45 ppi. Figure
5.25 shows the results of Dietrich’s experiments and the comparison with the results of
present work. Figure 5.26 depicts the experimental set-up used in Dietrich’s pressure drop
investigation. As shown in Figure 5.25, the simulated results, e.g., 10, 20, and 30 ppi, are
consistent with the experimental data from Dietrich’s work with small differences. The
predicted values by present model, as discussed in Chapter 5.5.1, are less than the
experimental results. An error of -20% might be considered to predict pressure drops of

open cell foams when using the correlation developed in this work.
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Figure 5.24 Pressure drop versus air velocity for different pore densities under same porosity: (a) 70%,
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Figure 5.25 Comparison of experimental data by Dietrich et al. with simulated and theoretical results from
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Figure 5.26 Experimental set-up of Dietrich’s measurement: 1-blower, 2-orifice measuring section, 3-

heater, 4-flow straighter, and 5-foam test section for pressure drop measuring [65]

Figure 5.27 and Figure 5.28 show the data obtained from 20 ppi foams with three
different porosities and from £=85% foams with three different pore densities, respectively.
Garrido et al. [46] analyzed 10, 20, 30, and 45 ppi foams with porosities between 75% and
85% and 40 ppi metal foams. The apparatus in Garrido’s analysis is shown in Figure 5.29.

The theoretical model developed in this work is in good agreement with the experimental
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data, especially for 20 ppi-80% and 20 ppi-85% foams, whereas the simulated results are
consistent with the experimental data at porosity 85%. In addition, Figure 5.27 and Figure
5.28 also give a model predicting the pressure drop, which is proposed by Lacroix et al.
[31]. As mentioned in Chapter 5.2, it is well known that the Ergun equation (refer to
Equation (5.13)) describes the pressure drop data of sphere-packed beds highly
satisfactorily. It is expected that Equation (5.13) is also a suitable approach for determining
the pressure drop of open cell foams. Lacroix et al. used the unchanged Ergun equation
(Equation (5.13)), substituting the particle diameter (d,,) by the strut diameter (d,) derived
from cubic lattice model. The substitution is based on the comparison of open cell foams

and particles of packing beds with the same porosity and the same specific surface area per
unit volume, leading to d,, = ;ds- Thus, the modified Ergun equation proposed by Lacroix

et al. is a combination of two different geometric models, the hydraulic diameter model,
from which the Ergun equation is dependent on the particle diameter and porosity, and the
cubic lattice model. Mancin et al. tested the pressure drops presenting 5, 10, 20 and 40 ppi,
porosity around 92%-93%, and 0.02 m of foam core height using AI6001 aluminum foams.
The relevant geometrical characteristics of those commercial foams are listed in Table
5.12. The comparison between part of pressure drop data of this work and Mancin’s results
is shown in Figure 5.30. Figure 5.31 shows the experimental set-up of Mancin’s research.
From Figure 5.30, it can be noted that the simulated data are in good agreement with
Mancin’s experiments. Lacroix’s model also is plotted in Figure 5.30.

Lacroix et al. stated in the conclusion: “Although no physical reason can be invoked
in principle to explain the extension of the Ergun equation, the model is in good agreement

with experimental data derived from a large number of parameters” [31]. However, the
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modified Ergun equation is not able to predict pressure drop in a general way. As shown
in Figure 5.27, Figure 5.28, and Figure 5.30, the data obtained from experiments are not
well described by the modified Ergun equation. For substitution of the particle diameter in
the Ergun equation, the experimental strut diameters are utilized. Unfortunately, the
experimental strut diameters do not account for the solid deposited in the intersections,
predicting a too high geometric specific surface area and a higher pressure drop of the open
cell foams. The same conclusion is obtained from the dependence of pressure drop on pore
diameter, which is as well strongly overrated by the modified Ergun equation when
compared with the data and model of this work.

Since none of the predictions by the literature are totally satisfying and the
published pressure drop results of foams vary considerably, it is not surprising that different
authors use different approaches for representing their pressure drops. Another reason is
presumably because irregularities in the morphology differ dependent on the foam
manufacturer and the raw material used. For the reasons explained in this chapter, the
simulated results could be used to represent the pressure drops of the foam structures
developed in this work and commercial foams which have the similar geometric factors to
those of this work. The error of the model given by this work sometimes can be up to
around +20%, thus the correlation of this work should be used only for a first estimation

of the pressure drop in open cell foams.
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Figure 5.27 Comparison between pressure drop results of this work with literature data; different markers
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Figure 5.28 Comparison between pressure drop results of this work with literature data; different markers

represent different pore densities: circles-10 ppi, squares-20 ppi, and diamonds-30 ppi
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Figure 5.29 Apparatus used to measure pressure drops of foams in Garrido’s work [46]

Table 5.12 Relevant geometrical characteristics of the tested AI6001 aluminum foams [7]

Parameter 10 ppi-90.3% 10 ppi-93.4% 10 ppi-95.6% 20 ppi-93.2% 40 ppi-93.0%
ppi 10 10 10 20 40
Porosity, £ (%) 90.3 934 95.6 93.2 93.0
Relative

density (%) 9.7 6.6 4.4 6.8 7.0
Height (m) 0.04 0.04 0.04 0.04 0.04
Area per unit

of volume, S, 839 692 537 1156 1679
(m*m~?)

Fiber

thickness, 0.529 0.45 0.445 0.367 0.324
(mm)

Fiber length 1.87 1.785 1.351 1.218 1.072
(mm)
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Figure 5.31 Experimental set-up in Mancin’s work [7]
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Equation (5.38)—Equation (5.40) give the dimensionless form of the pressure drop
for open cell foams. The dimensionless forms for the foams with different pore density but
the same porosity should be the same. Figure 5.32 shows the simulation results in
dimensionless form for Reynolds number versus Hagen number. It is found that the

simulation data with the same porosity correlate to a single line, which is given by

logHg = c'logRe + ¢"” (5.45)

The values of the coefficients ¢’ and ¢’’ are listed in Table 5.13.
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Figure 5.32 Dimensionless air velocity (Reynolds number) versus dimensionless pressure drop (Hagen

number) for the foams with different porosities: (a) 70%, (b) 75%, (c) 80%, (d) 85%, (e) 90%, and (f) 95%

Table 5.13 Values of coefficients ¢" and ¢"* of Equation (5.45) for foams with same porosity

Porosity 70% 75% 80% 85% 90% 95%
Coefficient ¢’ of Equation (5.45) 1.8653 1.8131 1.8108 1.7820 1.7578 1.7261
Coefficient ¢’ of Equation (5.45) 0.6539 0.7699 0.7179 0.7542 0.7546 0.8086

5.5.3 Evaluation of the permeability

Permeability, an important flow parameter which governs the pressure drop in a
porous medium, is calculated here for all of the foam structures investigated in this work.
The results are reported for the inlet velocity v from 0.5 m/s to 20 m/s. For this computation,
as described previously, a velocity inlet boundary condition is employed at the inlet while
a pressure outlet boundary condition is used at the flow outlet. All other boundaries
transverse to the main flow direction are made symmetric and a no-slip boundary condition
is employed for the metal foam wall. The resulting pressure drop is then used to estimate

the permeability K employing Darcy’s law [66]:

205



o _wu P , (5.46)

- o, = Kvm 7 Um
i vV
A
v = AP v (5.47)
t

in which A, is the average pore area, A, the total cross-sectional area in a flow direction x;
(x, y or z), and Cg the Ergun’s coefficient. v, is the modified inlet velocity, based on the

total cross-sectional area of the foam structure. VK is called the flow penetration length.
The pressure gradient is calculated considering only the fully developed region (identified
as a region with a linear pressure gradient). Table 5.14-Table 5.18 show the permeability
and Ergun’s coefficient values for flow of air which is working fluid in simulations of
present work. It may be noted here that the smallest sample size is ~10 mm in the flow
direction, which is sufficient to obtain fully developed flow for the range of Reynolds
numbers studied in this work. Table 5.19 reports some of values published in the open
literature. It is worth pointing out that, for a fixed pore density or porosity, the experimental

and numerical values of K published in the literature show a wide dispersion.

Table 5.14 Permeability and Ergun’s coefficient predictions for 10 ppi foams

Permeability, K (X

Foams Porosity, € (%) Ergun’s coefficient, Cg

10~"m?)
70 0.429 0.446
75 0.439 0.240
10 ppi 80 0.348 0.117
85 0.351 0.075
90 1.137 0.065
95 2.095 0.045
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Table 5.15 Permeability and Ergun’s coefficient predictions for 20 ppi foams

Permeability, K (x

Foams Porosity, € (%) 10~7m?) Ergun’s coefficient, Cg
70 1.489 1.351
75 0.576 0.441
20 ppi 80 0.269 0.149
85 0.160 0.071
90 2.429 0.154
95 0.759 0.034

Table 5.16 Permeability and Ergun’s coefficient predictions for 30 ppi foams

Permeability, K (X

Foams Porosity, € (%) Ergun’s coefficient, Cg

10~"m?)
70 1.569 1.517
75 0.078 0.174
30 ppi 80 1.019 0.442
85 0.171 0.089
90 0.193 0.042
95 0.480 0.040

Table 5.17 Permeability and Ergun’s coefficient predictions for 40 ppi foams

Permeability, K (x

Foams Porosity, € (%) Ergun’s coefficient, Cg

10~"m?)
70 0.156 0.545
75 0.072 0.209
40 ppi 80 0.105 0.149
85 0.092 0.074
90 0.154 0.059
95 0.304 0.043

Table 5.18 Permeability and Ergun’s coefficient predictions for 50 ppi foams

Permeability, K (X

Foams Porosity, & (%) Ergun’s coefficient, Cy

10~"m?)
70 0.047 0.409
75 0.031 0.165
50 ppi 80 0.038 0.107
85 0.057 0.080
90 0.092 0.065
95 0.149 0.044
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Table 5.19 Summary of some permeability values published in the literature

ppi Porosity (%) K (x 1077 m?) Reference
91.3 1.731 [67], num.*
10 92.0 1.040 [43], exp.**
92.6 4.290 [7], exp.
94.9 1.490 [14], exp.
91.3 1.606 [67], num.
20 92.0 0.760 [43], exp.
92.3 1.100 [14], exp.
93.5 2.420 [23], exp.
20 90.0 1.644 [68], exp.
93.0 0.630 [69], exp.

*Numerical data; **Experimental data.

5.5.4 Friction factor and heat transfer coefficient
Calculating the pressure drop of packed beds is derived from the definition of the

friction factor f [49, 70]:

ap_ o ovtd (5.48)

According to Ergun’s work [48, 49], the friction factor f can be expressed by

_ .1 (5.49)
f=A4 Re +B
Substituting Equation (5.49) into Equation (5.48) with Re = pd,v/u yields
AP K p 5.50
— =A— B—— 1?2 (5.50)
L Sdle vt Szdh v
Comparing Equation (5.50) with Equation (5.35) one can obtain
A=C,B=0 (5.51)

Thus, Equation (5.49) can be written as
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_ 1 (5.52)
f=CpetC
Then substituting Equation (5.36) and Equation (5.37) into Equation(5.52) yields
T 1 (5.53)
— _ _+3 '
f =32 Reo + > T

Here tortuosity 7 is given by Equation (5.33). It can be seen that the friction factor of open
cell foams is a function of the Reynolds number of flow and tortuosity, and thus of
Reynolds number of flow and the porosity of foams. Ergun et al., Inayat et al., and Dietrich
et al. also reported similar results about the friction factor of open cell foams. However,
only in this work the friction factor is presented by the tortuosity of foams.

The friction factor data for the foam structures designed in this work are shown in
Figure 5.33. It may be inferred from Figure 5.33 that friction factor scales as 1/Re at lower
Reynolds numbers, while at higher Reynolds numbers, the non-linear term C, begins to
dominate because of the inertial effects. This deviation from linear to non-linear behavior
is observed for Re ~ > 100. This dependence has also been investigated by the work of
Paek et al. [16] and Vafai et al. [38] for low velocities. At higher Reynolds numbers, inertial
effects become dominant and pressure drop is no longer a linear function of velocity. More
specifically, when Re is equal to 0.1, viscosity accounts for around 99% of the pressure

drop, while for Re is equal to 3000, kinetic effects account for 97% of the pressure drop.
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Beginning with the converged flow field, heat transfer coefficients are computed
by imposing a constant heat flux, qg"’ at the interface separating the solid and fluid regions,
that is, solving the energy equation in the fluid region using the converged flow solution.
Thus, it is possible to calculate the average interfacial heat transfer coefficient h, which is

defined as

1

e 1 (5.54)
Twall - Tair

which is an average value representative of the entire fluid domain. In this equation, and
are the mean value of temperature for the wall and air, respectively. This numerical heat
transfer coefficient is an average heat transfer coefficient since the heat flux is imposed
uniformly on the entire surface. The heat transfer coefficients for the 10 ppi, 20 ppi, 30 ppi,
40 ppi, and 50 ppi foam structures are shown in Figure 5.34. The pore density effects on
the heat transfer behavior at constant porosity 95% are highlighted in Figure 5.35 where

the heat transfer coefficient is plotted against the air velocity.
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15 20 o 5 15 20

10 10
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Figure 5.34 Heat transfer coefficient as a function of velocity with air as the interstitial fluid: (a) 10 ppi, (b)

20 ppi, (c) 30 ppi, (d) 40 ppi, and (&) 50 ppi
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Figure 5.35 Pore density effects at constant porosity 95% on the heat transfer coefficient plotted against air

velocity

As shown in Figure 5.34, the heat transfer coefficient increases with the air velocity
and the heat transfer coefficient increases when the porosity increases at constant pore
density. All foam structures exhibit similar behavior, especially for low velocities. This is
expected since at lower range of velocities, heat transfer is predominated by conduction
and little convection, it is similar for the foams as they have the same pore density. At
higher velocities, it is seen that the convection effects become dominant and deviations are
observed between the foams. Similar results also are found by Diani et al. [1] and Mancin

etal. [7, 9]. The data can be interpolated by the simple equation:

Table 5.20 and Table 5.24 report the values of the coefficients b and d of Equation
(5.55). The authors would like to underline that the values of the exponent d for five

different foams are very close. This means that the investigated foams show almost the
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same dependence on the air velocity. From Figure 5.35. it can be seen that at constant
porosity the heat transfer coefficient increases when increasing the pore density.

Table 5.20 Values of the coefficients b and d of Equation (5.55) for 10 ppi foams

10 ppi 70% 75% 80% 85% 90% 95%
Coefficient b of Equation (5.55) 132.9 1325 133.4 143.1 151.9 168.1
Coefficient d of Equation (5.55) 0.2771 0.32 0.3568 0.3569 0.3461 0.3337

Table 5.21 Values of the coefficients b and d of Equation (5.55) for 20 ppi foams

20 ppi 70% 75% 80% 85% 90% 95%
Coefficient b of Equation (5.55) 166.8 167 163.5 174.6 188.4 210
Coefficient d of Equation (5.55) 0.2417 0.2709 0.3184 0.3158 0.3009 0.3063

Table 5.22 Values of the coefficients b and d of Equation (5.55) for 30 ppi foams

30 ppi 70% 75% 80% 85% 90% 95%
Coefficient b of Equation (5.55) 156.9 166.5 182.5 205.7 207.4 224.4
Coefficient d of Equation (5.55) 0.355 0.366 0.3633 0.3435 0.3545 0.3599

Table 5.23 Values of the coefficients b and d of Equation (5.55) for 40 ppi foams

40 ppi 70% 75% 80% 85% 90% 95%
Coefficient b of Equation (5.55) 201 203.7 208.3 212.5 226.4 264.1
Coefficient d of Equation (5.55) 0.3257 0.3404 0.3445 0.3752 0.3614 0.3185

Table 5.24 Values of the coefficients b and d of Equation (5.55) for 50 ppi foams

50 ppi 70% 75% 80% 85% 90% 95%
Coefficient b of Equation (5.55) 222.7 234.1 236.8 246.3 265.7 298
Coefficient d of Equation (5.55) 0.3355 0.3664 0.3856 0.3863 0.3623 0.3456
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5.5.5 Determining a hydraulic diameter of open cell foams based on pore density

As described in Chapter 5.3, Equation (5.35) has a universal form for all designed
foam structures, independent of material and geometrical factors. Therefore, it is possible
to obtain the hydraulic diameter for new open cell foams with unknown geometric
parameters, e.g., specific surface area, strut diameter, pore diameter and window diameter,
based on pressure drop results. Then it is not necessary to perform expensive and
complicated magnetic resonance imaging experiments to find the specific surface area for
calculation of the hydraulic diameter according to Equation (5.20). Figure 5.36 shows the
comparison of the hydraulic diameter calculated from the specific surface area d, (S,) and
from the pressure drop d; (P) simulation for open cell foams designed in present work.
The data of Figure 5.36 are listed in Table 5.25. It can be seen that these two hydraulic

diameters correspond satisfactorily to each other.
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Figure 5.36 Comparison of hydraulic diameters calculated from pressure drop simulations with those

calculated from the specific surface area for (a) 70%, (b) 75%, (c) 80%, (d) 85%, (e) 90%, and (f) 95%

Table 5.25 Hydraulic diameters calculated from the specific surface area d;, (S,,) (mm) and from pressure

drop simulation d;, (P) (mm)

£ 10 ppi 20 ppi 30 ppi 40 ppi 50 ppi
(%)  dn(Sy) du(P) dn(Sy) dn(P) dyp(Sy) dn(P) dn(Sy) du(P) dn(Sy) dn(P)
70 3.04 2.80 2.10 1.89 1.80 1.69 1.39 1.40 0.99 1.00
75 3.34 3.56 2.34 2.37 1.97 1.93 1.55 1.55 1.09 1.16
80 3.84 4.37 2.60 3.05 2.18 2.20 1.73 1.86 1.22 1.39
85 4.28 4.45 2.90 3.18 2.48 2.75 1.96 2.27 1.39 1.58
90 4,99 5.36 3.54 4.85 3.02 3.86 2.31 2.65 1.65 1.76
95 6.63 7.08 4.54 6.16 3.86 4.84 2.92 3.47 2.23 2.28
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Furthermore, Figure 5.36 presents the fitting correlations between the nominal ppi
number and the hydraulic diameter determined by pressure drop simulations. The ppi
number is provided by the foams manufacturer and therefore a well-known parameter for
each foam sample. The correlations are the fitting function of the simulation values for all
type of investigated open cell foams with the porosity of from 70% to 95% and they are

described by

The values of coefficients H and N are shown in Table 5.26. Thus, it is possible to obtain
the hydraulic diameter, which is an important characteristic parameter of open cell foams,
based on the ppi number. The hydraulic diameter calculated from Equation (5.56) can be

used as the first estimation for the open cell foams designed in present work.

Table 5.26 Values of the coefficients H and N of Equation (5.56)

Porosity 70% 75% 80% 85% 90% 95%
Coefficient H of Equation (5.56) 0.012 0.016 0.021 0.024 0.036 0.056
Coefficient N of Equation (5.56) -0.599 -0.645 -0.675 -0.673 -0.733 -0.793

5.5.6 Methods of fabrication for designed open cell foams

The open cell foams designed in this work can be produced by rapid prototyping
using different additive manufacturing techniques, e.g., selective laser melting (SLM),
selective electron beam melting (SEBM), selective laser sintering (SLS), digital light
processing (DLP), stereolithography (SLA), 3D printing, and electron beam melting
(EBM), etc. Thus, with these techniques it is possible to control the morphological and

geometrical parameters of foam structures with a high degree of reproducibility and vary
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these properties in a controlled manner and it is possible to perform computational design
for open cell foams with defined flow properties using the Laguerre-Voronoi model
developed in Chapter 3 and 4 of this work. Figure 5.37 shows the copper and aluminum
foams fabricated by EBM technology. EBM is especially suited to direct digital
manufacturing in metal and is a leading candidate to replace forging and casting as a means
of producing spares, offering lead times measured in hours or days, not months or years.
This emerging manufacturing process is capable of producing fully dense, functional metal

parts without the need for molds, dies, or complex fixtures [71].

Figure 5.37 Copper foam (left) and aluminum foam (right) fabricated by EBM [72]

5.6 Conclusions

A pressure drop correlation with a universal form is developed based on theoretical
grounds and the tortuosity of open cell foams is taken into account for the pressure drop.
The developed correlation then is validated using numerical simulations on pressure drop
properties of aluminum foam structures of pore densities between 10 ppi and 50 ppi and
porosities from 70% to 95%, with the commercial CFD analysis package: ANSYS Fluent.
The numerical results for pressure drop are compared with the prediction by the theoretical
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correlation. The results show that the pressure drop of foams increases with increasing pore
density and decreasing porosity. The numerical results are consistent with the prediction
of the theoretical correlation.

Permeability and friction factor of foams are also evaluated. For the low Reynolds
number range, friction factor scales as 1/Re at lower Reynolds numbers, while at higher
Reynolds numbers, the non-linear term begins to dominate because of the inertial effects.
When Re is equal to 0.1, viscosity accounts for around 99% of the pressure drop, while for
Re is equal to 3000, kinetic effects account for 97% of the pressure drop. Then the
computed interstitial heat transfer coefficients are investigated. The heat transfer
coefficient increases with the air velocity and the heat transfer coefficient increases when
the porosity increases at constant pore density. At constant porosity the heat transfer
coefficient increases when increasing the pore density. Furthermore, a correlation is given
to derive the hydraulic diameter from the ppi number so that performing expensive and
complicated magnetic resonance imaging experiments to find the specific surface area for
calculation of the hydraulic diameter is not necessary anymore.

Finally, with additive manufacturing techniques, e.g., SLS, DLP, and EBM, it is
possible to control the morphological and geometrical parameters of foam structures with
a high degree of reproducibility and vary these properties in a controlled manner and it is
possible to perform computational design for open cell foams with defined flow properties

using the Laguerre-VVoronoi model developed in Chapter 3 and Chapter 4 of this work.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this dissertation, the effect of V.05 as the sintering aid on the density and
hardness of ZnO-TiO> ceramics and cermets made of ZnO-TiO ceramics and copper were
investigated as shown in Chapter 1. The density of ZnO-TiO ceramics was increased up
to 95% of theoretical density with an additive of 2 wt.% V-0Os at low sintering temperatures
900-920 °C for 4 hours. The hardness of ZnO-TiO2 ceramics added 2 wt.% V>0Os addition
sintered at a 920 °C for 4 hours could reach to 560 HV. For the cermets made of ZnO-TiO>
ceramics and copper, up to 90% of theoretical density can be obtained when the sintering
temperature is 960 °C for 4 hours. The hardness of cermets made of ZnO-TiO, ceramics
and 80 wt.% Cu can reach 130 HV. The prospective applications using ZnO-TiO2 ceramics
and cermets made of ZnO-TiO> ceramics and copper as raw materials of 3D printing would
be very attractive.

In Chapter 2, porous alumina ceramics with different porosity were fabricated by
two different methods: one combined the starch consolidation process with the gel-casting
process using corn starch as the pore-forming agent and also as the binder. The other used
hollow microspheres as the pore-forming agent. For both of two methods, the bulk density,
porosity, and microstructure of the obtained alumina ceramics were studied. It was found
that the total porosity range of sintered samples with different amount of starch contents
from 10 to 50 vol% is 14.8-55.3% and the total porosity increased with the increase of
starch content. The relationship between the linear shrinkage of porous alumina ceramics

and the starch content also was discussed. The compressive strength of the sintered samples
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varied within the range of 5.89-24.16 MPa, corresponding to the starch content of 50—10
vol%. Meanwhile, it was found that the total porosity range of specimens prepared by the
second method with the different amount of hollow microsphere contents from 2.0 wt.%
to 4.0 wt.% was 69.3—75.6% and the total porosity increased with the increase of hollow
microsphere contents. The interconnected and spherical cell morphology was obtained with
3.0 wt.% hollow microsphere content. The resulting ceramics consists of a hierarchical
structure. The hierarchical structure consists of large-sized cells with diameters of 20—60
pum, small-sized pores in cell walls averaging about 10 um. Moreover, the compressive
strength of the sintered samples varied within the range of 8.31-11.50 MPa, corresponding
to hollow microsphere contents of 2.0-4.0 wt.%.

From Chapter 3 to Chapter 5, this dissertation studied the open cell foam structures,
including the structure modeling of open cell foams, the computation of the elastic
properties of three dimensional structures, and numerical investigation of pressure drop
and heat transfer through open cell foams. Chapter 3 proposed an original geometrical
model based on randomly packed spheres using Laguerre-Voronoi tessellations to simulate
geometrical and topological characteristics in the microstructure of open cell foams. The
statistical data of the generated foam structures, including volume, face and edge number
distributions, F, E and CV(V)en » Were very close to those of real materials. Further
analysis showed that the porosity of foam structures, &, decreased with the ratio of strut
diameter to the average diameter of randomly packed spheres, d/E(d) , while the specific
surface area of foams, Sy, increased with dg/E(d). Another issue undertaken in Chapter
3 was the model verification using commercial foams. The results showed that the

proposed model provided more accurate results compared with other models available in
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the literature. The proposed model could give a better inside into understanding
interrelationships between statistical geometry parameters and the properties of isotropic
foam structures.

Three-dimensional random Laguerre-VVoronoi models were developed in Chapter
4. The proposed method can generate accurate foam models having randomly distributed
parameter values. The developed foam models were used to simulate the macroscopic
elastic properties of open cell foams under uni-axial and bi-axial loading and were
compared with the existing open cell foam models in the literature. In the high porosity
regime, it was found that the elastic properties predicted by random Laguerre-\Voronoi
foam models were almost the same as those by perfect Kelvin foam models while in the
low porosity regime the results of present work deviated significantly from those of other
models in the literature. However, the results of current work generally were in a better
agreement with experimental data than other models. The Laguerre-Voronoi foam models
generated in this work were quite close to real foam topology and yielded more accurate
results than other open cell foam models.

Chapter 5 investigated the pressure drop and heat transfer through open cell foams.
A pressure drop correlation with a universal form was developed based on theoretical
grounds and the tortuosity of open cell foams was taken into account for the pressure drop.
The developed correlation then was validated using numerical simulations on pressure drop
properties of aluminum foam structures of pore densities between 10 ppi and 50 ppi and
porosities from 70% to 95%, with the commercial CFD analysis package: ANSYS Fluent.
The numerical results for pressure drop were compared with the prediction by the

theoretical correlation. The results showed that the pressure drop of foams increased with
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increasing pore density and decreasing porosity. The numerical results were consistent with
the prediction of the theoretical correlation. Permeability and friction factor of foams were
also evaluated. For the low Reynolds number range, friction factor scaled as 1/Re at lower
Reynolds numbers, while at higher Reynolds numbers, the non-linear term began to
dominate because of the inertial effects. Then the computed interstitial heat transfer
coefficients were investigated. The heat transfer coefficient increased with the air velocity
and the heat transfer coefficient increased when the porosity increases at constant pore
density. At constant porosity the heat transfer coefficient increased when increasing the
pore density. Furthermore, a correlation was given to derive the hydraulic diameter from
the ppi number.

Finally, this dissertation stated that with additive manufacturing techniques, e.g.,
SLS and EBM, it is possible to control the morphological and geometrical parameters of
foam structures with a high degree of reproducibility and vary these properties in a
controlled manner and it is possible to perform computational design for open cell foams
with defined flow properties using the Laguerre-Voronoi model developed in Chapter 3

and Chapter 4 of this work.

6.2 Future work

The prospective applications using ZnO-TiO ceramics and cermets made of ZnO—
TiO ceramics and copper as raw materials of 3D printing is very attractive. The authors
will attempt to use the ZnO-TiO2 ceramics and cermets made in this study as a raw material

for a further study on three dimensional printing: what will happen to 3D printing products
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when going through sintering and how the machining properties of the products can be
improved after sintering.

As for the porous alumina ceramics with high porosity fabricated in this work the
authors would use them as preforms for pressure filtration to fabricate a new composite
material, which is made of ceramic and metal. The interfacial phenomenon would be the
critical issue in the pressure filtration. The ultimate goal of this work is to obtain a material
with properties of high strength, high toughness, and light weight, etc.

Computational design of foams with certain geometric parameters, €.g., porosity,
specific surface area, mechanical properties, flow properties, and thermal properties, would
be performed based on the results of Chapter 3, Chapter 4 and Chapter 5. Moreover, another
alternative three dimensional model for open cell foams can be developed by changing the
cross-section shape of struts to a triangle or a curved triangle or changing the cylindrical
struts to cylindrical struts with triangle prism cavity or triangular struts with a cylindrical
cavity. In addition, the experimental studies would be performed to verify and modify the
conclusions of Chapter 4 and Chapter 5 in future work.

Fabrication of lightweight and flexible materials, e.g., ceramics and metals, is a
promising research topic. It is possible to obtain open cell polymer preforms for lightweight
and flexible ceramics using the three dimensional model developed in this work. Then the
open cell polymer preforms would be electroless plated with a conformal thin metal film,
or be impregnated with a ceramic slurry, followed by etch removal of polymer preforms.
The so-called lightweight and flexible materials would be obtained.

The flow mode inside the open cell foams is still very challenging so far. The

pressure drop correlation discussed in this work does not consider the turbulent effect. To
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predict mass transfer properties and heat transfer properties of open cell foams more
accurately, developing a turbulent model for flow inside open cell foams becomes to

another important research topic in future work.
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APPENDIX A

### LAMMPS code for randomly packed spheres
atom_style sphere

boundary fm fm fm

newton off

comm_modify vel yes

##H units

### molecule object myspheres.txt offset0 1111

region reg block -7.5 7.5 -7.5 7.5 0 15 units box
create_box 1 reg

neighbor 0.2 bin
neigh_modify delay 0

#pair_style gran/hertz/history Kn Kt gamma_n gamma_t xmu dampflag

pair_style gran/hooke/history 20000.0 NULL 50.0 NULL 0.50
pair_coeff * *

timestep 0.001

fix 1 all nve/sphere
fix 2 all gravity 50.0 spherical 0.0 -180.0

fix zlower all wall/gran 20000.0 NULL 50.0 NULL 0.50 &
zplane 0.0 15.0
fix xlower all wall/gran 20000.0 NULL 50.0 NULL 0.50 &
xplane -7.5 7.5
fix ylower all wall/gran 20000.0 NULL 50.0 NULL 0.50 &
yplane -7.57.5

region slab block -7.5 7.5 -7.5 7.5 7.5 15 units box

#fix insl all pour 500 1 12345 region slab diam one 0.2

#fix insl all pour 120 1 56789 region slab diam range 4 8

fix ins1 all pour 5000 1 133349 region slab diam poly 76

1.00.0011 1.1 0.0014 1.2 0.0023 1.3 0.0037 1.4 0.0055 1.5 0.0077 1.6 0.0102 1.7 0.0129
1.8 0.0158 1.9 0.0187 2.0 0.0215 2.1 0.0241 2.2 0.0265 2.3 0.0286 2.4 0.0304 2.5 0.0318

2.6 0.0329 2.7 0.0336 2.8 0.034 2.9 0.0341 3.0 0.0339 3.1 0.0334 3.2 0.0329 3.3 0.0320
3.4 0.0310 3.5 0.0299 3.6 0.0287 3.7 0.0275 3.8 0.0262 3.9 0.0247 4.0 0.0234 4.1 0.0221
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4.2 0.0208 4.3 0.0195 4.4 0.0183 4.50.0171 4.6 0.0159 4.7 0.0148 4.8 0.0138 4.9 0.0128
5.00.0119 5.1 0.011 5.2 0.0102 5.3 0.0094 5.4 0.0087 5.5 0.008 5.6 0.0074 5.7 0.0068
5.8 0.0063 5.9 0.0058 6.0 0.0053 6.1 0.0049 6.2 0.0045 6.3 0.0042 6.4 0.0038 6.5 0.0035
6.6 0.0032 6.7 0.003 6.8 0.0027 6.9 0.0025 7.0 0.0023 7.1 0.0021 7.2 0.002 7.3 0.0018
7.4 0.0017 7.5 0.0015 7.6 0.0014 7.7 0.0013 7.8 0.0012 7.9 0.0011 8.0 0.001 8.1 0.0009
8.2 0.0009 8.3 0.0008 8.4 0.0007 8.5 0.0007

#Compute voronoi/atom
#compute 1 all voronoi/atom peratom yes neighbors yes

#dump to cfg for Ovito postprocessing
#dump 1 all custom 100 dump.comp.* id type Xs ys zs ¢c_csym #c_peratom fx fy fz

dump 1 all custom 100 dump.Imp type id X y z radius diameter

dump_modify 1 sort id
run 300000
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