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ABSTRACT

The present work can be divided into two parts: (1) the analytical modeling on
the overall convective heat transfer coefficient of porous graphite foam, developed at the
Oak Ridge National Laboratory, and (2) the finite element analysis on effective Young’s
modulus of short fiber-reinforced composite. The present efforts focus on the
relationship between the vital microstructural parameters (e.g., pore size, porosity, fiber
aspect ratio, etc.) and overall properties (e g, convective heat transfer coefficient and
effective Young modulus) of novel graphite foams and discontinuous fiber-reinforced
composites
‘ The graphite foam developed at the Oak Rudge National Laboratory 1s a
promising candidate for the core matenial in heat exchangers. To develop graphite
foams that exhibit high thermal conductivities, high convective heat transfer coefficients,
and acceptable pressure drop across the foam, one must have a clear delineation of the
interaction between overall properties and foam microstructure, which in turn, 1s related
to the processing of foam. To this end, an analytical model is developed to explicitly
include vital microstructural parameters such as foam porosity and pore size, and
properties and free stream velocities of cooling fluids, and to predict the overall
convective heat transfer coefficient as well as pressure drop of the graphite foam. The
predictions agree well with experimental results.

Not a lot of analytical models are available for estimating the effective properties

and the stress transfer 1n short fiber-reinforced or whisker composites. The most popular



ones are shear-lag based models The validity of the predicted effective Young moduli

of short fiber-reinforced composites obtained by the modified shear-lag model 1s verified
by the present finite element analysis In particular, the effects of fiber volume fraction
and fiber aspect ratio on the effective Young modulus of short fiber-reinforced
composite are examined. It 1s concluded that the modified shear-lag model generally
provides very accurate estimates on effective longitudinal Young’s moduli of short fiber-

reinforced composites.
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CHAPTER1

INTRODUCTION ON GRAPHITE FOAM

Two analytical models for predicting the overall convective heat transfer
coefficient of porous graphite foam developed at the Oak Ridge National Laboratory
(ORNL) are established m the present work The models are based on two different
viewpoints, 1.e., the foam may be considered as an aggregation of solid bodies or an
aggregation of flow passages. Geometric models are developed to account for the foam
morphology properly The results of the tetrakaidecahedron cell model agree well with

the experimental results.

1.1 Background
111 Graphite foam

By using a relatively simple technique, mesophase pitch-derived graphite foams
have been developed at ORNL (Klett and Burchell, 1998). The novel techmque produces
open-cell graphite foams with high thermal conductivities. During processing, a pitch mn
a mesophase state, 1.e., an intermediate stage in the formation of graphtizing carbons
(Shubha et al , 1997), 1s used as a precursor to assure the formation of graphitic struts or
ligaments (Hager and Lake, 1992; Sandu and Hager, 1992). Two kinds of mesophase
pitch-denved graphite foams have been produced by this novel method, see Table 1.1 for

the properties of the foams Incompanison with other thermal management materials,



Table 1 1: Properties of graphite foams produced from different precursors (Klett ez al ,

1999a).
Graphite Foam Density Mean Pore Diameter Overall Thermal
(kg/m’) (um) Conductivity
(W/mK)
ARA24 550 275 50-187
Conoco 600 60 40-135

the mesophase pitch-derived graphite foam exhibits a hugh 1sotropic thermal conductivity
and a low density, see Table 1.2 (Klett ez al 2000a). It 1s noted that the specific thermal
conductivity, which is the ratio of the thermal conductivity to specific gravity (i e. the
ratio of the density of the matenal to the density of water), of the graphite foam is
significantly greater than those of the conventional thermal management matenals.
Table 12 shows that the specific thermal conductivity of graphite foam is more than
seven times greater than that of copper and six times greater than that of alummnmum,
which 1s one of the most popular materials for heat sinks. Traditionally, the graphite
foam has a fatal shortcoming of low strength, and thus can’t be used as core material for
heat exchangers. The novel processing technique developed at ORNL improves the
strength of the graphite foam up to 10 times by impregnating the graphite foam with

2



Table 1.2 Thermal properties of mesophase pitch-based graphite foams compared with

those of traditional thermal management matenals (Klett et al , 2000a).

Thermal Specific Thermal
Conductivity Conductivity
Materal Specific
(W/m-K) (W/m-K)
Gravity
In- Out-of- In- Out-of-
plane | plane | plane | plane
Mesophase pitch-derived 0.56 187 187 334 334
graphite foam
Copper' 8.90 400 400 45 45
EWC-300/Cyanate ester resin’ 1.72 109 1 63 0.58
Aluminum’ 2.77 150 150 54 54
Alummum honeycomb” 0.19 -- 10 -- 53
Aluminum foam (Stemer et al , 0.50 12 12 24 24
1997)

" Amoco Product Literature (1997)

* Hexcel Product Data Sheet (1997)




epoxy resins to form composites or by densifying the graphite foam with chemically
vapor deposited graphite Thus, the graphite foam becomes comparable with commercial
thermal management panels (Klett, 1999b). The proprietary method 1s fairly versatile in
the sense that the pore size and the foam density can be controlled and adjusted easily
(Klett and Burchell, 1998).

As 1t is indicated in Figure 1.1, the mesophase graphite foam cell 1s made up of
an nterconnecting network of graphitic struts (cell walls), open pores, and strut junctures
(Klett, 1999b) Most of the graphite layers are oriented parallel to the cell walls and are
highly aligned along the direction of the strut or ligament (Klett et al , 2000a). It 1s noted
that there are predominately open, mterconnected pores within the foam cells, which
resemble the shape of a sphere Also worthy of mention 1s that the graphite struts for the
mesophase pitch-denived graphite foam are relatively thicker and the foam has less open
pores than the commercially available glassy graphite foam, which 1s shown in Fig 1.2.

As a result of a high thermal conductivity and a large amount of contacting
surface areas between pores and the cooling fluid, the graphite foams exhibit high overall
heat transfer coefficients when used as a core material in heat exchangers or heat sinks
However, the mechanical pumping power that 1s necessary to overcome the pressure
drop mainly due to cooling fluid friction across the foam 1s relatively high at high flow
rates in comparison with conventional heat exchanger systems (Klett and Burchell,
1998). Therefore, the interaction between the pressure drop and the heat transfer
coefficient of graphte foam 1s essential to be understood and analyzed i order to

optimze the heat exchanger using graphite foam as the core matenal.



Cell wall or strut

Strut juncture

Open pore

200 pm

Figure 1.1: Typical microstructure of mesophase pitch-derived graphite foam (Klett,

1999b).



Figure 1.2: Reticulated glassy graphite foam produced by ERG Corporation (Klett,

1999b).



11 2 Convective heat transfer
Convective heat transfer 1s the heat transport process between layers mn a fluid n
motion and/or between a flud in motion and a contacting surface at different
temperatures Nusselt (1915) pointes out:
In the luerature one finds very often the statement that the heat transfer from a
solid body to the surrounding follows n general three different mechanisms.
radiation, heat conduction and convection It 1s said that, either by buoyancy
Jorce or by forced air flow, permanently cold eddies of the awr contact the surface
of the heated body and heat 1s removed from the surface By the distinction
between heat transfer through conduction and convection it 1s suggested that
these are two independent mechanisms Consequently, one might conclude that
heat could be transferred by convection only without the help of thermal
conduction However, this 1s not true The truth 1s, that the basic equation of

Fourier dQ = k(0T /8n)dAdt apphes to both heat conduction and convection If

the thermal conductivity, k, of the ambient medium 1s zero, there would be no
heat transfer, neither through conduction nor through forced convection. If,
however, the thermal conductivity of the ambient medium 1s not zero, then all the
heat, except that transferred by radiation, will be transferred through
conduction However, the amount of heat transferred may be increased by the
Jfact that the surrounding medwum has a certain flow velocity and this velocity

affected that 0T /on at the surface of the body



That 1s, only two mechanisms of heat transfer can be distinguished physically:
heat transfer by conduction, and heat transfer by radiation In the first case the carmer of
heat energy is the matter; in the latter case the heat energy 1s carried by electromagnetic
waves. Nevertheless, the terms conduction, convection and radiation are so commonly
used that they are also referred to in the present work.

The convective heat transfer behavior can be characterized by the Nusselt number,

Nu, defined by

Nu=— 11

where, k; 1s the thermal conductivity of the fluid, d 1s a reference (charactenstic)

diameter; and / 1s the convective heat transfer coefficient given by

k,(OT, /0
- j( f n)w (1 2)
T,-1T,
or
__k@rL /0w, a3
T, -1,



where k; is the thermal conductivity of the solid; 7y and 7, are the temperature
distribution 1n the fluid and 1n the solid, respectively; T, 1s the temperature of the free
stream flow, T, 1s the temperature of the wall, the subscript w implies that the derivative
1s evaluated at the contacting surface (wall), and # denotes the direction normal to the
contacting surface. The convective heat transfer coefficient has the unit W/(m?-K) in SI
system. In essence, the Nusselt number 1s a measure of the ratio of the magnitude of the
convective heat transfer rate to the magnitude of the heat transfer rate for pure
conduction. The Nusselt number can be expressed by (see, for example, Kakac, et al ,

1987)-

P
Nu=cRe" Pr'| 2L " (14
Pr

where, ¢, m, n, and p are constants The Reynolds number, Re, 1s defined by

Re=ud/v, (1.5)

where, u 1s a reference (characterstic) velocity, and v, 1s the kinematic viscosity of the

flow The Reynolds number 1s the ratio of the magnitude of the iertia force to the

magnitude of the viscous force in the flow. The Prandtl number, Pr, 1s defined by

Pr=c,u,/k, (1.6)



where ¢, and p, are the specific heat and the coefficient of viscosity of the flud,

respectively. The Prandtl number is the ratio of the kinematic viscosity to the thermal
diffusivity of the fluid, and is a measure of the relative efficiency of the fluid as a
conductor of momentum and energy. The Prandtl number of the fluid at the wall
temperature is denoted by Pr,, whereas Tu 1s the turbulence level in percent. Since m, n,
and p are usually positive, the overall convective heat transfer coefficient thus increases
as the Reynolds number and/or the Prandtl number increases.

For gases, the Prandt] number 1s constant and Pr/Pr, ~1. Thus Eq. (1.4) becomes

Nu=cRe" Pr" Tu’" (1.7)

015

The combination of the coefficient ¢ with the term 7u"  1n Eq. (1.7) gives

Nu=c'Re™ Pr” (1.8)

where ¢’ =cTu®" It is noted that Eq. (1.8) 1s mndeed universally valid. The coefficient
¢’ and the exponents m and n, however, depend on the fluid turbulence, geometry of the
porous medium, surface roughness, etc. For foams, the values of ¢’, m, and n are greatly
affected by foam morphology. Thus adequate geometric models are established in the
next chapter i order to predict the overall heat transfer coefficient of porous graphite

foams.

10



1 1.3 Heat transfer coefficients

The concept of the individual convective heat transfer coefficient /, which 1s the

proportionality constant between the heat flux ¢ and the temperature driving force AT,

1s not a fundamental quantity, but 1s introduced for convenience in the formulation of the
equations. In fact, there are a number of heat transfer processes (e.g., nucleate boiling
and natural convection) for which 4 1s not independent of the temperature difference, and
1t would therefore seem to have no applicability of 4 1n these cases. Nevertheless, the
convenience of using % 1s so great and the alternatives so difficulty 1n most cases in the
estimate of heat transfer efficiency as well as in the design of heat exchangers.

For example, a major advantage of using 4 to quantify heat transfer rates 1s that
the individual 7 of two different fluids exchanging heat may be utilized to relate the local
rate of heat transfer to the local temperature difference between the two fluids (Hewitt,
1990) On the other hand, the overall heat transfer coefficient of foam depends not only
on the individual heat transfer coefficient of the fluid and solid, but also on the thermal
conductivity of the foam, and this is the exact reason why mesophase pitch-derived
open-cell graphite foams with high thermal conductivities developed at ORNL may be

promising materials for heat exchanger applications.

1.2 Literature Review
As the design of heat exchanger involves the consideration of both the heat
transfer rates between the fluids and solids, and the mechamcal pumping power

expended to overcome the fluid friction and to move the fluds through the heat
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exchanger, the heat transfer coefficient together with hydraulic resistance charactenized
by pressure drop has been studied from the very beginning of the 19th century. King
(1914) studies the heat transfer and hydraulic resistance of a single cylindrical tube under
cross flow. Thoma (1921) further discusses the effects of the geometry of a bank of tubes
on their heat transfer and flow resistance behavior and concludes that a tube is subjected
to higher heat transfer per umt area (1.e. heat flux) when it belongs to a bank of tubes
than 1t works as a single tube, which demonstrates that the heat flux 1s ; function of the
number of rows and the arrangement of tubes. Zukauskas (1987) presents the heat
transfer and pressure drop of fluids flowing through a single cylindrical tube and banks
of tubes of various arrangements, including the heat transfer between tubes 1 cross flow.
Extensive experimental data with Prandt] number ranging from 0.7 to 500 and Reynolds
number ranging from 1 to 2 x 10° are analyzed. Zukauskas (1987) concludes that it is the
maximum velocity, not the average velocity, of the flmd should be employed as the
reference 1n computing the Prandtl and Reynolds numbers, as 1t reflects the actual
resistance with sufficient accuracy, except for closely spaced banks.

Antohe et al. (1996) develop a muicroporous heat exchanger to cool high-power
electronics using a mechanically compressed porous aluminum layer to improve the heat
transfer and to provide relatively uniform cooling. The hydraulic characteristics of the
porous alummnum layer are obtained experimentally and are used 1n the numerical
simulations of a real microporous heat exchanger.

Locke (1950) develops a transient test technique for determmmng heat transfer

charactenistics of the low Reynolds-number flows. Coppage (1952) then utilizes Locke’s
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technique 1n determiming the heat transfer characteristics of porous media formed from
stacked woven-wire screens. The results, valid for 5 < Re < 1000, are extended up to Re
= 10° by Tong (1956) using a different transient technique and crossed-rod matrices.
London and his co-works (London et al, 1960; London et al., 1970, London and Shah,
1973; and Kays and London, 1984) conduct extensive experiments on the heat transfer
and flow friction characteristic of crossed-rod matrices, woven-screen matrices, and
porous glass-ceramics matrices. The experiments investigate convective steady-state
1sothermal flows, in which the pressure drop 1s measured for essentially constant-density
airflows All expenimental results for these matrices have been presented graphically in
terms of a non-dimensional friction factor, £, as a function of the Reynolds number, for
the fluid flow The porosities of the crossed-rod and woven-screen matrices mnvestigated
range from 60% to 83%, and the Reynolds number ranges from 5 to 100,000, which
covers both the laminar flow region and the transition region. No correlation of the flow
friction data with the entire range of Reynolds number is successfully obtained (Coppage
and London, 1956, Tong and London, 1957; and London et al, 1960) When the
porosity of the porous matrix exceeds 70%, the in-line crossed-rod configuration has the
lowest for a constant Reynolds number while the staggered crossed-rod configuration
shows the highest friction factor. The behavior of woven-screen matrix 1s similar to that
of the random crossed-rod configuration. In addition, the friction behavior of the inline
and staggered configurations at high porosities agrees well with the behavior of
comparable tube-bank geometries. When the porosity approaches unity, the friction

behavior of the inline and staggered configurations, by extrapolation, 1s consistent with
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the aerodynamic-drag behavior of single cylinders (London et al., 1960)

For the porous glass-ceramic matrices with straight triangular, hexagonal, or
circular passage surfaces, the porosities investigated cover the range of 64% to 81% and
the Reynolds number ranges from 60 to 1000. The passages exhibit heat transfer surface
area densities ranging from 1300 to 2400 ft¥/ft%, corresponding to passage counts of 526 -
2215 passages/in”> As a result, one finds that the glass-ceramic with hexagonal passages
has 1ts advantages over the triangular passage geometry, which 1s commonly used for gas
turbine regenerators 1 vehicles. For an mstance, a 30% ncrease m heat transfer
performance, along with a 13% reduction m pressure drop for the same disc envelope
geometry tested was gained (London ez al , 1970, London and Shah, 1973)

Hunt and Tien (1988) examine the heat transfer of non-Darcy flow in high-
porosity fibrous media Several types of fibrous medium, including carbon, nickels, and
aluminum, are tested under forced convection, while different parameters, such as
permeabilities, porosities, and thermal conductivities, are experimentally and analytically
studied. Traditional analyses based on porous media usually utilize Darcian or slug flow
models (Vafar and Tien, 1981) and neglect the non-Darcian effects, such as the viscous
shear force along solid boundaries, the mertial convective force, and thermal dispersion.
However, because the fluid 1n essence moves in tortuous paths throughout the porous
medium and recirculates at the back of the solid fibers, the convective or mertial effects
increase with an increase 1 Reynolds number, thus yields an increase m pressure drop
across the medium On condition that a temperature or a concentration gradient occurs

across the fibers, the recirculation or dispersion will mix the fluid particles and increase
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the net transport. Hunt and Tien (1988) consider these effects by using a volume-

averaging process. The momentum equation 1s obtamned by volume averaging the
Navier-Stokes equation and relating the drag force caused by the presence of the solid
phase to the Darcian force. However, the governing equations rely on additional
empirical relations for closure as microscopic phenomena such as local recirculation or
dispersion are eliminated by the averaging method.

Huang and Vafa1 (1993) analyze the relationship between the flow pattern and
heat transfer characteristics in multiple porous block structures. A general flow model
that accounts for the effects of the impermeable boundary and inertial effects 1s
established to simulate the flow inside the porous region. Numerical solutions have been
obtained with the aid of a stream function-vorticity by using a finite-difference method.
The effects of Darcy's number, Reynolds number, Prandtl number, the inertia parameter,
and other pertinent geometric parameters are thoroughly explored to predict the
hydraulic resistance of porous media. It 1s reported that two distinct boundary layers
exist for the velocity field, while only one boundary layer 1s observed for the temperature
field. Huang and Vafai conclude that the presence of a porous block near an
impermeable boundary significantly changes the convection characteristics.

Recent development 1n heat exchangers has been directed towards compactness,
which is dictated, n part, by high power electronics that demand operation at power
densities above 10’ W/m?. Lu et al. (1998) explore the usage of open-cell metallic foams
as compact heat exchangers, exploiting convective cooling. A simple cubic unit cell

consisting of heated slender cylinders based on existing work on convective cross-flow
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through cylinder banks 1s established for metallic foams. The energy flow due to forced
convection and conduction through hgaments of the cellular foam 1s considered 1n the
model The overall heat transfer coefficient of the heat exchanging system is calculated
with the aid of analogy between flow through the foam and that across a bank of
cyhnders, the resulting pressure drop across the foam 1s determined, and the optimum
foam properties for the best heat transfer performance are suggested. Since the model,
which 1s based on a cross flow across a bank of cylinder, 1s 1dealized to reduce the
complexity of forced convective flow across open-celled foam, 1t may oversimplhify the
transport phenomenon 1n metallic foams consisting of non-circular, possibly sharp-edged
ligaments. The assumptions made in order to analyze the heat transfer in disordered,
porous matenals likely lead to an overestimate of the actual level of heat transfer (Tien
and Vafai, 1990). The assumption that the ligaments 1n all directions contribute equally
to the local heat transfer seems to be one of the reasons to cause the substantial
quantitative discrepancies (Bastawros et al., 1999) Nevertheless the trends of heat
transfer predicted by the model are 1n reasonable agreement with alumimum foams (Lu et
al 1998, Bastawros et al., 1999).

Bastawros et al (1999) present experimental measurements of the heat transfer
and pressure drop characteristics of open-cell metallic foams subjected to transverse
airflows. Two models are developed with their appropnateness being assessed by
measurements. The model for effective properties i1s based on volume averaging
techmques (Koh and Colony, 1974; Vafai and Sozen, 1990; Amir and Vafai, 1994), and

allows extrapolation to cellular solids with various densities and cell sizes. The other
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model icludes a heat constriction effect and utilizes an equivalent fin array, similar to a
bank of cylinder to study the effects of various interfaces while accounting for the

anisotropy of unit cell.

1.3 Nature of the Problem

Modeling of forced convection 1n porous media has been extensively applied to
heat exchanger simulation and design. The modern emphasis on heat transfer
augmentation, and the more recent demand on mimaturization in the cooling of
electronics, have led to the development of compact devices with much smaller features
than those 1n the past Graphite foams receive extensive attention as high-efficiency heat
sinks or compact heat exchangers 1 light of high specific thermal conductivities and heat
transfer coefficients, despite the fact that the mechanical pumping power necessary to
overcome the pressure drop due to cooling flmid friction across the foam 1s relatively high
at high flow rates in comparison with conventional heat exchanger systems (Kays and
London, 1984). The overall heat transfer coefficient and pressure drop together with the
flow field 1n the graphite foam subjected to cross flow are studied 1n the present work in
order to optimize the performance of foam as a core material for cooling heat exchanger.
The long-term goal of graphite foam development 1s to optimize the heat transfer rate
while mamntaining a relatively lower pressure drop across the foam.

Most of the existing studies on heat transfer in a porous medium consider Darcy’s
Law, which 1s only valid for creeping flows through an infimtely extended uniform

medium with Reynolds numbers less than about ten (Tien and Vafai, 1990, Bejan, 1993).
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For open-celled metallic or graphite foams, the flmid velocity 1s usually high and the
porous medium 1s bounded, rendering the assumption of Darcian flow and local
thermodynamic equilibrium mvalid (Lu et al., 1998). In the present work, in order to
determine the relationship between the foam morphology and the heat transfer
charactenistics for forced convective flows through open-celled graphite foam, two
geometric models, namely, the cubic cell model and the tetrakaidecahedron cell model,
are developed to simulate the foam microstructure and convective heat transfer
characteristics. While the cubic cell model regards the graphite foam as an assemblage of
cylinders, the tetrakaidecahedron model 1s based on the view that the graphite foam
provides an aggregation of flow passages.

The results obtammed from the models are compared with the experimental
measurements conducted at ORNL (Tee, 2000) Although they involve approximations
and assumptions to reduce the complexity of forced convection flows across porous foam,
the models capture the approximate functional dependence of micro-structural vanables,

such as porosity, pore size, and fluid velocity, on heat transfer in foam.

18



CHAPTER 2

ANALYTICAL MODELING ON OVERALL CONVECTIVE HEAT

TRANSFER COEFFICIENT OF GRAPHITE FOAM

2.1 Cubic Cell Model
2.1.1 Geometrical representation

A cubic cell model consisting of slender circular cylinders as edges 1s employed
to model the energy flow due to forced convection as well as conduction n cellular
foams As 1t 1s indicated 1 Fig. 2 1, a block of foam, made up of equal-sized, ahigned

cubic cells, 1s sandwiched between two plates with length L, and width #,. A uniform

temperature 7; 1s prescribed on the top plate, which 1s assumed to be thin and to have a
high thermal conductivity so that the through-thickness heat conduction may be
neglected. It 1s further assumed that the two ends that are perpendicular to the y-axis at
y=W,/2 and —W,/2, and the bottom plate at z=» are thermally insulated. A cooling
fluid wath an mmitial velocity u,, high pressure p,, and temperature 7, 1s forced into the
foam at the nlet, x=0, and exits at the outlet, x=L »» With a lower pressure p, and a
higher temperature 7,. It 1s noted that the configuration shown in Fig. 2.1 can be

regarded as, due to symmetry, the upper half of that is shown 1n Fig. 2.2 where both the

top and bottom plates are kept at the uniform temperature 7;, and the distance between

the two 1sothermal plates 1s 2b. Each cubic unit cell 1s made up of twelve circular

cylinders with a diameter d and a length a; see Figure 2.3. For simplicity, the cylmdrical
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Figure 2.1: Forced convection in porous graphite foam.
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Figure 2.2: Modified domain of forced convection in porous graphite foam.
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Figure 2.3: Cubic umt cell consisting of struts with a circular cross-sectional area (Lu et

al , 1998)
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struts making up the cell edges are assumed to be parallel to the x-, y- or z-coordinate
axis, and are denoted by cylinders of type X, Y and Z, respectively. The present work

considers (1) a single cylinder of type Z with temperature 7; specified on 1ts top and

bottom, (2) a bank of cylinders of type Z 1n cross-flow, and (3) graphite foam with cubic
cells 1n cross-flow.

The properties of foam depend strongly on its relative density, p, which is the

ratio of the density of the foam, p”, to that of the struts, P, » and can be related to the

porosity, ¢, by )
p=L-=1-4 @.1)

For all of the open-cell foams, the relationship between p and the ratio of
cylinder diameter to length, d/a 1s approximately governed by (Gibson and Ashby,

1997):

relffold] e

where C; 1s a constant that depends on the mucrostructure of the cell and can be
experimentally determined, and C, 1s a correction factor for a given cell shape, and 1s

significant only 1f p is greater than 0.2. For an open cubic cell consisting of slender
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cylindrical struts, the normalized diameter of the cylinder, d/a, may be approximately

related to the relative density by (Lu ez al , 1998):

b~ 3_”[1J 2.3)

Besides, the surface area density, @ ,, for an open cubic cell can be given by (DeHoff

and Rhuines, 1968)

4 4

where A; 1s the surface area of the foam and V 1s the volume of the foam Equation (2.4)
holds for any space filling cubic unit cell having the same relative density and cylindrical
strut cross-section (DeHoff' and Rhies, 1968), and 1s confirmed by Bastawros et
al (1999), who used computed tomography to measure the surface area density of
aluminum foams Thus, the total surface area per unit width, 4/, of a segment of foam
with height 2b and length L,, consisting of cubic cells, 1s approximately given by

combining Eq. (2 3) and (2 4) (Lu et al , 1998):

s

/4

14

(2.5)
a

4, p,/2[4«/37szbJ
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The surface area density of the foam, an important parameter for heat exchange systems,

1s related to o and a by, again, combining Eq (2.3) and Eq. (2.4)

a, =44 pl/z(z‘f_”—J (2.6)

A large amount of surface area, say, as > 700 m*/m?, 1s typical for gas-flow compact heat

exchangers.

2 12 A single cylinder in a cross flow

The ligaments m an open-celled foam are similar m many ways to the fins
common 1n heat exchangers. Thus a single, 1solated cylinder of type Z, 1s first considered
mn Fig 2.4 For a circular cylinder of type Z (or Y) 1n cross flow, the characteristics of
the flow depend very strongly on various parameters such as the size, and onientation of
the cylinder, as well as flud properties (Munson et al, 1994) For simphlcity, 1t 1s
assumed that the turbulent flow mside the foam 1s well mixed and a one-dimensional

model for the fluid temperate, T,, assumed to vary only with x, 1s developed As the

cylinder 1s considered to be slender (d << a <b), 1ts temperature, T(z), 1s assumed to be

uniform across the cross section of the cylinder. This simphfication 1s based on the
observation that the aspect ratio d/a 1s typically small for most low-density, open-celled
foams

Under steady-state conditions, the variation of temperature T (z) along the length
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Figure 2.4: Boundary layer formation and separation on a circular cylinder 1n a cross flow

(2) longitudmal view, (b) cross-sectional view (Incropera and DeWitt, 1990)
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of a slender cylinder 1s governed by (Lu et al, 1998)

d*1r(z) 4hn ~
g (E)-1,)=0 X

where the Fourier law of heat conduction and Newton’s law of cooling have been used,
k, 1s the thermal conductivity of the solid, and % 1s the convective heat transfer
coefficient At the cylinder surface, the heat transfer due to radiation 1s usually at least
one order of magnitude smaller than that due to forced convection, and 1s thus neglected.

The solution to Eq (2 7), with the boundary conditions that T=1}, at z=0 and z=2b

(see Fig. 2 4a), 1s given by

(T, - T,)fmh[2B1"2(2b — z)/ d |+ smh (281 "z 1 d )}
smh(4Bz”2b/d)

T(z)=T, + 28

where the Biot number 1s given by

Bi=hd/k, 2.9)

By mntegrating Eq (2.8) from z=0 to 2b, the average temperature of the cylinder, T , 1s

given by
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T +2(T ) cosh(4B:'/?b/d) -1
- 17 4f

"(4B"2b/d Jsmh (4B:""?b/ d ) (2.10)

The heat flux entering the cylinder at z=0 and z=2b 1s given by

LML) e
7= 4 *\\dz J,_, dz ), . @11)

Combination of Eq. (2.8) and (2 11) gives

g = e BT, - T \(cosh(4B:"%b/d) 1)
s U Snh(4B1 b/ d)

2 12)

Equation (2.12) gives the heat carried away by the cooling fluid, provided that there 1s no

heat loss.

2 1.3 4 bank of type Z cylinders wn cross flow

The results obtamed 1n the previous subsection are now applied to determine the
heat transfer coefficient of cross flow over a bank of Z-type cylinders, which are
uniformly arranged 1 the x-y plane. The heat transfer coefficient, %, 1s dependent on not
only the flud field and properties, but also the shape of the surface over which the fluid 1s
flowing The transfer of energy due to forced flow past a heated single cylinder or a bank

of heated cylinders has been extensively studied, but the existing results are mainly
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empirical (Lu, ef al 1998). According to Gosse (1981), the average Nusselt number for a

single cylinder 1n cross flow may be given by
Nu =c'Re™ Pr'/? (2.13)

which 1s a special case of Eq. (1.8) by setting n=1/3.

For a bank of parallel but unconnected cylinders subjected to cross-flow, the heat
transfer coefficient 1s still governed by the Nusselt number expressed in Eq. (2.13). As
the thermal entrance length resides within the first or second row of cylinders
(Zukauskas, 1987a), the local heat transfer beyond the third row of cylinders 1s assumed
to attain a umform average value. If the reference (characteristics) velocity, u, and
diameter d are chosen to be the maximum fluid velocity, which ., 15 assumed to occur
in the mmimum free flow area, A,,, 1n the flud flow, and the average diameter of the
cylinder d, respectively, the overall heat transfer coefficient averaged over all the cylinder

surfaces may be expressed by (Oosthuizen and Naylor, 1999)

h =kfc'Pr”3(1"Ex—] am 2.14)
Vy

where k15 the thermal conductivity of the fluid, v, 1s the kinematic viscosity of the fluid,

and the coefficient ¢’ and the exponent m are dependent on the Reynolds number and the

configuration of the bank of cylinders characterized by the cylinder diameter, d, the
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spacing between the cylinders, a, the number of rows of cylinders, and the flow direction.
The mass conservation for an incompressible fluid flow requires (Incropera and DeWitt,

1990):

U nax o (215)

where u,,

¢ 18 the average free stream velocity. For cylinders arranged m a square array

with at least 10 rows 1n each direction such that a repeatable pattern of flow established
mside the bank, Holman (1989) suggests that ¢'~0.3 and m ~ 0.6 when a/d>3,

rendermg hecd™*

2 1 4 Foam with open cubic cells
Consider a slice of foam with length Ax, located at x, (see Fig. 2.2), the energy

balance requires

0, (x)=me, [T, (x + Ax)~ T, (x)] = N,q + g, 216)

where O, (x) 1s the total energy carried by the flmid at x, ¢, 1s the specific heat of the
flmd, N, 1s the total number of cylinders per unit thickness nside the slice of foam and

1S given by
N, = Ax/a? (2 17)

30



m=p fub 1s the mass flow rate per unit width at the entrance to the slice of foam, with

P s being the fluid density at the entrance and u being the entrance velocity of the flow,

and g and g, are the heat flux into the cylinders and the fluid from both the top and

bottom 1sothermal plates, respectively. While ¢ is given in Eq. (2.12), g, is given by (Lu,

et al 1998)
g, = 2nAxh(T - T, (x)) 2 18)
with
n= —E(if (2.19)
4\ a

bemg the net surface area of the top and bottom plates per unit length per umt width
excluding the cross-section areas of the cylinders Due to relatively low Biot number

(<0.02), the following relationship holds for open-celled foam (Lu et al, 1998)

2 1/2
#(i) tanh[4Bld bJ>1o (2 20)
nB1'*\ a

Combination of Eq (2.9), (2 12) and (2 18) gives
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a

2 1/2
Ng__ =« (d) tanh(4B; bJ 22

q, 2nBi'"?

Thus, g, can be neglected and Eq. (2 16) 1s thus reduced to

0, (x)=me, [T, (x+ Ax)-T, ()] = N,q (2.22)

Substitution of Eq (2.12) and (2.17) nto Eq (2.22) gives the heat transferred by the type-

Z cylinders withm an arbitrary slice of the sandwiched foam structure located at x:
T Axpllz
0,(x)= 2\/; 2Pk BT, - T, Jtanh(2B1%b/d)  (223)
a

Experimental results (Bastawros et al, 1999) suggest that only the cell ligaments

normal to the top and bottom 1sothermal plates may contribute substantially to the heat
flux to the flud Thus, integrating Eq (2 23) from 0 to L, gives the total heat flux Qg"“’l

transferred 1n the graphite foam with length L,
L
05 = [7 Os(x)dx (224)

The overall convective heat transfer coefficient of a graphite foam-filled duct, Aoyeras, can

be defined by (Lu, et al 1998)
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.ST'bm’ = 2Lphovemll (Tl - Tb) (2 25)

where, QX 1s the total heat transferred between the whole duct and the fluid and 1s

given by

Dl = me, [T, (L,)-T,(0)] (2 26)
and
T, =T, - AT, (2.27)

with AT, being the logarithmic mean temperature given by

AT, = :E (-;IPZ‘T jfo(;))] (2 28)

5,-T,(L,)

L, being the total length of the graphite foam in the flow direction, and 7,(0) and

T,(L,) being the mlet and outlet temperature of the cooling flud, respectively.

Consequently, the overall convective heat transfer coefficient of the foam structure 1s

given by
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Total 1/2 1/2
hoverall = i— = gﬁ hﬁ tanh| 25 h (229)
2L,(r,-1,) | 3\ d k,d

2.1.5 Results
Figure 2.5 and Figure 2.6 illustrate how the vanation of cell size, a, and free

stream velocity u,,, affects the overall convective heat transfer coefficient, Aoyeran, Of the

graphite foam. It 1s noted that the overall convective heat transfer coefficient increases
with an increase 1n free stream velocity or a decrease 1n cell size, which 1s 1 agreement
with the experimental data obtamned by Tee (2000). However, the predicted values of
hoverait are about 4 to 8-fold higher than those measured, see Figure 2 6. The overestimates
are probably due to the oversimplification of the geometric model mn order to obtan
closed-form solutions Since whether the velocities of the fluid before and after entering
the graphite foam are uniform or not s still uncertain, and the temperature profiles of the
flmd and the graphite foam are difficult to be determined, further studies are needed to
check the validity and accuracy of the cubic cell model (Lu et al 1998) Another
important reason may be because that the graphite foam had better be regarded as an
aggregation of passages rather than struts To this end, a tetrakaidecahedron cell model 1s

developed 1n the next subsection.

2.2 Tetrakaidecahedron Cell Model
2.2 1 The unit cell

The present model assumes that a block of graphite foam 1s composed of three-
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Figure 2.5: Overall convective heat transfer coefficient of graphite foam with porosity
of 80% as a function of mean cell size, a, for air (20°C) with different free-

stream velocities.
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dimensional arrays of tetrakaidecahedron cells. The tetrakaidecahedron cells are packed

to fill the entire space; see Figure 2.7 a, b. As indicated in Figure 2 8, the edge length of

each side of the tetrakaidecahedron cell is denoted by L, a,, 1s the distance between two

mutually parallel square faces of the cell, a,,, is the distance between two mutually
parallel hexagonal faces of the cell, and D, 1s the diameter of the circle on the
hexagonal face The dihedral angle between two hexagon faces is equal to 109°28', and
the dihedral angle between the square and hexagon face 1s equal to 125°16' (Pearce and
Pearce, 1978). Each cell has 36 edges, 6 square faces, 8 hexagonal faces, and contains a
body-centered spherical void located at the center of the cell. Since the cells are open,
the voids 1n general are interconnected with the voids in the neighboring cells (Gibson
and Ashby, 1997).

A two-dimensional projection of the mid-plane of the tetrakaidecahedron cell is
shown m Figure 2 9, where D 1s the diameter of the spherical void, 1.e. the pore size. If D

1s larger than a_, the voids are interconnected on both the square and the hexagonal

sq°
faces, and the porosities of the matrixes would be over 94% If D 1s larger than q,,, , but

less than a_ , the voids would be interconnected on the hexagonal faces, the porosities of

sq°
the foam would range from 69 to 94% It is noted that the porosities of all of the
graphite foams developed at ORNL are in the range of 75% to 85%. The graphite that
exists 1n the cell 1s either 1n the form of rods at the cell edges or m the form of perforated
or un-perforated plates at the faces and cell edges. The voids are interconnected with the

voids 1n the neighboring cells.
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(a)
Figure 2 7 Stacked tetrakaidecahedron cells' (a) Three-dimensional view,

(Gibson and Ashby, 1997)
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Figure 2 7 (Continued): (b) Two-dimensional views.
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Figure 2.8: Tetrakaidecahedron unit cell.

Figure 2.9: Two-dimensional projection of the mid-plane of the unit cell.
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As it can be indicated in Figure 2.9, the distance between any two mutually
parallel sides of the hexagonal face is 1.73L (\/5 L). The distance between any two

mutually parallel square faces, @y, , can be expressed in term of the edge length, L , by

a,, =2.83L (2.30)

whereas the distance between two mutually parallel hexagonal faces, @,, , is given by

Apoe = 2.45L (2.31)

The diameters of the circles on the hexagonal face, Dy, , can be related to D

and @, , by using the Pythagorean theorem:

o1& 28

The void volume in the cell, V.4 is equal to the volume of the sphere

subtracting the eight spherical end caps on the hexagonal faces, V,;, that is

Vieia =—— =8V, (2.33)
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(2.34)

V, =2 (D-245L) D+zﬂ)
12 2

The volume of the tetrakaidecahedron umit cell 1s given by (Gibson and Ashby, 1997):

Veen =11 31L° (2.35)

Thus, the foam porosity, ¢, 1s related to L and the pore size D by

{@3— - 8{112 (D-2.45L) (D + %SLJH

6

¢= 310 (2.36)

The surface area of the tetrakaidecahedron cell contacting with the fluid, Ao, 18
equal to the surface area of the sphere, 4, subtracting the areas of the eight spherical

end caps on the hexagonal faces, 4., 1.€.:

A, = 7D’ (2.37a)

Ace” = AS _8A(.‘h (2.37b)

42



4, =n{(2—ﬂ) +2(%) } (2.38)
27 2 2

Therefore, the surface area density of the foam, & 4, defined as the surface area

per unit volume of the unut cell 1s given by

2

D gy (2_245LJ2+2 (2)2_ :2.451:)2
2 2 2 2

o = 2.39
4 11312 (239)

It 1s noted that Eq. (2 39) represents an estimate of the average surface area density of
the graphite foam 1n terms of mean pore size and mean size of the cell when using the

tetrakaidecahedron cell model

2.2 2 Fluid velocity profile

The fluid flow 1n porous media 1s a rather complex phenomenon and despite the
computational resources we have nowadays, the analysis of fluid flow 1n porous medium
still relies heavily on observation and measurement of actual flow patterns. The
principle of dynamical simlanity and the use of dimensionless parameters provide us

with a very useful technique to translate measured results from one flow configuration to
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another

One important dimensionless parameter 1s the Reynolds number, which is

defined by

Re oy = —0—— (2.40)

where #yq: 15 the maximum velocity of the fluid passing through the foam, v, 1s the

fluid kinematic viscosity, and Dy, 1s the hydraulic diameter for the graphite foam, which
1s defined as four times the flow area per wetted perimeter for flows through a non-
circular cross-sectional pipe (Rohsenow et al , 1985). The difference between Eq. (2.40)
and Eq. (1.5), which was used to define the Reynolds number for flow past a heated
single cylinder or a bank of heated cylinders, 1s the replacement of the cylinder diameter,
d, by the hydraulic diameter D;, a commonly used characteristic length for porous
media This 1s based on the point of view that a porous medium may be viewed as an
aggregation of flow passages rather than as an aggregation of solid bodies (Tong and
London, 1957). It can be readily shown that Eq. (2 40) comncides with the usual one
when considering flow 1n cylindrical passages

According to Carman-Kozeny theory (Dullien, 1992), which 1s based on a
semiheuristic model of flow through sohid matrices, the hydraulic diameter, Dy, is

defined as four times the void volume per surface area:
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(2.41)

where V,pq 18 the umit void volume and A..; 1s the internal surface area of a unit cell.
For example, the hydraulic diameter for crossed-rod and woven-screen matrices can be

expressed by (Coppage and London, 1956)

(2.42)

total

where A,y 1s the total surface area of the matnx, 4, 1s the mmmum free flow cross-
sectional area, and L, 1s the total length of the core structure 1n the flow direction.

In order to establish the velocity profile for the fluid passing though the graphite
foam, the Reynolds number, Rey,y, based on the maximum velocity within the foam,
Umax, 15 used. From the conservation of mass, #y,q, occurring in the mummum flow area

Ac1s given by

. ___Af,u ~ 2 59817 ) 243
max A avg — )2} avg ( )

(e

where uq, is the average free stream velocity, the (frontal) area of the hexagonal

surface, A4, 1s given by
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Ay = 6[£)L2 ~2 598L° (2.44)
4

(2.45)

2 2 3 Fluid temperature profile

The temperature of the cooling fluid increases continuously as 1t flows along the
passages provided by the pores within the graphite foam, as the dniving force for heat
transfer continuously dimmishes Because 1t 1s very difficult to determine the detailed
temperature profile of the fluid everywhere in the passages, the mean bulk temperature

of the cooling fluid, T}, given by

T,=1 -AT, (2.46)

1s used, where T} 1s the constant temperature of the top surface of the foam, and AT}, 1s
the well-known logarithmic mean temperature difference defined by Eq (2 28).

It 1s assumed that the turbulent flow inside the foam 1s well mixed and the heat
transfer between the cooling flud and the graphite foam 1s characterized by the

convective heat transfer coefficient, h, which depends on:
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o The viscosity, u;, of the cooling flud,

e The specific heat, ¢, of the cooling fluid;

e The density, p,, of the cooling fluid;

¢ The size of the graphite foam specified by some characteristic dimension, Dy;

The magnitude of the forced cooling fluid velocity as specified by the maximum
velocity of the fluid, .y, as it passes through the graphite foam;

All of the properties of the cooling fluid are evaluated at 1ts mean bulk temperature, T},

2.2.4 Pressure drop

The foam immersed 1 a flmd experiences forces due to the interaction between
the foam and the fluid passing through 1t. The forces at the fluid and foam mterface can
be described 1n terms of the wall shear stresses, 7,,, due to viscous effects, and the
normal stresses (pressure), py. Friction factor is m general defined as the equivalent
shear force 1n the flow direction per unit of heat transfer or friction area, thus the
relationship between friction factor, £, and the Reynolds number based on the maximum

fluid velocity, Repax, 15 generally given n the form of (Kays and London, 1984)

f =BRe" /(2 47)

max

where B and m are constants.
For graphite foams, the pressure drop across the foam can be expressed by (Tee,

2000)
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2
P U max 4Lp
Ap = 2.48
P 5 [f D, (2.48)

Substitution of Eq (2 40), (2.41), and (2.47) mto Eq. (2 48) gives

2-m
dp 27" Bpv,"” 2 59817 .
L, g by _ 245L)2 "
2 2

r 2 M (2.49)

2 2 2
ZD? — 81 (23& +2 (2] _(ﬂj
| 2 2 2 2

\
11 31L°

By mputting the flmid physical properties p rand v, the velocity of the free stream

flow u, the porosity of the graphite foam ¢ , the mean pore diameter of the spherical
void D, the unit cell edge length L, which can be determined from Eq (2.36), the
coefficient B, and the exponent m m the power law relationship of the experimental
friction data, the pressure drop across the graphite foam based on the tetrakaidecahedron
cell model can be estimated by Eq. (2 49).

Unfortunately, the coefficient and exponent i Eq. (2.47) for graphite foam are
not available at this moment Thus, the data for woven-screen matrices (B = 23.9, and

m = 0 7) are used to model the frictional charactenstics of graphite foam The pressure
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drop per umt length, Ap/L, , as a function of average free stream velocity, U,y for air

at 20 °C (v, =146 x 10 m?/s and pr=123 kg/m’) flowing through a duct filled with

graphite foam (D =300 um and ¢ = 80%) 1s shown 1n Figure 2 10a. The expermental

pressure drop data for Mitsubish1 ARA24 mesophase pitch derived graphite foam (Klett,
1999a) 1s also shown in Figure 2.10a. It can be seen that the model agrees well with the
experimental data The final expression of the pressure drop prediction of the ARA24

foam can be written by

\13

4p _453p,v,” 2 59817

L 14+m 2 2 u‘"’g
» ¢ i 2) _(2 45Lj
2 2

. 11

7
2
25
2D? — 81 (2_245L]2+2 (2)2_(2.451, ’ (2.59)
2 2 2 2

The pressure drop for water (20°C) with ¢, = 4 182 KJ/Kg-°C, v¢ = 1.004E-6
m®/s, Pr =6.99, and or=9983 Kg/m’® passing through the same foam 1s shown 1n Figure

2.10b.
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Figure 2.10: Pressure drop per unit length, Ap/L,, across graphite foam (D = 300um; ¢
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(20°C) by using the friction data for woven-screen matrices.

= 80%) as a function of fluid velocity, u,,g, for (a) air (20°C) and (b) water
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Figure 2.10 (Continued): (b) Water
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2 2.5 Overall convective heat transfer coefficient

The transfer of energy due to a low-density streaming flow past a heated matrix
having large surface area density 1s a subject of enormous studies, but the existing results
are largely limited to empirical corrections For most of the practical applications, the
heat convection for different fluid/solid contacting surfaces can be expressed in the

following form (Kays and London, 1984)

StPr*’? = ®(Re) (2.51)

where, ®(Re) 1s a functional of Reynolds number and the Stanton number 1s defined by

h
St — Nu - overall (2'52)
Re . Pr prc,u

max

The Prandtl number is not a test variable. The two-thirds power of the Prandtl number 1n
Eq. (2.51) 1s adequate for gases with Prandtl numbers ranging from 0.5 to 15 (Kays and
London, 1984) For turbulent flows 1n tubes, the available analytic solutions suggest that
(Pr)'”? should be used m Eq (2.51), but the two-thirds power is still a reasonable
approximation (Kays and London, 1984)

In the previous subsection, one finds that the tetrakaidecahedron cell model using
the friction parameters of woven-screen matrixes (B = 23.9; m = 0.7) agrees well with

the experimental data obtained for graphite foam. Therefore, 1t 1s further assumed that
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the heat transfer in graphite foam 1s also very simuilar to that in the woven-screen

matrices According to Tong and London (1956), Eq (2 51) becomes

StPr?'3 =0.375Re 37 (2.53)

for woven-screen matrices, where Re’ 1s a “modified” Reynolds number given by

1- F¢

Re'= F—¢Remax (2.54)
where
F=096 for Re’>1800 (2.55a)
F =1155-00601log,yRe’ for Re’ <1800 (2 55b)

and ¢ 1s the porosity of the matrix. For graphite foam, in most condition Re” 1s usually
less than 100~200. To facilitate the use of Eq (2 53), Fig. 2 11 1s prepared, giving

Re'/Re,,, =(1- Fp)/ Fgas a function of Remy Substitution of Eq. (2.52) into Eq.

(2.53) g1ves

hoverall =0.375 Pl'_2/3 Re’—o 37 cppfumax (2 56)
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Figure 2.11: Re’/Re =(1—-F¢)/ F¢ versus Remay for graphite foam (D=300pum) with

porosity ¢=78%, 80%, and 82%.
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With the aid of Eq (240) and (2.54), Eq. (2.56) 1s rewritten to give the overall

convective heat transfer coefficient of the graphite foam

1 F¢ —0375 D -0375

— Uu

hoverall =0375 Pr*2/3 (——J [MJ CP pfumax (257)
F¢ Vs

where u,,q; and Dy, are given 1 Eq (2.43) and (2 41), respectively. Thus by inputting the

flud physical properties oy, ¢ »> and v, the velocity of the free stream flow u,,, , the

porosity of the graphite foam ¢, the mean diameter of the spherical void D, the unit cell
edge length L, which can be determined from Eq. (2 36), and the surface area density
a,, which can be obtained from Eq (2 39), the overall convective heat transfer

coefficient of the graphite foam based on the tetrakaidecahedron cell model 1s estimated

by Eq (2 57)

2 2 6 Results and discussion

Thermal testing 1s carried out using four graphite foam blocks 1n the same heat
exchanger test chamber (Tee, 2000). The experimental configuration, which 1s shown 1
Fig 212, 1s composed of an aluminum plate and a graphite foam block encapsulated
within a nylon test chamber used to provide the thermal insulation. The graphite foam
block 1s attached to an alummum base by brazing with Superbraze®, a high thermal
conductivity braze manufactured by Materials Resources International, Inc. Two

cartridge heaters are used to create 1sothermal heating and are mounted on the top of the
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Figure 2.12: Experimental configuration of the heat exchanger system (Tee, 2000).
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alumimum plate Aur at lower temperature 1s forced to pass through the graphite foam at
flow rates from 140 to 400 Iiter/minute. Four thermocouples are arranged to measure the
mlet and outlet air temperature, and the temperature of the aluminum plate and the
cartridge heater The samples used, which are fabricated at different processing
conditions, foam densities, and geometrical designs, are labeled as 1 to 4 with all of the
detailed dimensions and foam densities being listed in Table 2.1.

In companson with the cubic model presented mm subsection 2.1, the
tetrakaidecahedron model agrees much better with the data obtamned from the
expermments (Tee, 2000) Figures 2.13 to 2.15 show how the variation of pore diameter

D, porostity of graphite foam, ¢, and free stream velocity u_,, of air (20°C) affects the

Table 2 1: Dimensions and denstties of the graphite foam blocks tested

the heat exchanger chamber (Tee, 2000).

Graphite Foam Density Height Length Width
Block (g/cm?) cm (1nch) cm (inch) cm (1nch)
Sample *1 043 316(124) |5.04(199) |512(1.98)
Sample *2 0.47 3.20(1.26) |5.14(2.02) |5.07(2.00)
Sample *3 0.48 3.17 (1.25) |5.24(2.06) |5.05(1.99)
Sample *4 0.46 321(1.26) |5.21(205) |504(1.98)
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Figure 2.13: Overall convective heat transfer coefficient as a function of mean pore

diameter, D, of graphite foam with a porosity of 80%, for air (20°C) with

different velocities.
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Figure 2.14:

Overall convective heat transfer coefficient of graphite foams with mean

pore diameter, D=300um and porosities of 78%, 80%, and 82% as a

function of average free stream velocity, #4,,, for air (20°C).
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overall convective heat (transfer coefficient, Aoyeran. For air at 20°C, ¢, = 1 006 KJ/Kg-
°C, v¢= 15 09E-6 m%/s, Pr=0.71, and or=1.2042 Kg/m’. It is noted that the overall heat
transfer coefficient, Aoverqn, Increases with an increase in the average velocity of the
cooling flmd. The overall heat transfer coefficient, A,y.ran, however decreases with an

mcrease 1n the porosity of the foam, ¢, an increase in the mean pore diameter, D, or
both due to the decrease in surface area density «,. Figure 2.16 indicates that the mean

bulk temperature of the air does not have a significant effect on the overall heat transfer
coefficient of graphite foams

As 1t 1s mdicated m Figure 2.17, the difference between the convective heat
transfer coefficients predicted by the tetrakaidecahedron cell model using the friction
parameter of woven-screen matrices and those determined experimentally ranges from
1% (sample #2) to 65% (sample #3). It 1s noted that the experimental data might contain
errors due to the variance 1n ambient air inlet temperature, humidity, or uncertainty in
the experimental setup Figure. 2 17 shows that sample #2 and #3, which have the same
processing condition and approximately the same density, exhibit very different
convective heat transfer coefficients obtained by experiments. Therefore an error within
the range of 100% 1s not unreasonable (Lu ez al, 1998). One thus concludes that the
tetrakaidecahedron cell model 1s reasonably acceptable for predicting the heat transfer in
graphite foam. However, more experiments should be conducted to draw a better
conclusion about the present model’s predictions. Figure 2 18 to 2 21 discuss the same

effects on A,yerqn by considering water as the cooling fluid.
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CHAPTER 3

CONCLUSIONS AND DISCUSSIONS

ON GRAPHITE FOAM

The nteraction between the pressure drop and the forced heat convection 1n the
mesophase pitch-derived graphite foam 1s of iterest i order to optimize the
performance of heat exchanger using graphite foam as the core material. The analytical
modeling on overall convective heat transfer coefficient as well as pressure drop of the
graphite foams 1s reported 1n the present work. It 1s noted that the merit of graphite foam
such as lightweight, 1sotropic thermal conductivity, acceptable mechanical properties,
and the continuous, open-cell graphitic networks may lead to novel and mteresting
applications of thermal management

While both the cubic cell model and the tetrakaidecahedron cell model show that
overall convective heat transfer coefficient increases with an increase mn free-stream
velocity and a decrease 1n cell size, which 1s 1 agreement with the experiments data
obtained by Tee (2000) However, the predicted values of Z,yean by the cubic cell model
are much higher than those predicted by the tetrakaidecahedron cell model, which fall
within the wide range of experimental data. The reason 1s probably because the
tetrakaidecahedron cell model, resembling the shape of a sphere, 1s a better geometric
representative of the mesophase pitch-denved graphite foam. In particular, the surface
area density of the graphite foam can be accurately determined with the aid of the

tetrakaidecahedron model, which may be critical 1n estimating the pressure drop as well
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as the heat transfer coefficient of porous foam (Gibson and Ashby, 1997) In addition,
the velocity profile and the temperature distribution of the flmd flowing through the
graphite foam are strongly dependent on the foam morphology. Therefore, the judicious
selection of the representative cell becomes crucial. Another important reason may be
because that the graphite foam should be regarded as an aggregation of passages rather
than struts (Kays and London, 1984) It is noted that the tetrakaidecahedron cell model,
based on the view promoted by Tong and London (1957) that a porous medium may be
viewed as an aggregation of flow passages, doesn’t explicitely include the conductivity
of the foam in formulating the overall convective heat transfer coefficient, Zyverqy But 1t
doesn’t mean that the conductivity of the foam has no effects on the heat transfer in
graphite foam. The high convective heat transfer coefficient together with mgh thermal
conductivity 1s closely related to pressure drop and overall heat transfer coefficient of
graphite foam

Generally, the design of a heat exchanger mvolves the consideration of both the
heat transfer rates and the mechanical pumping power expended to overcome fluid
friction and to move the fluid through the heat exchanger For gas-flow heat exchangers,
the friction-power hmmtations generally force a design for moderately low mass
velocities of fluid as a high fld-flow velocity results in the increase m the friction-
power expenditure Therefore, low mass velocities of fluid, together with the low
thermal conductivities of the gases (relative to liquids), result in low heat transfer rates
per umit surface area in conventional heat exchangers. Thus a large amount of surface

areas become a typical characteristic of gas-flow heat exchangers. One of the advantages
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of graphite foams 1s that they can provide flow passages with very large surface area
densities. But the 1ncrease i surface area density m turn increases the friction-power
expenditure. In a heat exchanger system, the heat transfer rate, q, and pressure drop (or,

equivalently, pumping power), Ap , often have the following approximate proportionality

with fluid velocity, u (Bell, 1990)

Ap cu? 3.1)

qgocu’ (B2

where A ranges from 1 0 to 1 8 and j ranges from 0 3 to 0.6 for a typical heat exchanger
From Eq (2.50) and Eq (2.57), one finds that for graphite foam, the following

relationships hold.

Ap ocu'? (3.3)

qocu’®® (3.4

Therefore, optimizing the performance of foam as a core material for heat exchangers is
essentially the optimization of heat transfer rate while maintaining relatively low
pressure drop across the foam The tetrakaidecahedron cell model can be a valuable tool

for designing foam structures resulting in optimal heat transfer per unit pumping power
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Based on the experimental results by Tee (2000), the overall heat transfer
coefficient of heat exchanger using graphite foam core 1s approximately 3,000 W/m’K,
which is significantly higher than that of a standard automobile radiator of 30 W/m’K. In
order to optimize the heat exchanger behavior of graphite foams, additional thermal
testing with different heat exchanger designs utilizing graphite foams as the core
materials 1s recommended for a better understanding of the performance of graphite

foams
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CHAPTER 4

INTRODUCTION ON FIBER-REINFORCED COMPOSITES

The finite element method (FEM) 1s employed to compute the longitudinal
Young’s modulus of a single short fiber-reinforced composite subjected to uniaxial
tension. Effects of microstructural parameters such as fiber aspect ratio are studied and
the finite element analysis (FEA) results are compared with those obtained from the

modified shear lag model (Hsueh, 2000).

4.1 Background
4 1.1 Composite materials

A composite materal 1s defined as a heterogeneous material having chemically
and/or physically distinct phases (reinforcements) distributed within a continuous phase
(matrix). It is only when the constituents have sigmificantly different physical/chemical
properties and thus the composite properties are noticeably different from the constituent
properties that the heterogeneous materials can be recognized as composites (Agarwal et
al, 1990). While the matrix phase 1s the continuous phase, the distributed phase(s) can be
m the form of* particles, whiskers, short fibers, continuous fibers, laminae, or the
combination of any of them Generally, the composite materials are divided into four
categories: fibrous, particulate, lammated, and hybrid composites (Richardson, 1987).

Based on the material characteristics of matrix, the composite materials may be
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classified as ceramic matrnix composites (CMCs), metal matrix composites (MMCs), and
polymer matrix composites (PMCs). Polymer matrix composites containing fibers, such
as carbon and glass, are quite commonly used as engineering matenals. Metals
contaming ceramic particles, whiskers, short or long fibers also attract attention in view
of therr high temperature capabilities. The ceramic matrix composites are the newest
entrants 1n the composite field, and have the highest service temperature range, excellent
hardness, and stiffness (Chawla, 1993). The ultimate performance of the composite may
be determined by: (1) the choice of individual constituents, in regard to their synthesis
and chemical compositions; (2) the processing required to produce the composite; (3) the
mechanical behavior of the composite; and (4) the interface region between matnx and

remforcement, to name a few.

4.12 Short fiber-reinforced composites

Fibers, because of their small cross-sectional dimensions, are not directly usable
in engineering applications They are, therefore, embedded m matrices to form fibrous
composites In PMCs and MMCs, the matrix serves to bind the fibers together, transfer
loads to the fibers, and protect fibers from environmental attack and damages due to
handling, while the fibers are responsible for achieving higher strength and stiffness by
transferning the loads applied on the composite (Agarwal, et al, 1990) Reinforcing
fibers 1n composite may be short or long in comparison with composite’s overall
dimensions. Composites with short fibers are called discontinuous or short fiber-

remnforced composites and those with long fibers are classified as continuous fiber-
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reinforced composites. A further distinction 1s that a short fiber-reinforced composite can

be considered as one in which the fiber length affects the properties of the composite. In
short-fiber composites, the load transfer function of the matrix is more cntical than in
continuous fiber-remforced composites. Loads are not directly applied on the fiber but
are applied to the matrix material and then transferred to the fibers through the fiber ends
and also through the cylindrical surface of the fiber. When the length of a fiber 1s much
greater than the length over which the transfer of stress takes place, the end effects can
be neglected and the fiber may be considered to be continuous In case of short fiber-
reinforced composite, the end effects cannot be neglected and the composite properties

are a function of fiber length

4 1.3 Umdirectional fibrous composites

A unidirectional fibrous composite consists of aligned fibers embedded 1n a
matrix The direction that 1s parallel to fibers 1s generally called the longitudinal
direction. The direction perpendicular to the fibers 1s called the transverse direction. A
umdirectional fibrous composite shows different properties in the longitudinal and
transverse directions Usually, the umdirectional fiber-reinforced composites are very
strong and stiff in the longitudinal direction but generally weak and complhant n the
transverse direction. In the present work, the longitudinal Young’s modulus of
umdirectional discontinuous fiber-reinforced composite 1s determined by FEM, and the
results are compared with those obtained from the modified shear lag model (Hsueh,

2000)
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4.2 Literature Review

One of the earliest attempts to obtain an analytical solution to the stress transfer
in fiber-reinforced composites 1s given by Cox (1952), and his model is now referred to
as the classical shear lag model 1n which a straight, circular cylindrical, discontinuous
fiber embedded 1n a concentric cylindrical matrix is considered. The classical shear lag
mode] was elegant in 1ts simplicity and provides accurate estimates of the increase 1n
elastic modulus due to fibers when the fiber aspect ratio is sufficiently large. However,
the major shortcoming of the model 1s 1ts nability to provide sufficiently accurate
predictions of mcrease i composite elastic modulus when the fiber aspect ratio 1s small.
The predicted composite modulus by the classical shear lag model 1s substantially
smaller than the experimentally measured modulus 1 the regime of small fiber aspect
ratio, which 1s applicable to the majonty of current short fiber-reinforced or whisker-
reinforced composites. The underestimation of composite modulus by the classical shear
lag model results from 1ts neglect of normal stress transfer at fiber ends and the stress
mtensification in the matrix region near the fiber (Kim and Nair, 1990).

Rigorous elasticity models based on vanational principles (Hashin and
Shtrikman, 1962, 1963) and the self-consistent method (Hill, 1965a) are developed 1n
order to predict the increase m effective elastic modulus of short fiber-reinforced
composites in the small fiber aspect ratio regime Though the vanational method
originally developed by Paul (1960) provides proper bounds on the effective elastic
moduli, 1t does not provide proper bounds the local stress values in the fiber and

surrounding matrix. The self-consistent model 1s first developed by Hershey (1954) and
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Kroner (1958) to model the behavior of polycrystalline materials and is extended to
multiphase media by Hill (1965b) and Budiansky (1965). The self-consistent method 1s
based on the equivalent inclusion method by Eshelby (1957), who solved for the elastic
field of a single inhomogeneity embedded 1n an infinite medium.

Muki and Sternberg (1969) and Sternberg and Muki (1970) use a shear-lag
approach in a more refined manner involving integro-differential equations. They have
calculated the local stresses inside the fiber. However, the model assumes that the stress
at fiber center 1s given by the rule of mixtures, which 1s strictly applicable only to the
long fiber case Furthermore, Sternberg’s results are not able to be applied to obtain
expressions for the matrix stress intensification in the fiber end region, which provides a
significant contribution to the stiffness.

Nardone and Prewo (1986) and Nardone (1987) attempt to modify the classical
shear lag model by assuming that both the fiber end stress and the matrix average stress
are equal to the matrix yield stress. They developed an approximate estimate of the
mcrease 1 composite yield strength. The approach 1s, however, not applicable to the
purely elastic regime wherein the increase 1n elastic modulus 1s of interest.

Taya and Arsenault (1989) attempt to modify the original shear lag approach by
assuming that the stress concentration at the fiber ends can be 1gnored. Kim and Nair
(1990) modify the shear lag analysis by using the fimte element analysis (FEA) to
determine the normal stress at the fiber ends Their results of the predicted modulus
increase in short-fiber composites show a good agreement with FEA results as well as

experimental data. While their work demonstrates that shear lag solutions can be applied
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to short fiber-reinforced composites provided that fiber end effects are account for, the
model relies heavily on FEA.

Nair and Kim (1992) develop a rigorous modification of the original shear lag
analysis so as to retain 1ts accuracy at small fiber aspect ratio. Closed-form solutions to
the modulus mcreases and the local tensile and shear stress values in the matrnix and fiber
are determined. However, this model in general overestimates the effective Young’s
Modulus of short fiber-reinforced composites, especially when fiber aspect ratio 1s more
than 5

Tucker and Liang (1998) compare the results from existing models with those
from FEA. Morn-Tanaka model 1s suggested to be the best choice for estimating the
stiffness of aligned short fiber-remnforced composites. Shear lag based models are
believed to be able to give good predictions on the longitudinal Young’s modulus of
composites with fiber aspect ratios greater than 10, provided that a proper choice of the
representative volume element 1s made.

Hsueh and his coworkers study the stress transfer and estimate Young’s moduli
of discontinuous fiber-reinforced composites in a senies of work; see Hsueh (1989, 1995,
2000), Hseuh and Becher (1996), and Hsueh et al (1997) In order to improve the shear
lag model to give better predictions on both Young’s moduli and the stress transfer
phenomena 1n short fiber-reinforced composites, a ngorous modified shear lag model is
developed by judiciously selecting the representative volume element. The predicted
stress distribution along the fiber length during umaxial loading of the composite is

compared with those obtained by FEA (Zhang, 1999). Also by a judicious choice of the
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representative volume element for the modified shear lag model, the predicted Young’s
moduli of the composite agrees very well with those predicted from Halpin-Tsai semi-
empirical equation, Eshelby model, and a numerical analysis based on fimte-difference

method (Hsueh, 2000).

4.3 Scope of Study
Longitudinal Young’s modulus is one of the most important elastic constants for
engineering materials. Theoretical analyses of Young’s modulus of composites may be
classified into four types' semi-empirical formulations, models based on Eshelby (1957),
the shear lag models, and the numerical methods. Among the four types of analyses, the
shear lag model 1s considered to be the least accurate one due to 1ts crude approximations
in the analysis However, closed-form shear lag models are practically popular due to
simplicity They are also the only ones to examine stress transfer between the fiber and
the matrix during the loading of the composite. In order to improve the shear lag model
to predict Young’s moduli of the aligned short fiber-reinforced composites more
accurately, a modified shear lag model has been developed by Huseh (2000), which 1s
referred to as the modified shear lag model 1n the present work. In the present study,
FEA 1s performed to examine the accuracy of the Huseh’s latest modified shear lag
model. It 1s assumed that.
(1) The fibers and the matrix are linearly elastic, the matrix 1s 1sotropic, and the

fibers are either 1sotropic or transversely 1sotropic;
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(2) The fibers are axisymmetric and can be characterized by an aspect ratio /a, 1.e.
ratio of length to diameter of the fiber;

(3) The fibers and the matrix are well bonded at their interface, and remain that way
during deformation. Thus, 1t 1s not necessary to consider interfacial slip,

fiber/matrix debonding, or matrnix microcracking
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CHAPTER 5
FEA ON EFFECTIVE YOUNG’S MODULUS OF SHORT

FIBER-REINFORCED COMPOSITES

While the validity of the modified shear lag model (Hsueh et al., 1997) on stress
transfer between the short fiber and matrix 1s verified by FEA (Zhang, 1999). The
present work 1s focused on examining the accuracy of the modified shear lag model’s
prediction of longitudinal Young’s moduli (Hsueh, 2000) of short fiber-reinforced

composites, using FEA.

5.1 Geometric and Material Models

The stress distribution and the deformation of the discontinuous fiber-reinforced
composites are simulated by use of the geometric model shown 1n Figure. 5.1 A two-
dimensional projection of the mid-plane of the geometric model 1s shown in Figure S 2.
When a fiber with radius a and length 2/ 1s embedded 1n a concentric cylindrical matrix
with radius b and length 2/". The cylindrical coordinate system (r, 8, z) is used. Both the
matrix and the fiber are assumed to be linearly elastic until failure. In addition, the matrix
as well as the fiber 1s assumed to be free of any micro-defects, such as voids and cracks.
Furthermore, the fiber and the matrix are assumed to be perfectly bonded at both the fiber
ends (z = x/) and at the circumferential interface (r = a ) so that no shippage can occur at

the interface.
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Figure 5.1: Geometric model representing a single circular cylindrical fiber embedded in

a concentric circular cylindrical matrix.
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Figure 5.2: Two-dimensional projection of a single circular cylindrical fiber embedded in

a concentric cylindrical matrix.
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5 2 Governing Equations and Boundary Conditions
In the absence of body forces, the stresses 1n a general three-dimensional body
must satisfy the following equations of equilibrium 1n cylindrical coordinate system

(Timoshenko and Goodier, 1970):

r

or r 06 0z ¥

6o, 101, N ot,, 4+ 9:7% _ (5.12)

or, 107, 00, 7, _, (5.1b)
or r 00 oz r

0t,, +l oo, . 07, N 27,,

=0 (5 1¢)
or r 00 1574 7

where o,, o, and o, are the radial, tangential, and axial stress components,
respectively, whereas 7,4(=74), 7,(=7,), and 7,,(=7,) are the shear stress

components.

If the material 1s linearly elastic and 1sotropic, the normal strains 1n the radial,

tangential, and axial directions, ¢,, &,, and ¢,, and the shear stram ¢,, (=&,.),¢,

(=¢&,¢), and ¢, (=¢,, ), are related to stresses by the generalized Hooke’s law as follows:

£ =%[o-,—v(az+oo)]

1
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where E, and v are Young’s modulus and Poisson’s ratio of the material, respectively In
case of composite materials, E and v are functions of position.

The compostte 1s subjected to a prescribed displacement, »°, at z= +I' Since
the geometry and the loading conditions are axisymmetric, the tangential displacement

component, u, , vamshes, and the radial and axial displacement components, u, and u_,

are independent of 6. That 1s,

u, =u.(z,r) uy=0 u, =u,(z,r) (5 3a~c)

Thus the infinitesimal normal and shear strain components can be defined by

g, =—F &y =—L g =—= 5.4a~c
" or - oz ( )
1{0u. ou
&0=0 &, =—| —L+—= =0 54d~
r@ rz 2( 6z al" ) ‘920 ( D



Equations of equilibrium, Eq. (5 1 a~b) become

90, , 0% ,9:=% _ (5.52)
or oz r
0% 9% \Tr (5.5b)

It 1s noted that Eq. (5.1c¢) 1s automatically satisfied

The boundary conditions for the present model are given by

=1’ at z=4l', 0<r<b (5 6a)

o,=7,=0 atr=>, -I'sz</' (5.6b)
5.3 Finite Element Model

Due to symmetry about the z- and r- axes in Fig. 5.2, the FEA model used 1n the
present work considers only one quarter of the actual physical model, see Fig 5 3. The
fimte element package used 1s ABAQUS together with pre- and post-processor
PATRAN. Two-dimensional eight-node, biquadratic axisymmetric elements are used;
see Fig. 5.4. A 1-radian segment of the cylinder represented by the rectangle domain,
ABCD, i Figure 5.3 1s analyzed. Typically, 2000 elements are used. Such a fine mesh 1s
found to be necessary to obtamn radial stress continuity across the interface. An axial

displacement 1s prescribed at the nodes along the top, DC. The sides AB and AD are
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Figure 53 FEA model considering only one quarter of the actual physical model, with

the deformed shape shown by dashed lines.
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Figure 54: Two-dimensional eight-node, biquadratic axisymmetric element 1n

ABAQUS.
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restricted to satisfy the symmetry conditions. The shape of the deformed gnd 1s indicated
n Figure 5.3 by the dashed lines. A typical mesh generated by PATRAN, employed 1n
the present FEA, is given 1n Figure 5 5. It 1s noted that large elements are used where the
stress are relatively constant, and smaller elements are employed when the stress gradient
becomes dramatic To this end, many elements appear 1n a small area near the end of the
fiber and fiber/matrix where stress concentration and/or dramatic stress transfer is

expected. The boundary conditions for the fimite element model are given by

u,=0,7,=0 atr=0, 0<sz</' (5 7a)
u,=0,7,, =0 at z=0, 0<r<b (5.7b)
u, =u’ at z=1I', 0<r<b (5 7c)
c,=0,7_.=0 at r=5b, 0<z</' (5.7d)

5.4 Results and Discussion

It 1s noted that only the fiber aspect ratio and the volume fraction are needed in using
most of the existing analytic models such as Halpin-Tsai and Eshelby model to predict
longitudinal Young’s modulus of the aligned short fiber-reinforced composites
However, the specific dimensions of the representative volume element (RVE) are
required 1n using the modified shear lag model (Hsueh, 2000) because a specific fiber
volume fraction may mvolve different combinations of a,/, b and ['. To this end, a

simple criterion for selecting the RVE 1s established (Hsueh, 2000):
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Figure 5.5: A typical mesh generated by PATRAN, employed in the present FEA.
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b=af?

where, p 1s given by

First, a model composite consisting of an aluminum (Al) matrix embodying a
single silicon carbide (S1C) fiber 1s considered The radius of the fiber 1s chosen to be 1
mm, and the fiber aspect ratio 1s assumed to range from 1 to 30. By setting the volume
fraction of the fiber to be 0.1, 0.2, and 0 3 respectively, the radius of the matrix, and the
length of the fiber and the matnx are readily obtained by Eq. (5.8a, b) and Eq. (5.9). The

elastic properties of the fiber and the matrix, both of which are assumed to be 1sotropic,

p=———exp(=)

I'= lep—l

-1
S5a

are shown 1n Table 5.1 (Hsueh, 2000).

(5.8a,b)

(5.9)

Table 5 1: Constituent properties of Al/S1C composite (Hsueh, 2000).

Matenal Young’s modulus Poisson’s ratio
(GPa)
Al (matnx) 72 0.3
S1C (fiber) 450 0.2
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The composite 1s loaded by applying prescribed longitudinal displacement, #°, to
all of the nodal points on the top surface of the matrix. The value of displacement chosen

1s 0.002 times of the length of the matrix. This corresponds to a normal stain of the
composite, £z, given by

£z =u’/1'=0.002 (5.10)

The average axial stress on the top surface of the matrix 1s given by

b
IZﬂra(r)dr > Ao,
0 ~ N

2
7b Atoml

o= (5.11)

where N 1s the total number of elements used for the top surface of the cylinder, A,

mdicates the area of the ith element subjected to the axial stress o, and 4,,,, 1s the total

area of the composite end, given by

A = DA, =7 (5 12)

The longitudinal Young’s modulus of the composite 1s defined by
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E ==~ (513)

Figures 5 6~5.8 give the longitudinal Young’s modulus of the S1C/Al compostte,
E,, as a function of fiber aspect ratio, //a, for fiber volume fraction of 0.2, 0.1 and 0.3,
respectively. Results obtamed from modified shear lag modulus (Hsueh, 2000) are also
shown 1 Figures 5.6~5 8 for comparison. It 1s noted that the two methods agree quite
well with each other, especially when the fiber aspect ratio 1s less than 10. When (1) f =
02and/a=15and99,(2)f=01 and //a =1.6 and 8.1, (3) =03 and //a =1.6 and 7.5;
the modified shear-lag and the present FEA yield the same results In comparison with
FEA, the modified shear lag model first overestimates and then as the fiber aspect ration
increases, underestimates the longitudinal Young’s modulus of the composite.

Another model composite consisting of a single S1C fiber embedded in an Al
2124, 6061 or 8090 matnx, 1s considered The elastic properties of the fiber and the

matrix, both of which are assumed to be 1stropic, are listed 1n Table 5.2 (Hsueh, 2000)

Table 5 2 Properties of S1C particulate- or whisker-reinforced aluminum matrix

composttes (Hsueh, 2000).

Composite Reinforcement |E¢(GPa) |E, (GPa)| vs v, |aspect ratio, l/a
SiC/2124 (T4*) | particulate 450 72 0203 16
SiC/6061 (T6**) | particulate 450 71.7 02|03 3
SiC/8090 (T6**) whisker 480 78.2 0.2]0.3 4

*T4- room temperature aged, **T6 heat treated
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Figures 5 9~5 11 present the effective longitudinal Young’s modulus, £, as a
function of fiber volume fraction, £, for SiC/Al 2124, S1C/Al 6061 and Si1C/Al 8090
composite with fiber aspect ratio, /a, of 1.6, 3 and 4, respectively. It 1s seen that the
results from the modified shear lag model are almost identical with those obtained from
the FEA model. The comparison demonstrates that the modified shear lag model (Hsueh,
2000) is quite accurate in predicting the longitude Young’s modulus of short fiber-
reinforced composites with fiber aspect ratio ranging from 1 6 to 4. It 1s noted that other
shear lag based models fail to accurately predict the longitude Young’s modulus of short
fiber-reinforced composites with fiber aspect ratio less than 4 The success of Hsueh
(2000) may be due to its judicious selection of RVE, 1 e, Eq. (5.8a, b) and (5.9)

At last, a RVE that has the same aspect ratio as that of the fiber, 1.e. I'/b = l/a, 1s
considered 1n a 20%-S1C/Al compostte. For the special case of /b = l/a, the modified
shear lag model agrees well with FEA when //a < 2 or I/a > 15. In this particular case,
the modified shear lag model in general underestimates the longitudinal Young’s

modulus of the 20%-S1C/Al composite, see Figure 5 12.
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CHAPTER 6

CONCLUSION AND DISCUSSIONS

The classical shear lag model, which considers a composite consisting of a
circular cyhindnical fiber embedded 1n a concentric cylindrical matrix, assumes that:

(1) The fiber end 1s debonded with the matrix, 1.e. no load transfer through the

fiber end, and

(2) The fiber carnies only the axial load, and the matrnix surrounding the fiber

transmuts only the shear stress.

The above approximation leads to inaccuracy on stress transfer between the fiber
and the matrix 1 short fiber-reinforced composites, as well as the prediction of the
longitudinal Young’s modulus of the short fiber-reinforced composites

Several modified shear lag models are developed to determine the stress field in
the neighborhood of fiber ends. Among these modified shear lag models, the model by
Hsueh et al (1997) 1s creative 1n adding imagmary fibers with the matrix properties to
the (real) fiber ends, and consequently predicts the stress transfer in short fiber-
reinforced composites accurately.

Moreover, Hsueh (2000) further modified his shear-lag model by judiciously
defining the model geometry using Eq. (5 8 a~b) and Eq. (5 9) to improve the prediction
of effective longitudinal Young modulus of short fiber-reinforced composites.

In comparison with the present FEA model, one finds that the modified shear lag

mode] 1s able to give good prediction on longitudinal Young’s modulus of short fiber-
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reinforced composites with fiber aspect ratio ranging from 1 to 10, which 1s the typical
range of fiber aspect ratio for short fiber-reinforced composites.

Specifically the two methods give very close results, when (1) f = 0.2 and Va =
150r99;(2)f=0.1and /a=1.6or8 1;and (3) f=03 and l/a =1.6 or 75 In between
these two aspect ratios, the modified shear lag model overestimates the longitudinal
Young modulus of the short fiber-reinforced composites and underestimates E.
otherwise

One also finds that the longitudinal Young’s moduli of short fiber-reinforced
composites predicted by the modified shear lag model are almost identical with those
from FEA when the fiber aspect ratio ranges from 1.6 to 4. It should be noted from the
literature that most shear lag models fail to accurately predict the longitude Young’s
modulus of short fiber-remnforced composite with fiber aspect ratio less than 4 (Nair and
Kim, 1992).

When the fiber aspect ratio (//a) 1s equal to the composite aspect ratio (I/b), the
modified shear lag model gives excellent agreement with FEA for //a < 2 or I/a > 10.
The discrepancy, however, 1s significant, when //a ~3.

Another thing worthy of mention 1s that when applying umiaxial tension, rather
than prescribed displacement, the calculated longitudinal Young’s moduli of the
composites by averaging strain over the top surfaces of the composites are much higher
than those obtained form the modified shear lag model and the present FEA model. The

reason may be that the two boundary-value problems are 1n essence different.
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