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Abstract
The fiber reinforced polymer composites (FRPCs) 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 corrosion resistance, the FRPCs are wildly utilized from aviation to
automobile industries; both in the sectors of civilian and defense. To obtain high-quality
products at low cost, the composite industry continues seeking 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 main focuses are of the simulation efforts
of the flow in the mold and the deformation of fiber networks for optimizing and improving
manufacturing processes.
Concerning the modeling, one potential interest is to describe physics at the macroscopic
level. Then, the theory of porous media (TPM), which relies on the concept of volume
fractions, can explain the liquid saturated multiphase materials considerably. The Darcy’s
law describes the relation between the flow velocity and the pressure gradient, without
accounting for the microscale flow and fiber bundles coupling. Combining with the
mass conservation principle, we can develop the numerical method to simulate the flow
during wetting and drying processes. To this end, the gas and liquid resin compose the
homogenized flow in the model. Unlike the traditional models that ignore the role of
gas flow, the new model introduces the capillary effect and the relative permeability to
achieve a better free surface flow front tracking. What’s more, the mechanism that the
gradient of saturation degree also contributes to the flow velocity is revealed herein, and
an extension of Darcy’s law is derived as well.
As to the other phenomenon, e.g., fiber networks compaction and thickness variations,
it is possible to use the Terzaghi effective stress principle and the packing law from
Staffan Toll to model those issues. A normal directional stretch kinematic assumption
is developed to reduce the model from full 3-D 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. By embedding the flow into the shell-like fiber network, we end
with a non-linear coupled equation system that solves for the homogenized flow pressure,
the saturation degree and the normal directional stretch. The finite element method
is employed to solve equations with the staggered approach, especially the StreamlineUpwind/Petrov-Galerkin method is employed to eradicate the stability problems.
Keywords: liquid composite molding, porous media theory, process modeling, free surface
flow, fiber preform deformation
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Extended Summary
1
1.1

Introduction
Background

Since the early 1980s, the human-made composite materials have been introduced in
the aviation industry. Especially the fiber reinforced polymer composites (FRPCs) have
advantages, e.g., low weight, corrosion resistance, and high stiffness and strength. With
this attractive properties, the FRPCs utilization is widely spread among the transportation
industry, the energy industry, and sports technology, and the list goes on. The aerospace
industry even uses the “black aluminum” to name the FRPCs, since the FRPCs are
“lighter than aluminum and stronger than steel”. All of the above reasons accelerate
the replacement of metal counterparts, for energy savings, durability, and life-cycle
enhancement. For instance, Boeing and Airbus keep pushing the composites intensively
into their final products, e.g., composite materials contribute over 50% airframe weight in
both 787 and A350 [22].
However, it is still expensive to use FRPCs in the high-rate productions. The costs of
raw material and manufacturing process contribute primarily. The out-of-autoclave cure
(OAC) processes can promise the manufacturing cost reduction. Unlike the autoclave cure
process, the OAC process allows more massive throughput and lean production initiatives.
The resin transfer molding (RTM) and vacuum-assisted resin transfer molding (VARTM)
are typical OAC processes. Both RTM and VARTM are parts of the liquid composite
molding family, which have been extensively utilized to produce large-scale products, e.g.,
wind turbine blades, posts and ship hulls.
On the other hand, the advanced simulation CAE tools are also critical drivers for the
cost reduction. CAE tools help engineers to reduce the design cycle time. Furthermore,
before the pilot production, the manufacturing feasibility test can be checked through
simulations, and the massive cost will be saved compared with expensive prototype trials.
To model and simulate the FRPCs manufacturing processes, two prime tasks can
be addressed: i) the free surface flow modeling and ii) the fiber preform modeling.
Regarding the flow modeling, various approaches are focusing on the detailed seepage in
porous materials, e.g., the hybrid mixture theory [30], the thermodynamically constrained
averaging theory [24] and the theory of porous media. The mass conservation equations
can be formulated based on those theories, and be solved with different methods. For
instance, the most common control volume finite element method (CVFEM), and using
the volume of fraction (VOF) for tracking the flow front locations, e.g., [10, 58, 62, 39,
32, 41, 49, 61, 68]. Also, the boundary element method (BEM) can be employed to trace
the flow motion, e.g., [29, 59]. Furthermore, the level set method [53] and the meshless
method, e.g., smoothed particle hydrodynamics (SPH) [6, 50, 13] are lately exhibited.
Recent natural element method (NEM) [40] and discontinous Galerkin method (DGM)
1

[47] are developed to improve the flow front tracking.
Instead of only focusing on the single-phase fluid, e.g., [11], the gas-liquid mixed fluid
is also attractive, e.g., the three-phase porous media models [18, 28, 48, 43] account for
the integration of gas, liquid resin, and solid fiber networks. Further, as [64] suggests,
the gas and liquid phases can be treated as homogenized flow then embedded into fiber
networks.
On the other hand, Li and Tucker [31] report a particular anisotropic, hyperelastic
constitutive relation to model the solid stress response. Besides, Wysocki, Larsson, and
Toll work on the fiber preform modeling, e.g., [57, 27, 66, 65, 67], whose works focus
on the consolidation and fiber preform thickness variation. The above studies are based
on the assumption that resin surrounds the fiber bundles, and the hydrostatic pressure
governs the deformation, viz., hydrostatic consolidation. However, those studies are either
limited to 2-D problems or require high computational efforts for 3-D full space cases.
So it is attractive to develop a computation efficient multi-phase porous media model to
simulate both flow front positions and fiber preform response, for instance, the model of
the wet-out process in composite manufacturing.

1.2

Aim, scope and limitations

The purpose of this thesis work is to develop a mathematical model for simulating the
wet-out process during the composite manufacturing. To this end, some research objectives
are listed as follows:
• introduce the gas phase and the relevant capillary effect into the previous framework,
develop a three-phase porous media model;
• use feasible stabilized finite element methods to solve the problem, obtain reasonable
flow fronts;
• develop a shell-like model for describing the fiber networks swelling and compaction;
• reduce the model from 3-D to 2-D.
In addition to the above list, the justification of the model accuracy and the performance
examination is also imperative to carry out.
The work is limited to model the liquid composite molding (LCM) 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 current study focuses on
the isothermal condition, and the sources and sinks are ignored when formulating the
mass conservation equations. In addition, the preform is modeled hyperelastic, and before
failure.

2

2

Composites manufacturing process

The fiber reinforced polymer composites (FRPCs) consist of fibers in polymer matrices
to combine the benefits of both fiber and polymer properties while getting rid of their
shortcomings. The fiber can be either short or continuous, and the polymer matrices
can be thermoset or thermoplastic. The challenge of short-fiber composites production
is the density distribution and fiber orientation, which give rise to the inhomogeneous
performance products. On the other hand, regarding the continuous fiber FRPCs, the
bad fiber-matrix interfacial bounding due to the incomplete filling may lead to the
initial delamination and cracks. To fabricate the short-fiber composites, one can choose
the injection and compression molding processes, or the state-of-art polymer matrix
nanocomposites process. As to the continuous fiber FRPCs, the pultrusion process and
continuous compression molding (CCM) process are wildly utilized in the industry. When
it is required to produce net shape and large-scale components, the liquid composite
molding process (LCM) is attractive.
The LCM is a large family of processes. Generally, the concept of LCM process is to
transfer the liquid resin from a reservoir into fiber preforms that are placed in a cavity
mold. The fiber preform can be among types of woven, non-crimp, random mat and
bidirectional fabrics. The thermoset polymer has low viscosity and usually chosen for the
processing. The resin transfer molding (RTM) is the first member of the LCM family.
This method is easy to use to produce load-bearing composite components. During the
last couple decades, many types of research have been done to study the physics of the
process and develop the numerical and experimental models, cf. [1, 45, 15, 36, 35, 38,
60, 37, 34]. The vacuum-assisted resin transfer molding (VARTM) is a variation of the
RTM. It is invented for cost consideration. VARTM can be used to produce large-scale
composite structures. Instead of using a rigid cover mold, a vacuum bag is used to seal the
model and preform. An improved Seemann’s composites resin infusion molding process
(SCRIMP) [51, 52] is developed based on VARTM. It has short filling time comparing with
VARTM process. Moreover, there are other members of the LCM family, for instance,
the compression resin transfer molding (CRTM) process, the resin infusion under flexible
tooling (RIFT), the RTM Light, the resin film infusion and vacuum injection preform
relaxation (VIPR), cf. [4]. Although the LCM processes are hot methods among many
industries nowadays, e.g., wind power, marine, and vehicle, the high volume production is
difficult because of the intensive workloads and lack of automating streamlines.
There is a type of process suits for the fabrication of high performance and sophisticated
shape composite components. The autoclave processing uses the autoclave to provide
high pressure and temperature environment to help to control the products quality, e.g.,
volume fraction, residual stress, and final shape. Many researcher, e.g., cf. [55, 1, 69, 70,
41] put efforts to investigate the science base of this process, and suggests different models
to improve the design of processing.
Due to the high cost of the autoclave and also the extensive safety regulations for
operating, the out-of-autoclave (OoA) class of process is introduced. For example, the
vacuum bag only OoA (VBO-OoA) process represents the latest OoA curing techniques.
Besides the processes mentioned above, [5, 3, 55, 26, 25] mention other types of process,
3

which can be referred as further information.

2.1

Resin transfer molding process

Since the mid-1980s, the resin transfer molding (RTM) process have developed during the
last two decades. It can be utilized to produce high volume fraction net shape FRPCs
components. It was first adopted in the automotive industry. The continuous fiber
networks, e.g., woven and stitched preform are placed in a net-shaped mold, filled by
high-pressure resin flow, which grantees good mechanical properties and qualities.
Figure 2.1 shows typical RTM process steps. First, 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 is started, the resin is injected into the fiber preform under
positive pressure. At the moment resin flow 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.
To overcome various issues of RTM process, the composite material manufacturers
developed many variational processes. For large-scale FRPCs fabrication, 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 comparing with RTM. There are still other modified versions, e.g., light RTM (LRTM), structural
reaction injection molding (S-RIM), co-injection resin transfer molding (CIRTM), compression resin transfer molding (CRTM) and resin infusion between double flexible tooling
(RIDFT), which are further described in [5, 3, 55, 26, 25].
The advantages of the RTM process are listed as follows, cf. [2]:
• The final products are net-shaped with the good finish surface and fine dimensional
tolerances.
• Manufacturing complex geometries are feasible.
• Manufacturing high volume fraction composites are available, because of high
compaction pressure.
• The finish products usually have high mechanical properties and can be used as
load-bearing components.
• The manufacturing rate is high due to 1) high injection pressure and 2) automation
is available.
The disadvantages are summarized as follows:
• The variations of preform due to the inconsistent of fabric cutting, draping, preimpregnating.
• The dimensions are limited due to the constrained mold size.
4

• The dry spots are sensitive to the gating and venting placements.
• The high flow pressure can cause fiber washing due to loose compaction.

2.2

Vaccum assisted resin transfer molding process

The vacuum assisted resin transfer molding process belongs to the type of closed-mold
method, which can be used to manufacture large-scale FRPCs. 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 semipermeable 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, and consequently allows one-piece large-scale
structures. A significant difference between RTM and 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

Figure 2.1: An illustration of RTM process steps
5

the VARTM process. The injection pressure in VARTM process usually equals 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 drives the resin transfer
into the preform.
Figure 2.2 illustrates the VARTM process briefly, regarding the detailed steps, e.g., cf.
[2]. Concerning the large or complex shape components and long time filling, the lower
mold can be heated for controlling the resin viscosity and managing curing cycle (as OoA
process desires). What’s more, the resin inlets and outlets should be adjusted to generate
versatile resin flow paths for better infusion quality and faster filling time.

Figure 2.2: An illustration of VARTM process
Nowadays, the VARTM processes are widely employed in various types of industry,
e.g., energy, infrastructure, maritime, aviation, and vehicle. It is because the advantages
listed as follows cf. [2]:
• The cost of mold tooling is low, and it is flexible to design the mold tooling.
• Manufacturing complex and large-scale geometries are feasible.
• Neat operating environment due to 1) separately stored resin and catalyst and 2)
low VOC emission.
• The dry spots can be easily monitored through the transparent membrane and can
be fixed by adding outlets.
The disadvantages are summarized as follows:
• The high cost of the membrane, peel ply, sealing tape and tube since they are not
reusable.
• High demanding on the operator’s skill, to avoid air leakage.
• The injection pressure is low, which causes a long filling time.
6

• The fiber volume fraction is limited because of the low compressive pressure.
• It is difficult to apply automation in the process, and the workloads are high.
• The spring-in, dry spot, and microvoids may influence the products’ quality.

7

3
3.1

The theory of porous media
The early eras

October 1760, Euler [19] gave his clear description on the impenetrability of a porous
body – the water-saturated sponge. After that, Euler completed the theory of ideal
fluids consists of continuity and motion equations during the 1770s. Reinhard Woltman
[63] built a systematical soil mechanics and porous bodies framework and introduced
the essential concept,volume fraction. Those works are known as the prerequisites for
developing the porous media theory.
After Woltman’s concept of volume fractions, around the mid-19th, the mixture theory
and the porous bodies theory were developed significantly. Delesse’s concept of surface
fractions [17] became the most fundamental contribution to the porous media theory.
Then the first phenomenological mixture theory was done by Fick [20]. Fick’s contribution
was Fick’s first and second diffusion law. In 1856, Darcy [14] reported the essential study
on the interaction between constituents of a multiphase continuum media, viz., Darcy’s
law,
KA(pb − pa )
Q=−
,
(3.1)
L
where Q is the instantaneous fluid discharge rate through the porous media, and K is a
constant representing the porous media permeability and fluid viscosity. Josef Stefan [54]
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.

Figure 3.1: Darcy’s law test
In regard to what has been achieved in the 19th century, the theory of porous media
had sound background materials to usher in. During this period, the uplift, friction,
capillarity and effective stresses in both liquid-saturated rigid and deformable porous
solids were studied by two remarkable scientists viz., Paul Fillunger and Karl Von Terzaghi.
The famous effective stress that is defined by Terzaghi shows
σ = σ̄ − p1 ,
8

(3.2)

where σ̄ denotes the effective stress, and σ is the total stress, and the p is the hydrostatic
pressure of the fluid. The interesting thing is that Terzaghi developed porous media
theories intuitively, not following mechanics, but rather from experiments. Then the
theory continued its development by Maurice Biot, who gave the tremendous contributions
to the theory, which are still cited by today’s researchers. Goodman and Cowin [21]
introduced an expression of the incompressibility condition of the solid material as:
ns Js = ns0 ,

(3.3)

where ns0 is the solid phase volume fraction in the reference configuration, and Js denotes
the determinant of the deformation gradient of the solid. On the other hand, Morland
[42], Bowen [8, 9], Nunziato [46], Boer and Ehlers [16] had studied various porous media
problems and promoted the mixture theory.

Figure 3.2: The capillary rise is due to the surface tension between gas and liquid phases.
The capillary pressure in a narrow tube can be expressed from force equilibrium as
pc = pa − pw = 4σcosθ/d. For further discussions about the capillary effect, see [56].

3.2

Nowadays

The porous media 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. 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 a mixture of
all constituents at a certain material position X α (or x). With this substitute model, the
continuum mechanics methods can be applied to handel the porous media problem, e.g.,
the mixture theory.
9

Figure 3.3: The real porous media composed of solid and liquid phases is averaged
statistically to a smeared body.

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
represented by the macro-mechanical quantities instead. However, an inevitable problem
is still rising: α − 1 field equations will be missing 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.

3.2.1

The volume fraction concept

To explain the volume fraction concept, we introduce some notations. Assuming a porous
media consists of the solid phase controlling the domain Bs that bounded by ∂Bs . The v α
represents the real volumes of the constituent α among κ different constituents. In Figure
3.6, 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

Figure 3.4: The average volume element of a multiple constituents porous media.
10

α

(

α

χ = χ (r, t) =

1 if r ∈ dv α ,
α 6= β .
0 if r ∈ dv β ,

(3.4)

So the volume element of the constituent α in the total volume element can be expressed
by
Z
κ
X
α
i
dv (x, t) =
dvµ = χα (r, t) dvµ .
(3.5)
i

dv

Now we can formulate the volume fraction as
Z
1
dv α
,
nα (x, t) =
χα (r, t) dvµ =
dv
dv

(3.6)

dv

with the constraint,
κ
X

ni = 1.

(3.7)

i=1

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 ραx = ραx (x, t) , and of cause the macroscale
quantity is ρα = ρα (x, t) . Now we can obtain two critical relations of the density form
the volume fraction concept
Z
1
dv α
αx
ρ (x, t) = α
ραr (r, t) χα (r, t) dvµ = ραr (r, t) α = ραr ,
(3.8)
dv
dv
dv

and

1
ρ (x, t) =
dv
α

Z

ραr (r, t) χα (r, t) dvµ = ραr (r, t)

dv α
= nα (x, t)ραr .
dv

(3.9)

dv

3.2.2

Kinematics

In order to address the kinematics of the porous media theory, we need to make two
certain assumptions:
• 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 ,
(3.10)

where ϕs and ϕf represent the deformation mapping of the solid and fluid phases
respectively. Thus the corresponding deformation gradient can be defined as
Fα = ϕα ⊗ ∇X .
11

(3.11)

Figure 3.5: The motion of the solid and fluid phases for a saturated porous media.
Moreover, the Jacobian J α can be obtained as
J α = det (Fα ) > 0 .

(3.12)

Next, the velocity of each constituents can be defined as
α α
α
˙ = D ϕ (X ) = ϕ̇α (X α ) ,
v α = (x)
α
Dt

(3.13)

˙ denotes the material time derivative for the reference configuration
where the operator (•)
α
of 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 relationship
between the intrinsic velocity and Darcy’s velocity. Let fw represent the area of a crosssection of a cylinder where the fluid can pass through (refer to Figure 3.1). Thus we
obtain Q = fw v f , where fw also denotes the porosity on the cross-section. From Deless
[17], we notice that the surface porosity equals to the volume porosity, i.e., fw = nf .
Finally, we conclude,
Q = v df = nf v f .
(3.14)

3.2.3

Mass balance

In this section, we consider the mass balance for the individual constituent α. The mass
balance can be
by words as – the rate of change of the mass M α is equal to the
R express
α
mass supply
ρ̂ dv, where ρ̂α denotes the density supply. The formulation reflects,
Bα




Z ˙
Z
˙
α
α


(M )α =
=
ρ̂α dv
ρ dv

(3.15)

∂ρα
+ div (ρα vα ) = ρ̂α .
∂t

(3.16)

Bα

α

Bα

From the fundamental continuum mechanics knowledge, we conclude the mass balance
equation for single phase α
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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
 X
κ
κ 
X
∂ρα
+ div (ρα v) =
ρ̂α .
(3.17)
∂
t
α=1
α=1
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 (3.7) to close the
problem
(n˙s )s + (n˙f )s = 0 ,
(3.18)
and
r

f

s

−(n˙s )s − (n˙f )f + grad nf · vr = 0 ,

(3.19)

nf = φl + φg = ξnf + (1 − ξ)nf ,

(3.20)

ρf = ξρl + (1 − ξ)ρg ,

(3.21)

pf = ξpl + (1 − ξ)pg .

(3.22)

where v = v − s is the relative velocity.
Until now, we have a closed mass balance equation system for the two-phase (solid and
fluid) porous media problem. If the fluid phase consists of gas and liquid, we introduce a
homogenization routine to consider the gas and liquid phase as a mixed fluid phase to
reduce the complexity of the problem.
Let ξ represents the degree of saturation, we have
where φl = ξnf is the volume fraction of the liquid phase, and φg = (1 − ξ)nf is the
volume fraction of the gas phase. Applying the volume averaging on the density of both
phases, we obtain the mixture fluid homogenized density as

and the mixture pressure as
c

g

l

From Figure 3.2, we know that p (ξ) = p −p , which is derived by Gray and Hassanizadeh
[23]. Thus we build a connection between the liquid and gas pressure as
pl = p − (1 − ξ)pc (ξ) , pg = p + ξpc (ξ) .

(3.23)

Combing Darcy’s law and the results form homogenization, we can derive Darcy’s velocity
of the mixture fluid in a mixture fashion,
vdf =

ρl dl ρg dg
v + fv .
ρf
ρ

(3.24)

If we choose the ξ and p as primer variables to solve, a modified fluid Darcy’s velocity
expression can be obtained
vdf = −K1 ∇p − K2 ∇ξ ,

(3.25)

where K1 and K2 are homogenized permeabilities. Using these results in the mass balance
Equation 3.16 and 3.17, we can conclude a close mass balance system for three-phase
porous media problem. The closed system then can be used to track the flow front,
e.g., to predict the resin flow during the wet-out processing in the composite material
manufacturing, cf. [64].
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3.2.4

Balance of momentum

The balance of momentum tells that the rate of change of the linear momentum equals to
the sum of resultant force if the density supply is ignored, the formulation shows


˙
Z
Z
Z
 ρα vα dv  =
(ρα bα + p̂α ) dv +
tα ds ,
(3.26)
Bα

α

α α

Bα

∂Bα

where ρ b is the body force, p̂ is the interaction force, and tα is the surface traction.
Given Cauchy’s law and the divergence theorem, the balance of momentum for the α
phase is formulated as
α

div σ α + ρα bα + p̂α = ρα (v˙α )α .

(3.27)

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

(divσ α + ρα b + p̂α ) =

α=1

κ
X

ρα v̇ .

(3.28)

α=1

Figure 3.6: Continuum in motion for α phase.

3.2.5

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, the kinetic energy, the mechanical power and the thermal
power respectively, the balance of energy can be formulated as
(E˙α )α + (K˙ α )α = W α + Qα .
14

(3.29)

After some derivations and using linear momentum balance, the energy balance can be
reformulated as
ρα (e˙α )α = σ α : Dα + ρα rα − div qα ,
(3.30)

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 eα = e, rα = r,
Dα = D, and qα = q the energy balance for the mixture porous body yields
κ
X

(ρα ė) =

α=1

3.2.6

κ
X

α=1

(σ α : D + ρα r) − div q .

(3.31)

Entropy inequality

The second law of thermodynamics is also known as entropy principle has been used to
retrieve constitutive relations since 1963 [12]. Regarding the porous media, the summation
of the entropy of each constituent should always hold the principle. If the supply density
ρ̂α is ignored, thus the local form of the entropy inequality is expressed,


κ 
X
1 α α
1 α
α ˙α
ρ (η )α − α ρ r + div
q
>0,
Θ
Θα
α=1

(3.32)

where η α is the specific entropy, and Θα is the absolute temperature. In addition, the
free Helmholtz energy is formulated as ψ α = eα − Θα η α . The further discussions about
the entropy inequality and constitutive relations for porous media, see also [57, 67, 7, 27].
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4

Summary of appended papers

Paper A: Homogenized free surface flow in porous media for wet—out processing
The paper proposes a mathematical model for simulating the wet-out processing, e.g.,
the infusion of the liquid composite molding process. Based on the theory of porous
media, we use the concept of volume fraction to distinguish the contents of solid fiber
and fluids phases. Then the saturation degree is utilized to separate the fluid as air and
liquid resin. By introducing the capillary effect between gas and liquid resin phases,
we employ the concept of relative permeability. It has been justified that the existing
of the relative permeability plays a significant role to obtain a discontinuous like free
surface front, which has been ignored in previous studies. Further, both fluid phases are
homogenized as a mixture flow, characterized by the variable of mixture pressure. From
the homogenization, we extend the standard Dary’s law to this homogenized flow. The
interest is the flow velocity not only determined by the pressure gradient only but the
gradient of the saturation as well. Moreover, when the capillary effect is small enough to
ignore, the extended Dary’s law will turn back to the standard. 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 flow mass conservation. To solve out this high non-linear and coupled
equation system, we employed the finite element method together 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 degree equation turns out to be
a convection domain formulation. To enhance the stability, we adopt the StreamlineUpwind/Petrov-Galerkin (SUPG) technique in the original formulation. Finally, the
model accuracy and convergence of the FE solutions are demonstrated through 1-D and
2-D examples, which represents Resin Transfer Molding processes.
Paper B: Modeling of the planar infusion flow in deformable thin-walled composite components
In this paper, we continuous extending the contribution from Paper A. The fiber preform
deformation is modeled together with the flow simulation in this work. Some types of
the liquid composite molding process, e.g., the vacuum assisted resin transfer molding
(VARTM) process has the thickness variation problem on the final products. This is due
the fiber preform deforms during the infusion process caused by the flow pressure unevenly
distributed. Besides, the process like VARTM usually is 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 direction flow, we can
reduce the problem from a full 3-D case to a shell-like problem. To simplify the full
space flow to the in-plane flow, we introduce the planar projection tensor from the local
monoclinic coordinates to project the flow onto the preform surface. Due to pressure
different from the external environment and the flow, the fiber preform deformation
and compaction are also interested. Based on the shell-like 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 ex16

plicit formation of the preform stretch. Thus the deformation will be illustrated by
the stretch that only dependents on the mixture pressure from the homogenized flow.
Given this simplification, we dramatically reduce the computational efforts but still can
capture the central physics during the process. Also, the work is demonstrated through
a mold filling process on the double curved thin-walled fiber preform, and the relevant
swelling and the corresponding resin flow motion are observed from the numerical example.
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5

Concluding remarks and future work

The present work contributes to the modeling of the liquid composite molding process.
As the increasing demands on the composite materials, the manufacturers are facing the
challenges from the request of high quality but low-cost manufacturing process. The
old fashion and expensive prototype trails and errors procedure cannot bring enough
competitiveness to manufacturers. Thus the numerical simulation tools are more important
as ever nowadays. We provide the simulation tool to 1) improve the flow distribution
arrangement; 2) controlling the injection time and pressure setting; 3) avoiding macro or
microvoids; 4) predicting the thickness variations, spring-in, and spring-back; and the list
goes on. We propose a novel model considering the capillary effect and extend Darcy’s law
to the gas-liquid homogenized flow. By virtue of the SUPG method, we present a panacea
to solve the stability problem. Moreover, a kinematic assumption is made to describe
the thin-walled FRPC components deformation during the infusion process. The explicit
formulation of the preform stretch can illustrate the swelling and compaction behaviors
of the fiber network. In view of the shell-like formulation, the full space model is reduced
to in-plane flow embedded in the deformable shell preform. Regarding this simplification,
the computational efforts are significantly reduced, and it proved the possibility to install
this model in an optimization routine, which requires high computational efficiency.
From the simulation example in the Paper A, we notice that the flow velocity is
not evenly distributed when the flow turns around a corner, which may lead to the local
conversion. When the low-velocity flow settles, the resin starts to cure simultaneously. The
consequence is then the resin properties, e.g., the viscosity will change, and consequently
influences the infusion process. So it is essential to consider the local conversion in the
model, e.g., utilized the Castro-Macosko model to reflect the viscosity of resin as a function
of temperature and degree of cure [44]. Besides, it is also important to consider the
influence of the temperature and heat transfer, since it highly relates to the resin viscosity
and relevant permeability, e.g., [43]. In the current work, we only consider the isotropic
permeability. However, due to the orientations of the fiber bundles, the FRPC materials
usually have anisotropic permeability. Many researchers have developed different methods
to measure or compute permeability, e.g., [33]. Furthermore, we have noticed that the
saturation degree curves show a discontinuous jump at the flow fronts. This may give us
hits to model the saturation degree based on a discontinuous method, e.g., Discontinuous
Galerkin Method in [47]. On the other hand, the preform deformation model in the Paper
B ignores the Euler rotation elemental wise. This assumption gives rise to nonconforming
stretch fields. It is interesting to include the extra nodes in each element to represent the
rotation and obtain the conforming stretch fields. Last but not least, experiments can be
carried out to justify the accuracy of the models as future interests.
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