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Abstract

The polymer matrix composites (PMCs) are carving out a niche amid the keen market
competition to replace the other material counterparts, e.g., metals. Due to the low weight
and the corrosion resistance, the PMCs are wildly utilized from aerospace to automobile
industries, both in the sectors of civilian and defense. To obtain high-quality products
at low cost, the composites industry continues seeking for numerical simulation tools to
predict the manufacturing processes instead of prototype testing and trials. Regarding the
attractive liquid composite molding (LCM) process, it provides the possibility to produce
net shape parts from composites. The challenges are how to identify the primary physics
of LCM processes and develop mathematical models to represent them. Models need to
be both accurate and efficient, which is not easy to achieve.

To model LCM processes, we have one option that describes all physics at the
macroscopic scale. The fundamental continuum mechanics principles, e.g., mass balance,
momentum balance, energy balance, and entropy inequality, help us developing models.
In this regard, the theory of porous media (TPM), which relies on the concept of volume
fractions, can explain the problems of the saturated/unsaturated multi-phase materials.
Darcy’s law describes the relation between the flow velocity and the pressure gradient,
without accounting for the dual-scale flow. The air and resin compose the homogenized
flow at the infusion stage. The existence of the capillary pressure influences the flow front,
which has been revealed in this thesis. The finite element method is employed to solve for
the homogenized flow pressure, and the degree of saturation with the staggered approach,
especially the Streamline-Upwind/Petrov-Galerkin (SUPG) method is implemented to
eradicate the stability problem.

As to the fiber preform response, an assumption of shell kinematics is made to reduce the
model from a full 3-D problem to a shell-like problem. Given this, an explicit formulation
is obtained to express the normal directional stretch as a function of homogenized flow
pressure. This model has been verified and validated by a resin infusion experiment.
The model mimics the preform relaxation and lubrication mechanisms successfully and
efficiently.

So far, the works mentioned above aimed at the isothermal infusion stage. However,
resin flow development, heat transfer, and resin curing are strongly interrelated during
the whole LCM process. The holistic simulation of both the infusion stage and the curing
stage is carried out in this thesis. Finally, we propose a system of coupled models to help
process engineers to design and control process parameters by using virtual numerical
experiments instead of the traditional trial-and-error approach.

Keywords: Liquid composite molding; Porous media theory; Process modeling; Resin
cure; Fabric composites; Polymer composites
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Part I

Extended Summary

1 Introduction

1.1 Background

During the last few decades, the application of the polymer matrix composite (PMC)
materials has become broader and broader, from the traditional marine, aerospace,
infrastructure, and sport industries to the medicine and battery technologies [1]. The
evolution of the PMCs application accompanies the revolution of manufacturing processes.
The composites manufacturing aims to combine the best properties of fibers and resins,
in the meanwhile, minimize their weaknesses. Åström B.T. [2] and Advani S.G. & Hsiao
K.T. [3] wrote books about manufacturing processes, resources for material property
data, as well as the process modeling methods. The books give very detailed qualitative
insight into the materials and processes addressing the issues encountered from designing
to shop floor manufacturing [4]. The characteristics of the processing methods can be
classified into three types, 1) short fiber processing, 2) thermoplastic resin processing, and
3) thermoset resin processing.

The injection molding process is one of the processes for short fiber reinforced PMCs.
This type of process uses the extruder to melt and mix the pellets that contain thermoplas-
tic resin and chopped short fibers, then the suspension is compressed into a rigid mold to
form the final shape. Alternately, the compression molding process is commonly applied
in the automotive industry to produce sheet form components. The stack of precursor
materials that are made from thermoset/thermoplastic resins and chopped fibers are
placed in the rigid mold, then the upper mold presses the precursor materials and squeezes
the resins and fibers filling the mold cavity. Apart from chopped fibers, nanoparticles can
be filled with polymers as well, for the purpose of improving the mechanical, thermal,
and electrical properties of composites.

Regarding the composites of thermoplastic resin with long fibers, the sheet forming
process is usually adopted. In this process, a stack of continuous or long fibers reinforced
thermoplastic prepregs are heated firstly, then stamped to the shape of the mold cavity.
The thermoplastic filament winding process aims to produce high-pressure vessels and
pipes. In this type of process, the continuous fibers are wetted by the molten thermoplastic
resins and wound over the mandrel through a winding head. The pultrusion process is
one of the options to produce high volume fraction and unidirectional fiber composites.
In the process, the impregnated fibers are pulled through a half-heated and half-cooled
die. Regarding more complex PMC products, the continuous compression molding process
can be applied. During this process, series pressing tools are connected and separated to
handle different operations sequentially.

Another category of process is the liquid composite molding (LCM) process, which is
usually used to produce advanced composite materials. The idea of this class of process
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is to transfer the liquid resin from a reservoir into the fiber preform that is formed from
fabrics. The fabrics are among types of random mat, woven, and stitched non-crimp
fabrics. The thermoset resin is usually adopted because of its low viscosity (0.05 Pa·s to
0.5 Pa·s). This type of resin can impregnate the voids inside the fiber preform easily. The
liquid thermoset resin is cured to solid polymer matrix materials through a series of steps,
e.g., chemical reaction, heats evolution, volatiles evolution, increase of viscosity, gelation,
and vitrification. The other option is using the thermoplastic resin that usually has very
high viscosity (102 Pa·s to 106 Pa·s). The high viscosity makes the resin very difficult to
fill into the fiber preform. Thus, the heating is needed to melt the thermoplastic from the
solid phase to the liquid phase.

The resin transfer molding (RTM) process is a member of the LCM family. In this
process, the positive pressure drives the resin into the fiber preform that is enclosed in
a mold cavity, until the voids are filled by resins. The RTM process can be applied to
produce high performance load-bearing structural parts. Figure 1.1a shows typical RTM
process steps. Firstly, the fabric plies are draped on the mold surface. While draping, the
fabric plies may be glued with the tackifier to keep bounding during the infusion stage.
Secondly, the mold is closed by a rigid cover and clamped. Now the injection starts, the
resin is injected into the fiber preform under positive pressure. At the moment, resin
flows out the vents, the infusion process is cut off, and let the resin cure. At this stage,
the mold could be heated up as resin curing demands. Until the consolidation of resin is
finished, the mold is ready to open.

Preform manufacturing
Lay-up

and draping

Mold closure

Infusion and cure

Demolding

(a)

Resin

Preform

Mold

Trap

Pump

Vacuum bag

(b)

Figure 1.1: Illustrations of the (a) RTM process steps and (b) VARTM process.

To overcome various issues of the RTM process, the composite material manufacturers
developed many variational processes. For large-scale PMCs productions, the vacuum
assisted resin transfer molding (VARTM) and the Seemann’s composites resin infusion
molding process (SCRIMP) inherit from RTM. The modified VARTM, vacuum-induced
preform relaxation (VIPR) reduces the fill time. The fast remotely actuated channeling
(FASTRAC) can create temporary race-tracking channels to accelerate the process com-
paring with the RTM process. There are still other modified versions, e.g., light RTM
(LRTM), structural reaction injection molding (S-RIM), co-injection resin transfer molding
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(CIRTM), compression resin transfer molding (CRTM) and resin infusion between double
flexible tooling (RIDFT).

The vacuum assisted resin transfer molding (VARTM) process belongs to the type of
closed-mold method, which can be used to manufacture large-scale PMCs. The process
inherits the advantages of RTM, e.g., low volatile organic compounds emission, high
quality, and clean operating environment. Also, this process method is flexible and
scalable, and usually, the tooling cost is low.

A feature of the VARTM is that the preform is closed by the easily deformed semi-
permeable membrane and compressed by the atmospheric pressure. The preform is
assembled as a sandwich that consists of fiber networks, peel ply, flow distribution media,
and helical tubes. Due to this low-pressure requirement, the VARTM process can be
operated like the open mold process, which is suitable for one-piece large-scale structures.
A significant difference between the RTM and the VARTM is the injection pressure. In the
RTM process, because of the rigid mold cover is strong enough, the injection pressure can
be dramatically higher than the environmental pressure, which leads to a positive pressure
environment inside the mold cavity. However, this is not feasible in the VARTM process.
The injection pressure in the VARTM process is usually equal to 1 atm, so the pressure
difference is contributed from the internal mold vacuum. This vacuum environment will
compress the preform to the lower mold and drive the resin transferring into the preform.

Figure 1.1b illustrates the VARTM process briefly. Concerning the large or complex
shape component and long filling time, the lower mold can be heated for controlling the
resin viscosity and managing the curing cycle (as the OOA process desires). What is
more, the resin inlets and outlets should be adjusted to generate versatile resin flow paths
for better infusion quality and shorter filling time.

1.2 Polymer matrices and fibers

Polymer resin plays the role of the matrix phase of the composite material. The polymers
bind the fibers together and provide the tolerance and durability of the composite materials.
In addition, the polymer matrix also undertakes the compression and shear loads. In the
context of LCM processes, the thermoset materials are usually chosen. The low viscosity
(50 to 500 times more viscous than water) makes the thermoset readily flowing into and
filling out the voids in the dry fiber preform. A particular step that is named as curing
is taken to consolidate the liquid resin to the solid form. In general, polymers are high
molecular weight compounds that consist of many repeated small segments. The smallest
elements (monomer) are assembled into a polymer through chemical reactions of the
poly-condensation and the poly-addition. Thermosets initially consist of molecule chains
with weak bonds. Chemical reactions build covalent bonds between polymer chains, which
is called cross-linking. The term curing denotes the process of cross-linking. During
the curing, more and more polymer chains are bonded together until the entire bulk of
polymer has been cross-linked. The strong covalent bonds make the thermoset matrices
high thermal and mechanical performances. The viscosity of the thermoset is usually low,
between 0.05 Pa·s to 0.5 Pa·s. Thus, thermosets are easy to flow into the voids inside
the fiber preform. Because of this characteristic, the thermoset is usually used in LCM
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processes.
Another class of polymers is thermoplastic. Thermoplastic polymers can be either

amorphous or semicrystalline. The polymer chains of thermoplastics are long and associ-
ated with the van der Waals’ forces. Due to these characteristics, thermoplastics at the
room temperature are solid. During the processing, thermoplastics need to be heated and
melted to the liquid phase, whose viscosity is between 102 Pa·s and 106 Pa·s. The final
thermoplastic matrix materials are formed from cooling instead of curing. The rate of
cooling (cooling dynamics) highly affects the properties. The advantage of thermoplastic
matrices is their recyclable nature and higher toughness than thermosets. However, the
high viscosity makes thermoplastics difficult to apply in LCM processes.

Fibers in PMC materials provide stiffness and strength to undergo external loads.
Glass, carbon, polymer, and natural materials can be used to make fibers. The advanced
composites are made by continuous fibers. A tow of fibers contains 100 to 48000 single
fibers laying together as an elliptical cross-section. By weaving, stitching, knitting, or
braiding fiber tows together, we can obtain fabric reinforcements, which can be combined
to create preforms that are tailored for the particular part geometry and the property
requirement. If fiber tows are aligned in one direction to create fabrics, this type of fabric
can reach very high fiber volume fraction, in-plane strengths, and stiffness. Another type
of fabric is made from interlaced fiber tows, which form 2-D or 3-D interlocked textile
structures. In this regard, the composite materials yield high stiffness and strength both
in- and out-plane directions, which gives the designer more freedom to fulfill the desired
requirements.

In this thesis, we will focus on carbon fiber and thermoset resin. The continuous fibers
in sheet fabrics will be used for preforms.

1.3 Aim, scope and limitations

The purpose of this thesis work is to develop a system of mathematical models for
simulating the holistic LCM processes, especially for the RTM and VARTM processes.
To this end, some research objectives are listed as follows:

• develop a three-phase porous media model for the RTM process;

• develop a shell model for describing the fiber networks swelling and compaction in
the VARTM process;

• include the cure kinetics and chemo-rheology in models to simulate the non-
isothermal VARTM process;

• carry out experiments for the verification and validation of models.

The work is limited to model the liquid composite molding process at the macroscopic
level. The fluid-solid interaction is based on the theory of porous media, plus the limited
low flow rate. The microscale fiber structures and the microflow in the vicinity of the fiber
bundles are not considered herein. The gravity is neglected in the modeling. In addition,
the preform is considered as thin-walled and the through-thickness flow is neglected.
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Regarding the non-isothermal process, we assume that the heat transfer between the
preform and the resin/air mixed fluid is instantaneous.
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2 Manufacturing process modeling

The process modeling can be considered on two different scales. When the modeling is
at the macroscale, the interest is in the overall resin flow development and the global
deformation of the material. So, the scale is usually the order of millimeters. This physics
can be described by the continuum mechanics, or to be more specific, the porous media
theory. This approach can exam the overall relations between the processing parameters,
e.g., flow rate, pressure, temperature, and fabric structure. However, the phenomena at
the microscale (a few microns) will be ignored. In this regard, the multiscale process
modeling is also interested.

The RTM and VARTM processes include the low viscosity thermoset resin and
woven/stitched fabrics. From the macroscale point of view, the processes can be interpreted
as liquid resin infiltrating into the porous fiber network. Thus, the physical process can
be modeled as Darcy flow transporting in porous media. Moreover, heat transfer, cure
kinetics and chemo-rheology are also crucial facts. In this thesis, we focus on using the
porous media theory to model the macroscale physics for RTM and VARTM processes,
and including the exothermic curing.

2.1 The porous media theory

The porous medium is a kind of material that consists of solid constituents and closed or
open pores. The pores can be flooded with fluids or gas and interact with the neighboring
solid. Reinhard Woltman [5] built a systematical soil mechanics and porous bodies
framework and introduced the essential concept – volume fraction. These works are
known as the prerequisites for developing the porous media theory. After Woltman’s
concept of volume fraction, around the mid-19th, the mixture theory and the porous
bodies theory were developed significantly. Delesse’s concept of surface fractions [6]
became the most fundamental contribution to the porous media theory. Then the first
phenomenological mixture theory was done by Fick [7]. Fick’s contribution was Fick’s
first and second diffusion laws.

Josef Stefan [8] for the first time derived the motion and mass balance equations for
a mixture of two gases following the continuum mechanics framework and the concept
of volume fraction with the consideration of the porosity of the porous solid. This work
gives the foundation of the mixture theory, and it becomes the symbol of the classical era
of the development of the porous media theory.

Due to it is almost impossible to indicate the exact location of solid and pores, we must
describe it alternately, viz. volume fraction concept. By doing so, the discontinuous porous
media is interpreted as a smeared model. The motion, deformation, stress, pressure, and
other state variables are averaged statistically from the intrinsic values in the control
volume. Thus, the (partial-)saturated porous media can be considered as the mixture of
all constituents at a certain material position Xα (or x). With this substitute model, the
continuum mechanics methods can be applied to handle the porous media problem.

Once the volume fraction concept is employed, the micromechanical effects are also
“smeared” into the model. Following the porous media theory, the microscale quantities are
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real smeared

dv dv

Figure 2.1: The real porous media composed of solid and liquid phases are averaged
statistically to a smeared body.

represented by the macro-mechanical quantities instead. However, an inevitable problem
is still rising: only α − 1 equations will be derived in the α constituents porous media,
i.e., the problem cannot be closed. In order to work this problem out, the microscale
understanding must be included.

2.1.1 The volume fraction concept

To explain the volume fraction concept, we introduce some notations. Assuming a porous
medium consists of the solid phase controlling the domain Bs that bounded by ∂Bs.
The vα represents the real volumes of the constituent α among κ different constituents.
In Figure 2.2, the average volume element locates at x, r points the position of the α
constituent that has volume dvµ. Let’s define an indicator function as

x

r

u

dvµ

dvµ

dv

x1

x2

o

Figure 2.2: The average volume element of the multiple constituents porous media.
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χα = χα (r, t) =

{
1 if r ∈ dvα,

0 if r ∈ dvβ ,
α 6= β . (2.1)

So the volume element of the constituent α in the total volume element can be expressed
by

dvα (x, t) =

κ∑

i

dviµ =

∫

dv

χα (r, t) dvµ . (2.2)

Now we can formulate the volume fraction as

nα (x, t) =
1

dv

∫

dv

χα (r, t) dvµ =
dvα

dv
, (2.3)

with the constraint,

κ∑

i=1

ni = 1. (2.4)

If the real or intrinsic density of α constituent at location r can be defined as ραr =
ραr (r, t) , thus the real density at the x yields ρα = ρα (x, t), and of cause the macroscale
quantity is ραx = ραx (x, t). Now we can obtain two critical relations of the density from
the volume fraction concept

ρα (x, t) =
1

dvα

∫

dv

ραr (r, t)χα (r, t) dvµ

= ραr (r, t)
dvα

dvα

= ραr ,

(2.5)

and

ραx (x, t) =
1

dv

∫

dv

ραr (r, t)χα (r, t) dvµ

= ραr (r, t)
dvα

dv
= nα(x, t)ραr .

(2.6)

For the liquid-air mixed porous media, the homogenized fluid density can be obtained
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following the above approach as

ρfx (x, t) =
1

dv

∫

dv

ρlr (r, t)χl (r, t) dvµ +
1

dv

∫

dv

ρgr (r, t)χg (r, t) dvµ

= ρlr (r, t)
dvl

dv
+ ρgr (r, t)

dvg

dv

= nlρlr + ngρgr

= nf
(
ξρlr + (1− ξ)ρgr

)

= nfρfr

= nfρf ,

(2.7)

where ρfr is the homogenized intrinsic density of the mixture of liquid and gas. The
degree of saturation ξ is defined as

ξ =
nl

nf
and 0 6 ξ 6 1 , (2.8)

where nf = nl + ng. Thus, from Equation (2.7), we can obtain the expression of the
homogenized fluid density as

ρfr = ξρlr + (1− ξ)ρgr  
ρf = ξρl + (1− ξ)ρg .

(2.9)

By applying the same homogenization approach, we can obtain the mixture pressure as

pf = ξpl + (1− ξ)pg . (2.10)

Regarding the existence of capillary pressure, Gray and Hassanizadeh [9] derived the
expression, pc (ξ) = pg − pl, in 1991. By using this expression, we can build a connection
between the liquid and gas pressures as

pl = pf − (1− ξ)pc, and

pg = pf + ξpc .
(2.11)

Moreover, the gas pressure pg can be obtained from the universal gas law as

pg =
ρg

kg
=
RΘρg

mg
, (2.12)

where mg is the gas molar mass, R denotes the ideal gas constant and Θ is the absolute
temperature of the gas.

2.1.2 Kinematics

In order to address the kinematics, we need to make two certain assumptions:
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• At a certain time t, all of the constituents share the same spatial point x, but the
trajectories are from different reference configurations at t = t0;

• thus, every constituent in the heterogeneous mixture has an independent motion.

Based on these assumptions, we define the deformation mapping following the continuum
mechanics framework,

x = ϕs (Xs) = ϕf
(
Xf
)

, Xs 6= Xf , ϕs 6= ϕf , (2.13)

where ϕs and ϕf represent the deformation mapping of the solid and fluid phases
respectively. Thus the corresponding deformation gradient can be defined as

F α = ϕα ⊗∇X . (2.14)

∂B0

Bs0

Xs

ϕs(Xs, t)

F

f

s

Bf0
Xf

ϕf (Xf , t)

∂B

x
B

Figure 2.3: The motion of the solid and fluid phases for a saturated porous media.

Moreover, the Jacobian Jα can be obtained as

Jα = det (F α) > 0 . (2.15)

Next, the velocity of each constituent can be defined as

vα = ˙(x)α = ˙(ϕα)α =
Dαϕα (Xα)

Dt
, (2.16)

where the operator ˙(•)α denotes the material time derivative for the constituent α.
From the definition, we know the intrinsic velocity of the constituent α. In order

to include the velocity in the constitutive relation – Darcy’s law, we need a relation
between the intrinsic velocity vfand Darcy’s velocity vdf . Let fw represent the area of a
cross-section of a cylinder where the fluid can pass through. Thus we obtain Q = fwv

f ,
where fw also denotes the porosity on the cross-section. From Deless [6], we notice that
the surface porosity is equal to the volume porosity, i.e., fw = nf . Finally, we conclude,

Q = nfvf = vdf . (2.17)
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When the cylinder is deforming with the velocity of vs, Equation (2.17) turns to

vdf = nfvrf , (2.18)

where vrf = vf − vs is the relative velocity, or the seepage velocity.

2.1.3 Mass balance

In this section, we consider the mass balance for the individual constituent α. The mass
balance can be expressed by words as – the rate of change of the mass Mα is equal
to the mass supply

∫
Bα

ρ̄αxdv =
∫
Bα

nαρ̄αdv, where ρ̄α denotes the density supply. The

formulation reflects,

˙(Mα)α =

˙

∫

Bα

ραxdv




α

=

∫

Bα

ρ̄αxdv (2.19)

From the fundamental continuum mechanics knowledge, we conclude the mass balance
equation for single phase α

∂ραx

∂ t
+ ∇ · (ραxvα) = ρ̄αx. (2.20)

If using a homogenized velocity v substitute the intrinsic velocity vα of each constituent,
we obtain a mass balance equation for the bulk heterogenous mixture

κ∑

α=1

[
∂nαρα

∂ t
+ ∇ · (nαραv)

]
=

κ∑

α=1

nαρ̄α . (2.21)

As it is mentioned previously, the problem is not closed. For a two-phase porous
media problem, we introduce an auxiliary equation from the constraint (2.4) to close the
problem

˙(ns)s + ˙(nf )s = 0 , (2.22)

and
˙(ns)s + ˙(nf )f −∇ · (nfvrf) = 0 , (2.23)

From Equations (2.22) and (2.23), we yield

˙(nf )f = ˙(nf )s + ∇ · (nfvrf) , (2.24)

where nf can be replaced by other variables.
Until now, we have a closed mass balance equation system for the two-phase (solid

and fluid) porous media problem. In this thesis, the fluid phase consists of gas and liquid.
Thus, the α will be replaced by solid s, resin l, gas g, and the homogenized fluid f . If the
mass supply is ignored, Equation (2.19) can be extended to

˙(Ms)s = 0 
˙nsρs + nsρs∇ · vs = 0 ,

(2.25)
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˙(Mf )f = 0 
˙(Mf )s + ∇ · (nfρfvrf) = 0 

˙
nfρf + nfρf∇ · vs + ∇ · (nfρfvrf) = 0 ,

(2.26)

By summarizing Equations (2.25) and (2.26) together, we can obtain

ṅs + ṅf + ns∇ · vs + (1− ns)∇ · vs + ns
ρ̇s

ρs
+ nf

ρ̇f

ρf
+

1

ρf
∇ · (ρfnfvf) = 0 . (2.27)

From Equations (2.17) and (2.22), we can simplify Equation (2.27) to

∇ · vs + ns
ρ̇s

ρs
+ nf

ρ̇f

ρf
+

1

ρf
∇ · (ρfvdf) = 0 . (2.28)

Similarly, when only the resin constituent is considered, Equation (2.19) can be extended
to

˙(M l)l = 0 
˙(M l)s + ∇ · (nlρlvrl) = 0 

˙
nlρl + nlρl∇ · vs + ∇ · (nlρlvrl) = 0 

ṅl + nl
ρ̇l

ρl
+ nl∇ · vs + ∇ · vdl = 0 

ṅfξ + ξ̇nf + nl
ρ̇l

ρl
+ nfξ∇ · vs + ∇ · vdl = 0 .

(2.29)

By inserting ρ̇l = 0 (assuming the resin is incompressible) and ṅf = ns∇·vs into Equation
(2.29), we can obtain

ξ̇nf + ξ∇ · vs + ∇ · vdl = 0 . (2.30)

So far we have derived two governing Equations (2.28) and (2.30), which are named as
pressure equation and saturation equation, respectively. In Equations (2.28) and (2.30),
the term ∇ · vs can be replaced by

∇ · vs =
J̇s

Js
=
J̇

J
. (2.31)

2.1.4 Balance of momentum

The balance of momentum tells that the rate of change of the linear momentum is equal
to the sum of resultant forces. If the density supply is ignored, the formulation shows

˙

∫

Bα

ραxvαdv




α

=

∫

Bα

(ραxbα + p̂α) dv +

∫

∂Bα

tαds , (2.32)
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where ραxbα is the body force, p̂α is the interaction force, and tα is the surface traction.
Given Cauchy’s principle and the divergence theorem, the balance of momentum for the
α phase is formulated as

σα ·∇ + ραxbα + p̂α = ραx ˙(vα)α . (2.33)

If the common velocity v and acceleration b are introduced, the momentum balance for
the whole mixture bulk body can be expressed as

κ∑

α=1

(σα ·∇ + ραxb+ p̂α) =
κ∑

α=1

ραxv̇ . (2.34)

In a liquid and gas mixed three-phase porous media problem, we can obtain the linear
momentum balance of the whole porous media as

σ ·∇ +
(
ρ̂s + ρ̂f

)
b = ρ̂sv̇s + ρ̂f

(
v̇f + vf ⊗∇ · vrf) , (2.35)

where ρ̂s = ρsx = nsρs, ρ̂f = ρfx = nfρf , and σ = σs + σf is the total stress.
Similarly, we can obtain the linear momentum balance of the solid phase and fluid

phase, respectively,
σs ·∇ + ρ̂sb+ p̂s = ρ̂sv̇s , (2.36)

σf ·∇ + ρ̂fb+ p̂f = ρ̂f
(
v̇f + lf · vrf

)
, (2.37)

where p̂f = −p̂s. The term vf ⊗∇ = lf is the spatial velocity gradient.

2.1.5 Energy balance

The first law of thermodynamics justifies the energy balance, which tells that the rate
of change of internal and kinetic energies is balanced by the mechanical power and the
thermal power. For an individual constituent α in the porous media, let E, K, W and Q
represent internal energy, kinetic energy, mechanical power and thermal power respectively,
the balance of energy can be formulated as

˙(Eα)α + ˙(Kα)α = Wα +Qα . (2.38)

After some derivations and using mass and linear momentum balances, the energy balance
can be reformulated as

ραx ˙(eα)α = σα : Dα + ραxrα −∇ · qα , (2.39)

where eα is the specific internal energy, Dα is the rate-of-deformation tensor, rα is the
energy source, and qα is the heat flux. As previous approaches, let rα = r and qα = q
the energy balance for the mixture porous body yields

κ∑

α=1

ραx ˙(eα)α =

κ∑

α=1

(σα : Dα + ραxr −∇ · q) . (2.40)

More specifically, for the whole porous body without energy source, we have

˙̂e+ ∇ · q = σ : ls + ∇ · (σf · vrf)− nfρfvrf · (v̇f + lf · vrf + ∇ef
)

, (2.41)

where ˙̂e = nsρsės + nfρf ėf .
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Figure 2.4: Continuum in motion for α phase.

2.1.6 Entropy inequality

The second law of thermodynamics is also known as entropy principle has been used to
retrieve constitutive relations since 1963 [10]. Within the mixture body, the summation of
the entropy of each constituent should hold the principle. If the supply density is ignored,
the entropy inequality (Clausius Duhems inequality) is expressed as

κ∑

α=1

˙(Hα)α >
κ∑

α=1

QαΘ , (2.42)

where Hα is the entropy of the α constituents, QΘ is the summation of supplied entropy
and entropy flux, which are defined as

Hα =

∫

Bα

ραxsαdv , and (2.43)

QαΘ =

∫

Bα

1

Θ
ραxrdv −

∫

∂Bα

n · q
Θ

dΓ , (2.44)

where sα is the specific entropy, and Θ is the absolute temperature.
The local form of the entropy inequality is expressed,

κ∑

α=1

[
ραx ˙(sα)α −

1

Θ
ραxr + ∇ ·

( q
Θ

)]
> 0 . (2.45)

In addition, the free Helmholtz energy is formulated as ψα = eα−Θsα. For the isothermal
condition with the ignorance of energy source, we yield

˙̂e+ ∇ · q − ˙̂
ψ + ρfnfvrf ·∇ (

sfΘ
)
− q ·∇Θ > 0 , (2.46)
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where
˙̂
ψ = nsρsψ̇s + nfρf ψ̇f . Using Equation (2.41), we obtain

(
σ − nfτ f

)
: ls − pfns ρ̇

s

ρs
− nsρsψ̇s

+
(
nfτ f

)
: lf

−pfnf ρ̇
f

ρf
− nfρf ψ̇f

+ρfnfvrf · hf
−q ·∇Θ > 0 ,

(2.47)

where σ is the effective stress that is obtained from Terzaghi effective stress principle

σ = σ + pf1 , and (2.48)

hf is defined as

hf = −∇ψf − ˙(ψf )f −∇
(
pf

ρf

)
+

∇ · (nfsf)

ρf
, (2.49)

Regarding thermoset resin, the viscous part of fluid stress τ f is relative small compared
with the effective stress σ. Thus, the entropy inequality for the whole porous body can
be simplified as

σ : ls − pfns ρ̇
s

ρs
− nsρsψ̇s

+
(
nfτ f

)
: lf

−pfnf ρ̇
f

ρf
− nfρf ψ̇f

+ρfnfvrf · hf
−q ·∇Θ > 0 .

(2.50)

To guarantee the inequality, we can divide Equation (2.50) to different parts. First,
the dissipation produced by the solid phase can be expressed as

Ds = σ : ls − pfns ρ̇
s

ρs
− nsρsψ̇s > 0 . (2.51)

Then, the dissipation related to the viscous part of fluid stress

Dv =
(
nfτ f

)
: lf > 0 . (2.52)

Next, the dissipation related to the fluid Df

Df = −nfpf ρ̇
f

ρf
− nfρf ψ̇f > 0 . (2.53)
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The fourth dissipation Di reflects the movement of the mixed fluid as

Di = ρfnfvrf · hf = ρfvdf · hf > 0 . (2.54)

The last part is the thermal dissipation

DΘ = −q ·∇Θ > 0 . (2.55)

DΘ is obvious always larger than or equal to zero. In this thesis, we will mainly focus
on the fluid phase. Thus, let us consider the dissipation Dv, Df and Di to check if the
inequalities are satisfied. Regarding Di, let’s define vdf = K ·hf , where K is the positive
definite permeability tensor. Thus, we can guarantee Di > 0 as

Di = ρfvdf · hf = ρf
(
hf
)T ·K · hf > 0 . (2.56)

Regarding Df , we can define ψf as a function of mixed fluid pressure pf and the degree
of saturation ξ, i.e., ψf = ψf [pf , ξ]. Using the results from Equations (2.11) and (2.12),
we can obtain

Df =

(
pf
(
ρl − ρg +

1− ξ
kg

pc +
1− ξ
kg

ξ
dpc

dξ

)
−
(
ρf
)2 ∂ψf

∂ξ

)

︸ ︷︷ ︸
DfA

ξ̇

+

(
pf

1− ξ
kg
−
(
ρf
)2 ∂ψf
∂pf

)

︸ ︷︷ ︸
DfB

ṗf .

(2.57)

To make sure Df > 0, we need to prove DfA = 0 and DfB = 0. Before proving these two
condition, let us first look at Equation (2.53),

−nfpf ρ̇
f

ρf
− nfρf ψ̇f =

(
− pf

ρf
2 +

∂ψf

∂ρf

)
ρ̇f > 0 

∂ψf

∂ρf
=

pf

(ρf )
2 .

(2.58)
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Now, let us rewrite DfA,

(
ρf
)2

pf
∂ψf

∂ξ
=

(
ρf
)2

pf
∂ψf

∂ρf
∂ρf

∂ξ
=

(
ρf
)2

pf
pf

(ρf )
2

∂ρf

∂ξ
=

∂ρf

∂ξ
=

∂

∂ξ

(
ξρl + (1− ξ) ρg

)
=

ρl − ρg +
1− ξ
kg

pc +
1− ξ
kg

ξ
dpc

dξ
 

DfA = 0 � .

(2.59)

Similarly, we can prove

(
ρf
)2

pf
∂ψf

∂pf
=

(
ρf
)2

pf
∂ψf

∂ρf
∂ρf

∂pf
=

(
ρf
)2

pf
pf

(ρf )
2

∂ρf

∂pf
=

∂ρf

∂ξ
=

∂

∂pf
(
ξρl + (1− ξ) ρg

)
=

1− ξ
kg

 

DfB = 0 � .

(2.60)

The last part of dissipation, Dv, can be reformulated as

Dv =

nfτ f : lf =

nfτ f : Df =

nf
((
λf tr

(
Df
)
1 + 2µfDf

))
: Df =

nf
((

λf +
2

3
µf
)(

tr
(
Df
))2

+ 2µfDf
dev : Df

dev

)
> 0 ,

(2.61)
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where Df is the symmetrical part of lf , and Df
dev is the deviatoric part of Df . λ and µ

refer to Lamé first parameter and Lamé second parameter, respectively. It is obvious that
all terms in Equation (2.61) are positive or zero, so we can conclude that Dv is larger
than or equal to zero.

2.2 Current status of process modeling

The purpose of process modeling is to give engineers and scientists better insight into the
flow pattern, the extent of curing, and the response of fiber preforms. By implementing
process models, process engineers can find the best parameters of the processing without
conducting experiments. The model can reveal the performance and outcome of different
mold designs and save the expense and time of fabricating and testing every case [4].

Generally, the modeling starts with the problem definition. In this stage, we need to
define and abstract the physical process, identify the important parameters, and consider
the boundary conditions and so on. Next, we should use fundamental physical laws
and empirical observations to formulate the mathematical expressions of the defined
problem. To reduce the complexities of mathematical equations, we have to simplify the
model by making suitable assumptions. The obtained equations are usually a system of
coupled nonlinear partial differential equations. The finite difference, boundary element
method, control volume finite element method, and Galerkin finite element method are
among the means to find solutions numerically. The main challenges for solving the
equation system are reliability, stability, portability, and efficiency. Once the model is
developed, the verification and validation need to be implemented. The verification tells
whether or not the model gives correct solutions. On the other hand, the validation
allows checking if there are ignored phenomena in the course of the process. Moreover,
through the validation, we will know how well the model matches physics in the process
mathematically.

Between the late 80s and early 90s, Chan and Hwang [11] started to solve the pressure
distribution in the RTM process based on Darcy’s law, which describes the fluid transferring
in porous media. Fracchia et al., [12] employed the control volume finite element method
(CVFEM) together with the concept of volume of fraction (VOF) to simulate the mold
filling in the RTM process using conforming finite elements. Since then, many results
following this approach have been published, e.g., [13, 14, 15, 16, 17, 18, 19, 20, 21, 22].
The modified CVFEM, e.g., [23, 24, 25], have been proposed as well. The boundary
element method (BEM), e.g., [26, 27], and the smoothed particle hydrodynamics (SPH)
method, e.g., [28, 29, 30] are also among the methods of modeling.

Regarding the flow front tracking, the level set method, e.g., Soukane and Trochu [31]
or Gantois et al., [32], natural element method (NEM) [33] and discontinuous Galerkin
method (DGM) [34] are developed to improve the flow front tracking. Another interesting
study has been done recently by Dammann and Mahnken [35], who used the phase-field
models to model the RTM process. Besides, Wu and Larsson [36] proposed a model using
the degree of saturation concept to describe the flow front.

Another approach is to consider the flow as a dual-scale flow. The intra-tow flow can
be treated as delayed infiltration of tows, which can be modeled as sinks of inter-tow flow,
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as described in [37, 38, 39, 40, 41, 42, 43]. In addition, a multiscale algorithm has been
reported by Tan and Pillai [44].

Researchers also classify the resin flow to saturated and unsaturated flow. Hammami
and Gebart [45], Correia et al. [46], and Fracassi and Donadon [47] reported 1-D analytical
models of the saturated flow. Various unsaturated flow models are also reported, e.g., [48,
49, 50]. Some researchers formulated multiphase flow equations with the absence of
capillary pressure [51, 31]; others include the capillary effect, e.g., [52, 53, 54, 55, 36,
56]. Apart from the single-phase fluid modeling, e.g., [11], the gas-liquid mixed fluid is
also attractive, e.g., the three-phase porous media models [57, 58, 59, 60] account for the
integration of gas, liquid resin, and solid fiber networks.

Besides, various studies on preform response were reported by researches e.g., [61, 62,
63, 64, 65, 46, 66, 67, 68, 69, 70, 47, 71, 72].

On the other hand, researchers also reported various of cure kinetics models e.g., [73,
74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85]. In addition, the chemo-rheological models
were also proposed e.g., [86, 87, 88, 89, 90, 91, 92, 93]. Moreover, the simulations of the
non-isothermal process that considers the exothermic resin reactions have been carried
out, e.g., [94, 95, 96, 97, 98].
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3 Summary of appended papers

Paper A: Homogenized free surface flow in porous media for wet-out process-
ing
The paper proposes a mathematical model for simulating the wet-out processing, e.g.,
the infusion stage of the RTM process. Based on the theory of porous media, we use
the concept of volume fraction to distinguish the constituents of solid fiber and fluid.
Then the degree of saturation is utilized to separate the fluid as air and liquid resin. By
introducing the capillary effect between gas and liquid resin, we employ the concept of
relative permeability. It has been justified that the existence of the relative permeability
plays a significant role in obtaining a discontinuous-like flow front, which has been ignored
in the previous study [58]. Further, air and resin are homogenized as a mixed fluid, which
is characterized by the mixed pressure. From the homogenization, we extend the standard
Darcy’s law. The flow velocity is not only determined by the pressure gradient, but the
gradient of the saturation as well. Moreover, when the capillary effect is small enough,
the extended Darcy’s law will turn back to the standard one. The governing equations are
then derived from the mass conservation principle. The saturation equation is obtained
from the mass balance of the liquid resin, while the pressure equation is derived from the
homogenized fluid mass conservation. To solve this highly non-linear and coupled equation
system, we employed the finite element method with the staggered approach. What’s
more, the severe fluctuation of the saturation degree solution is noticed. The reason for
this problem is because the saturation equation turns out to be a convection dominated
formulation. To enhance the stability, we adopt the Streamline-Upwind/Petrov-Galerkin
(SUPG) technique in the original formulation.

In this paper, the expression of Darcy’s velocity has been proposed specifically as,

vdl := nlvrl = −Kl∇pl ,

vdg := ngvrg = −Kg∇pg , and
{
Kα =

k̂krα
µα

}

α=l,g

,

(3.1)

where k̂ is the intrinsic permeability of the fiber preform, krα denotes the relative
permeability by Burdine [99] and µα represents the viscosity. We studied the influence of
the relative permeability as shown in Figure 3.1 . The relative permeability gives rise to
more abrupt responses of pressure and degree of saturation at the flow front.

The comparison between the presented model and the previous model has been made
in Figure 3.2. The improved model in Paper A gives better match with the analytical
reference.

Two 2-D numerical examples were made to demonstrate the simulations of the RTM
process. From Figure 3.3 and Figure 3.4, it is evident that the flow fronts are very narrow
and they localize only in a few elemental widths, which reflects the discontinuity.
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Figure 3.1: The comparison between the model with relative permeability and fixed
permeability.
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Figure 3.2: The comparison of the global saturation degree between analytical solution,
the present model and the reference model [58] with 1000 elements meshing. The bars
in the figure illustrate the L2–norm errors against the analytical results.
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Figure 3.3: Resin flow locations at 10 s, 135 s, 275 s and 400 s after the infusion started.
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Figure 3.4: Resin flow locations at 70 s, 206 s, 510 s and 740 s after the infusion started.
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Paper B: A shell model for resin flow and preform deformation in thin-walled
composite manufacturing processes

In Paper B, we continuously extend the contribution from Paper A. The fiber preform
deformation is modeled together with the flow in this work. Some liquid composite molding
processes, e.g., the vacuum assisted resin transfer molding (VARTM) process, have the
problem of thickness variation on the final products. This is due to the fiber preform
deforms during the infusion stage caused by the fluid pressure unevenly distributed.
Besides, the VARTM process is usually used to produce large-scale composite parts, which
are typically thin-walled components. Since the components are thin enough to ignore the
variation of the through-thickness flow, we can reduce the problem from the full 3-D case
to a 2-D shell-like problem. To simplify the 3-D flow, we introduce the planar projection
tensor from the local monoclinic coordinates to project the flow onto the preform surface.
Due to the pressure difference between the external environment and the internal fluid,
the fiber preform expansion and compaction are interested. Based on the shell assumption,
we propose a kinematic model to catch the normal directional stretch of the preform. We
utilize the modified packing law in the linear momentum balance equation to obtain an
explicit formation of the preform stretch. Thus the deformation will be illustrated by the
stretch that only depends on the mixed pressure from the homogenized flow. Given this
simplification, we dramatically reduce the computational effort but can still capture the
physics during the process.

Solid reference configuration Current configuration

h0

N

X

N

Ω0

B0
Γ0

ϕ [X, t]

F
∂B

Γ
x

B
h

Ω

ξ = 0

ξ = 1

0 < ξ < 1

Bf
0
Xf

Fluid reference configuration

Figure 3.5: The reference and current configuration of a partial-saturated deformable
thin-walled preform. The thickness of the undeformed thin-walled preform is h0 and
after deformation the thickness turns to h. B0 and B denote the region of undeformed
and deformed preform respectively, and the preform bottom is named as Ω0 (or Ω). In
the figure, N is the unit normal of Ω0, whereas N̄ is the outward unit normal of the
boundary line Γ0.

Regarding the LCM process of a deformable thin-walled preform, to represent the
deformation of the thin-walled preform, we modify the kinematics in Section 2.1.2 and
use the stretch λ to represent the ratio between the thicknesses of the deformed and
undeformed preform, which can be expressed as

λ =
h

h0
. (3.2)
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The deformation gradient of the preform is simplified to

F = 1 + (λ− 1)N ⊗N , (3.3)

where the normal stretch λ is equal to the Jacobian of the deformation gradient, λ = J =
detF .

Based on this shell kinematics, we obtained the explicit stretch expression as

λ =

(
1 +

pa − pf
ksE(ns0)m

)−1/m

, (3.4)

where pa is the atomspheric pressure, ks and m are parameters in Toll’s packing law, and
the variable E represents the elastic Young’s modulus of fibers.

Another study made in Paper B is the limitation of the thin-walled assumption.

Figure 3.6 shows that the percent error, δ =
∣∣∣
(
ξ̂plane − ξ̂shell

)
/ξ̂shell

∣∣∣× 100%, decreases

linearly as the preform thickness decreases. When the ratio t/L is reduced below 6%, the
influence of the through-thickness flow is significantly reduced. A numerical example is

3

δ
[%

]

t/L [%]

3

5

7

9

6 9 12

Figure 3.6: The differences of the global saturation degree between the plane and shell
model.

made to illustrate the model. Figure 3.7 plots the resin flow patterns during the infusion
stage. The red regions represent the full-saturated parts of the preform; and the blue
regions indicate the dry parts; the gradients between red and blue illustrate the process
zone, where the flow front locates. It is obvious to observe that as the resin flows into the
preform, the preform deforms correspondingly.
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Figure 3.7: Resin flow pattern and prefrom deformation.
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Paper C: Modeling and experimental validation of the VARTM process for
thin-walled preforms
Paper B proposed a shell model for simulating resin flow and preform deformation in
the LCM process of thin-walled preforms. To verify and validate the shell model, we
experimented with the VARTM process. The experimental setup is depicted in Figure 3.8.
First, eight layers of NCF are stacked on a flat aluminum mold (1 m × 1 m), following the
[−45/45/90/0]s layup, to assemble the fibrous preform (22 cm × 38 cm). Then, on top of
the preform, a layer of peel ply is placed. Because the preform is thin (6.5 mm) compared
with other dimensions, the distribution layer is ignored. A helical tube is placed at the
inlet of the mold. The inlet tube connects to the resin reservoir, and the outlet tube is
connected to the vacuum pump. Finally, the mold is covered by a vacuum bag and sealed
with tacky tapes around all edges of the preform. When the VARTM experiment setup is
ready, the Digital Image Correlation (DIC) system from GOM Aramis R© is installed on
top of the mold to carry out the in situ monitoring during the infusion process.

Vacuum bag

Resin flow Preform

Resin

Trap Pump
DIC

Sealing tape

Helical tube
Peel ply

PC

Mold

Figure 3.8: The VARTM experiment setup.

In Figure 3.9, the simulation results show good agreements with the experimental
results, especially for the locations of the maximum relaxation and lubrication. From 29
s to 302 s, the relaxation from the simulation almost keeps in line with the experiment.
However, at 500 s and 800 s, there are some deviations between the simulation and the
experiment. The neglected bending of the preform may cause deviations. Nevertheless,
the model successfully mimics the preform relaxation mechanism and lubrication effects.
In summary, the present model, with the assumptions of in-plane flow and shell kinematics,
provides good predictions of the preform deformation in the VARTM process of thin-walled
preforms and needs less computational effort.
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Figure 3.9: The comparison of thickness variation between the experiment and simula-
tion.
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Paper D: A preform deformation and resin flow coupled model including the
cure kinetics and chemo-rheology for the VARTM process
Paper A, Paper B, and Paper C are only aimed at the infusion stage. However, in
fact, resin flow development, heat transfer, and resin curing are strongly interrelated. The
exothermic reactions increase resin temperature – additionally change the viscosity, which
in turn affects the flow filling pattern. Moreover, the degree of cure upon the completion of
the infusion stage contributes to the initial conditions for the curing stage. The reduction
of the process cycle time may benefit from the adequate control of the temperature and
initialization of polymerization. In Paper D, the in-plane two-phase flow and the shell
preform model are combined with heat transfer, cure kinetics, and chemo-rheology in the
simulation of the thin-walled VARTM process. The resin reaction Equation (3.5) and the
heat transfer Equation (3.6) are extended to include the fiber preform response.

nl
∂c

∂t
+ nlvs ·∇c+ vdl ·∇c = ∇ · (nl (De +DD)∇c

)
+ nlG , (3.5)

where c is the degree of cure, and G is obtained from the Kamal and Sourour [73]
autocatalytic model. De is the effective diffusivity tensor, and DD is the hydrodynamic
dispersion tensor.

ĉp
∂T

∂t
+ ĉpv

s ·∇T+ρfcfpv
df ·∇T =

nf∇ · (kf ·∇T
)

+ ns∇ · (ks ·∇T ) + nf∆HG
, (3.6)

where the homogenized specific heat ĉp = nsρscsp + nfρfcfp . cfp and csp are the specific

heats of the fluid and fiber, respectively. kf and ks are the conductivity of the fluid and
preform, respectively. Additionally, the reaction heat of resin is denoted as ∆H.

Equation (3.5) and Equation (3.6) belong to the convection-diffusion equations and
are solved by the Galerkin finite element method. The solutions are plotted in Figure
3.10 and Figure 3.11, respectively. It is obvious that the initial temperatures influence
the degree of cure and the temperature of resin dramatically.

The holistic simulation of the non-isothermal VARTM process has been done efficiently.
Figure 3.12 shows the filling time and the maximum degree of cure for each given initial
temperature. When the initial temperature varies from 298 K to 373 K, the filling out time
drops 68.5%. On the contrary, the degree of cure increases three times. In this regard, the
infusion process is accelerated by increasing the initial temperature. However, when the
initial temperature keeps rising to 398 K, the filling out time jumps dramatically to 278
seconds. In addition, the degree of cure reaches 0.839, which is too high compared with
the usual VARTM process. In conclusion, there is a window of the processing temperature
that can shorten the time of the infusion stage.

Paper D provides a numerical tool that can be used for optimizing the process
parameters and the design of the mold, such as the initial temperature, the vacuum level,
and the position of the inlet and outlet. What is more, the proposed model can check the
compatibility of a resin system for a given infusion task without relying on the experience
and “trial and error” approaches. Finally, the residual thermal stress can be computed
based on the thermal condition obtained from this model.
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Figure 3.10: (a) The changes of temperature at flow fronts. (b) The profiles of tempera-
ture along the centerline.
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Figure 3.11: (a) The changes of degree of cure at flow fronts. (b) The profiles of degree
of cure along the centerline.
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Figure 3.12: The filling out time and maximum degree of cure at different initial tem-
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4 Concluding remarks and future work

Nowadays, the trial-and-error is still the primary solution among manufactures for
developing high-performance composite materials, e.g., for space applications. The energy
used on trails, the wasted cost from failing, and the spent time is out of affordability of
small size manufacturers. It leads to both a negative impact on sustainable development
and markedly less competitive. To improve the situation, we need help from numerical
simulations and predictions. By using virtual numerical experiments, the process engineers
can design and control process parameters and optimize the mold shape. Finally, the
quality of products can be improved, the processing cost can be reduced, and the eco-
friendly can be enhanced.

In this thesis, we focused on the liquid composite molding processes, e.g., the RTM
and VARTM processes. The proposed mathematical model based on the theory of porous
media and Darcy flow can predict the resin flow movement. We have noticed that the
saturation degree curves show a discontinuous jump at flow fronts when the capillary
pressure and relative permeability are considered. This may give us hints to model the
saturation degree based on a discontinuous method, e.g., the Discontinuous Galerkin
Method in [34] or the phase-field approach [35]. It is efficient to model the resin flow as
Darcy flow when the information of dual-scale flow are absent, which are essential for
modeling of void formation. The intra-tow flow can be treated as delayed infiltration of
tows, which can be modeled as sinks of inter-tow flow, as described in [42, 43]. Last but
not least, due to the orientations of the fiber bundles, the PMC materials usually have
anisotropic permeability, e.g., [100]. The relevant works could also be interesting.

The response of the fiber preform is usually complicated and challenging to model.
In this thesis, we make an assumption of the shell kinematics to abstract the primary
phenomenon of the thin-walled fiber preform deformation. In this regard, the problem
size is dramatically decreased, and it makes the model possible to be used in the industry.
However, from Figure 3.9, we notice that the bending effect influences the accuracy. Thus,
it is also important to define the constitutive relation of the fiber preform, e.g., free energy
ψs, which can give a more accurate response of the preform deformation.

Besides, heat transfer, cure kinetics, and rheological models are also studied to
investigate the effects of the exothermic polymerization during the VARTM process.
When the highly convective non-isothermal flow of the reactive resin moves into the
preform, the cure of resin generates heat and accelerates the process of cross-linking.
Accordingly, the viscosity and the flow velocity increase or decrease depending on the
temperature and the degree of cure. On the other hand, the compaction and expansion
of the preform change the structure and permeability of the preform, which affects the
infusion speed. The simulation shows the existence of a temperature window that the
infusion process can be speeded up dramatically. Moreover, the post filling stage can be
modeled based on the present works to analyze the stress status and final shape of the
preform.

In conclusion, the present work provides a numerical solution to composite manufac-
turers as a CAE tool. The tool can help the industry to optimize their process designs,
e.g., 1) design of appropriate tool compensation; 2) modification of process parameters to
reduce the residual stress and the deformation; 3) savings of material, time, and cost; 4)
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predictive tool for manufacturability; 5) design of the locations of gates and vents, and
the list goes on.
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