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Abstract

Resin Transfer Molding (RTM) is a promising process for high-volume manu-
facturing of high-performance continuous fiber-reinforced plastics (CoFRP).
To increase the specific stiffness of the structural components, additional po-
lymer foam cores can be embedded between the reinforcement fabrics. RTM
enables an intrinsic production of these sandwich components that exhibit very
high specific mechanical properties. During the mold-filling process step, a
liquid polymer resin is injected into a closed mold and infiltrates the porous
fabric. However, the pressure inside the mold rises due to the drag force of the
fibers on the resin flow. This leads to a compression of the embedded foam core
material. Moreover, the foam core compression leads to an increasing mold
volume and thus to a higher part weight and a lower fiber volume fraction. As
the resin flow strongly depends on the fiber volume fraction, this, furthermore,
results in an altered mold-filling pattern. In this thesis, a numerical mold-filling
simulation method is developed that enables to analyze the interdependence
between resin flow and foam core deformation.
The developments in this thesis are based on a finite volume (FV) discretization
combined with a volume-of-fluid (VoF) method for two-phase flow of the liquid
resin and air that is implemented in the open-source library OpenFOAM®.
Initially, a one-sided coupling is developed to model the influence of a forced
tool deformation on the mold filling process, where the changing cavity is
captured by using a dynamic mesh. With this first step, it is possible to simulate
Compression Resin Transfer Molding (C-RTM) and Pressure-Controlled Resin
Transfer Molding (PC-RTM), where the cavity height is not constant during
mold-filling.
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Zusammenfassung

In the next step, a porous solid mechanics method is developed to model the
fabric deformation during infiltration. The approach is based on Terzaghi’s
principle of effective stress and uses a large-strain incremental FV formulation.
The coupling between resin flow, fabric compaction and foam core compression
is modeled with a partitioned fluid-structure interaction (FSI) approach that is
realized with the generalized open-source interface preCICE.
The simulation methods are verified at different stages and always show very
good agreement to analytical solutions. A numerical sensitivity study on part-
scale shows the strong influence of an embedded foam core on the mold-filling
pressures and on the flow front evolution, which is not possible to predict with
conventional mold-filling simulations. This confirms the necessity of using
coupled simulations for mold-filling in RTM with embedded foam cores.
To validate the FSI method, sandwich parts are manufactured in RTM. There-
fore, experimental measurements are conducted to characterize the materials
involved in the validation. Themechanical characterization of the polymer foam
core is carried out for different foam densities and at different isothermal tem-
peratures. The results show a strong decrease of the compression modulus with
decreasing density and increasing temperature.
The validation simulations show a good agreement with the predicted pressure
level. With the validated model, it is possible to predict the mold-filling time
and further parameters like e.g. the pressing force more accurately. A further
increase in accuracy is expected when the temperature inside the mold is mo-
deled with a more sophisticated model for heat transfer inside and between the
involved materials.
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Kurzfassung

Das Resin Transfer Molding (RTM) Verfahren ist ein vielversprechender Pro-
zess für die Großserienfertigung von endlosfaserverstärkten Kunststoffen.
Um die spezifische Steifigkeit der Strukturbauteile zu erhöhen, können zusätzli-
che Polymerschaumkerne zwischen den Verstärkungslagen eingebettet werden.
Das RTM-Verfahren ermöglicht die intrinsische Herstellung dieser Sandwich-
bauteile, die sehr hohe spezifischemechanische Eigenschaften aufweisen. Beim
Prozessschritt der Formfüllung wird ein flüssiges Polymerharz in eine geschlos-
sene Form injiziert und infiltriert das poröse Halbzeug. Der Druck im Inneren
der Form steigt jedoch aufgrund derWiderstandskraft der Fasern gegenüber dem
Harzfluss an. Dies führt zu einer Kompression des eingebetteten Schaumkerns.
Die Kompression des Schaumkerns führt außerdem zu einer Vergrößerung des
Kavitätvolumens und damit zu einem höheren Bauteilgewicht und einem ge-
ringeren Faservolumengehalt. Da der Harzfluss stark vom Faservolumengehalt
abhängt, führt dies außerdem zu einem veränderten Formfüllungsverhalten. In
dieser Arbeit wird eine numerische Methode für die Formfüllung entwickelt,
die es ermöglicht, die Wechselbeziehung zwischen Harzfluss und Schaumkern-
verformung zu analysieren.
Die Entwicklungen in dieser Arbeit basieren auf einer Finite-Volumen (FV)-
Diskretisierung in Kombination mit einer Volume-of-Fluid (VoF)-Methode für
die Zweiphasenströmung bestehend aus flüssigem Harz und Luft, die in der
Open-Source-Bibliothek OpenFOAM® implementiert ist. Zunächst wird eine
einseitigeKopplung entwickelt, um denEinfluss einer vorgegebenenWerkzeug-
verformung auf den Formfüllprozess zu modellieren, wobei die sich verändern-
de Kavität mit einem dynamischen Netz erfasst wird. Mit diesem ersten Schritt
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Zusammenfassung

ist es möglich, Compression Resin Transfer Molding (C-RTM) und Pressure-
Controlled Resin Transfer Molding (PC-RTM) zu simulieren, bei denen die
Höhe der Kavität während der Formfüllung nicht konstant ist.
Im nächsten Schritt wird eine Methode zur Beschreibung der porösen Struk-
turmechanik entwickelt, um die Verformung des Halbzeugs während der In-
filtration zu modellieren. Der Ansatz basiert auf dem Terzaghi-Prinzip der
effektiven Spannung und verwendet eine inkrementelle FV-Formulierung für
große Dehnungen. Die Kopplung zwischen Harzfluss, Halbzeugkompaktierung
und Schaumkernkompression wird mit einem partitionierten Fluid-Struktur-
Interaktions-Ansatz (FSI) modelliert, der mit der generalisierten Open-Source-
Schnittstelle preCICE realisiert wird.
Die Simulationsmethoden werden in mehreren Schritten verifiziert und zeigen
stets eine sehr gute Übereinstimmung mit analytischen Lösungen. Eine nu-
merische Sensitivitätsstudie auf Bauteilskala zeigt den starken Einfluss eines
eingebetteten Schaumkerns auf den Formfülldruck und auf die Ausbreitung der
Fließfront, was mit herkömmlichen Formfüllsimulationen nicht vorhergesagt
werden kann. Dies bestätigt die Notwendigkeit der Verwendung gekoppelter
Simulationen für die Formfüllung bei RTM mit eingebetteten Schaumkernen.
ZurValidierung der FSI-Methodewerden Sandwichbauteile imRTM-Verfahren
hergestellt. Dazu werden experimentelle Messungen durchgeführt, um die an
der Validierung beteiligten Materialien zu charakterisieren. Die mechanische
Charakterisierung des Polymerschaumkerns wird für verschiedene Schaum-
dichten und bei unterschiedlichen isothermen Temperaturen durchgeführt. Die
Ergebnisse zeigen eine starke Abnahme des Kompressionsmoduls mit abneh-
mender Dichte und steigender Temperatur.
Die Validierungssimulationen zeigen eine gute Übereinstimmung mit dem vor-
hergesagten Druckniveau.Mit dem validiertenModell ist es möglich, die Form-
füllzeit und weitere Parameter wie z.B. die Pressenkraft genauer vorherzusagen.
Eine weitere Steigerung der Genauigkeit wird erwartet, wenn die Temperatur
innerhalb der Form mit einer erweiterten Methode für den Wärmeübergang
innerhalb und zwischen den beteiligten Materialien modelliert wird.
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1 Introduction

How to prevent global climate change is maybe the most relevant question of
this and the next generation. This issue will influence all parts of the society
and economy, from the energy and food sectors towards mobility concepts. The
collective goal has to be to decrease CO2 emissions as fast as possible to a level
as low as possible. In 2018, the transport and mobility sector was responsible
for approximately 25% of the global CO2 emissions, and the far majority of 18%
is caused by road-based mobility [1]. The automotive sector plays therefore an
important role to reduce CO2 emissions. One possibility to achieve this is given
by the transition of combustion-driven cars to electric cars. Of course, this only
has a significant impact, when the electric energy originates from CO2-free
sources. As long as this is not guaranteed, the reduction of energy consumption
of cars or trucks should be minimized, regardless of their drive-train concept.
One option is to reduce the accelerated mass of the vehicle, which leads to less
energy consumption and, thus, to fewer CO2 emissions for combustion-driven
cars, trucks, or airplanes. Furthermore, electric cars benefit from a lower weight
by having an increased range.
To construct light but stiff and strong components, fiber-reinforced composites
(FRC) with carbon fibers as reinforcement material are the most promising
material class. They have outstanding weight-specific mechanical properties,
which makes them the preferred material when lightweight is mandatory [2].
Unfortunately, part design of FRC is a challenging task. The advantage of the
material, to be customizable to specific needs, is also its weakness because it
means that a complex development and part design process is necessary to really
benefit from the potential of the material. To maximize the weight-specific
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1 Introduction

stiffness of a part, the best way is to include the stiff fiber reinforcements only
in the required areas of a component. For a high flexural stiffness this concept
leads to a "sandwich" design. In a sandwich component, the continuous fibers
are only placed in thin face sheets, whereas between them a very light material
is embedded. This construction concept ensures that the fibers are located in
highly stressed areas and are mainly afflicted by tension or compression loads.
The main reason that prevents the use of FRC and especially continuous fiber-
reinforced plastics (CoFRP) in the automotive industry are the high part costs.
In the aerospace industry, the maximum cost-per-weight ratio is higher than in
the automotive industry and, thus, leads to a significant increase of CoFRP used
in structural parts of airplanes. Especially during the last decade this amount
constantly increased and resulted e.g. in the Boeing 787 consisting of more
than 50% of composites by weight [3]. However, in the automotive industry,
CoFRP still plays a minor role due to the strict limitation in part costs that are
composed of thematerial costs and themanufacturing costs. Besides decreasing
material costs, it is also important to reduce the manufacturing costs, especially
for high-volume production [4]. Therefore, new manufacturing processes were
developed, like Pressure-Controlled Resin Transfer Molding (PC-RTM) [5]
or Wet Compression Molding (WCM) [6]. To maximize the benefit from
these processes, it is crucial to gain more knowledge of what happens during
the processing. This is especially relevant, as due to the strong influence of
process parameters and material parameters on the processing behavior, also
the resulting part quality depends heavily on the chosen parameters. As a
compromised part quality leads to more waste and consequently to higher
costs, this is one further reason to optimize the manufacturing of CoFRP.

1.1 Motivation

To manufacture CoFRP parts, one possible option is to use manufacturing pro-
cesses referred to as Resin Transfer Molding (RTM) that are characterized by

2



1.1 Motivation

injecting a liquid resin into a closed mold containing a reinforcement fabric.
This process has the advantage of a high automation potential and is, therefore,
well-suited for automotive applications that require medium to high volume
manufacturing. To utilize this advantage, it is necessary to understand the de-
pendence of the process performance from the process and material parameters
in detail.
By means of numerical process simulations, these dependencies can be ana-
lyzed. This holds true not only for RTM but in general for the manufacturing
of CoFRP. With the help of numerical simulations, the process behavior is pre-
dicted and actions to improve the manufacturing process are taken, which can
be for example the reduction of fiber waste or a decrease of the processing time.
With these goals, process simulations are already frequently used [6, 7]. By
combining several process simulation steps, a virtual process chain is generated
that enables not only to optimize individual process steps but additionally to
optimize the process in a holistic approach (Fig. 1.1).

Figure 1.1: Virtual process chain for CoFRP consisting of design, process simulations, and struc-
tural mechanics [7]

In the RTM process, the reinforcement fibers and the liquid polymer resin
are brought together during the mold-filling step, where the final part shape is
created. Themold-filling simulations are, thus, one important part of the virtual
RTM process chain. They are used to predict the occurrence of incomplete
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1 Introduction

infiltration or porosity, which would result in poor mechanical properties [8, 9].
Furthermore, the mold-filling simulations are used to predict the mold-filling
time [10, 11] and can be used for process optimization [12]. One may argue
that curing time is significantly higher than mold-filling time, but even if this is
the case, a long mold-filling time has to be avoided because of the requirement
of a low viscosity during the whole infiltration, which often prevents the use of
fast-curing resin systems [13, 14].
The mold-filling in the RTM process is characterized by a complex flow-front
advancement that can exhibit high cavity pressures, strong anisotropy with
locally changing predominant directions, local runners, and high sensitivity
to the reinforcement material parameters. Furthermore, new advanced RTM
processes like PC-RTMuse a non-constant cavity during themold-filling, which
leads to time-varying processing conditions [5].
To simulate the mold-filling in RTM processes that exhibit a non-constant
cavity, the development of new simulation methods is necessary. The future
use should not be prevented to only one specific RTM process type, but instead,
it has to be the goal to develop a flexible simulation method that can be adjusted
to newly developed and even to future RTM process variants.
The RTM process allows producing sandwich parts in only one process step
without the need for later bonding of the fiber reinforcements and core material.
Figure 1.2 shows a cut of a manufactured RTM sandwich part, where the carbon
fiber top and bottom sheets are visible as black layers and the embedded foam
core in between them is shown in white.
However, themanufacturing process is evenmore complex for CoFRP sandwich
components, compared to monolithic parts. During the mold-filling process
step, high pressures inside the RTM mold lead to deformed, shifted, or com-
pletely crushed core materials and to non-infiltrated areas [15]. These effects
are known from experimental investigations, though not fully understood yet.
Furthermore, the deformation of the embedded foam core strongly influences
the infiltration and, thus, the processing behavior and the part quality [16, 17].
It is not possible to predict the RTM mold-filling of sandwich CoFRP using
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Figure 1.2: Manufactured RTM sandwich part; the cut shows the top and bottom sheet and the
embedded polymer foam core

state-of-the-art simulation methods but instead, the development of new numer-
ical simulation methods is necessary. Again, it is important that a mold-filling
simulation method for sandwich parts is not only limited to this specific ap-
plication but is a further development of the method involving non-constant
cavities for PC-RTM.

1.2 Thesis Aim

The main goal of this thesis is to develop and validate a numerical method to
simulate RTM mold-filling with embedded polymer foam cores. The devel-
oped method should be able to predict the infiltration quality as well as the
deformation of the embedded foam core during mold-filling. To capture both,
the resin flow and the foam core mechanics, a fluid-structure interaction (FSI)
method is necessary to describe the coupled behavior.
The simulation method has to include several major parts: The resin flow inside
the reinforcement material under varying conditions, the foam core deformation
during the mold-filling, and suitable boundaries and models for processing con-
ditions and material properties. The simulation models themselves should be
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applicable to part-scale simulations while maintaining a reasonable numerical
effort.
Several steps are necessary to achieve this. First, a numericalmethod to simulate
mold-filling in a flexible cavity has to be developed. The second step is the
development of a numerical method to model the porous solid mechanics of the
fabric during the mold-filling. Based on these two methods, an FSI method is
used to numerically couple the mold-filling and the porous fabric deformation
with the embedded foam core.
The method development is furthermore carried out in a general approach to
also enable simulating the mold-filling of several kinds of manufacturing pro-
cesses that involve non-constant cavities, such as PC-RTM or Direct Sandwich
Composite Molding (D-SCM) [18].
Finally, a validation of the developed method aims to show the possibility to
realistically predict the mold-filling on part-scale with the newly developed
method.

1.3 Thesis Outline

With the aim to give a more specific overview of the state-of-the-art of the
involved subjects, related research is reviewed in each of the following chapters
matching their respective content.
Chapter 2 follows after this introductory chapter with a presentation of the RTM
process as well as details about the materials and relevant process variants.
Subsequently, Chapter 3 focuses on the mold-filling simulation method used in
this work. The method concentrates on the resin flow inside a porous medium
that is placed in a non-constant cavity. At this point, advanced RTM process
variants like PC-RTM can be modeled. The chapter finishes with a verification
of the mold-filling simulation method.
After the development of the simulation method for the resin flow, the solid
mechanics’ simulation method for the involved porous fabric is developed and
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its coupling to mold-filling is presented in Chapter 4. Furthermore, the involved
FSI method for coupling mold-filling and foam core deformation is developed
in this chapter. Several verification examples are given to prove the correct
behavior of the methods.
After the two chapters about the numerical methods that result in the FSI
framework for RTM mold-filling simulations for sandwich parts, the material
properties of the resin systems, the fabrics and the foam core material are
characterized in Chapter 5. The characterization and material modeling are
carried out regarding fabric permeability, fabric compaction as well as foam
core deformation under compression loads.
Based on the numerical methods developed andwith the characterizedmaterials
follows Chapter 6, in which two application examples and one experimental
validation are presented. First, the developed simulation method is applied to
two new processes. One application example is given for PC-RTM, which is a
newly developed process using an active pressure control by changing the cavity
height during mold-filling [5]. The second example shows the application to
D-SCM, which is a process that uses the pressure of expanding foam material
to infiltrate the face sheets of a sandwich [18]. Furthermore, a validation of the
RTM mold-filling simulations for sandwich parts is carried out by comparing
simulation results to experimental RTM trials.
Finally, Chapter 7 concludes the findings of this thesis and Chapter 8 gives an
outlook on possible future research.
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2 RTM Processes and
Materials

FRC generally consist of matrix material and dispersed fibers as reinforcing
material. The matrix is used to give the part its shape, to distribute the forces
between the fibers, and to protect the fibers against the environment, whereas
the fibers increase the stiffness and strength of the part. Nowadays, FRC is found
in nearly every application domain from skyscrapers to ships or satellites. The
major advantage is that their properties can be tailored to the application, which
leads to large flexibility of their use [2]. On the other hand, the adjustment
to the application needs special know-how of the material properties, the load
case, and also processing technology.
As a sub-group of FRC, in fiber-reinforced plastics (FRP) the matrix material is
made of thermoset or thermoplastic polymers. Polymers have the advantage of
low cost and comparable low density while the relatively low stiffness allows
a good distribution of the loads between the fibers. Furthermore, a developer
can choose between many polymers to find the best one fitting the product
requirements. Because of the vast number of materials and material variants
used in FRP, no extensive review is given in this thesis, but instead, the focus
lies on the process and materials that are considered and investigated here. For
a more detailed review, the reader is referred to books and articles that give
a good overview of FRC and FRP, their manufacturing processes, and their
applications [6, 19–22].
RTM is a manufacturing process to produce CoFRP. It is well-suited to pro-
duce thin, shell-like structures, although the thickness can be up to several
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centimeters e.g. in wind energy applications. The process is part of the Liquid
Composite Molding (LCM) process family [23] that is defined by a liquid resin
that infiltrates a reinforcement inside a mold that has the shape of the part. In
the case of CoFRP, the dry fibers are placed beforehand into the mold, where
they are infiltrated by the resin. In RTM, the materials involved are a liquid ther-
moset resin system and a textile fabric made of reinforcement fibers, although
recently also thermoplastic RTM (T-RTM) is investigated as a potential alter-
native [24, 25]. The fabric can be made of any technical fiber type. However,
glass fibers and carbon fibers play the most important role in applications.
Based on the basic RTM manufacturing principle, various process types exist
that will be introduced in the next section. Furthermore, a short overview of
the used matrix materials, the fiber reinforcements, and the core materials is
given in the following sections.

2.1 RTM process types

The RTM process consists of several subsequent steps that are schematically
shown in Fig. 2.1. The first process step is to cut the fabric into patches close
to the final part dimensions.
Secondly, a stack of several cut patches is built to form the desired layup. The
layup is aimed to be symmetrical to themid-plane to avoid distortions or residual
stresses in the final component. The main fiber orientations of the fabrics can
be chosen to suit the load case of the structure. By allowing anisotropic layups
and changing thicknesses in different parts of the component, it is possible to
tailor the performance of the component to specific mechanical requirements,
which is one of the main benefits when using FRP [2].
For complex shapes, the layup is then transferred to a draping tool, where a
three-dimensional preform that is close to the final part dimensions is formed.
This preforming step is needed to avoid high shearing angles, wrinkles, and
fiber gaps inside the part, which negatively affects the infusion process and
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the mechanical performance. Preforming (or draping) is a complicated process
step that requires special methods to minimize the negative effects, like e.g.
flexible gripping mechanisms. Furthermore, special methods are necessary to
correctly predict the draping behavior by numerical simulations [6].
In the following step, this preform is transferred to a heated RTM tool that
consists of an upper and a lower part that forms the mold (or cavity). After
closing the tool, the liquid resin is injected. When flowing inside the mold,
the resin infiltrates the fabric. During infiltration, hydrostatic pressure is built
inside the mold due to the drag force of the fibers against the resin.
After injection, the thermoset resin cures inside the closed and heated mold to
give the part the necessary stability. Finally, the part is demolded and finishing
process steps like trimming or hole drilling follow.

Figure 2.1: RTM process steps: from textile to final part showing the proces ssteps of cutting and
stacking, draping, mold-filling, curing and demolding [6]

When a high flexural stiffness against bending is desired, a light core material
is embedded between two layers of FRP to build a so-called "sandwich". To
manufacture sandwich parts using RTM, two fabric stacks have to be created,
namely the top and bottom sheets. They can be preformed separately before
a common stack with the bottom sheet, the core material, and the top sheet is
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created. This sandwich-preform is then transferred to the RTM mold, where
the normal process route of RTM is continued that consists of injection, curing,
and demolding of the part. The process route is visualized schematically in
Fig. 2.2.

Figure 2.2: RTM process to manufacture sandwich parts with 6 steps; (1) Stacking of the pre-
form; (2) Transfer to open mold; (3) Closing mold (and applying vacuum); (4) Injec-
tion; (5) Curing; (6) Demolding

This process has the advantage of in-situ curing and bonding of the top and
bottom layers onto the core and, thus, reduces the process steps compared
to a regular process route with infiltration, surface treatment, and bonding of
the sheets onto the core material. Furthermore, also complex shapes can be
manufactured in one RTM tool, whereas two tools are needed when the top
and bottom layers are manufactured separately. On the other hand, this process
route only allows using non-infiltrating core materials like closed-cell polymer
foams, which limits the possible product variants.
A large number of RTM processing types were invented mainly with the goal
to decrease production time. There is no naming convention that is used in
research or industry, which leads to a difficult distinction of the processes
described in the literature. A short overview of the most common variants is
given here, focusing on the process types investigated in this thesis.
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The standard (low pressure) RTM process uses resin injection pressures up to
20 bar [26]. Obviously, the industry tried to decrease the injection time by
increasing the injection flow rate leading to high pressures as high as 100 bar
or even more. Stiff, rigid steel molds and special high-pressure injection
equipment characterize this process, which is commonly called high-pressure
RTM (HP-RTM) or sometimes high-pressure injection RTM (HP-IRTM) [27].
Another idea to decrease injection time, especially for larger parts, is to shorten
the flow path of the resin as a long flow path leads to longer mold-filling times or
high pressures. The shortest possible flow path in an RTM mold is infiltration
in the thickness direction, which led to the family of Compression-RTM (C-
RTM) process types [28]. In C-RTM, a small gap above the preform is held
open during the injection of the resin that fills this gap at very low pressure.
After injection, the gap is closed so that the resin infiltrates the preform mostly
in the thickness direction [29].
To lower the cavity pressure but also allow for very fast process times, the
Ultra-RTM and PC-RTM process types were developed [5, 30, 31]. PC-RTM
continues the investigations made of the Ultra-RTM process variant, where
the pressure is controlled during the compression step [30]. In PC-RTM the
pressure control is used throughout the injection, and additionally during the
compression and the curing step. Figure 2.3 shows the eight process steps of PC-
RTM. First, the layup is stacked with several fibrous layers with predefined fiber
orientations. Secondly, the preform is put inside the open mold. Afterward,
the mold is closed but instead of completely closing the mold to the final part
thickness, a small mold gap is left open (step three). At this moment, also
vacuum can be applied to the cavity to avoid dry spots in the component. In
step four, the injection starts while the mold gap height is held constant. The
fifth step starts when the predefined pressure control value is reached. Themold
gap is actively increased, whereby the mold opening velocity is controlled by
the hydraulic press. The mold opening velocity depends on the cavity pressure
that is measured by an integrated sensor, which is located close to the inlet but
can also be at any other location inside the cavity. The injection flow rate is
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Figure 2.3: PC-RTM with 8 process steps; (1) Stacking of the preform; (2) Transfer to open mold;
(3) Closing mold to initial gap height (and applying vacuum); (4) Injection with con-
stant mold gap height; (5) Injection with opening mold and constant cavity pressure;
(6) Compression with constant cavity pressure; (7) Curing; (8) Demolding [32]

kept at a constant value during the whole injection. When the desired amount
of resin is injected, the inlet gate closes, and step six starts. In this step, the part
is compressed to its final thickness while keeping the pressure constant at the
same pressure value as before. Subsequently, the part is cured inside the mold
while maintaining a clamping pressure, and finally, it is demolded.
The mold-filling takes place during steps four to six. The course of pressure and
mold gap height in these steps are shown in Fig. 2.4. Further on, these three
steps are referred to as Stages 1, 2, and 3. Figure 2.4 visualizes the increasing
pressure in Stage 1, as well as the active pressure control in Stages 2 and 3 that
is achieved by actively opening (Stage 2) and closing (Stage 3) the mold.
When realizing PC-RTM, besides the process temperature and the injection flow
rate, only two important process parameters have to be set: the pressure-control
value and the initial mold gap height. The pressure control value determines
the maximum mold gap height, the mold-filling time, and the clamping force
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Figure 2.4: Schematic representation of cavity pressure and gap height of the three mold filling
stages of PC-RTM (cf. steps 4 to 6 in Fig. 2.3) [32].

needed. By changing the initial gap height, the pressure increase rate during the
injection step can be adjusted. When choosing a very low value, the pressure
rises very fast in the first seconds, equal to HP-RTM. A fast increasing pressure
is more difficult to control, as the mold gap has to be adjusted in a very short
time. Hence, a small initial mold gap is needed for a robust process. The
maximum mold gap height is thereby limited by the design of the mold sealing
system. Furthermore, a very large initial mold gap height can lead to higher
mold filling times because of the lower resin filling degree at the end of the
injection which consequently leads to longer compression times. The pressure
control is only realized by the mold opening and closing controlled by the
hydraulic press. For high pressure values, a low mold gap height at the end of
the injection and also a fast compression and, therefore, a low mold filling time
is expected.
With the idea to have a more flexible and less expensive tool for the production
of smaller batch sizes, several RTM types were developed to bridge the gap to
vacuum-assisted resin infusion (VARI). In VARI, only a lower mold part exists.
The fabric is placed on the lower mold and is sealed with a vacuum bag on the
upper side. The resin is held at atmospheric pressure and infiltrates the preform
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by applying a vacuum to the mold [33]. Several names for these processes are
used in literature and industry: vacuum-assisted RTM (VA-RTM), Seemann
Composites Resin Infusion Molding Process (SCRIMPTM) or resin infusion
under flexible tooling (RIFT) [34]. In the gap between the single-sided mold
processes and RTM, it is also possible to use one rigid lower mold part and
one more flexible upper mold part that is e.g. made of a plastic or composite
material. This process type is often referred to as Light-RTM (L-RTM) [35].
Furthermore, theWCMprocess family exists, which is also used tomanufacture
CoFRP. WCM is characterized by a surface application of the resin onto the
fabric when the mold is still open and a subsequent closing and compression,
which leads to a combination of forming and infiltration at the same time [6, 36].
This process allows very fast cycle times, because, like in C-RTM, the main
infiltration direction is in open gaps above the preform and in the thickness
direction. Because of the promising properties, the modeling of combined
fluid propagation and forming in WCM is recently also in the focus of research
[37, 38].

2.2 Matrix materials

The choice of the matrix material used in RTM depends on the required me-
chanical properties of the cured part that have to be high enough to meet the
performance demands of the product [39]. Thermoset matrices are most fre-
quently used, whereas thermoplastic matrices play a minor role [25]. Of the
thermoset matrices, the most important high-performance systems are epoxy-
based resins besides unsaturated polyesters or polyurethanes. Epoxy resins are
often the preferred matrix systems because of their robustness, low chemical
shrinkage, and their adjustable curing behavior by using a certain curing agent.
In the aerospace industry, only qualified resin systems can be used, and because
certification is costly, still slow curing epoxy resin systems are state-of-the-art,
like e.g. the RTM6 system by Hexcel® [40].
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In the automotive industry, certification is not needed and the manufacturing
focus lies more on high-volume manufacturing as well as short cycle-times
and, thus, fast-curing non-epoxy resin systems are of interest. Especially for
fast-curing systems, it is important to know the resin viscosity and the curing
behavior during processing. On the one hand, the viscosity should be low to
allow for good impregnation and low cavity pressures. On the other hand,
the curing time should be as low as possible to minimize cycle-times, which
however results in a rapid increase in viscosity. These opposed criteria requests
to predict mold-filling times accurately, to guarantee a filled mold before cur-
ing while maintaining a minimum time between the end of mold-filling and
reaching the gelation point. Therefore, special fast curing resin systems were
recently developed for the automotive industry [41]. Furthermore, accurate
curing models are necessary to optimize the combined mold-filling and curing
correctly [42, 43].

2.3 Fiber reinforcements

The most important fiber reinforcement materials used in RTM are carbon
fibers and glass fibers. However, it is possible to use many different technical
fiber types in RTM, as long as they have good bonding to the matrix and fit
to processing conditions. Carbon fibers have the highest specific mechanical
properties, but they are also very expensive. Therefore, they are used mainly in
aerospace applications or in sports cars and race cars, where lightweight is of
prime importance. The main advantage of glass fibers is their low cost, which
makes them the most used fiber type in the automotive industry. To optimize
the part costs and mechanical performance, also a combination of glass fibers
and local carbon fiber patches can be used in one RTM part [44].
The use of natural fibers like jute, sisal, or flax is increasing but still at a low
level compared to technical fibers. A comprehensive review about natural fibers
in RTM is given e.g. by Mittal et al. [45]. One of the drawbacks of natural
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fibers is their higher variability of mechanical properties [46], though Torres et
al. [47] reported variability in the same order of magnitude as for carbon fibers
but at a significantly lower level.
Besides the fiber type, also the type of fabric influences the processing and
mechanical properties. Individual fibers are normally combined to form a
roving (or bundle), which is then used to create fabric materials. Unidirectional
(UD) non-crimp fabrics (NCF) consist of several rovings parallel to each other
that are stitched together to form a two-dimensional fabric. Furthermore,
several stacks of UD-NCF in multiple directions can be stitched together to
form e.g. biaxial or triaxial NCF fabrics, when a more isotropic mechanical
behavior is desired.
The second important fabric types besides NCF are woven fabrics. Normal-
oriented rovings are woven together with a specific weave pattern like plain
weave, twill weave, or satin weave. The weaving of the rovings leads to
an undulation of each of the rovings, which on the one hand decreases the
resistance against infiltration and facilitates draping, but on the other hand, also
leads to decreased mechanical performance [48].

2.4 Sandwich core materials

Sandwich parts are defined by embedding a significantly lighter core material
between thin but very stiff outer layers. This leads to a strong increase in
flexural stiffness by transferring the stiff layers further away from the neutral
bending line. This principle is the main motivation for manufacturing sandwich
parts. Further advantages of sandwich parts are the good thermal insulation
and acoustic damping that can be achieved [49].
Two types of sandwich core materials are distinguished: Structured, and homo-
geneous cores [50]. Structured cores are e.g. honeycombs or corrugated cores,
where the lightweight in the core part is generated by geometrical structures.
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Especially honeycombs exhibit very good specific mechanical performance be-
cause of their low density [51]. However, because of their open cells, processing
in RTM is not possible.
Homogeneous cores can have an impermeable surface, which allows using
them in LCM processes. Early sandwich components were manufactured with
a face material made of an FRP (mainly glass fiber) and with a balsa wood
core [52]. Nowadays, wood-based core materials are mostly replaced by light
polymer foams. Many polymers are suited for expansion to a foammaterial like
e.g. polymethacrylimid (PMI), polyvinylchloride (PVC), polyurethane (PUR),
or polyethylene terephthalate (PET).
PMI foams are already used in sandwich components, e.g. in the aerospace
industry [53]. They provide very good mechanical properties and low densities
but at comparable high costs. PVC foams have a lower pressure resistance
than PMI foams [54, 55] but also at a lower cost. PUR foams were also al-
ready used in RTM [56, 57] for automotive applications because of their very
low cost compared to PMI foams, and the possibility to directly manufacture
three-dimensional geometries. PET foams have the lowest cost but also compar-
atively low mechanical properties [58]. They are manufactured by a continuous
extrusion of liquid PET mixed with a blowing agent. After mixing under high
pressure inside a nozzle, the foam expands as far as 50 times its volume, and thus
densities lower than 100 g L−1 can be reached. One further advantage is that the
density and strength of the foam core material can be adjusted with the expan-
sion factor and, thus, an optimization for specific manufacturing processes or
load cases is possible. After the extrusion of rectangular foam blocks, these are
welded together to form large foam plates. Subsequently, the three-dimensional
core geometry for a sandwich component is cut out of those plates.
The most obvious method to manufacture sandwich parts is to produce the sheet
layers separately and bond them to the core material in a subsequent process
step. However, this results in several process steps and thus may not always
be the best option for high-volume applications and complex shaped parts. As
was introduced before (cf. Fig. 2.2), one possibility to avoid this disadvantage
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is to manufacture the sandwich part in one process step using RTM. Major
requirements regarding the foammaterial, are the resistance of the foam against
plastic deformation and against resin saturation during the injection stage. For
this reason strong but light core materials with a closed surface are required
that are also more expensive and, thus, still prevent this intrinsic sandwich
manufacturing from gaining high industrial interest. Gerstenkorn showed that
in combinationwith a PC-RTMprocess, also a light PUR foammaterial is suited
to be used in RTM sandwich manufacturing [17] when the process parameters
like temperature and pressure are adjusted according to the foam core density.
For successful production of sandwich parts in RTM, it is, therefore, crucial
to correctly predict the processing behavior by numerical simulations and to
accurately adjust the process parameters to the materials involved.
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3 Mold-filling Simulation
Method for RTM with
non-constant Cavities

The mold-filling step in RTM is the key process step, where fibers and resin
are "married" to form a composite material. The mold-filling step affects the
part quality as well as the process cycle time. With the main goal to achieve
a robust and economically efficient process, two main issues are always in the
center of optimizations. First, an incomplete mold-filling has to be avoided,
and secondly, mold-filling and thus process cycle time should be minimized.
As an experimental investigation of several geometries, materials, and process
parameters can lead to a vast amount of experiments, numerical simulations are
beneficial for a prediction of the mold-filling during the development process
of a new component. Mold-filling simulations of RTM are already frequently
used to optimize injection strategies and injection velocities or to analyze the
infiltration behavior of complex parts [9, 12, 59–62].
The fundamentals of mold-filling simulation and the approach developed in this
work are described in the first sections of this chapter. The approach focuses
on RTM mold-filling simulation involving non-constant cavities. Therefore, a
method to model mold-filling inside a dynamicly changing computational mesh
is developed. Furthermore, Section 3.3 focuses on the material parameters of
the fabric and the resin, respectively. The mold-filling method is then verified
for PC-RTM (Section 3.5). Finally, the method is reviewed and discussed in
Section 3.6.
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3.1 Introduction and review of related work

During mold-filling, the liquid resin infiltrates the dry fabric starting from an
inlet gate, where a constant pressure or a constant mass flow rate is set. At least
one outlet gate is needed to let the air flow out of the cavity. The outlet has to
be at the location, where the resin arrives the last, to prevent the formation of
dry spots. If vacuum is applied before the infiltration, no outlet is needed, but
normally a small resin overflow at the edges is allowed to make sure that the
whole preform gets impregnated. A very good introduction to flow phenomena
in composites manufacturing and especially to RTM mold-filling can be found
in the book "Flow and rheology in polymer composites manufacturing" [63].
For an introduction to mold-filling, it is helpful to have a look at the different
scales of the fibrous preform. Figure 3.1 shows a schematic overview of the
three different scales present in RTM mold-filling.
The smallest scale of interest here is the micro-scale, which implies the flow
around individual or multiple filaments inside a roving. On this scale, it is
obvious that the numerous filaments form obstacles for the resin flow. Two
more trivial but important observations can be made at micro-scale: More
fibers in a certain volume lead to narrower gaps and thus to a larger resistance
on the resin flow; Parallel to the filaments, the flow is eased compared to a
flow perpendicular to the filaments. It should be noted that on micro-scale, the
filaments and the fluid can still be treated as continua, where the continuum
mechanic equations are valid. On meso-scale, several thousand fibers form one
roving. To be able to simulate the resin flow, the fibers are homogenized to a
porous medium, whereas the flow between the rovings is still captured as a free
flow. This scale distinguishes CoFRP from other types of porous media, like
soils or granular materials that only consist of micro-scale and macro-scale.
On the macro-scale, which is generally used when simulating mold-filling of
RTM components, the individual fibers and the rovings are homogenized to
one porous medium. The multi-scale behavior of the mold-filling complicates
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the homogenization and is one of the main reasons for the difficult prediction
of the flow during RTM mold-filling.

filament roving

Micro-scale Meso-scale Macro-scale

resinflow front

Figure 3.1: Multi-scale flow behavior during mold-filling in RTM consisting of micro-scale,
meso-scale, and macro-scale [6]

The focus of this work is on macro-scale simulation using the theory of ho-
mogenized porous media. The review of literature given in this section is thus
confined to macro-scale approaches. An overview of multi-scale methods not
only for flow in porous media but also for heat transfer and solid mechanics is
e.g. given by Ngo [64].
In soil mechanics and hydrogeology, the models of e.g. porous water flow
inside sands or the groundwater flow inside soils are based on Darcy’s law [65].
This law is also used to describe the RTMmold-filling on a macro-scale, where
the porous medium assumption is used. Darcy’s law is often stated in the form

ũ = −
K
µ
· ∇p , (3.1)

where ũ = (1 − ϕ) · u is the volume averaged velocity with the fiber volume
fraction (FVF) ϕ and the resin velocity u. ∇p is the pressure gradient in the
cavity, µ is the dynamic resin viscosity and K is the permeability of the fabric.
Darcy first determined the relation experimentally, only more than a century
later it was shown to be a special solution of the Navier-Stokes equations [66].
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Many different numerical models to solve the Darcy equation for RTM mold-
filling have been developed and analyzed [67–69]. The finite element/control
volume (FE/CV) approach with non-conforming finite elements [11, 69] is
nowadays established as a standard for commercial software for RTM mold-
filling simulations. It uses the Darcy equation and solves the pressure-velocity
relationship at computational nodes using a control volume defined by the
element centroids and mid sides. The Darcy equation is solved only in the
infiltrated part of the geometry, defined by a fill factor α,0 ≤ α ≤ 1. At the
flow front, the pressure is fixed to be equal to the outlet pressure. After the
calculation of the pressure field, the flow front is advanced using the calculated
velocity and updating the fill factors. During this step, some elements can
achieve a fill factor > 1, which has to be corrected in a subsequent step [69].
Mold-filling simulations of C-RTM were first established by Pham et al.
[70, 71], who modeled one-dimensional and two-dimensional resin flow based
on Darcy’s law using the same FE/CV approach. Shojaei [72] developed a
three-dimensional FE/CV method to simulate the resin flow of a C-RTM pro-
cess in thick components, where a through-thickness impregnation cannot be
neglected. Furthermore, Simacek et al. [73] simulated C-RTM also using a
three-dimensional FE/CV method focusing on the implementation of an open
gap between the fibrous preform and the mold, which is assumed to occur for
wide mold openings. The gap is modeled by adding two-dimensional elements
on top of the preform mesh. As they only solve the Darcy equation and not
the Navier-Stokes equations, they have to set an effective permeability inside
the gap, which is obtained by using the lubrication theory of a Stokes-flow in a
narrow channel.
In contrast to the FE-based methods developed only for mold-filling stands a
second approach, which is the simulation using a finite volume (FV) discretiza-
tion implemented in computational fluid dynamics (CFD) simulation software.
In this case, the Navier-Stokes equations are solved and the Darcy-flow inside
the porous medium is computed by adding a momentum sink term in the gov-
erning equations. Here, both fluid phases (air and resin) can be modeled by a
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“Volume of Fluid” (VoF) method [74], which uses a phase fraction equation and
thus allows to later track the resin front in the mold-filling simulation. Further
information on this method is found in the next section. Nearly every CFD
software supports porous media though its implementation is limited to e.g.
isotropic permeability, constant permeability in fixed domains, single-phase
flows, or stationary simulations.
Magagnato et al. [75] developed an FV-based method to simulate mold-filling
of RTM by modeling a two-phase flow through porous media considering local
anisotropic permeability. The permeability tensor is evaluated at each cell using
local fiber orientation and fiber volume fraction. This allows e.g. the use of
mapped fiber orientation data from draping simulations or from CT-Scans [9].
Additionally, a compressible formulation of the air phase was implemented
to predict the development, movement, and dispersion of air bubbles [76],
which is not possible with finite-element-based commercial RTM mold-filling
simulation software.
Seuffert et al. [77] developed a method to simulate C-RTM based on a three-
dimensional FV discretization and using a deformable mesh to describe the
current cavity thickness. By implementing a virtual controller to set the cavity
thickness, it is also possible to simulate PC-RTM [78]. A further comparison of
the PC-RTM simulations to experiments by the authors shows a good agreement
in the predicted pressure and gap height characteristics [32].
C-RTM and PC-RTM have in common that the mold cavity height changes
during the mold-filling. This leads to a non-constant geometry as well as
varying FVF and consequently non-constant material parameters. The method
used in this work to simulate the mold-filling in these non-constant cavities is
explained in detail in the next section.
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3 Mold-filling Simulation Method for RTM with non-constant Cavities

3.2 Numerical modeling for non-constant
cavities

The simulation method presented in this thesis is based on the Navier-Stokes
equations. In order to make the method as easy as possible, some flow as-
sumptions are made in the equations for RTMmold-filling that are summarized
here:

• Air and resin are immiscible phases.
• The fluids are assumed to be Newtonian. The air is assumed to be com-
pressible, the resin to be incompressible. Resin viscosity changes only with
temperature and time due to the specific thermoset resin properties and the
curing reaction starting during mold-filling.

• The fibers are assumed to be incompressible and stationary. There is no
in-plane movement of the fibers (no fiber-washing or fiber deformation) and
during C-RTM, the velocity of the fibers in the thickness direction is not
influencing the in-plane resin flow.

• Inertia of the resin flow inside the porous medium is negligible. All inertial
forces are very small compared to the porous drag; the Reynolds number is
very small (creeping flow): Re < 1.

With these assumptions, the fluid dynamics of the resin (and the air) inside the
cavity can be modeled as a flow of compressible viscous fluids that is captured
by the continuity equations of mass, momentum, and energy.

3.2.1 Governing equations

The resin flow inside the porous medium can be described using the continuity
equations in an Eulerian framework. Starting with the mass continuity equation
for a compressible fluid that is given as:

∂ρ

∂t
+ ∇ · (ρu) = 0 , (3.2)
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and the conservation form of the momentum continuity equation for a Newto-
nian fluid:

∂

∂t
(ρu) + ∇ · (ρu ⊗ u) = −∇p + µ∇2u + 1

3 µ∇(∇ · u) +Q , (3.3)

where ⊗ is the outer product and with the velocity u, the density ρ, the pressure
p, the dynamic viscosity µ, and a source term Q. The source term is now used
to add a porous drag term that accounts for the influence of fibers onto fluid
flow. Therefore, the Darcy equation (3.1) is rewritten to:

QDarcy = ∇pDarcy = −µK−1 (1 − ϕ)u , (3.4)

which is the form implemented in Eq. (3.3). The porous drag acts like an
additional momentum sink, which increases the pressure gradient inside the
porous fluid flow. For small fluid velocities and low permeabilities, all terms
in Eq. (3.3) except the pressure gradient ∇p and the Darcy sink-term could be
neglected, which again would lead to the Darcy equation.
To simulate the two-phase flow of resin and air by a VoF scheme, additionally
the phase fraction equation

δα

δt
= ∇ (αu) (3.5)

is solved, where α with 0 ≤ α ≤ 1 is the resin fill factor. In OpenFOAM, Eq.
(3.5) is solved using the implemented MULES (Multidimensional Universal
Limiter with Explicit Solution) solver, which is commonly used for different
types of multi-phase flow and is explained in detail by Deshpande et al. [79].
However, it is also possible to use different sorts of VoF solvers, like e.g. the
isoAdvector scheme [80].
In the two-phaseVoF scheme, general scalarmaterial propertiesψ are calculated
by a local averaging with the fill factor α:

ψ = α · ψresin + (1 − α) · ψair . (3.6)
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This enables using only one set of equations for both fluid phases, where the
different flow behavior is captured by the changing material properties.
The equations can be numerically solved by the FV method. Therefore, the
solution domain is discretized into small control volumes (CV) where the
computational point is located at the centroid of the cell. The shape of the CV
can be any closed polyhedron with flat surfaces. The method uses the integral
form of the differential equations and the Gauss’ theorem to transpose the
volume integrals of the spatial derivatives to surface integrals of the cell faces,
which leads to several volume and surface integrals that have to be evaluated.
The models and equations are integrated into the open-source framework
OpenFOAM®, which allows using the already implemented schemes to cal-
culate e.g. temporal derivatives or local gradients. It also enables using fast
solution algorithms like multi-grid approaches and, furthermore, allows using
the parallelization methods embedded into the OpenFOAM framework [? ].
The discretization procedure as implemented in OpenFOAM is described in
detail by Jasak [81].
The basic method of using the Navier-Stokes equations with an additional drag
term was developed and already successfully used for mold-filling simulations
involving local anisotropic permeabilities [9, 75]. Based on this method, the
RTM mold-filling simulation method for non-constant cavities is developed in
the following.

3.2.2 Governing equations for moving meshes

The equations that are given in the following focus on the FVmethod discretized
on a moving mesh, which is needed for advanced process variants such as C-
RTM or PC-RTM and also for a coupled mold-filling with an embedded foam
core.
To realize the movement, the capability of the existing RTM solver [75] is
extended to the use of dynamic meshes with the available "dynamicMesh"
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3.2 Numerical modeling for non-constant cavities

library of OpenFOAM that offers different types of mesh motion solvers. The
method itself is independent of themeshmotion type used. It can be an artificial
movement to preserve mesh quality like it is normally used in FSI. However,
it can also be a motion that describes the mechanical behavior of the porous
medium, which will be further explained in Chapter 4.
The approach uses a mixed Lagrangian-Eulerian form of the governing equa-
tions with the relative velocity of the fluid to the computational mesh. The
general governing continuity equation for a tensorial property Φ for a moving
volume Ω with a closed surface Γ in integral form is:

d
dt

∫
Ω

ρΦ dΩ +
∮
Γ

ρn · (u − us)Φ dΓ −
∮
Γ

ρµΦn · ∇Φ dΓ =
∫
Ω

qΦ dΩ , (3.7)

where n is the unit normal vector on the boundary surface, us is the velocity of
the cell boundary surface, µΦ is the diffusion coefficient and qΦ is the volume
source of Φ. The convection term

∮
Γ
ρn · (u−us)Φ dΓ uses the relative velocity

(u − us) of the fluid to the mesh surfaces. Consequently, this form is used for
all equations that include a convection term.
The FV discretization of the convection term assuming linearity yields∮

Γ

ρn · (u − us)Φ dΓ =
∑
f

ρ f
(
Ûm f − ÛVf

)
Φ f , (3.8)

with the fluid flux Ûm f = n f ·u f Γf and the volumetric face flux ÛVf = n f ·us, f Γf

through the cell faces f with the face-interpolated fluid velocity u f and the
surface-interpolated mesh velocity us, f .
After solving for the mesh motion, the velocity of the cell surfaces us is known
and Eq. 3.7 can be solved using the same methods as for stationary meshes.
Afterward, the absolute velocity is calculated again using us . This approach
satisfies the space conservation law (SCL) [82] and allows the calculation of
the fluid flow on arbitrary moving meshes without adding any numerical error.
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The fluxes themselves are constructed in a conservative way to assure the mass
conservation of the fluid [83]. For a detailed explanation of the discretization
of continuity and momentum equation on moving meshes, the reader is referred
to the works of Ferziger and Peric or Jasak [84, 85].

3.2.3 Treatment of the porous fluid velocity 1

When the fibrous preform is homogenized to a porous medium, the solid fibers
are not explicitly dissolved, which leads to the difference in the real physical
and the volume-averaged fluid velocity [63].
The original Darcy equation (3.1) is defined with the volume-averaged velocity
ũ, which is related to the homogenized physical fluid velocity inside the porous
medium by the porosity φ = 1 − ϕ. This is schematically illustrated in Fig.
3.2. To correctly capture the flow front in the porous domain, the homogenized
physical fluid velocity has to be used. For a given volume flow rate, a porosity
φ < 1 accelerates the fluid. Consequently also the flow front needs to be
accelerated to account for the already occupied volume by the fibers.

Volume-averaged velocity Physical velocity

Figure 3.2: Schematic difference between homogenized volume-averaged flow velocity and physi-
cal flow velocity between individual filaments at micro-scale

1 Parts of this section are based on [77]
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Therefore, the discretized face fluxes Ûm f (Eq. (3.8)) are divided by the face
porosity φ f , which is interpolated from the adjacent cell centers:

Û̃m f = n f ·
u f

φ f
Γf . (3.9)

For a porosity of φ f = 1, the approach yields the original fluid flux. To
be consistent with Darcy’s law that is given in terms of the volume-averaged
velocity ũ, the homogenized physical velocity is only used to advance the flow
front.
Knowing the initial fiber volume fraction ϕ0 and the initial volume V0 of a CV
in a deforming mesh, the current fiber volume fraction ϕu (or porosity φu) at
each time-step can be calculated by using the mass continuity of the fibers in
the simplified form:

ϕu = (1 − φu) = ϕ0 ·
V0
Vu

. (3.10)

This is only strictly valid, when the mesh motion is equal to the motion of the
fabric, as it assumes that no fibers leave or enter a CV. When the mesh motion
is solved using a Lagrangian solid mechanics approach, this assumption is true.
Furthermore, the fibers are assumed to be incompressible.

3.2.4 The Darcy momentum source term

The porous drag of the fibers on the resin flow is implemented into the dis-
cretized form of the momentum equation with the Darcy momentum source
term (Eq. (3.4)). Therefore, the linearized volumetric Darcy source term is
discretized in a CV by using the integral form:

QDarcy,p =

∫
Ω

−

(
µK−1ũ

)
dΩ = −

(
µpK−1

p up

)
· Ωp , (3.11)

with the index p denoting value at the cell center point. Here, the fluid velocity
up is given in the form of the volume-averaged Darcy velocity ũ to correctly
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apply Darcy’s law. The negative sign of this term implies that it is a momentum
sink, which is correct for a drag term.
Instead of just adding this term to the source part, it is important to check
the diagonal dominance of the system that is needed for convergence. To
ensure diagonal dominance, the Darcy momentum source term is first split in a
hydrostatic and a deviatoric part:

QDarcy,p = Qhyd,p up +Qdev,p (3.12)

with

Qhyd,p = −tr
(
µpK−1

p

)
· Ωp , (3.13)

Qdev,p = −
[
µpK−1

p − I · tr
(
µpK−1

p

)]
· Ωp · up . (3.14)

These two parts are integrated into the discretized momentum equation and an
algebraic equation is created that can be numerically solved.

3.2.5 Solving the system of equations

Themethod implemented to solve the discretized equations in OpenFOAMuses
a segregated approach ("PISO" - Pressure Implicit with Splitting of Operators)
[86]. In this case, a special treatment for the pressure-velocity coupling is
required, which is done by first assembling an implicit momentum predictor
("velocity equation") to get an approximated velocity field [81] that includes
the source terms: (

ap +Qhyd,p
)

up = H(u) − ∇p , (3.15)
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which is a semi-discretized form of the momentum equation with:

H(u) = −
∑
n

anun +
u0

∆t
+Qdev,p , (3.16)

with ap being the matrix coefficient at the CV centers and an the matrix
coefficient corresponding to the cell neighbors indicated by index n. The term
u0

∆t is the source part of the transient term [81]. All values present at the cell
faces are interpolated from the neighboring cell centers and, thus, are also
included in ap and an.
Assembling the momentum equations for all CVs gives a system of algebraic
equations of the form:

[A][u] = [Q], (3.17)

where [A] is a sparse matrix with the coefficients (ap +Qhyd,p) on the diagonal
and an at off-diagonal entries. In this form, Qhyd,p is added explicitly to the
diagonal coefficients ap , because it ensures the diagonal dominance due to its
negative value, whereas Qdev,p is added in the source term to the system of
equations.
This system of equations is first solved with the pressure gradient and velocity
of the old time-step. Afterward, the pressure equation is solved with the
approximated velocities, which then are updated explicitlywith the newpressure
field. Because of the explicit correction, an iterative procedure is used that
repeats this pressure/velocity correction procedure until convergence. More
details on the solution algorithm for compressible flows are given by Demirdžić
et al. [87].
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3.3 Material properties

An important part of RTMmold-filling simulations are the material properties.
The fabrics used in RTM have very low permeability and, thus, the Darcy drag
term dominates the equations. Hence, the two most relevant parameters are
the preform permeability and the resin viscosity. Both parameters influence
strongly the infiltration behavior. Therefore, an overview of the different types
of permeability and viscosity characterizations and models implemented into
the simulation method is given in the next sections.

3.3.1 Permeability

Knowledge of the fabric’s permeability is one of the most important aspects
when trying to predict the resin flow in RTM. In general, permeability (as
used in this context) is a homogenized parameter that describes the drag force
of the fabric on the fluid flow. In nearly all of the work published, it is as-
sumed that the permeability of a fabric is not depending on process conditions
and thus only contains homogenized information of the geometry of the fabric
and its rovings and filaments. In RTM, the permeability is very small (approxi-
mately 1 × 10−14 m2 - 1 × 10−8 m2), depends strongly on FVF and can be highly
anisotropic. The permeability models, therefore, are always a function of the
FVF and the anisotropic behavior is captured through the definition of perme-
ability as a second-order tensor. The focus of this work is on the mold-filling
simulation with NCF that either are quasi-isotropic (biaxial, triaxial fabrics) in
terms of the permeability, and on UD-NCF that exhibit a strongly anisotropic
permeability.
Until now, no standard method for the experimental determination of in-plane
permeabilities [88, 89] exists, though recent benchmark studies suggest using
transparent molds and visually track the flow front by applying a constant inlet
pressure [90, 91], while another method uses pressure sensors in an RTM
mold [92] to measure as close as possible to real RTM conditions. While
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permeability is a material parameter of the porous fabric and, thus, only valid
for flow inside the porous domain, mold-filling is also influenced by small resin
channels outside the porous domain. This "race-tracking" phenomenon occurs
e.g. when the fabric does not completely fill out the cavity at the borders of the
part or at sharp edges inside the cavity [44, 93, 94]. In these areas, a free surface
flow of the resin exists, which has the properties of a Stokes flow and can be
modeled by using the method developed in this thesis by locally neglecting the
Darcy momentum sink term. Another possibility is using Brinkman’s equation,
which couples a Darcy flow regime and a viscous flow regime [95].
Besides the experimental determination of the permeability, also analytical
approaches exist. They are mostly based on the work of Gebart [96], who
adapted the Kozeny-Carman equation [97, 98] for fibrous porous media:

K‖ =
8r2

c
·
(1 − ϕ)3

ϕ2 , (3.18)

K⊥ = C1r2 ·

(√
ϕmax
ϕ
− 1

)5/2
, (3.19)

with the permeabilities K‖ and K⊥ for flow parallel and transverse to the fibers,
and the effective filament radius r . C1 and c are variables depending on the
fiber array type (quadratic or hexagonal) and ϕmax is the maximum FVF also
depending on the type of fiber array. The Gebart equation for K‖ can be written
as

K‖ = A ·
(1 − ϕ)3

ϕ2 , (3.20)

with A = 8r2

c . To use the Gebart model in combination with experimental
permeability measurements, the value of A can be used as a fitting parameter.
Although this equation is purely based on the assumption of a regular fiber
array on micro-scale, it can be used to describe the flow inside of rovings or
as a simplified model in verification examples. A better result for micro-scale
permeabilities is obtained by using statistical volume elements to represent
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the irregular fiber array [99, 100] though the real fiber distribution cannot be
captured perfectly by statistical models [101]. To homogenize the permeability
from micro-scale to macro-scale, virtual approaches to capture the meso-scale
were developed, especially for woven fabrics [102–104].
The anisotropic permeability is implemented using local fiber orientations,
where first a local cartesian coordinate system x ′y′z′ is defined that is oriented
in the fiber direction. In this local system, only entries on the main diagonal of
the permeability tensor exist:

K′ =


K11 0 0

0 K22 0

0 0 K33


, (3.21)

K11 represents the permeability value in the direction of the highest in-plane
permeability (for UD fabrics equal to fiber orientation), whereas K22 is the
lowest in-plane permeability (perpendicular to fiber direction). The influence
of the through-thickness permeability K33 can usually be neglected because of
the small thicknesses of composite parts [90]. In thick parts, K33 is usually
smaller than K22 because of the higher tortuosity of the fabrics in the thickness
direction.
In the local fiber coordinate system, the permeability in two dimensions can
be visualized as an ellipse with the Values of K11 and K22 as the two principal
semi-axes. In three dimensions, the value of K33 leads to a tri-axial ellipsoid.
This visualization is especially helpful, as it also can be interpreted as a resin
flow front advancement for a central injection point. A visualization is given
schematically in Fig. 3.3.
The implementation of the permeability models in the simulation method uses
a cell-based evaluation to capture local effects. Based on experimental data
points for permeability at a certain FVF, first, the principal permeabilities at
each cell are calculated with the local FVF. For FVF values in the given data
points range, a linear, exponential, or spline interpolation of the neighboring
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K11

K33

K22

2D permeability ellipse 3D permeability ellipsoid

K11
K22
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y′

x ′

y′

z′

Figure 3.3: Visualization of the anisotropic permeability in two dimensions and three dimensions
in the local principal axis system

values is calculated. In the next step, a rotation tensor R using Euler angles is
determined in each cell to rotate the principal permeability tensor in the local
coordinate system to the global cartesian coordinate system xyz. The rotation
tensor is calculated by rotating the local coordinate system given by the fiber
orientation vectorω and the thickness direction to the global coordinate system.
Hence, the rotation of the permeabilities to the global system is given by:

K = R ·K′ · RT . (3.22)

This approach allows defining the principal permeabilities and local orientations
rather than local permeability tensors. The three principal permeabilities can
be determined experimentally or by using permeability models.
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3.3.2 Viscosity

Besides the modeling of the preform permeability, it is also very important to
model the time- and temperature-dependent resin viscosity accurately to predict
the mold-filling pattern and the fluid pressure inside the cavity. Especially when
using fast curing resin systems, the viscosity can change significantly during the
injection and thus influence the cavity pressure. To model the resin viscosity
during curing, a kinetic model and a rheology model are required. Kinetic
models describe the dependency of the resin cure degree on temperature and
time, whereas rheologymodels describe the viscosity depending on temperature
and cure degree. Variousmodels were published to describe the curing behavior
of thermoset resins, as e.g. by Kamal and Sourour [105] or Grindling [106].
Often, the rheological behavior is capturedwith the rheological model by Castro
andMacosko [107]. Themodel parameters for kinetic and rheologicalmodel are
identified by performing differential scanning calorimeter (DSC) and rheology
measurements at different isothermal or non-isothermal conditions. Especially
for fast curing resins, this can be a challenging task, as the reaction directly
starts after mixing [42, 108], but a preparation time to start the characterization
tests is needed.
As pointed out, the resin viscosity µ is a local and time-dependent value. The
dynamic viscosity itself is calculated in the VoF approach by local averaging
with the fill factor α. The cure degree of the resin is a value inherent to a
fluid particle and, thus, is convecting with the resin flow. Therefore, after the
solution of the pressure equation and updating the velocity, a scalar transport
equation for the cure degree γ is solved:

∂ργ

∂t
+ ∇ · (ρuγ) = 0 . (3.23)

Subsequently, the cure value at each cell is updated by calculating the cure rate
Ûγ with the chosen kinetic model. The implementation of the cure and viscosity
models into the OpenFOAM framework is described by Bernath [43]. This
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section, therefore, only contains a short description of the implemented kinetic
and rheology models.
The Kamal kinetic model is given by [105]:

ÛγKamal(γ,T) = (B1 + B2 · γ
m) · (1 − γ)n , (3.24)

B1 = A1 · e−
E1
R·T ,

B2 = A2 · e−
E2
R·T ,

(3.25)

with the temperatureT , the universal gas constant R and the model parameters
A1, A2,E1,E2,m,n that can be calculated for example by curve fitting of the
response rates from DSC measurements. The model does not include the glass
transition temperature and, therefore, cannot represent premature vitrification
[42]. A more sophisticated model that includes the glass transition temperature
is the Grindling kinetic model [106]:

ÛγGrindling(γ,T) = B1 · (1 − γ)n1 + Beff · γ
m · (1 − γ)n2 ,

1
Beff
=

1
B2,diff

+
1
B2

,
(3.26)

where B1 and B2 are reaction speed functions constrained only by the chemistry
and are calculated equal to the model by Kamal. B2,diff is a reaction speed
function, which is limited by diffusion and thus also represents the reaction
below glass transition temperature. The fit-function can be an exponential
function like:

B2,diff = B2,∆Tg · e
c1 ·

T−Tg
c2+T−Tg , (3.27)
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with the fitting parameters B2,∆Tg, c1, c2. To fit B2,diff to the experimental data,
furthermore the relationship between Tg and γ must be modeled, which is
normally achieved using the DiBenedetto function:

Tg(γ) =
λ · γ

1 − (1 − λ) · γ
· (Tg,∞ − Tg,0) + Tg,0 , (3.28)

where Tg,0 is the glass transition temperature of the uncured polymer (usually
< 0 ◦C), Tg,∞ is the glass transition temperature of the fully cured polymer and
λ is the fitting parameter. Because of the numerous fitting parameters, the
Grindling kinetic model is best parameterized using e.g. genetic optimization
algorithms to minimize the model error.
After calculating the cure rate and updating the cure degree, the rheologymodel
updates the viscosity in each cell considering temperature and cure degree. The
Castro-Macosko viscosity model [107] is implemented, which is given by:

µ(γ,T) = µ0 ·

[
γg

γg − γ

]C1+C2 ·γ

, (3.29)

µ0 = D · e
Tb
R·T , (3.30)

with the cure degree at the point of gelation γg and the model parameters D,
C1, C2 and Tb . This model is a combination of a power-law function and an
Arrhenius function, which are both very common for modeling the viscosity of
polymers [109]. γg is defined by the point when the resin can build any stresses
and has to be measured experimentally using e.g. parallel-plate rheometry and
measuring the first occurrence of normal forces [43].
For simplified isothermal simulations, instead of using the combination of
kinetic and rheology model, a simple time-dependent viscosity model can be
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used. In that case, the viscosity increase over time due to the beginning curing
reaction can be described e.g. by a polynomial function of the form:

µ(tresin) =
∑
i=0

Di · tiresin , (3.31)

where Di are fitting parameters and tresin is the resin age. By using this simplified
model, only one isothermal rheological measurement is necessary to describe
the viscosity evolution over time. In this model, the resin age is calculated like
the cure degree by solving a scalar transport equation and updating the value at
each time-step.
The shear-thinning behavior that is present in polymer flows is not taken into
account in this thesis. The effect may be present and can be accounted for
by using an effective viscosity [110], though the real shear rate results from
the heterogeneous microscopic fiber distribution, which is normally not known
[111]. The research regarding the flow of non-Newtonian fluids through porous
media is a very complex issue and is, therefore, still an ongoing task.

3.4 Solution procedure for non-constant
cavities 2

During mold-filling of RTM variants like C-RTM or PC-RTM, the cavity ge-
ometry is not constant but changes throughout the process. This behavior is
captured in the simulation method by using a moving mesh and updating the
permeability of the fabric depending on the current FVF.
The solution algorithm for C-RTM is shown in Fig. 3.4. It consists of themotion
of the mesh, which is followed by the update of the permeability based on the
new cell geometry. With the calculated FVF and given fiber orientation, the

2 Parts of this section are based on [32] and [77]
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local permeability at every cell is evaluated in each time-step using analytical
models or experimental data, like explained in Section 3.3.1.
After updating the permeability, the segregated pressure-velocity coupling is
used to solve the resin flowwith an iterative repetition until convergence. During
this step, the phase fraction equation, the momentum equation, and the pressure
equation are solved. For non-isothermal flows, furthermore, the temperature
equation and the cure degree equation are added. The temperature-based
form of the energy equation is solved using the OpenFOAM implementation,
described e.g. by Bernath [43].
The PC-RTM solution algorithm consists of the C-RTM algorithm and is ex-
tended by a control algorithm that sets the compression velocity in each time-
step based on the result of the pressure solution of the old time-step. Therefore,
a virtual PID (proportional-integral-derivative) controller is set as a boundary
condition to calculate the current closing speed of the mold based on the pres-
sure at a fixed position in the simulation domain. This represents the control
behavior of the real PC-RTM process that uses an integrated pressure sensor in
the cavity [31].
When a termination criterium is reached, the simulation stops. Possible criteria
are e.g. a maximum simulation time, a completely filled mold, or a maximum
cure degree reached.
This method is the basis for the following derived methods containing a non-
constant geometry. The numerical method and the processes as investigated in
this work are limited to a mold gap height that still ensures that the preform
is in touch with the mold wall and no open gap above the preform exists. For
large mold openings, a method to describe the formation of gaps based on the
local cavity height is needed. A more accurate but also more sophisticated
possibility is the volume-coupling of a porous solid mechanics method for the
preform deformation with the mold-filling in a partitioned approach like shown
in the outlook of this thesis (Chapter 8, Fig. 8.1).
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Figure 3.4: Solution algorithm for C-RTM and PC-RTM based on a resin flow inside a non-
constant cavity

3.5 Verification

The verification of the developed method for non-constant cavities is carried
out with the simulation of a one-dimensional mold-filling of a rectangular plate
using PC-RTM. The simulation starts with an initial fiber volume fraction of
33.3% at a mold height of 3 mm and aims to reach a final mold height of 2 mm,
which leads to a final fiber volume fraction of 50%. The resin is injected with a
constant mass flow rate and after the pressure-control value is reached the first

43



3 Mold-filling Simulation Method for RTM with non-constant Cavities

Table 3.1: Process and material parameters for the PC-RTM verification case

Parameter Value

Mold width 0.2 m
Injection flow rate 4000 mm3 s−1

Injection time 10 s
Initial fiber volume fraction 0.333
Initial mold height 3 mm
Final mold height 2 mm
Pressure-control value 4 bar
Gebart parameter A 5.44 × 10−11 m2

time, the PID controller starts to control the mold height with the aim to hold a
constant pressure of 4 bar.
In the verification case, the dependency of the permeability on the FVF is
implemented based on the Gebart equation (3.20). The value of A is calculated
based on permeability measurements of a non-crimp unidirectional carbon fiber
reinforcement that is presented in Section 5.4. The measured permeability at
a FVF of 50% is K‖,exp = 2.72 · 10−11 m2. The verification model geometry,
material, and process parameters are summarized in Table 3.1.
The analytical solution of PC-RTM mold-filling for a one-dimensional Darcy-
flow is given in Appendix A. Figure 3.5 shows the verification results of the
PC-RTMmold filling simulation. Two important process values are compared;
the inlet pressure and themold gap height, which is defined as the gap referenced
to the final cavity height. Both results show the same behavior during mold-
filling. First, the pressure increases linearly at a constant mold gap height.
When the pressure-control value is reached, the mold gap height increases and
the pressure stays at a constant level. After approximately 10 s, the mold filling
stops, which is indicated by the start of the decreasing mold gap height.
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Figure 3.5: Result of the one-dimensional PC-RTM verification case; pressure at the inlet and
mold gap height is compared for simulation and analytical solution

The three stages of PC-RTM (cf. Fig. 2.4) are clearly visible in the simulation
result as well as in the analytical solution.
The simulation shows a very good agreement with the analytical Darcy solution
for both of the values. Only a slight pressure overshoot in the simulation can
be observed. First, when reaching the pressure limit in Stage 1, and secondly,
when changing the boundary conditions from injection to compression. This
overshoot is explained by the behavior of the integrated PID controller. Typ-
ically, such an overshooting behavior is caused by system disturbances. In
PC-RTM, this is induced by the change of the boundary conditions from Stage
1 to Stage 2 and from Stage 2 to Stage 3.
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3 Mold-filling Simulation Method for RTM with non-constant Cavities

3.6 Discussion

The method presented in this chapter focuses on the numerical description of
the resin and air flowing inside a porous medium inside a non-constant cavity.
The previously available method was limited to RTM with a constant cavity
and static fabric properties throughout the mold-filling. By enhancing the
method for moving meshes with an updating of the material parameters (fiber
volume fraction, permeability), it is possible to simulate the mold-filling of
C-RTM and PC-RTM, which was already shown by the author [77, 78] and is,
in this work, furthermore verified for PC-RTM. The verification shows a very
good agreement of the mold-filling simulation with the analytical solution. An
even better result and diminishing the influence of the PID-controller could be
obtained by iterating over each time-step during the pressure-controlled stages
until an exact solution is found.
The developedmethod can be flexibly used for RTMmold-filling using constant
or cure-dependent viscosity, for isothermal or non-isothermal mold-filling, for
simplified two-dimensional as well as complex three-dimensional components.
In general, the method presented for modeling a porous fluid flow inside a
changing cavity is the basis for modeling various manufacturing processes of
CoFRP that have a non-constant cavity throughout the mold-filling.
For example it is possible to simulate the infiltration in rotational molding by
adding a centrifugal body force to the resin, which was shown recently by
Nieschlag et al. [112]. Furthermore, the implementation of the permeability
utilizing local information of the FVF and fiber orientation enables to add
local effects on mold-filling like race-tracking at sub-preform overlaps or near
embedded metal inserts to the simulation model [9, 78, 113].
By using one of the implemented rheologymodels or a time-depending viscosity
for a constant temperature, it is possible to consider a viscosity change during
the mold-filling. This not only allows to better simulate filling time and cavity
pressure, which is important for PC-RTM [32], but also enables to use of
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information of the local cure degree to predict curing time or as an initial
condition for distortion or residual stress analyses [43, 114].
By modeling the mold-filling with a two-phase flow, a better prediction of air
entrapment is possible, which was already shown in previous studies using this
method [9? ]. Furthermore, by solving the complete Navier-Stokes equations
with porous drag term, it is possible to model fluid flow in porous media but
also a two-phase free flow, where the momentum sink term vanishes. This will
be an important feature in future studies, where open gaps do not have to be
modeled by using artificial effective permeability values.
A validation of PC-RTM mold-filling simulations for a plate geometry showed
good comparability to experimental results [32]. However, the experiments
showed a difference in the initial pressure at the beginning of the injection and
during the compression stage. This is a result of the compaction force of the
fabric inside the mold, which adds a force to the fluid pressure that is measured
by the integrated pressure sensor. This influences the pressure-control, as the
value measured is in fact not the fluid pressure, but the total stress of the
porous fabric. To capture this in the simulations, a coupled poro-elasticity
and mold-filling method needs to be developed, which is part of the following
chapter.
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4 Mold-filling Simulation
Method for RTM with FSI

This chapter focuses on the development of an FV-based method for the RTM
mold-filling coupled with fabric and foam core deformation. The method
developed consists of three parts. First, the "fluid" part describes the flow of
the liquid resin inside the fabric, which is described in the previous chapter.
Secondly, the "internal porous solid" part, which is the fabric that behaves like
a deformable porous medium, where the deformation is depending on external
forces and the resin flowing inside of it. And finally, the "external solid",
which can be any kind of flexible or compressible structure embedded into the
layup (like polymer foam cores) or a boundary of the cavity (like non-rigid
tools). This chapter focuses on the development of the method to model the
internal porous solid, the internal coupling between fluid flow and porous solid
as well as the FSI coupling to an external solid. After an introduction and a
review of the related work in the first section, the method to model the fabric
deformation is explained in Section 4.2. Subsequently, the internal coupling
method between fabric deformation and mold-filling is verified (Section 4.3).
Afterward, the solution procedure for the coupling to an external structure is
shown and verified in Section 4.4. Finally, the developments are discussed in
Section 4.5.
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4.1 Introduction and review of related work

The description of a porous medium in terms of solid mechanics is based on
Terzaghi’s law [115], as long as the continuous solid material inside the porous
medium is incompressible compared to the homogenized porous medium. In
terms of fiber-reinforced composites, this is a valid assumption, as the com-
pressibility of the fabric is orders of magnitude higher than that of the fibers
themselves. Terzaghi defined the "effective" stress inside the porous medium
to decouple the solid stress from the fluid stress:

σtotal = σeff + σfluid

= σeff − pI ,
(4.1)

where p is the fluid pressure inside the porous medium, which acts as additional
normal stress inside the solid. The effective stress approach is a state-of-the-
art in geomechanics since many years and is especially used in combination
with groundwater flow to predict the deformation of fluid saturated soils [116].
Based on this stress definition, the equilibrium equations and material models
can be described in terms of effective stresses. The solid mechanics’ convention
of tension resulting in positive stresses and compression resulting in negative
stresses is used in this work, whereas the fluid pressure is always positive.
In RTM, Binetruy and Advani [16] modeled and analyzed mold-filling with
embedded foam cores. They developed an analytical model that couples the
mold-filling and foam core deformation for a simplified one-dimensional flow.
They also compared the model to an experimental test case and reported a good
agreement but highlighted the need for more sophisticated material models to
describe the foam core. Deleglise et al. [117] modeled the mold-filling for C-
RTMand forRTMwith embedded foamcores. They coupled a two-dimensional
model for resin flow with a linear-elastic one-dimensional spring model for the
closed-cell foamcore. They reported the samemold-filling behavior asBinetruy
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and Advani [16] and additionally state that the coupling can be modeled quasi-
statically because the preform deformation rate is much lower than the fluid
flow deformation rate in most of the parts. Both publications do not model the
porous fabric deformation during the mold filling. Furthermore, they assume a
one-dimensional linear-elastic compression of the foam core.
Besides these few publications, the coupled RTM mold-filling including de-
formation of an embedded foam core has not been studied. The approaches
are limited to two-dimensional solutions, which limits the methods developed
to specific applications and simple plate geometries. To the author’s knowl-
edge, there is no holistic and three-dimensional approach investigating the RTM
mold-filling with embedded foam cores including fabric deformation.
However, the coupling of fluid flow and fabric deformation is of interest in
the area of VARI infiltration. Here, the fabric compression behavior directly
influences the local thickness and, thus, the mold-filling time and the achievable
FVF. Several authors modeled the infiltration in VARI, starting from analyti-
cal models [118, 119] to numerical simulation of the mold-filling with fabric
deformation, [33, 120–122]. In recent publications by Simacek and Advani
[121] and Wu et al. [122], a simplified 2D model for mold-filling in VARI with
the focus on fast convergence and reasonable accuracy is used. Dereims et al.
[123] couple a non-linear solid mechanics model for the fabric compression to
a Darcy and a Stokes flow regime by using a three-dimensional FE approach
for application in C-RTM mold-filling. Their FE-based method shows a very
good agreement to analytical solutions. However, in their approach, they need
to implement an artificial viscosity to stabilize the Stokes flow and a second
non-physical parameter to control the interface velocity between the Darcy and
Stokes flow. By solving the full Navier-Stokes equations with a momentum
sink term active in the porous domain, as proposed in this work, this can be
avoided.
In WCM, especially the deformation characteristics inside a layer and the fric-
tion between fabric layers at very large deformations have to be modeled [6].
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The simultaneous forming and infiltration lead to a further increase in complex-
ity because it affects the shear and friction behavior of the fabric [124, 125]. To
model the concurrent draping and infiltration, Poppe et al. [37, 38] proposed a
two-dimensional and a three-dimensional FE formulation that uses the analogy
of the heat transfer equation to the Darcy equation. They verify this approach
and show that it is well-suited to capture the flow in a porous medium undergo-
ing large deformations (including compression) with a focus on predicting the
formation of wrinkles in WCM.
If a foam core is embedded between the fabrics, it has to withstand compression
loads of two types during RTM mold-filling. First, the closing of the tool
compresses the fiber reinforcement in the top sheets and clamps the foam core
between them. Secondly, hydrostatic pressure builds inside the cavity that acts
as an additional compression load on the foam corematerial during the injection
of the liquid resin. Those compression loads lead to several possible defects.
Al-Hamdan et al. [15] classified five defects of RTM sandwich parts that
are: incomplete filling, delamination, core shift, core deformation, and core-
collapse. Those defects can further be divided into resulting defects of the part
that are incomplete filling (dry spots) and delamination and on the other hand
defects of the core material itself (core shift, deformation, and collapse). The
authors did not further focus on the incomplete filling but on the comparison
of different core materials regarding delamination and resin absorption. The
authors also show experimentally that core shift plays a minor role compared to
core deformation and core-collapse when manufacturing sandwich parts with
high FVF [126].
Mold-filling in RTM with an embedded deformable foam core can be defined
as an FSI problem involving three participants: resin flow, fabric deformation,
and foam core deformation. In general, two different approaches exist to
solve FSI problems. The monolithic approach uses one solution domain and
one numerical method for all components. This has the advantage that only
one mesh has to be generated and that no mapping methods and no special
solution procedures are needed as all parts are solved simultaneously. The
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main disadvantage of this approach is that in most cases the physics are very
different in the components and consequently also the nature of the equations
that have to be solved differs considerably. When only one numerical method is
used for all components this can lead to slow convergence as it is not possible to
use always the best method or time-step size for each component individually.
On the contrary, this is the big advantage of the partitioned approach, where
each part can use its best-suited method. Also, the partitioned approach allows
to add or change components more flexibly compared to a monolithic approach.
The disadvantages of the partitioned approach are, that normally the meshes
do not coincide and special solution procedures are needed to find the common
solution for all components. This makes mapping methods necessary and,
furthermore, means that additional iterations in each time-step are required.
As both approaches have their advantages and drawbacks, it is important to
choose the right approach. A good overview of FSI problems and approaches
is given by Hou et al. [127]. In the literature, the coupling of resin flow and
fabric deformation and also the coupling between resin flow and foam core
deformation is always conducted using monolithic approaches. To date, an
FSI coupling containing the three participants is not existing to the author’s
knowledge.
As the internal fluid-solid coupling of mold-filling inside a porous medium uses
the same simulation domain for both partners, a monolithic approach is favored
in that case, whereas the coupling to the deforming foam core happens on a
defined surface and, thus, a partitioned approach is better suited here.
Based on the review of the related work, the requirements on a coupled RTM
mold-filling and foam core deformation method are derived:

1. Use a three-dimensional approach to enable modeling complex parts.
2. Couple the preform compression and the fluid pressure using Terzaghi’s law

in a monolithic approach.
3. Include the most relevant constitutive models for fabric compression.
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4. Allow to couple the mold-filling to external codes/models for partitioned
FSI.

5. Embed the RTM mold-filling method described in Chapter 3.

With these requirements, the coupled method is developed and verified, which
is exemplified in the next sections.

4.2 The finite volume method for porous
solid mechanics

The commercially available solid mechanics software is normally based on FE
formulations. Modeling solid mechanics based on FV discretization is a rather
unconventional approach, but nevertheless worth investigating. The first efforts
for a cell-centered finite volume approach were made already 30 years ago by
Demirdžić [83]. It was later used and further developed in some academic
research codes and applications, e.g. for thermal stresses in crystal growth or
crack propagation in multi-phase materials [128–131]. An extensive overview
of the work done is given by Cardiff and Demirdžić [132].
In the last decade, the main work to implement an FV formulation for solid
mechanic problems was done by Cardiff [133], who also published the code
under an open-source license ("solids4foam" [134]). He further developed the
method byDemirdžić and also implemented advancedmethods for large strains,
anisotropic material, or contact boundaries [135–137].
Based on the implementation into the open-source framework of OpenFOAM,
Tang et al. [138] developed a method for small strain poro-elasticity. They use
Terzaghi’s law for effective stress in an elastic-plastic porousmediumand couple
it to a seepage equation to simulate the consolidation and the load-bearing
of saturated soil. They also showed a very good computational efficiency
compared to an implicit FE method. The method in this work combines both
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developments: The large strain method [135] and the poro-elasticity method
[138].

4.2.1 Governing equations

The solid mechanics of the porous fiber reinforcement is defined in a similar
manner to fluid mechanics. To be able to model large deformations, especially
for the thickness direction of the fabric, the method uses a updated Lagrangian
formulation. For this approach and without any thermo-mechanic coupling,
only the momentum equation is required. The equation used is closely related
to Eq. (3.7) but in the Lagrangian formulation, thematerial velocity u is equal to
the velocity of the mesh us and, thus, the convection term is zero. Furthermore,
Eq. (3.7) is given with the constitutive model of a Newtonian fluid, where the
stresses in the fluid are incorporated in the viscous term.
Without this constitutive model, the conservation of linear momentum for a
general control volume Ω with a surface Γ and unit normal n in integral form
can be written as:

δ

δt

∫
Ω

ρu dΩ =
∮
Γ

n · σ dΓ +
∫
Ω

ρb dΩ , (4.2)

with the solid velocity u, the stress tensor σ, the body forces b and the solid
density ρ.
While only the viscosity is used to close the equations for a Newtonian fluid,
a constitutive relation that correlates the stresses to strains is needed in case of
elastic solid mechanics. To capture large strains and rotations, the St. Venant-
Kirchhoff hyper-elastic constitutive relation is used that is described in terms
of the effective stress:

Seff = 2µL E + λL tr(E)I = C : E , (4.3)
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with the second Piola-Kirchhoff stress tensor S, the first and second Lamé
coefficients µL and λL, the stiffness tensor C and the Green-Lagrange strain
tensor E that is given by:

E =
1
2
(∇d + ∇d> + ∇d · ∇d>) , (4.4)

with the displacement vector d. When using an incremental approach, the
following form applies for the incremental strain δE:

δE =
1
2
(∇δd + ∇δd> + ∇δd · ∇d> + ∇d · ∇δd> + ∇δd · ∇δd>) . (4.5)

The large strain method is implemented in an updated incremental Lagrangian
form. In each time-step the geometry and the configuration is updated and set
as the new reference configuration. The stresses and strains have to be corrected
to refer to the current configuration with the deformation gradient F = I + ∇d
and the Jacobian J = det(F):

Eu = F−1 · E · F−> , (4.6)

Seff,u = J−1F> · Seff · F . (4.7)

One advantage of this method is that the initial displacement at a time increment
is zero and thus simplifies a lot of the equations. For the updated state, the
Green strain tensor in incremental form is:

δEu =
1
2
(∇δd + ∇δd> + ∇δd · ∇δd>) . (4.8)
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For a rigorously correct implementation equal to a total Lagrangian approach,
the stiffness tensor C should also be updated, but to use the advantages of the
updated formulation, it is assumed that the stiffness tensor is not changing:

δSeff,u = (C)u : δEu ≈ (C) : δEu , (4.9)

δSeff,u ≈ 2µL δE + λL tr(δE)I , (4.10)

where the index u denotes the updated state. The formulation is valid for large
incremental displacements and rotations but small incremental strains [139].
However, non-linear elastic material models can be included by updating the
Lamé coefficients µL and λL in each of the explicit loops (cf. Section 4.2.4).

4.2.2 Extension with Terzaghi’s effective stress 1

The updated Lagrangian formulation for small incremental strains was extended
to be used for poro-elasticity by Tang et al. [138], which is based on the work
by Cardiff [133]. Based on this approach, a non-linear incremental poro-
elasticity method is developed, which allows larger incremental deformations
and following larger time-steps to be used in the solution procedure. This is
especially important when coupling the porous solid mechanics to the fluid
flow. Here, the time-step is defined by the flow velocity of the resin and should
not be further decreased by requirements of the poro-elasticity method.
Equation (4.2) can be written using the second Piola-Kirchhoff total stress
tensor in the updated configuration:

δ

δt

∫
Ω

ρu dΩ =
∮
Γu

nu · (S · F) dΓu +

∫
Ωu

ρb dΩu . (4.11)

1 Parts of this section are based on [140]
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Without body forces, using the incremental formulation and the simplification
of the updated state Fu = ∇d = 0 gives:

δ

δt

∫
Ω

ρu dΩ =
∮
Γu

nu · (δS + S · δF + δS · δF) dΓu . (4.12)

To apply Terzaghi’s law (Eq. (4.1)), the stress S tensor is then split with the
effective stress Seff by using the fluid pressure p:

S = Seff − pI , (4.13)

and in incremental form:

δS = δSeff − δpI . (4.14)

Implementing Eq. (4.13) and Eq. (4.14) into Eq. (4.12) and separating the
linear and non-linear parts leads to:

δ

δt

∫
Ω

ρu
δ(δd)
δt

dΩ =
∮
Γu

nu · δSeff dΓu

−

∮
Γu

nu · (δpI) dΓu

+

∮
Γu

nu · [(Seff − pI + δSeff − δpI) · δF] dΓu .

(4.15)

58



4.2 The finite volume method for porous solid mechanics

With δFu = ∇δd and inserting Eq. (4.10) for the linear incremental effective
stress δSeff , the finalized form is obtained:

δ

δt

∫
Ω

ρu
δ(δd)
δt

dΩ =
∮
Γu

nu · [2µLδEu + λL tr(δEu)I] dΓu

−

∮
Γu

nu · (δpI) dΓu

+

∮
Γu

nu ·
[
(Seff,u − pI + δSeff,u − δpI) · ∇δd

]
dΓu .

(4.16)

The second and third terms on the right-hand side have an additional dependency
on the fluid pressurewhen compared to the equation for solidmechanics without
Terzaghi’s effective stress. This form, thus, enables a strong poro-elasticity
coupling between the resin flow and the fabric deformation.
For an incremental, linear approach, Eq. (4.16) reduces to:

δ

δt

∫
Ω

ρu
δ(δd)
δt

dΩ =
∮
Γu

nu · [2µLδEu + λL tr(δEu)I] dΓu

−

∮
Γu

nu · (δpI) dΓu ,

(4.17)

with the linear incremental strain:

δEu =
1
2
(∇δd + ∇δd>) , (4.18)

which is the form used by Tang et al. [138].
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4.2.3 Constitutive model

To close the equations, a constitutive model is needed that assigns the material
strains to stresses. The method is given in terms of the second Piola-Kirchhoff
stresses and the Lamé parameters µL and λL (cf. Eq. (4.3)). For an isotropic
elastic material, they are defined as:

µL =
ν

1 − 2ν
·

1
1 + ν

· E ,

λL = G =
1
2
·

1
1 + ν

· E ,
(4.19)

with the Young’s modulus E , the Poisson’s ratio ν and the shear modulus G.
Besides an isotropic linear-elastic material with a constant Young’s modulus
and Poisson’s ratio, it is also possible to implement e.g. elastic-plastic or
orthotropic constitutive models [136, 137].
In this work, the focus of the application lies on the modeling of the compaction
behavior of carbon fiber or glass fiber fabrics. Early experimental work showed
that the compaction behavior of reinforcement fabrics is highly non-linearwith a
strongly increasing bulk modulus [141, 142]. They showed that the compaction
stress σfabric can be modeled using a power-law function of the form:

σfabric = C1 · ϕ
n , (4.20)

with the fitting parameters C1 and n.
For this purpose, a hyper-elastic constitutive model is implemented in the poro-
elasticity method that uses a local definition of Young’s modulus at each cell
depending on a scalar strain value εequivalent that can be e.g. the FVF. This
implementation results in the linearization of the stiffness around the updated
deformation state. The function E(εequivalent) can be specified by user-defined
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functions like e.g. piecewise linear functions or polynomial functions of the
form:

E(εequivalent) =
∑
i=0

Bi · ϕ
i , (4.21)

with the fitting parameters Bi .

4.2.4 Solution procedure

To solve the equations derived in the last sections, an implicit-explicit solution
algorithmproposed byCardiff [133] is used. Therefore, Eq. (4.16) is rearranged
and combined with Eq. (4.8) to an equation of the form:

δ

δt

∫
Ω

ρ
δ(δd)
δt

dΩ =
∮
Γ

(2µL + λL)n · ∇δd dΓ

+

∮
Γ

n ·QΓ dΓ .
(4.22)

In this form, the right-hand side is split into an implicit and an explicit part.
The first term on the right-hand side is solved implicitly while the second term
is solved explicitly: ∮

Γ

n ·QΓ dΓ ≈
∑
f

Γf ·QΓ , (4.23)

61



4 Mold-filling Simulation Method for RTM with FSI

with the explicit surface source term Γf ·QΓ given by:

Γf ·QΓ =µL, f Γf · (∇δd)>f
+ λL, f Γf tr[(∇δd) f ]

− (µL, f + λL, f )[Γf · (∇δd) f ]

+ µL, f Γf · [(∇δd) f · (∇δd)>f ]

+
1
2
λL, f Γf tr[(∇δd) f · (∇δd)>f ]

+ Γf · [δp · I]

+ Γf · [(Seff,u + δSeff,u) · ∇δd] .

(4.24)

The explicit term contains the coupling to the fluid pressure and the material
stresses. It is, therefore, highly non-linear, which is accounted for by iterating
over the explicit solutions in a staggered approach until convergence. Especially
for large incremental strains this still assures a robust solution procedure.
Furthermore, thematerial properties of the textile preform that are important for
the modeling of the resin flow - FVF ϕ and fiber orientation ω - can be updated
with the Jacobian and the incremental deformation tensor in each iteration:

ϕu = δJ−1ϕ , (4.25)

ωu = δF−1 · ω · δF−> . (4.26)

Because the values are updated in each time increment, the incremental defor-
mation gradient and Jacobian are used here. With the new fabric properties, the
Lamé parameters and the permeability are updated in each iteration with user-
defined functions. After convergence, the total stress is calculated by adding
the stress increment to the total stress of the previous time step:

S(t+dt) = δS(t+dt) + S(t) . (4.27)
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The same procedure is used to calculate the total Green-Lagrange strain E and
the total displacement field d.
The total accumulated stress and strain tensors are then calculated by trans-
forming the second Piola-Kirchhoff stress S and the Green-Lagrange Strain E
from the reference configuration to the new deformed configuration:

Su = δJ−1 (
δF> · S · δF

)
, (4.28)

Eu = δF−1 · E ·
(
δF−1

)>
. (4.29)

In the next time-step, this updated configuration becomes the new reference
configuration.
The solution algorithm for the updated Lagrangian incremental poro-elasticity
based on Terzaghi’s law is summarized in the scheme shown in Fig. 4.1.
In contrast to FE-based methods, the implementation of traction boundaries is
not that straightforward in FV solid mechanics. Instead of directly applying
forces onto nodes like in FE, a Neumann-type boundary is used, where the
incremental displacement gradient on the boundary is evaluated [133].

4.2.5 Verification

To verify the implemented FV poro-elasticity algorithm, a verification case
by Dereims et al. [123] is used. The case consists of a two-dimensional
plate with two types of loads applied. A pressure acts as an external vertical
load onto the porous solid, which leads to a unidirectional compression. This
is superimposed by an internal pressure field containing a constant pressure
gradient acting against the external pressure, which leads to a bending of the
plate. The verification setup is shown in Fig. 4.2 and the geometric, material
and boundary parameters are summarized in Tab. 4.1. Themesh consists of 200
and 100 cells in horizontal and vertical direction, respectively. The analytical
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Start

End

Calculate Lame coefficients

Calculate explicit surface source term

Solve implicit equation

Calculate incremental stress and strain

Converged?

Termination
criterium reached?

Move mesh points

no

no

Calculate total values

yes

yes

Figure 4.1: Non-linear poro-elasticity solution algorithm for a deformable porous medium using
an incremental Lagrangian approach
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p = a · y + b

pimp

pimp

y

x

Figure 4.2: Schematic model of the poro-elasticity verification case defined by Dereims et al.
[123]

solution of this case is derived in detail in [123] by using Airy functions. The
resulting analytical displacement field d is given by:

dx(x, y) =
1 + ν

E
[(1 − 2ν) (ay + b) x + νGx]

dy(x, y) =
1 + ν

E

[
(1 − 2ν)

( a
2
y + b

)
y + (ν − 1)Gy −

1 − 2ν
2

ax2
]

G = aH + b + pimp .

(4.30)

With this displacement field, the outline of the deformed rectangle is calculated
and compared to the FV solution using the method described in the previous
section.
Fig. 4.3 shows the magnitude of the displacement field of the FV simulation.
The outline of the deformed rectangle shows a very good agreement to the
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Table 4.1: Boundary and material parameters for the poro-elasticity verification case

Parameter Value Description

H 0.02 m initial height
L 0.04 m initial length
pimp 0.1 bar surface pressure
a −5 bar m−1 pressure function parameter
b 0.1 bar pressure function parameter
E 266 kPa Young’s modulus
ν 0.3 Poisson’s ratio

analytical solution whose outline is indicated by pink dots. Furthermore, the tip
displacement of the simulation is compared to the analytical value by calculating
the relative error components:

ex =
dx,simulation − dx,analytical

dx,analytical
,

ey =
dy,simulation − dy,analytical

dy,analytical
.

(4.31)

Figure 4.4 shows both error values over the explicit iterations. Both error
components decrease to zero and both values are below 1% at the end of the
simulation that is stopped after 452 iterations when a residuum below 1 · 10−6

is reached.
The agreement of the solutions verifies the poro-elasticity simulation method
and the solution algorithm. Both, external and internal loads are used in this
verification example to verify the correct implementation of the equations, the
boundaries, and the effective stress split using Terzaghi’s law.
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4.2 The finite volume method for porous solid mechanics

Figure 4.3: Total displacement magnitude field of the poro-elasticity algorithm verification case
simulated using the developed method; pink dots indicate the outline of the analytical
solution
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Figure 4.4: Simulation error of the lower right tip displacement compared to the analytical value
over the explicit iterations
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4.3 Internal coupling of fluid flow and
porous solid mechanics

Before the injection of the liquid resin starts the mold-filling step in RTM,
the preform is placed inside the cavity and gets compressed to its final thick-
ness. This compression step can be modeled as a conventional solid mechanics
problem on a macro-scale. When mold-filling starts, the fluid pressure inside
the fabric increases and thus changes the total stress inside the fabric. When
additionally a foam core is put between the layers to manufacture a sandwich
component, the compacted fabric, as well as the fluid pressure, induce a force
onto the foam core. This force is, thus, dependent on the stress inside the farbic
and also on the fluid pressure, which both depend on the deformation state of
the fabric. The compaction reaction force of the fabric directly depends on the
compaction strain, the fluid pressure in turn depends on the permeability and
hence on FVF, which is proportional to the volumetric strain. To model these
dependencies, a coupled solution algorithm is necessary. Therefore, the porous
solid mechanics’ solution algorithm introduced in Section 4.2 is coupled inside
the FV approach to the RTM mold-filling algorithm explained in Section 3.2.
This coupling is referred to as "internal coupling" as it happens inside the cavity
and, furthermore, it is implemented inside one solution environment using a
monolithic approach.

4.3.1 Solution procedure

To couple mold-filling to poro-elasticity mechanics, the solution algorithms of
C-RTM (Fig. 3.4) and of the porous solid mechanics (Fig. 4.1) are combined
using one simulation domain. In a monolithic approach, no mapping is neces-
sary as both parts use the same discretized simulation domain. In a partitioned
approach, the coupling would lead to a volumetric exchange and mapping of
the pressure and the displacement inside the whole cavity. This is avoided in
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4.3 Internal coupling of fluid flow and porous solid mechanics

this method because a high numerical effort for a volumetric mapping step is
expected. The combined, monolithic solution algorithm scheme is shown in
Fig. 4.5.
First, the poro-elasticity part is solved using the iteration loop shown in Fig.
4.1. When the poro-elasticity part is converged, the total stress and strain
values are updated with the incremental values and the mesh is moved using the
displacement field. After the mesh motion, the fluid part is solved for pressure
and velocity with the updated local permeability in each cell. As a strong
coupling is present between the poro-elasticity and the fluid flow, a further
outer loop is implemented over both parts until a common solution is found.

4.3.2 Verification

The solution algorithm is verified using a steady-state one-dimensional case
suggested by MacMinn et al. [143]. The focus of this verification is on the
non-linear large strain solutions and their comparison to a linear small strain
assumption. In the verification case, a porous solid is compressed due to
a fluid flowing through it. Figure 4.6 shows this verification case for a flow-
induced compression. There are three non-linearities combined in this case that
influence the solution: geometric non-linearity, a non-constant permeability,
and a non-constant Young’s modulus of the porous material. The geometric
non-linearity is treated as explained in Section 4.2.2, whereas the material non-
linearities depend on the FVF ϕ. The Young’s modulus of the porous solid is
given by a linear function of the FVF, interpolated from two moduli Eϕ=0.5 and
Eϕ=1. The non-constant permeability in flow direction is given by aGebart-type
equation (Eq. (3.20)) also depending on the FVF. For the linear cases, Young’s
modulus and permeability are held constant at the initial values belonging to
ϕ = 0.5. The length L of the porous medium before compression is 1 m and
the mesh consists of 200 cells in the flow direction. The geometric, material
and flow parameters are summarized in Tab. 4.2.
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Figure 4.5: Internal coupling solution algorithm to model fluid flow within a deformable porous
medium; the algorithm is a combination of the fluid flow in a non-constant cavity
(Fig. 3.4) and the poro-elasticity algorithm (Fig. 4.1)
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porous mediumpleft pright

symmetry

symmetry

L

Figure 4.6: Schematic model of the internal coupling verification case defined by MacMinn et al.
[143] for large-strain porous medium deformation induced by a fluid flow

Table 4.2: Process and material parameters of the internal coupling verification case

Parameter Value Description

L 1 m initial length
pleft 6 bar inlet fluid pressure
pright 1 bar outlet fluid pressure
Eϕ=0.5 1 MPa (initial) Young’s modulus
Eϕ=1 10 MPa Young’s modulus at ϕ = 1 (non-linear case)
ν 0.0 Poisson’s ratio
ϕ0 0.5 initial FVF
K0 1 × 10−10 m2 (initial) permeability
AGebart 2 × 10−10 m2 Gebart model parameter
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linear

geom. non-linear

geom. non-linear, K(ϕ)

geom. non-linear, K(ϕ), E(ϕ)

Figure 4.7: Simulation results of the deformed geometry of the internal coupling verification
case showing one linear and three non-linear models; the color scale shows the fluid
pressure inside the porous medium

Figure 4.7 shows the deformed state of the porous medium and the colors
indicate the fluid pressure field inside of it. Four different cases are compared
in this verification study. The first case is the purely linear case, the second is
the case with only geometric non-linearity. In the third case, a non-constant
permeability is added and the fourth case includes all three non-linearities by
furthermore adding the non-constant Young’s modulus. Obviously, the non-
linearities influence strongly the displacement as well as the pressure field. The
linear model results in the highest displacement, whereas the model including
all non-linearities shows the lowest displacement.
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4.3 Internal coupling of fluid flow and porous solid mechanics

This behavior is explained by further analyzing the distribution of displacement,
strain, pressure and FVF along the deformed porous medium. For a better
comparison, the values are normalized as follows:

x∗ =
x − d

L
,

S∗ =
S

Eϕ=0.5
,

d∗ =
d
L
,

p∗ =
p

Eϕ=0.5
.

(4.32)

Figure 4.8 compares the normalized values. As expected in the linear case,
the pressure shows a linear distribution on the deformed coordinates, whereas
it is non-linear for all other cases. It should be noted here, that the strain
plotted in the linear case is the Green-Lagrange strain to better compare it to the
non-linear cases, whereas the calculation of the FVF and the resin pressure is
carried out using the linear strain. A very strong influence on the results is seen
when adding the non-constant permeability function. It changes drastically
the pressure gradient and in the following the pressure distribution, which
results in a strong non-linear FVF and strain along the flow direction. Finally,
when adding the non-constant Young’s modulus, again a significant change
especially for strain, pressure, and FVF is observed. Due to the higher stiffness,
the strain magnitude and the overall non-linearity of the solution decrease. The
increasing Young’s modulus acts against the non-linearity of the permeability
and thus results in a decreasing non-linear FVF and pressure.
Figure 4.9 shows the stress distributions for the verification cases. The stresses
are divided into Terzaghi’s effective stress supported by the porous solid and the
fluid stress that has the magnitude of the negative fluid pressure. They add up
to the total stress inside the porous medium that is constant in this verification
case. At the right edge, the load is fully supported by the solid skeleton, whereas
on the left edge only the fluid pressure supports the load.
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Figure 4.8: Displacement, Green-Lagrange strain, pressure, and FVF (from top left to bottom
right) along the deformed state of the porous solid showing the results of the four
analyzed internal coupling verification cases

The solutions show an exact agreement with the results by MacMinn et al.
[143]. Furthermore, it is shown here that the material non-linearity of the
porous solid also strongly influences the result, which was not investigated by
the authors. However, this is important for the modeling of the compression of
a fabric, which has a strongly non-linear compaction stiffness (cf. Section 5.5).
With this method derived here, the mold-filling inside a deformable porous
medium can be modeled, which is shown in an application example in Section
6.2.
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Figure 4.9: Normalized second Piola-Kirchhoff stresses along the deformed state of the porous
solid showing the results of the four analyzed internal coupling verification cases

4.4 External coupling for FSI

To model the RTM mold-filling with an embedded foam core, additionally to
the method for modeling the flow-induced deformation of a porous medium
given in the previous section, a method to capture the interaction between the
poro-elasticity with internal fluid flow and the foam core mechanics is needed.
A partitioned approach is used to solve this FSI problem, which needs special
algorithms and solution procedures that are explained in this section. The
partitioned approach is chosen because of the clearly defined interface between
the components on the surface of the foam core. This is a very common case
for FSI and thus various mapping and solution procedure algorithms exist to
minimize the numerical error and effort.
The partitioned approach is implemented using the FSI interface library pre-
CICE [144]. PreCICEwas developed to enable a black-box coupling ofmultiple
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Figure 4.10: Schematic overview of the preCICE coupling library for FSI [145]

partners and to guarantee high parallel scalability up to computations on high-
performance clusters (HPC). The main idea is that it uses a library approach
instead of a framework approach, whichmeans that the coupling partners call the
preCICE interface. PreCICE itself manages the whole coupling environment,
which includes mapping, data exchange, time-stepping, and solution control.
The preCICE scheme is visualized in Fig. 4.10. To couple a partner to the
interface, specific adapters for each software are needed. Inside the adapters,
the data that is exchanged is collected from the coupling partner, formatted to
conform to the preCICE data standard, and sent to or received from the preCICE
interface, respectively.
PreCICE allows the user to choose an implicit or explicit coupling scheme. In
explicit coupling, the data at the interface is exchanged at defined time-steps, but
no common solution of the participants is searched. In contrary to that, in the
implicit coupling scheme iterations over one time-step for all participants are
carried out until a common solution is found. Implicit coupling is necessary
for strongly coupled problems, where an explicit coupling might not find a
converging solution.

76



4.4 External coupling for FSI

4.4.1 FSI model for mold-filling in RTM with
embedded foam core2

The coupling data in FSI consists usually of forces and displacements. The
fluid partner exerts a force onto the solid partner, which consists of tangential
forces due to viscous shearing of the fluid at the interface and normal forces
consisting of the total pressure acting on the solid. These forces are used as a
boundary condition for the solid partner that calculates the solid stresses, strains
and displacements resulting from these external forces. Subsequently, the solid
displacements are sent back to the fluid part and is then used as a boundary
condition for a mesh motion solver in the domain of the fluid partner.
In RTM mold-filling with sandwich core, the forces onto the embedded foam
core (the solid part) contain the reaction force of the compressed fabric addi-
tional to the fluid pressure (the fluid part). This coupling scheme during RTM
mold-filling is shown in Fig. 4.11. In the dry part of the cavity, only the force
of the fabric Ffabric is present at the fluid-solid interface. In the infiltrated part,
the force of the resin Fresin increases the total force acting on the foam core
[140, 146].
The compression of the foam core leads to a decreasing FVF and following to
a higher permeability. Because of the strong dependency of permeability on
FVF and thus on the fluid pressure and the foam core deformation inside the
cavity, the model has the properties of a strongly coupled problem. For this
reason, an implicit coupling between the participants is used. Each time-step
is repeated until a common solution is found. PreCICE allows to use several
implicit coupling acceleration schemes and to set the desired coupling residuals
individually for each exchanged data [144]. Furthermore, several mapping
methods for the coupled data exist like e.g. nearest neighbor, nearest projection,
or radial basis function (RBF) mapping types. The preCICE coupling scheme

2 Parts of this section are based on [140]
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Figure 4.11: Simulation scheme for RTM mold-filling with embedded foam core coupling forces
F and displacements D between the resin flow with preform compaction and the
foam core

for RTMwith a deformable sandwich core involving the mold-filling and fabric
deformation part (blue) and the foam core part (orange) is shown in Fig. 4.12.
The force at the interface for an element face f is calculated using the total
stress definition of Eq. (4.1):

Ff = σtotal, f · n f Af , (4.33)

with the face normal vector n f and the face area Af . The total stress already
contains the fluid pressure as well as the effective fabric stress. The fabric
deformation is solved in an incremental fashion (see Section 4.2), hence the
best way is to also exchange incremental displacements at the interface from
the solid to the fluid part. The foam core part is simulated using the open-
source FE software CalculiX [147], where already a preCICE-CalculiX adapter
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Mold-filling,
fabric deformation:
Algorithm Fig. 4.5

Foam core
deformation

Figure 4.12: FSI coupling scheme to model sandwich manufacturing in RTM; the scheme con-
sists of the internal coupling algorithm (Fig. 4.5) as the fluid part (blue) and the
foam core solid mechanics (orange)

exists [148]. In the adapter, it is also possible to communicate incremental
displacements to the interface so that it can be used with the incremental
displacements formulation of the poro-elasticity algorithm.

4.4.2 Verification

A simplified verification case is used to test the FSI method. It is designed to
be comparable to real RTM mold-filling of a sandwich part and thus consists
of the coupling partners introduced in the section before. To compare it to an
analytical solution, it uses a one-dimensional flow and a simple linear elastic
foam core material model. Material non-linearities are included in the material
model and the permeability model of the fabric. For the permeability, a Gebart-
type equation (Eq. (3.20)) with the parameters K0 and A is used. The fabric
compression modulus is a linear interpolation between two values at ϕ = 0.25
and ϕ = 0.5. Figure 4.13 shows the schematic model of the verification case. It
consists of two steps. The first step is the compression of the dry fabric and the
foam core. The second step is the injection of the resin with a constant velocity.
The mold is assumed to be rigid and, therefore, is only modeled as a boundary
condition with zero displacements. The geometry and process parameters of
the verification case are summarized in Table 4.3.
The mesh of the FSI simulation consists of 101 cells in the flow direction and
two cells in the vertical direction for the cavity and fabric, which is sufficient
for this simplified case, as only the in-plane flow without wall drag is modeled.
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Figure 4.13: External coupling verification case with two simulation steps: (1) compression of
the foam core and the fabric; (2) resin injection with a constant flow rate

The elastic foam part consists of 100 cells in the flow direction and 5 cells in
the vertical direction, respectively. Due to the different element numbers in the
flow direction, a mapping between non-conforming meshes has to be carried
out, which is carried out by using RBF.
To accelerate the implicit coupling, a quasi-Newton scheme is used that was
developed by Degroote et al. [149] (interface quasi-Newton inverse least-
squares (IQN-ILS)), which showed faster convergence of the implicit iterations
compared to other schemes like Aitken under-relaxation [150] or generalized
minimal residual (GMRES) methods [151, 152]. The FSI coupling parameters
are summarized in Tab. 4.4.
In Fig. 4.14, the simulation results at four different time-steps are visualized.
The solid is shown in grey color, whereas the dry fabric is in blue and the resin is
shown in red color. The first time-step at t = 0 s shows the initial (undeformed)
state of the solid and fabric. At t = 0.5 s, the fabric is already compressed
because of the initial displacement of the top face of the foam core dc,0 that
models step (1) of Fig. 4.13. The third time-step shown at t = 6 s, shows the
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Table 4.3: Process, geometry and material parameters for the external coupling verification case

Parameter Value Description

L 0.2 m flow length
dc,0 0.002 m initial compression displacement
uleft 0.01 m s−1 inlet flow velocity
pright 1 bar outlet pressure
µresin 1 Pas dynamic resin viscosity
Efabric,ϕ=0.25 1 MPa initial Young’s modulus at ϕ = 0.25
Efabric,ϕ=0.5 10 MPa Young’s modulus at ϕ = 0.5
hfabric,0 0.004 m initial fabric height
ϕfabric,0 0.25 initial FVF
K0 1 × 10−10 m2 Gebart model parameter
A 2 × 10−10 m2 Gebart model parameter
Efoam 10 MPa Young’s modulus of the foam core
νfabric,foam 0.0 Poisson’s ratio of fabric and foam core
hfoam,0 0.02 m initial foam height

mold-filling at a half-filled cavity. The resin infiltrates the fabric from left to
right, which results in increased pressure and thus leads to decompression of
the fabric and further compression of the foam core. At t = 13 s, the cavity
is fully filled. As long as the fluid is flowing, the cavity height is not constant
along the flow path but depends on the pressure inside the cavity and thus is
larger at the inlet than at the outlet.
The case is analytically solved for the stationary case when the cavity is fully
filled with resin. The analytical solution of Darcy’s law in the cavity combined
with the elastic behavior of the fabric and the foam core with linearized strain
is given in Appendix B.
Figure 4.15 shows the result of the pressure and the FVF for the analytical
solution as well as the FSI simulation at the time when the cavity is fully filled.
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t = 0 s

t = 0.5 s

t = 6 s

t = 13 s

Figure 4.14: Mold-filling simulation results of the external coupling verification case at four time-
steps showing the fabric compression and the subsequent mold-filling; the length is
scaled with a factor of 0.2
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Table 4.4: Coupling methods and parameters of the FSI verification case; details of the methods
are given in [144]

Parameter Method / Value

time-step 0.05 s
mapping method RBF thin plate splines
coupling scheme serial implicit
maximum iterations 50
implicit acceleration scheme IQN-ILS
initial relaxation 0.01
preconditioner residual-sum, QR1 filter, 1 × 10−7

time-steps reused 5
displacement convergence residuum 1 × 10−7 m (abs.)
force convergence residuum 1 × 10−5 (rel.)

In the simulation, a pressure of 5.4 bar is reached at the inlet position, where
the FVF is approximately 32%. The pressure decreases non-linearly with the
flow to the outlet pressure of 1 bar. The FVF increases to a maximum value
of 40.8% at the outlet. The analytical solution shows the same characteristic
of non-linearly increasing FVF and decreasing pressure. The maximum and
minimum values differ slightly compared to the simulations. This difference
can be explained by the assumption of the solids to behave like linear one-
dimensional springs in the analytical solution and the geometrical non-linearity
of the solid and the porous medium mechanics in the simulation. Furthermore,
the force is acting on the foam material in the normal and tangential direction,
whereas in the analytical model, the force is limited to a vertical component.
Figure 4.16 shows the results of the FSI verification case compared to a mold-
filling simulation assuming a rigid foam. The graph compares the pressure
distribution along the flow path. Two states are visualized: 50% and 100% fill
degree. As can be seen from the comparison of the pressure distribution, the
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Figure 4.15: Results of the FSI verification case; comparison of pressure and FVF along the flow
path for the simulation and the analytical solution

presence of a deformable material strongly influences the mold filling. When
a constant flow rate at the injection gate is set, the pressure inside the cavity
reaches higher values for an assumed rigid mold.
At the end of the mold-filling, the pressure reaches 21 bar compared to 5.4 bar
for the FSI simulation. Furthermore, the deformation influences themold filling
time even at the same pressure because of the larger volume that has to be filled
by the resin. In the verification case here, the mold-filling time is 10 s for the
rigid case compared to 13 s for the FSI case.
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Figure 4.16: Results of the external FSI verification case; comparison of pressure along the flow
path for the FSI simulation and the simulation with a rigid foam core at a half-filled
and a fully filled cavity

4.5 Discussion

In this chapter, a poro-elasticity solidmechanicsmethod using FVdiscretization
for large strains is presented. The aim of this method is to model the fabric
deformation behavior during mold-filling. The approach, therefore, uses an
incremental, updated formulation to account for large strains that can occur.
Combining the RTMmold-filling algorithm for non-constant cavities presented
in Chapter 3 with the poro-elasticity algorithm presented in this chapter enables
a simulation of mold-filling inside a deformable porous medium. The method
is verified by two verification cases and shows for both cases an excellent
agreement to analytical solutions.
The modeling of resin flow inside a compressible porous medium is necessary
for many applications in the context of composites manufacturing, like VARI
with including preform compression, rotational molding with compression due
to fluid pressure and centrifugal forces, or PC-RTM considering the initial
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preform compression, which is also shown as an application example in Section
6.1.
Furthermore, an FSI model to simulate mold-filling of a sandwich part is pre-
sented and verified. The simulation result shows a very good agreement to
the analytical solution for a simplified one-dimensional case. The influence
of the foam core onto the pressure level is significant in the verification case.
This behavior was also reported by Gerstenkorn [56] and is also expected when
simulating the mold-filling of RTM sandwich parts, where furthermore the
mold-filling is expected to become inhomogeneous because of local deforma-
tion of the foam material. In Section 6.3, the influence of an embedded foam
core on mold-filling is analyzed by simulations, and furthermore, the method
is validated by experiments.
Regarding the fabric material, only the compression behavior is of interest for
the RTM applications analyzed in this work. The in-plane behavior can be
added to the model to enable the prediction of the formation of resin channels
at edges having a small radius or at the edges between two areas with different
part thicknesses. At these edges, tensile stress inside the fabric leads to further
compression of the preform and, thus, resin-rich areas are created along the
edges that influence the mold-filling. For modeling the in-plane behavior of
the fabric, an anisotropic constitutive model is needed. This can be added to
the method by combining it with the orthotropic FV solver proposed by Cardiff
[136]. Furthermore, adding contact boundary conditions [135] to model the
friction between fabric andmold or foam core surface enables e.g. themodeling
of fabric shifting or fiber washing in the flow direction, which can occur for low
FVF and high injection flow rates.
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5 Material Characterization and
Modeling

The characterization and modeling of the material properties is an important
part of process simulations. The materials not only influence the process but
also set the boundaries by defining the process limits. For accurate simulations,
it is crucial to have valid material data. However, the experimental charac-
terization can be an exhaustive task, when different materials or a large range
of processing conditions is simulated. The characterization, therefore, has to
match the process conditions that the simulations should cover. Yet, those con-
ditions are not always known beforehand (e.g. cavity pressure), which makes
it difficult to decide in which range or in which detail the materials need to be
characterized.
After a short introduction and a review of the related work, the setups and re-
sults of experimental characterizations of the resins systems, the fabrics and the
polymer foams that are also used in the application examples and validations
(Chapter 6) are presented. The results of the resin viscosity characterization,
carried out in recent studies [18, 43], are presented for three different epoxy
resin systems. The permeability and the compression behavior of three fabrics
are characterized using state-of-the-art methods and used to fit non-linear ma-
terial models to the experimental results. The characterization of the polymer
foam core stiffness under compression loads is carried out using a combination
of uniaxial and hydrostatic tests at elevated temperatures and for three foam core
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densities. The results are used to model the anisotropic behavior and, further-
more, to reveal the dependency of the material parameters on the processing
temperature and density.

5.1 Introduction and review of related work

All experimental permeability measurement setups use the same principle for
evaluating the in-plane permeability. A fluid that has a constant viscosity is
injected into a cavity with a preplaced fabric. During the infiltration of the
fabric, either the flow front progression or the injection pressure is measured,
while the other parameter is held constant. By assuming that Darcy’s law
is valid within the cavity, the permeability can be calculated with the known
pressure gradient, the resin velocity, and the resin viscosity using Eq. (3.1).
Although a lot of research was made to develop measurement methods for
various kinds of fabrics, it is still difficult to obtain reproducible and robust
permeability data. In the last decade, a lot of effort was put into benchmarking
present measurement methods and setups to make the high amount of data more
comparable. Three benchmark studies were published to compare the published
methods. In the first study by Arbter et al. [89], the aim was to formulate "good
practice" guidelines, as the results showed a scatter of the permeability values
for equal fabrics of up to one order of magnitude. The second benchmark
focused on getting comparable results by strict measurement guidelines [90]
and the scatter indeed decreased to 25% in the third study [91]. While this
was a promising result, it also showed the strong influence of the measurement
conditions and parameters on the measured permeability.
Because of this influence of processing conditions onto the measured per-
meability, which is not understood in detail yet, Magagnato et al. [153] use a
measurement method that is as close as possible to the real RTMprocess. While
the benchmark participants focused on using transparent molds and optically
measuring the flow front velocity for a given pressure, Magagnato et al. use
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a rigid steel tool with embedded pressure sensors to measure the pressure and
flow front progression inside the cavity. In contrast to optical measurements,
where a deformation of the transparent tool can be present during measurement,
the rigid steel tool ensures that the FVF is constant inside the entire mold. This
setup is also used for permeability characterization in this work.
In most of the RTM applications, the thickness of the parts is very small
compared to its other length scales. This leads to a common assumption
that the resin flow in the thickness direction of the fabric can be neglected.
However, when manufacturing thick parts like wind turbine blades or laminated
springs, it can be important to model the through-thickness flow, which then
signifies that the permeability in the thickness direction is relevant. Because it is
hardly possible to track a flow front in the thickness direction, for permeability
characterization a saturated measurement device is used, where a constant mass
flow is set and the pressure drop in the thickness direction is measured [154].
Before resin injection starts, the mold is closed and the dry fabric is compressed
to achieve a high FVF. The fabric compaction force is one part influencing the
necessary press force besides the fluid pressure and the sealing compaction force
[31]. Furthermore, knowledge of the fabric compaction behavior is necessary
to predict the FVF in VARI [155, 156]. Additional to the strong non-linear
compaction behavior present in all fabrics, the number of layers, the binder
type, and fluid saturation influences the compaction, as was observed in the
literature [157–160]. This leads to visco-elastic and elastic-plastic descriptions
of the compaction that is especially important when using the data for VARI
process simulations, where the mold-filling is rather slow. In this work, the
fabric compaction is modeled focusing on the strong non-linearity using a
function of Young’s modulus depending on the FVF (cf. Section 4.2.3).
The dynamic viscosity of the polymer resin is also directly influencing the
mold-filing (cf. Section 3.3.2). In previous applications, it was assumed that
during infiltration, the resin does not start to cure, as the time for mold-filling
is relatively small compared to the curing time. This changes, when the aim
is to minimize cycle time. For faster curing, the temperature needs to be
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higher, which also signifies an earlier increase in viscosity, which can affect
mold-filling. To measure the viscosity depending on temperature and cure
degree, two techniques are used. First, DSC measurements (non-isothermal
and isothermal) to define the cure degree depending on temperature and time,
and secondly, rheological measurements to define the viscosity depending on
temperature and cure degree. With thesemeasurements, kinetic and rheological
models are fitted. The fitting and the model choice can affect the accuracy
of the viscosity characterization significantly, which was shown by Bernath
[42, 43]. Furthermore, it is difficult to measure viscosity at high temperatures,
because the curing starts directly at the moment when the resin is mixed but the
measurement normally needs a small preparation time to be started. For this
reason, Bernath developed a measurement method to increase the accuracy of
viscosity characterization for fast resin systems and high temperatures [108].
In this work, the resin systems used in the application examples were already
characterized [18, 43] and the available rheological and kinetic model data of
the three epoxy systems is presented.
In general, the deformation behavior of polymer foam materials under com-
pression loads can be divided into three major stages that are visualized in
Fig. 5.1 [161]. Stage I is characterized as a linear-elastic behavior, which is
followed by a large range of elastic-plastic behavior at nearly constant stress
(elastic-plastic plateau, Stage II). Stage III is the following densification of the
foam material, which shows a non-linear behavior with increasing modulus.
Many researchers focused on the mechanical modeling of these hyper-elastic
materials and proposed differentmaterial models likeMooney, Rivlin, or Ogden
[162–164].
Starting from the contact of the heated tool to the fiber reinforcement, the tem-
perature in the foam core rises from ambient temperature to mold temperature.
Like its polymer base material, also the foamed polymer’s mechanical material
parameters depend on the temperature. Al-Hamdan et al. [15] and Gerstenkorn
et al. [17, 56] showed in their work the strong temperature-dependency for
different foam materials like PUR, PVC, and PMI.
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Figure 5.1: Idealized stress-strain-relationship of polymer foams under compression load

Furthermore, an anisotropic behavior of the polymer foam originates from the
manufacturing process. When a foam extrusion process is used, the foam
cells have a preferred direction, which results in an orthotropic or transverse
isotropic material behavior with a higher stiffness in the thickness direction of
the produced foam plates.
In this thesis, the characterizations of the fabrics are carried out using state-of-
the-art methods, whereas the polymer foam core is characterized by combining
uniaxial compression tests with hydrostatic tests in a pressure chamber.

5.2 Characterized Materials

Three epoxy resin systems that were designed specifically for LCM are used in
the application examples. The systems are referred to as "R1", "R2", and "R3".
R1 is a fast curing resin system (the system name cannot be published due to
a non-disclosure agreement). The second resin system R2 is a slower resin
(Sika® Biresin® CR170/CH150-3). The third resin system (R3) used in the
application examples is the fast resin system Araldite® LY 3031 by Huntsman.
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a) b)

Figure 5.2: a) Top view and b) bottom view of the UD carbon fiber fabric

Three fabric materials are characterized regarding permeability and com-
paction. The first is a UD glass fiber fabric (Saertex, 1200 g m−2) with a
layup of (0° | 90° |0°). Furthermore, two carbon fiber fabrics, one bidirectional
fabric (Zoltek, 300 g m−2) with a quasi-symmetrical layup of (0° | 90° | 0° |
90°)sym, and one UD fabric (Zoltek, 333 g m−2 [165]), with uniaxial layup are
characterized. The fiber orientation angles refer to the flow direction, which
signifies that a 0° orientation is parallel and a 90° orientation is transverse to
the main resin flow during processing or measurement.
The UD carbon fiber fabric is shown in Fig. 5.2. Besides the carbon fiber
rovings, it also consists of glass and polymer stitching yarns to form the fabric.
In the top view, the characteristic zig-zag stitching pattern is visible.
A polymer foam core material that has relevant deformations at pressures of up
to 10 bar is required for the validation of the FSI method. Therefore, the PET
foam material Airex® T92 by 3AComposites is chosen [58]. Three different
densities of thematerial are characterized regarding their compression behavior:
80 g L−1, 100 g L−1 and 130 g L−1.
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Table 5.1: Parameters of the Castro-Macosko rheology model and the Grindling kinetic model for
R1 [43]

Castro-Macosko Grindling
Parameter Value Parameter Value

C1 1.276 R 8.3145
C2 6.187 A1 3.2088 · 106

D 7.54 · 10−4 A2 8.3155 · 105

Tb 7.17 · 103 E1 6.1458 · 104

γg 0.799 E2 5.3438 · 104

n1 4.24525
n2 1.72672
m 1.1431

B2,∆Tg 19.2722
c1 3.5369 · 103

c2 5.9439 · 103

5.3 Resin viscosity modeling

R1 was characterized using DSC and rheological measurements with a new
method developed for fast curing resin systems [43, 108]. The material pa-
rameters and models for the resin viscosity are taken from Bernath [43] and
are summarized in Tab. 5.1. The resin viscosity is modeled with the Castro-
Macosko rheology model in combination with the Grindling kinetic model (cf.
Section 3.3.2). The characterization with rheology and kinetic model enables
modeling of the non-isothermal time- and temperature-dependent viscosity.
Figure 5.3 shows the viscosity over time for R1 based on the rheology and
kinetic model for two isothermal temperatures. The two curves show the
expected behavior of lower initial viscosity and a faster increase in viscosity
at a higher temperature. For a temperature of 393 K, the viscosity rapidly
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Figure 5.3: Modeled viscosity over time of R1 for two isothermal temperatures: 363 K and 393 K;
the viscosities are calculated with a kinetic and a rheology model

increases to a value of over 0.1 Pa s before 30 s, which signifies a fast curing,
but also a small mold-filling window during processing. The initial viscosity
only differs slightly for the two temperatures shown here and is for both cases
below 0.01 Pa s, which is a very low viscosity for RTM applications that eases
infiltration.
R2 is again modeled using the Grindling kinetic model combined with the
Castro-Macosko rheology model. The parameters for the resin system were
characterized before by Bernath et al. [42, 43] and are summarized in Tab. 5.2.
Figure 5.4 shows the viscosity evolution over time for the three isothermal tem-
peratures 50 ◦C, 75 ◦C and 100 ◦C up to 5 min based on the viscosity model. The
initial viscosity, as well as the increase rate, are clearly temperature-dependent.
The three curves show the expected behavior: The higher the temperature, the
lower the initial viscosity, and the faster increases the viscosity. The viscosity
at 323 K is always above 0.2 Pa s, which implies a difficult infiltration at that
temperature. For both higher temperatures, the initial viscosity is low enough,
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5.3 Resin viscosity modeling

Table 5.2: Parameters of the Castro-Macosko rheology model and the Grindling kinetic model for
R2 [43]

Castro-Macosko Grindling
Parameter Value Parameter Value

C1 3.659 R 8.3145
C2 9.32 · 10−4 A1 1.6117 · 107

D 1.50 · 10−12 A2 6.8176 · 104

Tb 6.88 · 104 E1 6.7632 · 104

γg 0.72 E2 4.8852 · 104

n1 3.9227
n2 1.5940
m 0.8518

B2,∆Tg 8.3407 · 10−2

c1 2.1388 · 103

c2 7.4994 · 103

while the viscosity at 373 K has a significantly lower mold-filling process win-
dow of less than 150 s.
R3 was characterized at one constant temperature of 80 ◦C using a plate/plate
rheometer [18]. The average results were fitted to a polynomial function (Eq.
(3.31)) and the resulting viscosity over time is shown in Fig. 5.5. The fitting
parameters are given in Tab. 5.3. The resin has a viscosity of approximately
0.1 Pa s at the beginning and increases due to the starting curing reaction to
0.5 Pa s after 120 s.
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Figure 5.4: Modeled viscosity over time of R2 for three isothermal temperatures: 323 K, 348 K
and 373 K; the viscosities are calculated with a kinetic and a rheology model

Table 5.3: Polynomial fitting parameters for the viscosity of R3 at 80 ◦C

Parameter Value

D0 9.6450 · 10−2

D1 6.4671 · 10−4

D2 −6.1668 · 10−5

D3 1.9900 · 10−6

D4 −1.9492 · 10−8

D5 7.3546 · 10−11
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Figure 5.5: Modeled resin viscosity of R3 over time for one isothermal temperature of 80 ◦C; the

viscosity over time is measured at 80 ◦C and fitted to a polynomial function

5.4 Permeability characterization and
modeling1

The investigations in this work are based on the macro-scale resin flow. To
characterize themacro-scale permeability, experimentswith process parameters
similar to the RTMprocess are best suited for accurate quantitative permeability
values. The two parameters that mostly affect the permeability are the fiber
orientation (resulting in anisotropic permeability) and the FVF. The test setup
as well as the results are presented in the next sections.

1 Parts of this section are based on [9] and [32]
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5.4.1 Permeability test setup

The permeability is measured in a linear RTM mold-filling experiment. The
RTM mold geometry is a rectangular plate with a linear injection gate that dis-
tributes the resin over the whole width of the plate to realize a one-dimensional
flow. A non-reacting fluid (Mesamol®) is used for the experiments to avoid any
influence of a non-constant viscosity. The experimental setup is schematically
shown in Fig. 5.6. A constant injection pressure is used and the pressure is
measured at several points in the cavity. By using Darcy’s law, it is possible
to calculate the permeability in the flow direction between the pressure sensors
[92]. Thin spacer plates allow to change the cavity height and, thus, different
FVF can be analyzed without changing the fabric layup.
This approach facilitates the calculation of the permeability and ensures com-
parability to the RTM process used afterward when manufacturing parts. On
the other hand, it has the drawback of a higher experimental effort compared
to transparent molds with a central pointwise injection gate, which permits the
measurement of the anisotropic in-plane permeability directly in one experi-
ment.

5.4.2 Permeability characterization results and
modeling

Figure 5.7 compares the bidirectional carbon fiber fabric with the glass fiber
fabric. Both fabrics show an exponential dependency of the permeability on
the FVF, which is the usual behavior expected for these fabrics. The glass fiber
fabric has a higher permeability than the bidirectional carbon fiber fabric over
the whole measured FVF range. This result is explained by the anisotropic
layup of the glass fiber fabric, which eases resin flow in the measured direction.
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5.4 Permeability characterization and modeling

Figure 5.6: Schematic setup for experimental permeability characterization using a linear setup
consisting of an RTM mold and aligned pressure sensors [92]
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Figure 5.7: Permeability over FVF of the bidirectional carbon fiber fabric and the glass fiber
fabric; adjusted from [31]
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Figure 5.8: Permeability over FVF of the UD carbon fiber fabric for flow parallel and transverse
to the main fiber orientation; adjusted from [9]

In Fig. 5.8, the measurement results of the UD carbon fiber fabric are shown.
Again, the results show an exponential decrease of the permeability with in-
creasing FVF. The permeability transverse to the fiber orientation is approxi-
mately one to two orders of magnitude smaller than the permeability parallel to
the fibers.
The permeability measurement data points are directly implemented into the
RTM mold-filling simulation model. Therefore, the data is interpolated be-
tween the measurement points with an interpolation type that can be chosen in
each model like e.g. linear, exponential, or spline interpolation. Because the
permeability shows an exponential dependence on the FVF, in this work always
an exponential interpolation is chosen. The interpolated values are indicated in
Fig. 5.7 and Fig. 5.8 as straight lines between the data points. When a layup
consists of several UD fabrics that do not have the same orientation, the effective
permeability is calculated by volume averaging of the principal permeabilities
[63].
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5.5 Fabric compaction characterization
and modeling

Additionally to the fabric permeability, also the compaction stiffness of the
fabrics is measured experimentally. The three fabrics characterized are the
same as in the experimental permeability characterization.

5.5.1 Fabric compaction test setup

A uniaxial compaction test setup is used to characterize the compression stiff-
ness of the UD carbon fiber fabric. Two different layups are characterized: 4
layers in (0° | 90° | 90° | 0°) and 8 layers with (0° | 90° | 90° | 0°)sym.
The uniaxial compression is measured in a test bench that includes a pivoted
head tominimize in-plane stresses. The compression speed is set to 1 mm min−1

and the compression distance is set to a value depending on the layup to reach
60% FVF. The force is measured by a measuring box and the evaluation of
the results is based on the force-displacement relationship. Figure 5.9 shows
the setup with a piece of compressed fabric. The size of the compaction die is
150 mm to 160 mm, which is chosen to be large enough to minimize meso-scale
effects.

5.5.2 Fabric compaction results and modeling

The force-displacement relationship and the geometrical and material parame-
ters are used to calculate a pressure-FVF function. In the material modeling,
the Poisson ratio is assumed to be zero so that the Young’s modulus used in the
material model is equal to the measured bulk modulus.
The results of the compaction measurements of the UD carbon fiber fabric are
shown in Fig. 5.10. The compaction pressure is non-linearly increasing from
nearly zero to a value of about 1.0 bar at 60% FVF. The layup with 8 layers
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Figure 5.9: Dry fabric placed inside the UD test setup to measure the compaction behavior

shows a slightly faster increase between 45% and 60% FVF, which signifies
a stiffer behavior in that configuration. This behavior was also observed in
literature, though no explanation was given [142].
However, the difference between the two setups is small and all measurements
are included in the calculation of the average modulus. The Young’s modulus
is calculated by deviating the compaction pressure after the (linear) compaction
strain, which is done for each individual measurement. Afterward, the average
is taken and used as the resulting modulus. The result is shown in Fig. 5.11.
The Young’s modulus shows a non-linear increase from nearly zero at 30%
FVF to a value of about 1.5 MPa at 60% FVF.
A non-linear material model is needed to describe this behavior. The non-
linear model is defined by a piece-wise linear function for E (ϕ). Outside of the
parameter range, the modulus is held constant at the lowest/highest value. The
Poisson’s ratio is set to be constant for all strains.
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Figure 5.10: Compaction pressure over FVF of the UD carbon fiber fabric for 4 layers and 8
layers
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Figure 5.11: Young’s modulus over FVF of the UD carbon fiber fabric; average value of the mea-
surements and polynomial fit
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Table 5.4: Polynomial fitting parameters for the Young’s modulus of UD carbon fiber fabric

Parameter Value in MPa

B0 0.00
B1 −29.18
B2 277.92
B3 −886.17
B4 950.03

To implement the non-linear behavior into the simulation model, the Young’s
modulus is fitted to a polynomial function (Eq. (4.21)). The polynomial fitting
parameters (Tab. 5.4) can be implemented directly into the constitutive model
of the poro-elasticity FV method (cf. Section 4.2.3).
The compaction behavior of the carbon fiber bidirectional fabric was also
measured experimentally using the same test setup [18]. Again, the Young’s
modulus is calculated based on the pressure-FVF function. Based on the average
value of the measurements, the modulus over FVF is calculated by deviating
the curve after the (linear) compaction strain. Figure 5.14 shows the resulting
modulus over the FVF.
As expected, themodulus also depends strongly onFVFand shows an increasing
compaction stiffness for high FVF. To fit the data to a model, here a piecewise
linear function for E(ϕ) is used to approximate the modulus-FVF function,
which is also visualized in Fig. 5.12.
Additionally to the carbon fiber fabrics, the Young’s modulus of the glass fiber
fabric was characterized by Rosenberg [31]. He used a test setup, where he
could also measure the compaction forces of fiber clampings and sealings.
The average result and the standard deviation regarding the fabric compaction
pressure are shown in Fig. 5.13. Equal to the compaction of the carbon
fiber fabrics, the compaction pressure is non-linearly increasing. The pressure
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Figure 5.12: Modeled Young’s modulus over FVF of the bidirectional carbon fiber fabric; the data
points for a piecewise linear fit are indicated by the rectangles; the measurement was
carried out by Behnisch et al. [18]

reaches a value of about 1.8 bar at 60% FVF. The Young’s modulus is calculated
with the same method as for the carbon fiber fabrics. Also for the glass fiber
fabric, the modulus is non-linearly increasing between 40% FVF and 55% FVF,
whereas for higher FVF it shows a linear increase.
To fit the data to a model, again a piecewise linear function is used to approxi-
mate E(ϕ). The resulting function is shown in Fig. 5.14.
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Figure 5.13: Compaction pressure over FVF of the glass fiber fabric; adjusted from [31]
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Figure 5.14: Average Young’s modulus over FVF of the glass fiber fabric; the data points for a
piecewise linear fit are indicated as red rectangles
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5.6 Polymer foam core compression
characterization and modeling

Additional to the fabric parameters, it is crucial to know the deformation be-
havior of the foam core material to realistically predict mold-filling in RTM
with embedded polymer foam cores. The focus of this section is, thus, on the
characterization of polymer foam cores under RTM-specific loads. As extruded
PET foam shows an anisotropic behavior for compression loads, two types of
experiments are used to characterize the material. The first tests use a hydro-
static test setup to measure the volumetric compression, the second test setup
is a uniaxial compression in the thickness direction.

5.6.1 Hydrostatic characterization

To characterize the compression behavior in a test environment close to RTM
mold-filling, a hydrostatic test setup is used that was initially developed by
Gerstenkorn [166] and further extended at Fraunhofer ICT.

Hydrostatic test setup

The schematic setup of the hydrostatic tests is shown in Fig. 5.15. It consists
of a heated reservoir with silicone oil that can be heated up to 100 ◦C. The test
cylinder, as well as all hydraulic hoses, are isolated to help reach a homogeneous
temperature in all components of the test setup. A high flow rate hydraulic pump
fills and empties the reservoir, while the high-pressure pump is active during
the testing and allows to increase the pressure at a controlled small flow rate.
The test cylinder is made of steel to minimize elastic deformation and contains
a temperature and a pressure sensor. Additionally, a small glass window allows
observing the foam specimen during characterization.
Figure 5.16 shows the pictures of the test cylinder and one exemplary polymer
foam test specimen. The specimens have a size of 45 mm x 45 mm x 15 mm.
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Figure 5.15: Schematic setup for the hydrostatic compression tests using a pressurized cylinder
with heated silicone oil

The size is chosen big enough tomeasure themacroscopic behavior of the foam.
The experiments are carried out at three different temperatures, 50 ◦C, 75 ◦C
and 100 ◦C to analyze the influence on the mechanical behavior in a temperature
range equal to a typical RTM process.
For characterization, the test specimens are inserted into the empty test cylinder,
which is subsequently filled with the heated oil. To allow the foam specimen
to heat up, the foam is left for 5 min in the non-pressurized chamber until the
measurement starts.
A special procedure is needed to calculate the volumetric strain of the foam
core because several factors influence the measurement results. The flow rate
of the high-pressure pump and the pressure inside the test cylinder are directly
measured and lead to a pressure-volume change relationship that at this point
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a) b)

Figure 5.16: a) Test specimen of the PET foam; b) hydrostatic test cylinder with thermal insula-
tion

still includes the influence of the test setup. The volume change of the foam
material is therefore calculated by subtracting all influencing errors:

∆Vfoam = ∆Vtest − ∆Vsetup (5.1)

= ∆Vtest −
(
∆Vdeformation,elastic + ∆Vleakage + ∆V0

)
. (5.2)

Three error factors were identified in the experiments: An elastic deformation of
the test cylinder and hydraulic hoses ∆Vdeformation,elastic, a small leakage through
the valves ∆Vleakage and a constant initial volume ∆V0 that is caused by minimal
air entrapment inside the hydraulic system.
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Table 5.5: Hydrostatic test setup correction parameters

Temperature 50 ◦C 75 ◦C 100 ◦C

A 0.93 0.96 1.16
n 0.75 0.76 0.72
B 1.5 3.4 3.9
C 0.3 0.4 0.5

The elastic deformation of the test setup is represented by a power law function,
whereas leakage and air entrapment correction are a characterized as a function
of time and a scalar value, respectively:

∆Vdeformation,elastic = A · pn, (5.3)

∆Vleakage = B · t, (5.4)

∆V0 = C, (5.5)

with pressure p and time t. The correction parameters A, B, n, and C are
fitted using tests with a cavity that is purely filled with silicone oil at different
temperatures. In the calibration tests, the cavity is first pressurized at a constant
flow rate. Subsequently, the pressure is held constant for 2 min to measure
the leakage over a longer time period. The resulting correction parameters are
shown in Tab. 5.5.
Figure 5.17 shows one example of the correction of a foam experiment. The
measured p-∆V curve is corrected with the correction functions to get the pure
foam deformation.
Analyzing the foam material at three densities and three different temperatures
leads to nine test sets in total. In the hydrostatic setup, each set is repeated six
times. The test parameters are summarized in Table 5.6.
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Figure 5.17: Exemplary curves of measured pressure over volume difference for the test chamber
containing only fluid (red) and with embedded foam specimen (black). The cor-
rected volume difference of the foam (blue) is calculated by Eq. (5.2)

Table 5.6: Hydrostatic test parameters for the PET foam characterization

Foam core density 80 g L−1, 100 g L−1, 130 g L−1

Temperature 50 ◦C, 75 ◦C, 100 ◦C
Pressure 10 bar, 15 bar
Flow rate 20 mL min−1
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5 Material Characterization and Modeling

Hydrostatic test results

To give a better comparison of the experiments and to further on fit them to a
suitable mechanical model, the linear volumetric strain εV is calculated with
the uncompressed specimen volume Vspecimen = 30 375 mm3:

εV =
∆Vfoam

Vspecimen
(5.6)

Figure 5.18 shows the test results of the pressure plotted over the volumetric
strain for all nine parameter sets. The first row shows the results with a foam
core temperature of 50 ◦C and with decreasing foam density from left to right.
Rows two and three show the results with 75 ◦C and 100 ◦C, respectively. All
of the plots show the three stages of the typical foam compression behavior
(cf. Fig. 5.1). First, they exhibit a steep pressure increase, which indicates
the linear-elastic region. The steep increase is followed by a wide plateau that
corresponds to the elastic-plastic region. The first occurring strong decrease in
the stiffness is used to define the maximum pressure that the foam can withstand
without plastic deformation. It ranges from 6 bar for a foam core density of
130 g L−1 at 50 ◦C to approximately 0.5 bar for 80 g L−1 at 100 ◦C. After the
elastic-plastic plateau, a fast increase of the pressure - the foam densification -
is again visible until the flow rate stops at reaching 10 bar or 15 bar.
The expected dependency of the density and temperature on the mechanical
behavior is obvious in the experiments. Both for higher temperatures (from
top to bottom) and for lower densities (from left to right), the mechanical
properties decrease. Especially between 75 ◦C and 100 ◦C a strong decrease
is visible, which is explained by exceeding the glass transition temperature of
PET that is approximately 80 ◦C.

112



5.6 Polymer foam core compression characterization and modeling

0

5

1 0

1 5 1 3 0  g / l ,  5 0 ° C 1 0 0  g / l ,  5 0 ° C 8 0  g / l ,  5 0 ° C

0

5

1 0

1 5

pre
ssu

re 
\ba

r

1 3 0  g / l ,  7 5 ° C 1 0 0  g / l ,  7 5 ° C 8 0  g / l ,  7 5 ° C

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7
0

5

1 0

1 5 1 3 0  g / l ,  1 0 0 ° C

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7
v o l u m e t r i c  s t r a i n

1 0 0  g / l ,  1 0 0 ° C

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7

8 0  g / l ,  1 0 0 ° C

Figure 5.18: Hydrostatic test data of pressure over volumetric strain for all tested specimen; the
foam densities are 80 g L−1, 100 g L−1 and 130 g L−1 with temperatures of 50 ◦C,
75 ◦C and 100 ◦C
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Table 5.7: Uniaxial test parameters for the PET foam characterization

Foam core density 80 g L−1, 100 g L−1, 130 g L−1

Temperature 20 ◦C, 50 ◦C, 75 ◦C, 100 ◦C
Compression speed 2 mm min−1

Maximum displacement 4 mm

5.6.2 Uniaxial characterization

The PET foam material is made in an extrusion process, which leads to sig-
nificantly higher mechanical stiffness in the thickness direction. Hence, an
uniaxial compression test setup is used to determine the foam properties in
thickness direction besides the volumetric hydrostatic tests presented in the
previous section.

Uniaxial test setup

A universal test unit (Zwick&Roell, ZMART.PRO) is used in combination with
an industrial oven to realize the uniaxial tests at the same elevated temperature
levels as in the hydrostatic setup. Figure 5.19 shows exemplarily a foam speci-
men in the test chamber. A pivoted head is used to ensure parallel compression
and minimize in-plane stresses. The foam specimens have the same dimensions
and are cut from the same foam plate as in the hydrostatic tests for comparability
of the results.
The compression speed is set to 2 mm min−1 and the maximum compression
displacement is set to 4 mm. The force is measured by a measuring box with a
maximum force of 12 kN. The evaluation of the results is based on themeasured
force-displacement relationship.
Analyzing the PET foam material at three densities and four different temper-
atures lead to twelve test sets in total. In the hydrostatic setup, each set is
repeated three times. The test parameters are summarized in Table 5.7.

114



5.6 Polymer foam core compression characterization and modeling

Figure 5.19: Test specimen inside the uniaxial test setup; The setup is built inside an oven to
realize the experiments at elevated temperatures

Uniaxial test results

The results of the uniaxial tests are summarized in Fig. 5.20. The force-
displacement values are combined with the specimen geometry to calculate
the surface pressure (eq. to normal engineering stress) and the normal linear
strain. Equal to the hydrostatic experiments, the strong influence of the foam
density and the foam temperature on the stiffness and strength is evident from
the measurements. However, the pressure level is much higher, when the
elastic-plastic plateau is reached. This point can again be used to define the
maximum thickness compaction stress that the foam can withstand without
plastic deformation. It ranges from 24 bar for a foam core density of 130 g L−1

at 20 ◦C to approximately 3 bar for 80 g L−1 at 100 ◦C. Between 75 ◦C and
100 ◦C a strong decrease in the compressive strength is visible for all foam
densities. This is again explained by exceeding the glass transition temperature
of PET between these temperatures.
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Figure 5.20: Uniaxial test data of pressure over linear strain for all tested specimen; the foam
densities are 80 g L−1, 100 g L−1 and 130 g L−1 with temperatures of 20 ◦C, 50 ◦C,
75 ◦C and 100 ◦C
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Table 5.8: Young’s moduli E| | of the PET foams at three densities and four temperatures; mea-
sured with uniaxial tests

20 ◦C 50 ◦C 75 ◦C 100 ◦C

80 g L−1 32.0 MPa 28.7 MPa 19.5 MPa 5.9 MPa
100 g L−1 40.0 MPa 34.3 MPa 25.1 MPa 7.4 MPa
130 g L−1 52.0 MPa 44.0 MPa 34.2 MPa 9.1 MPa

5.6.3 Foam core material model

Tomodel the compressive behavior of the foam core, transverse isotropic linear-
elastic material models are parameterized. The models are valid in the linear-
elastic part until the elastic-plastic plateau is reached. This is also the range,
that the pressure load during mold-filling in RTM should not exceed, as plastic
deformation has to be avoided.
Based on the results of the uniaxial tests, Young’s moduli E | | in the thickness
direction can be calculated. The calculation is done according to DIN EN ISO
844 [167]. The main step is to find the steepest inclination in a range between
25% and 75% of the maximum pressure in the linear-elastic part. The resulting
moduli are summarized in Table 5.8.
The equivalent volumetric moduli EV are calculated with the hydrostatic test
results using the same norm as used for E | | but using the pressure and volumetric
strain:

EV =
phydrostatic

εV
. (5.7)

The resulting values are summarized in Tab. 5.9. Subsequently, the Young’s
moduli in transverse direction are calculated by combining the uniaxial results
with the volumetric test results. Assuming an linear-elastic transversal-isotropic
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Table 5.9: Effective volumetric Young’s moduli EV of the PET foams at three densities and three
temperatures; measured with hydrostatic tests

50 ◦C 75 ◦C 100 ◦C

80 g L−1 4.45 MPa 1.99 MPa 1.07 MPa
100 g L−1 7.64 MPa 5.00 MPa 1.72 MPa
130 g L−1 13.92 MPa 9.10 MPa 1.87 MPa

material with E1 = E | | and E2 = E3 = E⊥, the principal strain coefficients are
given as:

ε1 =
1

E | |
· σ1 −

ν12
E | |
· σ2 −

ν12
E | |
· σ3

ε2 = −
ν12
E | |
· σ1 +

1
E⊥
· σ2 −

ν23
E⊥
· σ3

ε3 = −
ν12
E | |
· σ1 −

ν23
E⊥
· σ2 +

1
E⊥
· σ3

(5.8)

with the principal engineering stresses σ1, σ1 and σ3 as well as the Poisson’s
ratios ν12 and ν23.
It was shown experimentally that the Poisson’s ratio decreases with compressive
strain to a value close to zero in the elastic-plastic range [168]. In the linear-
elastic range, the Poisson’s ratio is assumed to be ν12 = ν13 = ν = 1/3.
With the linearized volumetric strain in combination with the hydrostatic load

εV = ε1 + ε2 + ε3 , (5.9)

phydrostatic = −σ1 = −σ2 = −σ3 , (5.10)

the transverse Young’s moduli E⊥ can be calculated. The resulting values are
summarized in Tab. 5.10.
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Table 5.10: Youngs moduli E⊥ of the PET foams at three densities and three temperatures; calcu-
lated

50 ◦C 75 ◦C 100 ◦C

80 g L−1 5.68 MPa 2.57 MPa 1.35 MPa
100 g L−1 9.48 MPa 6.25 MPa 2.13 MPa
130 g L−1 16.79 MPa 11.14 MPa 2.33 MPa

Furthermore, the definition of two shear moduli, G⊥ and G | | , is necessary to
complete the transverse-isotropic material model. During the mold-filling, the
foam core material is only affected by normal loads of the compacted fabric
and hydrostatic loads of the resin. The resulting stress is therefore expected to
be dominated by normal stresses and, thus, the shear moduli do not strongly
affect the solution. Based on the Young’s moduli and the Poisson’s ratios, the
shear moduli G⊥ and G | | are calculated with:

G⊥ =
E⊥

2(1 + ν)
, (5.11)

G | | =
G | |

2(1 + ν)
. (5.12)

With this simplified calculation, the shear moduli are assured to be positive
definite. The resulting values are summarized in Tab. 5.11 and Tab. 5.12.
To verify the material model, the hydrostatic pressure over the volumetric strain
is calculated using the transverse-isotropic material and Equations (5.8) to
(5.10). Figure 5.21 shows the resulting linear functions for the fitted model
compared to the average of the experimental trials in the hydrostatic test cham-
ber. Until a volumetric strain of approximately 5%, the fitted curves show a
good agreement. For higher strains, the curves diverge because of the strongly
non-linear behavior of the foam core.
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Table 5.11: Shear moduli G| | of the PET foams at three densities and three temperatures; calcu-
lated

50 ◦C 75 ◦C 100 ◦C

80 g L−1 10.79 MPa 7.33 MPa 3.84 MPa
100 g L−1 12.89 MPa 9.44 MPa 4.17 MPa
130 g L−1 16.54 MPa 12.86 MPa 3.42 MPa

Table 5.12: Shear moduli G⊥ of the PET foams at three densities and three temperatures; calcu-
lated

50 ◦C 75 ◦C 100 ◦C

80 g L−1 2.13 MPa 0.97 MPa 0.51 MPa
100 g L−1 3.56 MPa 2.35 MPa 0.80 MPa
130 g L−1 6.31 MPa 4.19 MPa 0.88 MPa
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Figure 5.21: Comparison of the hydrostatic compaction pressure over volumetric strain of the ex-
perimental results and the fitted transverse-isotropic material for foam core densities
of 80 g L−1, 100 g L−1 and 130 g L−1 (from left to right) at 50 ◦C, 75 ◦C, and 100 ◦C
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5.7 Discussion

In this work, the fabrics are characterized using state-of-the-art methods regard-
ing permeability and compaction. The permeabilities of all measurements vary
in a range between 1 × 10−8 m2 and 1 × 10−12 m2 for an FVF between 37 % and
66 %. The measurement method is limited to this range of FVF, which matches
approximately the range of RTM manufacturing. The measurements show that
the glass fiber layup has a higher permeability than the measured bidirectional
carbon fiber layup. This results mainly from the non-symmetrical layup of
the glass fiber fabric with two layers in 0° direction, which eases resin flow in
measurement direction. Furthermore, glass fiber fabrics tend to have a higher
micro-scale permeability because of the larger filament radius of glass fibers
compared to carbon fibers. This influence of the fiber radius is also present in
the model by Gebart (Eq. 3.18). However, the micro-scale permeability is also
influenced by the heterogeneous distribution of the filaments inside the roving,
which was shown recently by Seuffert et al. [101]. The UD carbon fiber layup
shows a strong anisotropic permeability. The permeability along the main fiber
direction is approximately one order of magnitude higher than in the transverse
direction and even increasing for low FVF. The results emphasize the impor-
tance to consider anisotropic and FVF-depending permeability in each RTM
mold-filling simulation. Remembering Darcy’s law (Eq. 3.1), the permeability
is linearly proportional to the pressure gradient. For a change of 10 % in FVF,
the permeability and the pressure gradient change approximately one order
of magnitude and thus heavily influence the mold-filling and cavity pressure.
For processes involving non-constant cavities, the FVF can also change locally
during the mold-filling, which results in non-uniform permeabilities and in the
following leads to an inhomogeneous resin flow. As the permeability is signif-
icantly determining the mold-filling, high accuracy of the measured values is
key to gaining realistic simulation results.
The compaction behavior of the three analyzed fabrics shows a strongly non-
linear increase in the compaction pressure towards high FVF. For low FVF, the
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materials exhibit nearly no compaction pressure, whereas it rises up to values
of 3 bar at 65% FVF (cf. Fig. 5.13). This compaction pressure influences
the pressure-control in PC-RTM. However, the compaction pressure is still low
compared to the fluid pressure in PC-RTM that ranges between 15 bar to 30 bar
and, thus is not expected to strongly influence the mold-filling. The influence
of the fabric compaction onto the PC-RTM mold-filling simulation is analyzed
in Section 6.1 in the following chapter.
However, for processes that use lower injection pressures or have flexible molds
like VARI or D-SCM, the compaction behavior directly influences the mold-
filling behavior. The higher the compaction stiffness, the lower is the FVF,
which in the following leads to higher permeabilities. The newly developed
simulation method in this work allows simulating this coupled infiltration and
fabric compaction, which is shown for the D-SCM process in Section 6.2 in the
following chapter.
The anisotropic characterization of the PET foam core is carried out by a
combination of two test setups. The results show that the chosen PET foam
material stiffness in the thickness direction is approximately 3 to 6 times higher
than in the transverse direction. The relative values of the moduli in transverse
direction compared to thickness direction E⊥/E | | are visualized in Fig. 5.22.
The values furthermore show a tendency of more anisotropic behavior for lower
foam densities. To better understand this effect, it is necessary to investigate
the manufacturing process of the foam and its influence on the pore sizes and
geometries.
Additional to the anisotropy, the polymer foam mechanical properties have a
strong dependency on the temperature. Figure 5.23 shows the relative decrease
of the compressive modulus in the thickness direction for the measured tem-
perature range. Compared to the data at room temperature, the values are
significantly lower for higher temperatures and decrease to less than 20% of the
value at room temperature. It is, therefore, important to know the foam core
temperature during processing, as it affects the mechanical properties of the
foam core.
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Figure 5.22: Relative values of the average compressive transverse Young’s modulus E⊥ from

Tab. 5.10 to thickness direction E| | from Tab. 5.8 for the PET foam at three densities

5 0 7 5 1 0 0
0

0 . 2

0 . 4

0 . 6

0 . 8

1
 8 0  g / L
 1 0 0  g / L
 1 3 0  g / L

E 
 / E


,am

bie
nt

T  \  ° C
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During the manufacturing of sandwich RTM parts, the presence of very light,
soft polymer foam cores act comparable to a flexible mold wall and, thus, also
limit the achievable FVF. During the closing of the mold, the FVF in the cavity
rises and the fabric, as well as the foam core, are compressed. For temperatures
higher than 75 ◦C, the compression moduli of the PET foam at all analyzed
densities is in the same order of magnitude as the compaction modulus of the
fabric, which indicates that they interact on a relevant scale during the closing
of the mold and the mold-filling. As the permeability is very sensitive to small
changes in the FVF, this coupled behavior has to be studied, which is the focus
of Section 6.3 in the following chapter.
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Validation

The developed method for mold-filling in RTM with a non-constant cavity is
applied to three different manufacturing types. The three application examples
are of increasing complexity regarding the method needed to describe the
mold-filling. The first application with validation is done for a plate geometry
that is infiltrated using the PC-RTM process (Section 6.1). Here, the fabric
compaction influences the measured pressure at the integrated sensor, which
is used for pressure control. Following, also the mold-filling and the final gap
height are influenced.
To emphasize that the developed method is not only limited to RTM mold-
filling, the second application example shows the infiltration simulation of
D-SCM (Section 6.2). In this process, the foam expansion pressure is used to
apply a compaction pressure onto a partly-infiltrated fabric, which results in
simultaneous resin infiltration and fabric compaction. The D-SCM process is
described in detail in Section 6.2.
The first and second examples use the internal coupling method for preform
compaction and fluid flow, which was introduced and verified in Section 4.3.
The third application example is an RTM process of a hat geometry with an
embedded foam core, which uses internal and external coupling to describe the
interdependence of mold-filling with preform compaction and sandwich core
deformation, which was introduced and verified in Section 4.4. A numerical
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study analyzes the influence of an embedded foam core onto mold filling. Fur-
thermore, a comparison of simulation results to experimental RTM infiltrations
validates the FSI method and the simulation model (Section 6.3).

6.1 Mold-filling of PC-RTM with fabric
compression 1

The PC-RTM mold-filling simulation method was validated by Seuffert et al.
[32]. In the publication, no poro-elasticity approach was used to describe the
compaction of the cavity. Instead, a uniform deformation of the fabric over the
mesh height was assumed, which was modeled by solving a Laplace equation
with a uniform diffusivity coefficient for the movement of the mesh nodes.
This method enables modeling of the changing FVF during the mold-filling
but without calculating the compaction force of the fabric. In the validation
experiments, an initial pressure was observed at the sensor in the mold before
the injection was started. As the initial pressure is increasing with a decreasing
initial mold gap height, it is assumed that the initial pressure results from the
preform compaction. To validate this, the simulations are extended with an
internal coupling of the preform compaction by using the method developed in
Section 4.3.

6.1.1 PC-RTM mold-filling simulation model

Experiments were carried out using a rectangular plate geometry with a linear
injection gate which leads to a predominant one-dimensional resin flow. The
tool contains an integrated fiber clamping to seal the cavity. The materials used
are the glass fiber fabric with a layup of (0° | 90° |0°) and the epoxy resin system

1 Parts of this section are based on [32]
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Table 6.1: PC-RTM validation case process and geometry parameters

Parameter Value Description

qinjection 1 × 10−6 m3 s−1 injection flow rate
tinjection 6.6 s injection duration
poutlet 1 bar outlet pressure
hcavity,final 2.3 mm final cavity height
hclamping 1.6 mm final height at fiber clamping
pcontrol 15 bar pressure control value
gstart 0.1/ 0.3/ 0.7 mm initial cavity gap height

R1. The description of the experimental setup is given in detail by Seuffert et
al. [32].
Figure 6.1 shows the geometry of the rectangular plate together with the bound-
ary conditions applied at the edges. The symmetry of the plate is used to model
only half of the cavity. The mesh consists of uniform hexahedral elements
with a grid size of 5 mm in both in-plane directions and four elements in the
thickness direction.
The initial height of the cavity and the fabric is set to 3.5 mm in the simulation
model. During the first dry compression step, the cavity is closed to the initial
gap height. Three different starting conditions are analyzed, where themold gap
height at the beginning of the injection is set to 0.1 mm, 0.3 mm and 0.7 mm.
After the compression, the injection is started with a constant flow rate. The
control pressure is set to 15 bar. A fiber clamping at all edges of the plate is
integrated into the tool to compress the fabric to very high FVF, which decreases
the permeability strongly and, thus, seals the cavity. At high mold gap heights,
this sealing allows a small amount of resin to flow out of the cavity, which is
also the implemented in the simulation model. Further process and material
parameters are summarized in Tab. 6.1.
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Figure 6.1: Geometry of the rectangular plate with boundary conditions and pressure sensor
position used in PC-RTM [32]

The permeability of the glass fiber fabric is given in Section 5.4.2, Fig. 5.7,
the compaction stiffness is given in Section 5.5.2, Fig. 5.14. Both material
parameters are implemented as piecewise linear functions depending on the
FVF into the simulation model. The viscosity model of the epoxy resin system
R1 is implemented using the Grindling kinetic model and the Castro-Macosko
rheological model with the parameters given in Section 5.3, Tab. 5.1.

6.1.2 PC-RTM mold-filling results

The results of the mold-filling simulations including the fabric compaction are
compared to simulations, where the pressure control is done using only the
fluid pressure and furthermore to RTMmold-filling experiments. At least three
experiments are carried out for each configuration. For the comparison, the
pressure at the sensor position and the mold gap height are evaluated during the
injection and compression stage until the cavity is filled after 10 s.
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6.1 Mold-filling of PC-RTM with fabric compression

Figure 6.2 shows the results with an initial mold gap height of 0.1 mm. The
time scale is shifted so that the injection starts at 0 s. Before the injection starts,
the mold is closed to the initial gap height. Comparing the simulation pressure
graphs (green lines), it can be noticed that the pressure at the beginning of the
injection is higher for the simulation including compaction, which shows the
pressure force added by the compacted fabric onto the fluid pressure. During
the injection stage, the pressure increases rapidly until the control value of
15 bar is reached. Afterward, the pressure stays constant at this value, only
at the beginning of the compression stage, the influence of the PID-controller
is visible in the oscillating pressure until it is stabilized again. The mold gap
height for both simulations increases in the injection phase during the pressure-
controlled stage nearly similarly. In the compression stage, the mold gap height
of the simulation including compaction decreases slower than that simulated
with the fluid pressure approach. Especially in the compression phase, the mold
gap height of the simulations with compaction shows an excellent agreement to
the experimentally measured value.
Comparable results are obtained for the simulations and experiments with an
initial gap height of 0.3 mm, visualized in Fig. 6.3. Because of the lower
FVF compared to the first set-up, the pressure increases slower until the pres-
sure control value is reached. As expected, the mold gap height increases
earlier and to a higher maximum value for the simulation containing the fabric
compaction. Furthermore, the compression is slower than predicted by the sim-
ulations without fabric compaction. Again, especially the compression stage
shows an excellent agreement between the experiments and the simulations
using compaction.
Figure 6.4 shows the results of the third set-up investigated with an initial
gap height of 0.7 mm. In this configuration, the pressure limit of 15.0 bar is
not reached in the injection stage because of the low FVF and following high
permeability at the initial gap height. In the compression stage, the pressure
control is activated to set the compression speed. As expected, the compression
in the simulation without compaction is faster than in the configuration with
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Figure 6.2: Comparison of PC-RTM gap height and pressure at the control sensor of the simula-
tions and experiments for an initial gap height of 0.1 mm; in case of the experiments,
the average values and standard deviations are shown
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Figure 6.3: Comparison of PC-RTM gap height and pressure at the control sensor of the simula-
tions and experiments for an initial gap height of 0.3 mm; in case of the experiments,
the average values and standard deviations are shown
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Figure 6.4: Comparison of PC-RTM gap height and pressure at the control sensor of the simula-
tions and experiments for an initial gap height of 0.7 mm; in case of the experiments,
the average values and standard deviations are shown

compaction force. The experimental result of the mold gap height lies between
both simulation results. The difference in pressure increase during the injection
can be explained by the permeability uncertainty of the glass fiber fabric for
low fiber volume fractions (cf. Fig. 5.7). At a gap height of 0.7 mm, the FVF
is 47.2%, where the measured permeability scatter is approximately 100%.
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6.2 Infiltration in D-SCM

This application example of the Direct Sandwich CompositeMolding (D-SCM)
process is given to show the capability of the developed internal coupling
method to be applied for different kinds of composite manufacturing processes
that involve non-constant cavities during the mold filling. Here, the focus is on
applying the method to a manufacturing process that involves a flexible cavity
surface and a strong coupling between fabric compaction and resin infiltration
at low pressures.
The D-SCM process was developed at Fraunhofer ICT with the aim to manu-
facture sandwich parts in one process step. The idea is to use the expansion
pressure of a reactive polyurethane foam system to impregnate the top sheets of
a sandwich part. Figure 6.5 shows the D-SCM process with its 7 manufacturing
steps. First, the bottom sheet with resin and a thin polymer film is put inside the
open cavity. The polymer film is necessary to seal the bottom and top sheets
from the reactive polymer foam material that is subsequently placed on top of
the bottom sheet. To get a symmetric sandwich, the procedure is repeated for
the top sheet. When the heated mold is closed, the foam reaction starts, and
the expansion pressure of the foam material leads to an infiltration of the sheets
of the sandwich. After the polymer is cured, the sandwich part is demolded.
More details about the process development are given by Behnisch et al. [18].

6.2.1 D-SCM Simulation model

The polymer film between the sheets and the reactive foam material acts as a
barrier to prevent the foam from infiltrating the sheets. Thus, the expanding
foam exhibits pressure on the sheet to compress it and at the same time dis-
tributes the resin inside the fabric. The simulation model, therefore, is based
on the mold-filling inside a porous medium that is locally compressed by a
time-varying pressure. This approach is related to the infiltration simulation
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6.2 Infiltration in D-SCM

Figure 6.5: The D-SCM process with 7 manufacturing steps [18]; (1) Placement of the lower
sheet inside the mold; (2) Application of the reactive polyurethane foam mixture; (3)
Placement of the upper sheet inside the mold; (4) Mold closing; (5) Foam expansion
and impregnation; (6) Curing; (7) Demolding [18]

in vacuum-assisted resin infusion (VARI), only that the pressure difference be-
tween the porous sheet and the exterior is defined by the expanding foam core.
It is assumed that the flexural stiffness of the polymer film is very small and thus
can be neglected in the simulation model. Furthermore, the resin is assumed to
be placed in a circular shape in the center of the isotropic sheet and impregnates
it in a radial direction. Consequently, the process can be simulated using a
rotationally symmetric model of one of the two sheets. A schematic represen-
tation of the simulation model is shown in Fig. 6.6. The mesh consists of 100
elements in the radial direction and two elements in the thickness direction.
To model the process as close as possible to experiments, measured perme-
ability and compaction values for the biaxial carbon fiber fabric are used. The
permeability over FVF is shown in Section 5.4.2, Fig. 5.7, and the compaction
modulus in Section 5.5.2, Fig. 5.12. Both material parameters are implemented
as piecewise linear functions depending on the FVF into the simulation model.
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Figure 6.6: Scheme of the D-SCM simulation model using rotational symmetry; the foam expan-
sion pressure acts directly onto the fabric surface that is sealed with a thin polymer
film

A time-depending viscosity is implemented by using the isothermal data of the
epoxy system R3, given in Section 5.3, Fig. 5.5 and Tab. 5.3.
Besides the compaction modulus, permeability and viscosity, the simulation
model parameters are summarized in Table 6.2. A fixed amount of resin is
set as the initial condition in the center of the model. The foam expansion
pressure rises up to a maximum value of 6.4 bar during the infiltration and is
implemented using a time-varying boundary condition in the simulation model.
The expansion pressure over time was measured in an empty mold, explained
in [18].

6.2.2 D-SCM infiltration results

Figure 6.7 shows the evolution of the resin flow front in a top view of the
simulation model. The resin flows in a radial direction and already after 5 s, the
flow front increased significantly. Between 20 s and 120 s, the resin infiltrates
the remaining sheet. The resin does not fully infiltrate the sheet, as the resin
volume was chosen to be a slight amount lower than the total sheet volume to
prevent an outflow outside the sheet.
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6.2 Infiltration in D-SCM

Table 6.2: Simulation model parameters for D-SCM

Parameter Value Description

Vresin 10.65 mL resin volume
rresin,0 44 mm initial resin flow front radius
rsheet,0 100 mm plate redius
hsheet,0 1.75 mm initial height
ϕsheet,0 0.2 initial FVF
pfoam,max 6.4 bar maximum foam expansion pressure

To further analyze the impregnation, Fig. 6.8 shows the foamexpansion pressure
and the simulated resin pressure as well as the filling degree over the simulated
time. The graph shows a mold-filling that is very fast in the beginning and
slows down until the final state is reached after approximately 120 s. The
foam expansion pressure increases during the first 50 s to 6.4 bar, after that the
pressure is constant until the end of the simulation. However, the fluid pressure
rises only in the beginning parallel to the foam expansion pressure but does not
exceed 1.7 bar. After 40 s, the fluid pressure begins to decrease to atmospheric
pressure again.
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t = 0 s

t = 5 s

t = 20 s

t = 120 s

Figure 6.7: D-SCM resin flow front at four time-steps; top view

Figure 6.9 shows the side view of the resin flow front during the infiltration.
Again, the four time-steps shown in Fig. 6.7 are visualized. In the initial
condition, the fabric is in its initial state, whereas the preform compaction is
clearly visible in the next time-steps. At 5 s, also the local deformation of the
fabric in the infiltrated part is significant. During the first seconds, the preform
gets compacted stronger in the dry part of the sheet than in the infiltrated part,
where the fluid pressure builds up an additional resistance against the foam
expansion pressure. Already at 20 s, only a slight local deformation in the
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Figure 6.8: D-SCM foam expansion pressure, resin pressure and filling degree over time

impregnated area is visible, whereas the whole sheet is more compacted than
before. In the last time-step shown, a stationary final state is reached that is
defined by constant compaction throughout the sheet. The final FVF achieved
is 0.475.
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t = 0 s

t = 5 s

t = 20 s

t = 120 s

Figure 6.9: D-SCM resin flow front and fabric compaction at four time-steps; radial cross-section
view; the radial axis is scaled with a factor of 0.1
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6.3 Mold-filling of a sandwich part in RTM
with FSI

When manufacturing sandwich parts in RTM, the deforming foam core em-
bedded between the fabrics significantly changes the mold-filling behavior
[17, 140, 146]. With the method developed in this work, this reciprocal influ-
ence can be modeled and analyzed. In the following sections, first, a sensitivity
study is performed to show the influence of the foam core under varyingmaterial
and process parameters. Subsequently, the model is validated by comparison
to RTM manufacturing trials of a sandwich part.
Figure 6.10 shows the geometry of the analyzed sandwich component. The
component consists of a trapezoidal sandwich part in the center and two mono-
lithic composite parts at the sides of the component. The inlet and outlet are
positioned at the front and back surfaces to distribute the resin homogeneously
in the upper and lower layers. The geometric parameters are summarized in
Tab. 6.3. The fluid mesh consists of 101 elements along the flow direction and
2 elements in the thickness direction for each sheet. The solid mesh for the
foam core consists of linear hexahedrons with an average cell size of 2.5 mm
and 100 cells along the flow direction. MntPW!=

6.3.1 Numerical study 2

In the numerical study, the influence of an embedded foam core on the pressure
inside the cavity and onto the flow front propagation is analyzed. The transverse
isotropic foam core material properties characterized in Section 5.6.3 are used
for this purpose. Using the three different foam core densities at three temper-
atures leads to nine FSI simulations in total. For comparison, additionally a
simulation assuming a rigid core is conducted.

2 Parts of this section are based on [140]
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Table 6.3: Geometry parameters of the FSI sensitivity study and the validation case

Parameter Value

Lcavity 500 mm part length
Wcavity 240 mm part width
Hcavity,0 5 mm initial fabric height
Hcavity,final 2.8 mm final fabric height
Hfoam,0 20 mm initial foam core height
Wfoam,bot,0 140 mm initial foam core width at bottom
αfoam 45° angle at foam core side wall

Simulation model and parameters

As a boundary condition in the simulations, an inlet with a constant mass flow
rate is used. Furthermore, symmetry boundary conditions are used along the
central plane of the part for the mold-filling as well as for the foam core.

Figure 6.10: Geometry, inlet, and outlet position of the sensitivity study and validation case; fluid
part in dark and solid part in light grey
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6.3 Mold-filling of a sandwich part in RTM with FSI

Table 6.4: FSI sensitivity study process parameters

Parameter Value Description

Ûminlet 2 g s−1 inlet mass flow rate
poutlet 1 bar outlet pressure
µresin 0.02 Pas dynamic resin viscosity
ϕfinal 0.5 final FVF
tcomp 5 s mold compression duration

The resin viscosity is set to a constant value and the FVF is designed to be 50%
in the final part. Before the injection starts, the part including the foam core is
compressed to its final height. The process parameters are summarized in Tab.
6.4.
The permeability and compression modulus of the biaxial carbon fiber fabric is
used in the model. The permeability is shown in Fig. 5.7 and the compression
modulus in Fig. 5.12.
An implicit coupling scheme with IQN-ILS acceleration is used as also done
in the verification case (cf. Section 4.4.2). The parameters are summarized in
Tab. 4.4.

Results

Figure 6.11 shows the flow front of the case assuming a rigid core after 25 s
simulated time, which is approximately at a cavity fill grade of 50%. In the
visualized top view, the upper part shows the monolithic part, whereas the
center coincides with the foam sidewall and the lower part shows the top sheet
above the foam core. Because the permeability is constant in the whole domain
and the resin is distributed at the inlet over the whole width, the flow front has
a linear shape.
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Table 6.5: FSI sensitivity study coupling methods and parameters; details of the methods are
given in [144]

Parameter Method / Value

time-step 0.01 s
mapping method RBF thin plate splines
coupling scheme parallel implicit
maximum iterations 50
implicit acceleration scheme IQN-ILS
initial relaxation 0.1
preconditioner residual-sum
filter QR1, 1 × 10−7

maximum IQN-ILS iterations 50
time-steps reused 25
convergence measure ∆d 1 × 10−7 m (abs.)
convergence measure F 1 × 10−4 N (abs.)

monolithic
foam side wall
foam top sheet

flow direction

symmetry

Figure 6.11: Flow front after 25 s of the rigid sandwich case
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Figure 6.12: Injection pressure over time assuming a rigid foam core

In Fig. 6.12, the pressure at the inlet is plotted over the simulated time. After the
compression stage until 5 s, the pressure increases linearly until the maximum
value of 27.5 bar is reached and the cavity is completely filled after 50 s. The
pressure increase is explained by the Darcy-like flow behavior with a constant
velocity, which leads to a constant pressure gradient and consequently to a
linear pressure increase.
For the simulations containing compressible foam cores, also the flow front
shapes and the pressures at the inlet are analyzed. Figures 6.13, 6.14 and
6.15 show the flow fronts after 25 s for the cases with foam core densities of
80 g L−1, 100 g L−1 and 130 g L−1, respectively. When comparing the flow front
shapes of Fig. 6.13, it is obvious that the foam core influences the mold filling
behavior. A higher temperature signifies a softer core material and leads to a
more inhomogeneous flow front. The inhomogeneity results from a higher flow
velocity at the inclined foam core sidewalls. A higher temperature leads to a
softer foam core and following to a higher foam core deformation, especially
in the transverse isotropic plane. This directly results in higher permeabilities
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50 °C

75 °C

100 °C

Figure 6.13: Flow front after 25 s for three temperatures with a foam core density of 80 g L−1

50 °C

75 °C

100 °C

Figure 6.14: Flow front after 25 s for three temperatures with a foam core density of 100 g L−1
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50 °C

75 °C

100 °C

Figure 6.15: Flow front after 25 s for three temperatures with a foam core density of 130 g L−1

at the sidewalls and leads finally to the faster resin flow here. For the foam
densities of 100 g L−1 and 130 g L−1, the same effect is visible, though it is less
strongly developed. The flow front for a foam core with 130 g L−1 (Fig. 6.15)
has only slight inhomogeneities for temperatures of 50 ◦C and 75 ◦C, whereas
for 100 ◦C, also a strong acceleration of the resin flow at the foam sidewalls
exist. This is a result of the decreasing foam core compression modulus in the
transverse isotropic plane from 75 ◦C to 100 ◦C (cf. Tab. 5.10).
To further analyze this, the deformation of the cavity is visualized at three
different cut planes of the simulation model. The first cut is positioned at the
inlet position, the second cut is in the center of the component and the third cut
is located at the outlet. The cut positions are visualized in Fig. 6.16.
Figure 6.17 shows the outlines of the cavity during the mold-filling for the
case with a foam core density of 80 g L−1 at 100 ◦C, which is the case having
the highest deformations. The colors of the outlines are the same as given in
Fig. 6.16, the grey color indicates the non-deformed cavity. Six time-steps are
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Figure 6.16: Position of three cut planes for visualization of the local foam core and cavity defor-
mations

analyzed for increasing times from top left to bottom right. After 5 s, only a
deformation at the first cut near the inlet (red) exists, while at the two other
cuts, only a small deformation is visible. This is also the case for 15 s and 25 s,
while the deformation at the first cut is still increasing. After 35 s, suddenly the
second cut (blue) also shows a large deformation, which indicates that the part
of the mold is now filled with resin and the fluid pressure rises also in the center
of the mold. This is furthermore shown in Fig. 6.18, where the pressure field
after 25 s and 35 s is visualized. At the central cut (blue), the pressure is still
low after 25 s and just increases in the sidewall region. After 35 s, the pressure
in the sidewall at the central cut did already increase to approximately 1.6 bar.
Additionally to the flow front behavior and the deformation characteristics, also
the injection pressures are compared. Figure 6.19 shows the inlet pressures for
all 9 analyzed cases. The pressure increases at the inlet during injection, though
the pressure level reached is significantly lower for all FSI cases compared to
the case assuming a rigid core (cf. Fig. 6.12), where the pressure rises up to
27.5 bar. Even for the stiffest foam core (130 g L−1, 50 ◦C), the pressure stays
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below 7 bar duringmold-filling. For the softest corematerial investigated in this
numerical sensitivity study (80 g L−1, 100 ◦C), the pressure just reaches 2 bar.
The graph shows that for all cases, the inlet pressure decreases with increasing
temperature and decreasing foam core density.

5 s 15 s

25 s 35 s

45 s 55 s

Figure 6.17: Outlines of the cavity at the three cuts from Fig. 6.16 for six time-steps of the case
with a foam core density 80 g L−1 at 100 ◦C

147



6 Application Examples and Validation

25 s

35 s

Figure 6.18: Pressure field at two time-steps of the case with a foam core density 80 g L−1 at
100 ◦C
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Figure 6.19: Injection pressure for three temperatures of the foam core with 80 g L−1 (left),
100 g L−1 (middle) and 130 g L−1 (right)

6.3.2 Experimental validation

The experimental validation is carried out by comparing mold-filling simula-
tions to RTM trials of the sandwich geometry shown in the previous section in
Fig. 6.10. Details about the RTM tool, the integrated sensors, as well as the
materials and the simulation model, are given in the next sections.
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6.3 Mold-filling of a sandwich part in RTM with FSI

Figure 6.20: RTM tool for sandwich manufacturing; the sandwich geometry is milled out of the
lower mold

RTM tool and experimental setup

An RTM tool made of steel is designed for the RTM trials. It consists of an
upper and a lower part, whereas the upper part contains only the inlet and outlet
connections. The cavity is embedded into the lower part, to ease demolding
and to guarantee that inlet and outlet are located at the highest points of the
cavity. Figure 6.20 shows the lower part of the tool. In the middle of the tool,
the trapezoidal geometry of the sandwich is visible that is embedded upside
down into the tool. The tool is mounted in a hydraulic press (Maschinenfabrik
Lauffer GmbH & Co.KG, max. 4000 kN).
To measure the cavity pressure during mold-filling, several pressure sensors
(Kistler Instrumente GmbH, type 6161AA) are included in the RTM tool. The
sensors are embedded with a slight offset to the mold surface to measure only
the fluid pressure and not the compaction force of the fabric. The locations
of the pressure sensors are visualized in Fig. 6.21. Five sensors p1 to p5 are
embedded into the lower mold, whereas sensor p6 is implemented in the upper
mold. The sensors p2 and p3 are located at a distance of 125 mm to the inlet

149



6 Application Examples and Validation
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Figure 6.21: Pressure sensor positions in the RTM tool; all sensors except for p6 are located in
the lower mold part

and the sensors p4 to p6 have a distance of 250 mm. The sensor p1 is located
close to the inlet and is used to measure the injection pressure directly in the
mold. The sensors p3 and p5 are located in the monolithic part besides the foam
core. All other sensors are in the sandwich part of the component. The data
acquisition is done using a data amplifier and DASYLab® software by National
Instruments.
A mixing head by Tartler GmbH is used to inject the resin system (Sika®

Biresin® CR170/CH150-3, "R2") at a constant mass flow rate or mixing head
pressure. The injection is stopped manually when the first resin is visible at the
outlet.
The process parameters for the validation experiments are summarized in Tab.
6.6. The cases use a constant mass flow rate at the inlet. For the case with a
foam density of 130 g L−1, for safety reasons a pressure limit of 5 bar is set in
the mixing head to prevent the formation of very high pressures in the polymer
hoses between themixing head and the RTM tool. The experiments are repeated
at least three times for each configuration.
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Table 6.6: FSI validation case parameters; pinlet is only used with 130 g L−1 foam cores

Parameter Value Description

Tresin 60 ◦C resin mixing temperature
Tmold 75 ◦C mold temperature
qinlet 140 g min−1 inlet mass flow rate
pinlet 5 bar inlet pressure
poutlet 1 bar outlet pressure

Simulation model

The viscosity of the epoxy resin systemR2 ismodeledwith theGrindling kinetic
model and the Castro-Macosko rheology model. The data is given in Section
5.3, Tab. 5.2. The permeability of theUD carbon fiber non-crimp fabric is given
in Section 5.4, Fig. 5.8. A symmetric layup (0° | 90° | 90° |0°) is chosen for the
bottom and top sheets. In the model, the permeability measurements for flow
parallel and transverse to the roving orientation are volume averaged, which
results in an isotropic permeability of the layup. Furthermore, the characterized
compaction data of the UD carbon fiber fabric is used, as given in Section 5.5,
Fig. 5.11. The compaction characterization is carried out using the same layup
as in the RTM experiments.
Besides the different material and process parameters, the same simulation
model as described in the previous Section 6.3.1 is used.

Experimental results

Figure 6.22 shows one manufactured sandwich part. The part is cut in a vertical
direction to visualize the foam core deformations. The carbon fabrics are visible
as black top and bottom layers. Between them, the polymer foam core is visible
in bright color. The cut part is completely infiltrated without visible dry areas.
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Figure 6.22: RTM sandwich part manufactured in the validation experiments. The part is cut for
visualization of the foam core deformation

In Fig. 6.23, two details of the cut cross-section are shown. Figure 6.23 a)
shows the left sidewall with the infiltrated carbon fabrics in black and the foam
core in light gray color. The foam core shows no large deformation, which is
indicated by the nearly constant top and bottom layers. On the contrary, Fig.
6.23 b) shows the right sidewall of the part where deformation of the foam core
is visible. The thickness of the top layer at the sidewall is larger than in Fig.
6.23 a), which indicates a compression of the foam core mostly in the horizontal
direction.
As can be seen, the horizontal compression is not equally at the left and
right sidewalls. This effect is supposed to result from a non-symmetric mold-
filling, which originates from a race-tracking at one side of the mold. A faster
mold-filling at one side of the part leads to increased pressure at that side.
Subsequently, the foam core is compressed stronger to the opposite sidewall,
which leads to the observed asymmetric compression. Hence, the foamcore is in
the beginning in a symmetric position in the center of the fabrics, which changes
to an unstable state when mold-filling starts. However, further experiments are
necessary to better understand and verify this observed behavior.
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a) b)

Figure 6.23: Detailed view of a cut through a manufactured sandwich part; a) left side; b) right
side

Figures 6.24 to 6.26 show the pressure data of the integrated sensors for three
parts containing a foam corewith a density of 80 g L−1, 100 g L−1 and 130 g L−1,
respectively. It should be noticed that the pressure data of the sensors shows the
relative pressure above ambient pressure. The pressure data is synchronized
using the first increase of sensor p1 to indicate the start of the injection. The
point in time when the pressure at a sensor starts to increase implies that the
flow front reaches the sensor position at that time.
In all experiments, the same trend is visible. After the pressures increase at
sensor p1, the pressures at the sensors p2 and p3 start to rise. Finally follow the
sensors p4, p5, and p6. This matches the distance of the sensors to the injection
gate (cf. Fig. 6.21) and, thus, confirms an overall infiltration direction along
with the foam core. In a rigid mold without race-tracking, sensors p2 and p3

should rise at the same time, as well as p4, p5, and p6. The end of the injection
is indicated at the time when the pressure of all sensors starts to decrease.
In Fig. 6.24 (foam core density 80 g L−1), the pressure of sensor p1 increases
nearly linearly to a value of 2.5 bar and then stays closely to this value until
the end of the injection. Between 45 s and 60 s the sensors p2 and p3 start to
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Figure 6.24: Raw pressure data of one experiment with a foam core density of 80 g L−1

increase. After approximately 90 s to 105 s, the sensors p4, p5, and p6 show an
increasing pressure. After 170 s the injection is stopped.
Figure 6.25 shows the pressure data results for one experiment with a foam
core density of 100 g L−1. Again, the pressure of sensor p1 increases nearly
linearly but to a higher value compared to Fig. 6.24. Sensor p1 rises to a value
between 4 bar and 5 bar and then stays in this range until the end of the injection.
Between 30 s and 40 s the sensors p2 and p3 start to increase. After that, the
sensors p4, p5, and p6 increase between approximately 70 s and 90 s. Again,
after approximately 170 s the injection is stopped.
In Fig. 6.26, the pressure data results for one experiment with a foam core
density of 130 g L−1 are shown. Equal to the graphs shown before, the pressure
of sensor p1 increases nearly linearly to a value of approximately 3 bar and
then stays in this range until the end of the injection. Between 30 s and 50 s
the sensors p2 and p3 start to increase. After that, the sensors p4 and p6

increase at approximately 60 s. The sensor p5 increases only after 130 s. After
approximately 150 s the injection is stopped.

154



6.3 Mold-filling of a sandwich part in RTM with FSI

p1

p2

p4 / p6

p3

p5

inlet

outlet

0 5 0 1 0 0 1 5 0 2 0 0
0
1
2
3
4
5
6
7
8

pre
ssu

re 
\ b

ar

t i m e  \  s

 p 1  p 2  p 3  p 4  p 5  p 6

Figure 6.25: Raw pressure data of one experiment with a foam core density of 100 g L−1
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Figure 6.26: Raw pressure data of one experiment with a foam core density of 130 g L−1
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Figure 6.27: Average pressure data of the experiments with a foam core density of 80 g L−1 and
100 g L−1 for the sensors p1, p2, and p4

As it is difficult to analyze the raw pressure data, Fig. 6.27 shows the average
pressure of the three sensors located at the center-line (p1, p2, and p4) for the
cases of 80 g L−1 and 100 g L−1 foam core density that both use a constant
injection mass flow rate. Here, the influence of the embedded foam core on
the pressure evolution is clearly visible. The pressure level for all three sensors
is significantly lower for the case with a foam core density of 80 g L−1 where
it reaches only approximately 2.5 bar. For the experiments with a foam core
density of 10 g L−1, the pressures are nearly doubled to more than 5 bar at the
inlet. Moreover, the standard deviation of the pressures is lower for the case of
80 g L−1 foam core density.
To further compare the influence of the foam core onto mold-filling, the mo-
ments when the flow front reaches the sensors are compared. Figure 6.28
shows the averaged times and their standard deviations when the resin flow
front reaches the sensors p2 to p6 for the three analyzed foam core densities.
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Figure 6.28: Average time for reaching the sensors p2 to p6; sensor p1 is used for time synchro-

nization

Sensor p2 and p3 have the lowest filling times, whereas sensors p4 to p6 have
higher filling times. For all sensors except p5, the mold-filling with a foam
core of 80 g L−1 have the highest average filling times. Furthermore, this case
has the lowest standard deviations. Compared to sensor p2, sensor p3 shows
higher standard deviations for all cases. Besides that, also sensor p5 has a
higher standard deviation than sensors p4 and p6 in the same case. The higher
standard deviation of the sensors at the monolithic sides of the part indicates a
race-tracking at the edges of the part, which occurs not in each experiment and,
thus, leads to the high scattering observed in filling times.
In addition to the pressure and time data, also the weight of three manufactured
parts is analyzed. Therefore, the parts are cut into 4 sections that are visualized
in Fig. 6.29. Each of the cut parts is weighted and the density is calculated
with the designed volume of the part assuming a completely closed mold. The
parts cut are the same that are used to visualize the raw pressure data in Fig.
6.24 to 6.26.
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Figure 6.29: Sizes of four cut sections of the sandwich part used for part density analysis

The results of the calculated densities are visualized in Fig. 6.30 as points.
In addition, the nominal weight of the parts is indicated by the colored lines
for the three foam core densities. Not the part with a foam core density of
130 g L−1 but the part with a foam core density of 100 g L−1 exhibits the highest
average density of 540 g L−1. The average densities of the two other parts are
nearly equal at around 475 g L−1. This behavior can be explained with the lower
injection pressure of the part with 130 g L−1 foam core density (limited to 5 bar)
that led to a lower compression of the foam core in that case.

Simulation results and comparison to experiments

To compare the results of the experimentswith the simulations, first, the pressure
evolution at sensor p1 that is located close to the inlet is analyzed for the first
60 s. Therefore, Fig. 6.31 shows the results of the simulations and the average
experimental data with a foam core density of 80 g L−1 and 100 g L−1 (cf. Fig.
6.27). The time axes are synchronized using the first increase of the pressure
at sensor p1. The figure shows the simulated pressure for two temperatures:
50 ◦C and 75 ◦C. Both simulations and experiments show that the pressure
level is lower for the lighter foam core material, which was also the result of the
numerical study in Section 6.3.1. The experimental pressure increases slower
in the first 30 s compared to the simulations, but then slows down and stays in
between the simulated pressures for the two temperatures. The results show a
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Figure 6.30: Densities of four cut sections of three parts with different foam core densities; parts
conform to the raw pressure data of Figures 6.24 to 6.26

comparable pressure increase for the experiments and the simulations, though
especially in the first 20 s, a difference is evident. The difference of the pressure
increase can be explained by a race tracking along the edges, which leads to a
slower mold-filling inside the fabric. By comparing the time points, when the
flow front reaches the sensors, this is further analyzed.
Figure 6.32 shows the simulated and experimentally measured time points when
the flow front reaches the sensors p2 to p6. In the case with a foam core density
of 80 g L−1, the flow front reaches the sensors p2 and p3 after 30 s to 50 s and
the sensors p4 to p6 between 55 s and 110 s. In the experiments, the flow front
is slower than predicted in the simulations, especially when comparing the
sensors p4 to p6. The simulation results with a foam core density of 100 g L−1

show a faster mold filling compared to the results with 80 g L−1 and are close
to the measured values for all sensors. The simulated time points for the case
with 130 g L−1 show a very good agreement for the sensors p2 and p3, whereas
the results for the sensors p4 to p6 show a high difference of the simulations
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Figure 6.31: Comparison of the pressure at sensor p1 for the simulations and the experiments
with a foam core density of 80 g L−1 and 100 g L−1

and the experiments. Different from the other two cases, the predicted times
are higher than the experimentally measured times.
The injection in the first two cases (80 g L−1 and 100 g L−1) uses a constant
resin flow rate to infiltrate the fabric. Therefore, differences in the simulated
and measured times for reaching the sensors depend only on differences in
the cavity volume or in a non-homogeneous filling of the mold but not on the
permeability of the fabric. In the third case (130 g L−1), the injection uses a
constant pressure and, thus, the infiltration times depend furthermore on the
permeability of the fabric, which is very sensitive to changes in FVF.
Figure 6.33 shows the simulated and measured pressures at the end of the
injection for the three sensors p1, p2 and p4 that are located at the center-line
of the cavity and, thus, are less influenced by race-tracking at the edges. For all
three cases, the pressure of the simulations using a foam core temperature of
75 ◦C are in very good agreement with the experiments. Only for sensor p4 at
130 g L−1, the simulated pressure is slightly lower than the measured pressure.
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Figure 6.32: Comparison of the points in time when the flow front reaches the pressure sen-
sors for the simulations and the experiments with a foam core density of 80 g L−1,
100 g L−1 and 130 g L−1
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Figure 6.33: Comparison of the pressure at p1, p2 and p4 at the end of the injection for simula-
tions and experiments with a foam core density of 80 g L−1, 100 g L−1 and 130 g L−1

The simulated pressure assuming a foam core temperature of 50 ◦C is higher
compared to the experiments in the first two cases (80 g L−1 and 100 g L−1).
This indicates that the foam core temperature at the end of the injection reached
the mold temperature of 75 ◦C and, thus, leads to a good agreement to the
simulations assuming that constant temperature.
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6.4 Discussion

Three application examples show possible applications of the developed meth-
ods. The first example shows mold-filling simulations of PC-RTM with in-
cluded preform compaction by using the RTM mold-filling simulation method
in combination with the poro-elasticity solid mechanics method for the fab-
ric compression. Instead of just using the fluid pressure as the control value,
now the total stress in the vertical direction is used, which is the sum of the
compaction stress of the fabric and the fluid pressure. When comparing the
simulation results to prior simulations that use only the fluid pressure without
the compaction force of the fabric [32], the predictedmaximummold gap height
is higher and the mold closing speed is lower (cf. Fig. 6.2 to 6.4), which is a
direct result from the fabric compaction. Furthermore, the results of the simu-
lations are validated by comparison to experimental PC-RTM trials. Therefore,
the mold gap height and the pressure at the injection gate are measured during
RTM experiments of a rectangular plate. The comparison of the simulations
and the experiments show an excellent agreement for the predicted mold gap
height, especially for initial mold gaps of 0.1 mm and 0.3 mm. Hence, the newly
developed method enables a more precise prediction of the final part height and
mold-filling times of PC-RTM. The results with a large initial mold gap of
0.7 mm show a difference between simulations and experiments in the pressure
increase at low FVF. This emphasizes the need for more accurate permeability
data at low FVF, which is difficult to obtain using the state-of-the-art methods.
The application example of D-SCM is given to show the applicability of the
developed method to infiltration processes that have at least one flexible part
surface during infiltration. This is not only the case in D-SCM, but also in VARI
process types where one side of the fabric is covered by a thin polymer film. In
addition to VARI, D-SCM possesses a time-varying compaction pressure that is
resulting from an expanding foam core. The D-SCM process simulation reveals
the principal characteristics of the D-SCM process. Most of the infiltration
takes place in the first seconds when the foam expansion pressure builds up.
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Already after 30 s, more than 90% filling is achieved, whereas the remaining
10% need up to 120 s (cf. Fig. 6.8). This is a result of two important properties.
The first is the increased viscosity due to the beginning curing reaction of the
polymer matrix that leads to decreasing flow velocities during the infiltration.
The second and even more important property is the permeability that depends
strongly on the FVF and, thus, on the compaction state of the fabric. During the
infiltration, the permeability decreases by more than one order of magnitude,
which leads to a significantly higher drag force onto the resin. A combination of
low viscosity, high permeability, fast-rising foam expansion pressure, and high
fabric bulk modulus leads to the fastest infiltration and facilitates a complete
infiltration of the part.
To show the capabilities of the FSI method for mold-filling in RTM with
embedded foam cores, first, a numerical sensitivity study is carried out. The
study is carried out to reveal the influence of an embedded foam core on mold-
filling for a full-size RTM part. The geometry is the same that is also used
in the validation experiments. The simulations show that the cavity pressure
is heavily influenced by the embedded foam core. Even for the stiffest foam
core, the pressure decreases from 27.5 bar to under 7 bar at the end of the
mold-filling. A rigid mold leads to a linear pressure increase throughout the
mold-filling, whereas the foam core leads to a slower, non-linear increase. The
foam properties in turn are strongly dependent on its density and temperature.
For softer core materials, the pressure reaches a nearly constant level at very
low pressures of approximately 2.5 bar, which is less than 10% of the pressure
assuming a rigid mold.
Due to the anisotropy of the foam core a softer mechanical behavior transverse
to the thickness direction, the foam core compression is especially high in the
horizontal plane, whereas in the thickness direction, nearly no deformation
is present (cf. Fig. 6.17). Compression of the foam core leads directly to
decompression of the fabric and thus decreases the FVF. As the deformation
is depending on the foam core geometry and, furthermore, has an anisotropic
behavior, this leads to a more inhomogeneous flow front. In regions with
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high foam core compression, the flow front is accelerated. In summary, the
numerical sensitivity study of the RTM mold-filling with an embedded foam
core and a constant mass flow rate inlet leads to the following relationships:

• The softer the foam core, the slower the mold-filling.
• The softer the foam core, the lower the cavity pressure.
• The softer the foam core, the higher the part weight.
• The higher the pressure, the higher the part weight.

For an infiltration with constant injection pressure, the same relationships are
valid, except for the mold filling time. Hence, for a constant injection pressure
applies:

• The softer the foam core, the faster the mold-filling.
• The softer the foam core, the lower the cavity pressure.
• The softer the foam core, the higher the part weight.
• The higher the pressure, the higher the part weight.

This can be explained by the fact that a soft foam core leads to lower FVF and,
thus, to less porous drag, which results in a faster injection when the pressure
is constant.
RTM infiltration experiments with the foam core material at three different
densities confirm the results of the sensitivity study. Embedding the softest
foam core material with a density of 80 g L−1 increases the mold filling time
when a constant resin mass flow rate is used. Furthermore, the pressure level
and the standard deviation are significantly lower for the experiments with a
foam core density of 80 g L−1 compared to 100 g L−1 (cf. Fig. 6.33). The
higher standard deviations for higher foam core densities are also visible in
points in time when the flow front reaches the sensors p3 and p5 (cf. Fig. 6.28.
As the scatter in mold-filling times indicates race-tracking along one side of
the mold, this leads to the presumption that higher foam core densities facilitate
the formation of race-tracking. This is fortified by the observations made in a
mold-filling study, where the injection is stopped at the moment when the flow
front reaches sensor p5. Figure 6.34 shows the result of a mold-filling study of
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Figure 6.34: Flow front in a half-filled cavity of an experiment with a foam core density of
130 g L−1

a sandwich part with a foam core density of 130 g L−1. At the lower part edge, a
significant race-tracking is present, which is represented by the advanced flow
front. Moreover, a smaller race-tracking effect is present at the edge of the
inclined sidewall towards the sandwich part.
The race-tracking can happen at only one side of the cavity, which leads to losing
the symmetry plane at the center-line of the part. The high standard deviations
of the time when sensor p3 and especially sensor p5 is reached (cf. Fig. 6.28
also result from occurring race-tracking at one side of the part. Moreover, the
foam core is compressed towards one sidewall, which leads to a further increase
of the asymmetric flow that results in different sidewall thicknesses like shown
in Fig. 6.23. This effect of unstable symmetry has to be further analyzed
in future work by experiments and by numerical simulations with the method
developed in this work.
The densities of the manufactured parts do not show the theoretical trend of
higher weights for larger foam core densities (cf. Fig. 6.30). Instead, the weight
is not constant along the foam core but shows a decreasing trend along the flow

165



6 Application Examples and Validation

path. This is explained by the influence of the fluid pressure on the foam core
compression, which leads to an increased sheet thickness and consequently to
a larger amount of resin in those areas. Furthermore, it is evident that the part
densities are also affected by processing conditions. The part with a foam core
density of 130 g L−1 has a lower weight than the part with a foam core density of
100 g L−1, which is explained by the lower cavity pressure during mold-filling
(cf. Figs. 6.25 and 6.26).
The simulation results show the same trends that are observed in the experi-
ments: The pressure is lower and the mold-filling times higher for softer core
material and a constant injection flow rate. Furthermore, the pressure level at
the end of the injection shows a very good agreement between the simulations
assuming a temperature of 75 ◦C and the experiments (cf. Fig. 6.33) that are
conducted with a mold temperature of 75 ◦C. The experiments, therefore, vali-
date the simulation methods and the simulation model for these two statements.
However, the exact pressure evolution during mold-filling is difficult to predict.
The characterization uncertainties decrease the accuracy of the simulations,
especially because several non-linear material parameters (permeability, foam
core modulus, resin viscosity) interact with each other.
Furthermore, the resin viscosity and the foam core modulus depend on the
temperature, which is assumed to be constant in the simulations but shown to
have a significant impact on the mold-filling (cf. Fig. 6.19). Consequently, the
unknown foam core density additionally influences the accuracy of mold-filling
simulations.
Additionally, edge-effects like race-tracking lead to a less homogeneous flow-
front in the experiments. To better predict these effects, not only at the outer
edge but also at the edges of the foam core sidewalls, a combination of draping
simulations that include the fabric compression and mapping of the resulting
fabric thickness to the mold-filling simulation model can improve the accuracy
of the mold-filling simulations.
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The aim of this thesis is to develop and validate a numerical method to simulate
mold-filling in Resin Transfer Molding (RTM) with fluid-structure interaction
(FSI). Therefore, several methods are developed and combined to capture the
FSI during mold-filling. The foundation of the simulation method is a vol-
ume of fluid (VoF) two-phase flow simulation based on finite-volume (FV)
discretization (cf. Section 3.2). The drag force of the fabric on the resin flow is
captured by adding a Darcy drag term to the momentum equations in a moving
simulation domain. Furthermore, a method to simulate the porous solid me-
chanics of the fabric during the mold-filling is developed based on Terzaghi’s
effective stress theory (cf. Section 4.2). These two methods are coupled to
simulate the interdepending resin flow and fabric deformation (cf. Section 4.3).
Subsequently, the poro-elasticity and mold-filling methods are coupled in a par-
titioned FSI to model the interaction of mold-filling, porous fabric deformation,
and an embedded foam core (cf. Section 4.4). Because of the compression of
the foam material during mold-filling, the infiltration behavior and the cavity
pressure change. All individual parts of the developed FSI method are verified
by comparison to simplified cases. Furthermore, the method is verified by an
analytical solution of a one-dimensional RTM mold-filling with a compress-
ible foam core. The verifications of the coupled method show a very good
agreement with the analytical solution of the simplified cases.
The developed FSI method is not only suited to simulate RTM mold-filling
with embedded foam core but, by combining parts of the simulation method,
the mold-filling of various continuous fiber reinforced plastics (CoFRP) man-
ufacturing processes can be simulated. This makes the developed method a
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flexible tool for predicting the resin flow and infiltration for numerous advanced
manufacturing processes for CoFRP. To demonstrate this, several application
examples are presented in this thesis.
The first application ismade for pressure-controlledRTM (PC-RTM),which is a
newly developed process using an active pressure control by changing the cavity
height during mold-filling. The comparison to an analytical solution using
Darcy’s law shows an excellent agreement to the implemented method (Section
3.5 and the comparison to part-scale mold-filling experiments also shows a very
good agreement (published in [32] and Section 6.1) for the prediction of the
mold-filling time and gap height during the mold-filling.
The second application example shows the infiltration in Direct Sandwich Com-
positeMolding (D-SCM), which is a process that uses the pressure of expanding
foam material to infiltrate the face sheets of a sandwich (cf. Section 6.2). Dur-
ing the infiltration, the thickness of the part varies locally depending on the
foaming pressure, the preform compaction pressure, and the fluid pressure. By
simulating the infiltration with the coupled method of resin flow and fabric
deformation, the processing time and the final part thickness can be predicted.
Besides this application example, a recent publication by Nieschlag et al. also
showed the successful application of the simulation method to the infiltration
in a rotational molding process [112].
The third application example is used to analyze the influence of an embedded
foam core on the mold-filling in RTM (cf. Section 6.3.1) and to validate the
method on a part-scale (cf. Section 6.3.2). Therefore, the involved materi-
als are first characterized (cf. Chapter 5). In this study, the focus is on the
characterization of the fabric regarding permeability and on the compression
modulus of the fabric and the polymer foam core. The characterization of the
anisotropic polymer foam core is carried out by a combination of uniaxial and
hydrostatic tests, which allows fitting the behavior to a transversely isotropic
material model. The compression modulus in the thickness direction is signif-
icantly higher than in transverse directions. Furthermore, the PET foam core
compression behavior is found to have a strong dependency on temperature and
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density. The modulus is significantly reduced with increased temperature and
decreased foam density (cf. Section 5.6).
The numerical study on a part-scale shows that the compression stiffness of the
foam core material strongly influences the pressure level and the homogeneity
of the flow front. A soft foam core leads to low cavity pressures because of
two main reasons. First, the compression of the foam core leads to a slower
resin velocity when a constant mass flow rate is set at the inlet. Second, and
even more important, the compression of the foam core decreases the fiber
volume fraction (FVF) in the top and bottom sheets, which results in a higher
permeability and, thus, in lower pressure. The permeability is very sensitive to
FVF, which is shown by the experimental characterization of the fabric (cf. Fig.
5.7) and is, therefore, the main reason for the strongly decreasing pressure when
soft foam cores are embedded between the fabrics. Because of the anisotropic
material behavior of the foam core, the compression during mold-filling leads
to an inhomogeneous distribution of FVF, which results in an inhomogeneous
resin flow velocity and flow front.
Additionally to the numerical study, validation experiments are carried out.
Therefore, an RTM tool to manufacture sandwich components is developed.
The tool contains several pressure sensors to track the flow front and the pressure
level during mold-filling. The experiments also reveal a strong influence of the
embedded foam core material on the mold-filling time and pressure. Like in
the simulations, the pressure is lower and the mold-filling time higher for softer
foam cores. The experimental results are then compared to the simulations and
show the validity of the developed FSI method. The dependency of the pressure
and mold-filling time on the embedded foam core is present in simulation and
experiment and shows the same trends. The inaccuracies of the simulations
are explained by the strong dependency of the foam core material behavior on
its temperature, which is non-constant and unknown during the mold-filling
since the non-isothermal behavior is not yet included in the simulation method.
Furthermore, small gaps at the cavity and foam edges lead to race-tracking,
which influences the mold-filling pattern and pressure evolution. Furthermore,
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a one-sided race tracking leads to an asymmetric resin flow and, thus, to
asymmetric deformation behavior of the foam core. As the permeability is
very sensitive to small changes in FVF, this can lead to large differences in
simulations and experiments. Not only an accurate mold-filling simulation
method but also precise characterization methods and an exact description of
the fabric and cavity geometry are necessary to obtain accurate simulation
results.
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The developed poro-elasticity method allows not only to predict the fabric com-
pression but also to capture in-plane deformations, which allows to predict and
analyze fiber shifting during mold-filling, which can occur at high infiltration
velocities. To simulate fiber shifting, additionally, a friction boundary condition
has to be developed and the model has to be characterized for friction between
fabric and mold wall as well as fabric and foam core.
For a better understanding of the mold-filling process, it is important to also
focus research on the temperature in the cavity as it is non-constant in time and
space throughout mold-filling. In the general assumption of flow in a porous
medium, the temperatures of fibers and resin are equal, and only homogenized
material parameters are used for heat capacity and conduction. This assumption
is also made in this work, as the focus here is on non-constant cavities during
mold-filling. To overcome this simplification, a two-equation model that solves
two separate coupled temperature equations of the fabric and resin can be a
possible solution. Additionally, non-isothermal modeling of the foam core to
model the heat-up during the mold-filling can lead to more accurate results.
A research focus here should be set on the heat transfer from the mold, the
fabric, and the resin to the foam core. Furthermore, the curing reaction is
highly exothermal, which needs to be embedded into the (resin) temperature
equation, especially when modeling thick parts or components containing large
pure resin areas.
Sandwich materials normally do not tend to show high distortions due to their
very high geometrical stiffness. But to predict residual stresses and the final part
weight, it is important to predict the foam deformation state after demolding.

171



8 Outlook

Figure 8.1: Schematic cut through an RTM sandwich part with a deformed foam core; left: Cur-
rent FSI implementation, right: three-way FSI concept; adjusted from [146]

Therefore, a curing simulation using the internal stresses and strains in the foam
and the fabric after mold-filling as initial conditions is necessary. To correctly
predict the residual stresses and the foam core deformation after demolding, the
visco-elasticity and visco-plasticity of the foam material have to be considered
in the constitutive model. This also enables a prediction of the final part weight,
which is an important optimization criterion for high-performance CoFRP. The
part weight was shown to be influenced by processing conditions during mold-
filling, though also an influence of the cavity pressure during the curing stage
should be considered.
A further improvement to model the FSI during mold-filling can be achieved
by using a three-way coupling of the fabric, the resin flow, and the foam core.
With the current implementation, the poro-elasticity of the fabric is internally
coupled to the mold-filling and uses the same simulation domain. Using the
fabric as a third coupling partner and coupling it in a partitioned approach to the
resin flow and the foam core deformation allows simulating the free flow in gaps
that exist at edges or even enables to predict gap opening during mold-filling.
The resin flow part of the developed method is already capable of simulating
the free flow in the open gaps because of the VoF approach that is based on
solving the Navier-Stokes equations. However, this kind of coupling needs a
volumetric interface, where the fluid pressure and the deformation state of the
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fabric are exchanged. Figure 8.1 shows the schematic concept of this coupling
strategy. As a volumetric coupling increases the number of interface points
strongly, also the numerical effort should be analyzed. A three-way coupling
furthermore bridges the gap to accurately simulate the mold-filling in processes
that involve a surface flow above the fabric like Wet Compression Molding
(WCM).
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A Analytical solution of
PC-RTM

To verify the numerical simulations, Eq. (3.1) is solved analytically for the
mold-filling process of PC-RTM. The filling of a plate using a linear injection
gate leads to a one-dimensional flow, where the pressure p(x, t) is a function
of place and time, assuming a filling in the x-direction. The inlet gate as well
as the pressure control is located at X = 0. The cavity height h is not known
except for Stage 1 but can be calculated with an analytic solution assuming a
constant pressure control value and a constant resin flow rate at the inlet in
Stages 1 and 2.
For an analytical solution, combining Eq. (3.1) with the continuity equation of
a compressible porous medium [11] gives

∂h
∂t
= ∇ (h · ũ) = ∇

(
−h ·

K
µ
· ∇p

)
(A.1)

assuming an incompressible one-dimensional Darcy flow in xwith compression
in z, the compression velocity uc = −

δh
δt and the permeability in flow direction

Kx follows

−uc = −h ·
Kx
µ
·
∂2p
∂x2 . (A.2)
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As only the fluid pressure p is a function of x, integrating Eq. (A.2) twice gives

∂p
∂x
=

uc
h
µ

Kx
· x + C1 , (A.3)

p(x, t) =
1
2

uc
h
µ

Kx
· x2 + C1 · x + C2 . (A.4)

In Stage 1, the boundaries are the same as in conventional RTM with a rigid
mold that means the compression velocity is uc = 0. Therefore the pressure
gradient is constant and is given by

∂p
∂x
= CI

1 = −
uI

in · µ

K0
x

(A.5)

with the constant inlet velocity uI
in and the initial permeability K0

x . The flow
front position is

xI
f =

uI
in

1 − ϕ0
· t (A.6)

with the initial fiber volume fraction ϕ0. The pressure at the flow front is equal
to the outlet pressure p1

(
x1

f
)
= pout. With this boundary condition follows

CI
2 =

uI
in · µ

K0
x
· xI

f (A.7)

and following the pressure in Stage 1 is given by

pI(x, t) =
uI

in · µ

K0
x
·

(
xI

f − x
)
+ pout . (A.8)

The derivation of this equation or equivalent forms and its analytic solution
for RTM or CRTM can be read in several publications, e.g. by Pham or Cai
[70, 169].
Stage 2 is a combination of injection and (negative) compression. This leads to
a different calculation of the flow front position, which depends on the injection
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velocity uII
in =

q
h ·b , with the constant resin flow rate q and the constant width of

the cavity b, and on the already injected resin in Stage 1. With t1 as the time
when Stage 2 starts follows

xII
f =

uII
in

1 − ϕ
· (t − t1) + xI

f(t1) ·
(1 − ϕ0) · h0
(1 − ϕ) · h

(A.9)

with the fiber volume fraction ϕ and the initial cavity height h0. The first
term in Eq. (A.9) describes the flow front advancement because of the resin
injection and the second term is the change in the flow front position based on
the continuity of the already injected resin in Stage 1.
At the inlet gate, the pressure gradient only depends on the injection velocity

∂p
∂x
(x = 0) = CII

1 = −
uII

in · µ

Kx
. (A.10)

Additionally, the boundary condition at the flow front p
(
xII

f
)
= pout is used.

The integration constant CII
2 therefore is

CII
2 = pout +

1
2

uc
h
µ

Kx
· xII

f
2
+

uII
in · µ

Kx
· xII

f . (A.11)

The pressure at the inlet is constant in this stage. In summary, the pressure is
again a combination of the pressure due to injection and the pressure due to
compression

p2(x = 0, t) = pcontrol = CII
2 . (A.12)

In Stage 3, the injection velocity is uIII
in = 0 and therefore, the flow front position

is only the result of the continuity of the already injected resin

xIII
f = xII

f (t2) ·
(1 − ϕ2) · h2
(1 − ϕ) · h

(A.13)
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with t2 as the time, when Stage 3 starts and ϕ2 and h2 as the final fiber volume
fraction and cavity height after Stage 2. The pressure gradient at the inlet wall
is zero

∂p
∂x
(x = 0, t) = CIII

1 = 0 (A.14)

and with Eq. (A.4) follows the second integration constant like in Stage 2

CIII
2 = pout +

1
2

uc
h
µ

Kx
· xII

f
2
. (A.15)

Finally, the pressure at the inlet position can be determined, which is again
constant because of the pressure control

p3(x = 0, t) = pcontrol = CIII
2 . (A.16)

Equations (A.12) and (A.16) can now be used to calculate the flow front position
and the time-dependent cavity height h for Stage 2 and Stage 3.
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B Analytical solution of RTM
with embedded foam core

To verify the numerical simulations, Eq. (3.1) is solved analytically for the
stationary pressure with induced deformations together wit a linear spring
model for the foam core material and a non-linear spring model for the porous
fabric. A one-dimensional stationary flow leads to

ux = −
Kx
µ
·
∂p
∂x

, (B.1)

where additionally the velocity ux, the height h and the permeability Kx are a
function of x. The height is calculated based on the equilibrium of forces or
stresses of the core with the porous fabric and resin pressure. It is assumed
here, that only normal forces in the vertical direction apply at the foam-fabric
interface. The two solids can then be interpreted as two springs in series. With
this assumption follows

σc = σf + p ,

kc∆hc = kf∆hf + p ,
(B.2)

with the normal stresses of the foam core σc and the fabric σf and their spring
constants kc and kf , respectively. In this case, a spring constant is used to
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describe the foam core and a linear spring function depending on the fiber
volume fraction is used to describe the fabric material

kc =
Ec
H0

,

kf =
c1 · ϕ + c2
/h0

,
(B.3)

with two Young’s moduli to describe the linear relationship to the fiber volume
fraction

c1 =
Efabric,ϕ2 − Efabric,ϕ1

ϕ2 − ϕ1

c2 = −c1 · ϕ1 + Efabric,ϕ1 .

(B.4)

Using the displacement condition ∆hc = −∆hf leads to a function for the height
of the cavity depending on the pressure.
The permeability is calculated with a material model as a function of the fiber
volume fraction, which is directly related to the height

Kx = A ·
1 − ϕ3

ϕ2 , (B.5)

ϕ =
h0
h
· ϕ0 , (B.6)

with the initial states indicated with subscript 0.
The same applies to the flow velocity, that depends on the fiber volume fraction
and the cavity height

ux = uinj ·
1 − ϕinj

1 − ϕ
·

1 − hinj

1 − h
, (B.7)

with the resin injection velocity uinj.
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Inserting this into Eq. (B.1) and integrating gives

p(x) = µ ·
∫ L

0

ux
Kx

dx . (B.8)

A constant pressure is set at the outlet p(x = L) = pout as boundary condition.
The analytical integration of Eq. (B.8) is done using the softwareMaple 2021.0,
because of the strong complex dependencies of ux and Kx on the pressure itself,
which leads to a function for p(x), where integration is not trivial.
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