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Since the existence of the complicated coupling between mould compression and resin flow, the full 3D simulation of
the filling process in force-controlled compression resin transfer moulding (CRTM) has not been realized, especially
when the resin flow front is irregular on the thickness direction during thick part moulding. In this paper, the coupled
resin flow and mould compression behaviors are investigated firstly, a equivalent spring method is proposed to describe
the preform compaction. The lubrication effect is taken into account, so the mould compression speed can be determined
when the resin flow front is irregular on the thickness direction. Then the Volume of Fluid (VOF) two-phase model is
established to express the resin-air flow in narrow gap and preform simultaneously, in which the narrow gap is
considered as 3D area without flow resistance. Finally, the 3D numerical method for solving the above mathematical
models is developed. In this method, the changing of the mould cavity is simulated by moving mesh technology, and the
master-slave element method is used to simulate the resin squeezing from the infiltrated preform. Comparisons with
analysis results are provided to prove the correctness of the above method, and two 3D examples are given to
demonstrate the simulating capability.
Keywords: force-controlled CRTM, preform compaction, mould filling, 3D simulation.

1. INTRODUCTION

It should be noted that the mould compression can be
controlled either by force or by speed, which are named as
force-controlled and speed-controlled CRTM, respectively.
Analysis of the preform compaction and resin flow during
the mould-filling process of CRTM is a key step of the
mould design and process parameter selection.
Many papers dealt with the numerical simulation of
the filling processes of the conventional resin transfer
moulding (RTM) [1 – 7] and speed-controlled CRTM
[8 – 15]. In the speed-controlled CRTM, the mould
compression speed is explicitly known, which brings much
convenience to estimate the preform deformation and
simulate the mould-filling process. Force-controlled
CRTM is the opposite, the compression speed needs to be
determined from the coupled resin flow and mould
compression behaviors [16], while the complexity of the
preform compaction characteristics makes the above
coupled equations difficult or even impossible to be solved
directly. Merotte et al. [17, 18] modeled the resin flow in
the last two phases of force-controlled CRTM as a 1D flow
to estimate the compression time, they developed a
numerical solution to predict the flow front progression
and the preform deformation. Verleye and Walbran et al.
[19, 20] developed an iterative procedure for the
simulation of force controlled RTM and CRTM processes,
which includes the possibility of ramped increase in force
applied to the mould, but their algorithm can only be used
for the moulding simulation of thin parts. Mamoune et al.
[21] developed a new numerical modeling of CRTM
process with mould compression under a force, and it was
applied to a series of parametric studies, considering the
effects of part size and fiber volume fraction on the mouldfilling time. Yang et al. [22] introduced an alternative
approach to simulate the resin flow and stress distributions
during mould-filling process, which can be used in force-

Compression resin transfer moulding (CRTM)
increasingly becomes an important processing technology
to fabricate large-scale or high fiber content composite
parts. In CRTM, a partially-open mould is used, the initial
thickness of the cavity hini is larger than the thickness of
final product hfinal, sometimes a narrow gap between the
mould platen and the preform is set to accelerate the resin
flow. The filling process of CRTM exhibits three distinct
stages as shown in Fig. 1: 1) resin injection into the cavity
to fill the narrow gap or infiltrate partial preform; 2)
closing the resin inlet and compressing the mould platen
until all resin is squeezed into the preform; 3) continue
compaction until the desired thickness is achieved.
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Fig. 1. Three filling stages of CRTM: a – resin injection; b –
closing the gap; c – preform compaction
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controlled CRTM, while it is also only effective in thin
part moulding simulation. From the above analyses, we
can find that the previously proposed methods for the
mould-filling simulation of force-controlled CRTM are
just valid for 1D/2D resin flow or thin part moulding, when
the resin flow front is irregular on the thickness direction
during thick part moulding, none of them can be adopted.
Therefore, a full 3D filling simulation tool for forcecontrolled CRTM is urgently needed; this paper intends to
develop an effective and convenient numerical method to
meet this need. The coupled resin flow and mould
compression behaviors are investigated firstly, an
equivalent spring method is proposed to describe the
preform compaction characteristics in which the
lubrication effect is taken into account, so the mould
compression speed under an applied clamping force can be
determined when the resin flow front is irregular on the
thickness direction. Then a unified mathematical model is
established to express the resin-air flow in narrow gap and
preform simultaneously, in which the narrow gap is
considered as 3D area without flow resistance. Finally, the
3D numerical solving method of the above mathematical
models is developed, in this method, the changing of the
mould cavity is implemented by the moving mesh
technology, and the master-slave element method is used
to simulate the resin squeezing from the infiltrated preform.

preform deformation during this stage is negligible
[13 – 16], the mould compression speed rc can be computed
according to Darcy's law:

2. MODELING OF THE MOULD
COMPRESSION AND RESIN FLOW

where Ff,i indicates the compaction force exerted on the ith subpart of the preform, rp,c indicates the compaction
velocity, Ei is the stiffness coefficient of the i-th subpart.

rc 

Κ zz



(3)

A

The preform in mould cavity during the third stage as
shown in Fig. 3 a can be divided into m subparts (m = 10 in
the figure), we can suppose that the relationship between
the compaction force and velocity of each subpart at
current time can be expressed by
Ff ,i  rp,c  Ei  swet , v f  , i  0,1,..., m  1 ,

(4)
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where Ftotal is the total applied clamping force, Fr is the
resin reaction force, Ff is the preform reaction force, p is
the resin pressure, A is the mould platen surface area, σf is
the stress exert on the preform.
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Fig. 3. Equivalent model of the preform compression

It should be noted that the compaction behaviour of
preform is viscoelastic, so Ei is not only related to the
infiltration state swet, but also has close relations with fiber
volume fraction of the subpart. As a result, the whole
preform can be equivalent to a parallel system of spring
units as shown in Fig. 3 b, which has the following
deduction:

l
h

(2)

Ff  Ftotal  Fr  Ftotal   pdA .

In force-controlled CRTM, mould compression speed
under the applied clamping force during the last two stages
of mould-filling is unknown, it needs to be calculated from
the force bearing analysis on the mould platen. Suppose
the compression speed is constant, the total applied
clamping force is equal to the sum of resin reaction force
and preform reaction force (i.e. perform compaction force),
which can be written as
A

Κ zz Ftotal ,

 Al

where μ indicates the viscosity, l indicates the thickness of
the saturated preform, vf indicates the fiber content of
preform.
During the preform compaction, the mould
compression speed should be calculated from the preform
compaction velocity. Since the lubrication effect of resin
on preform, the saturated and dry preforms have different
compaction behaviours, therefore, computation of the
preform compaction velocity is much more complicated.
From Eq. 1, we can obtain the preform compaction force Ff:

2.1. Mould compression

Ftotal  Fr  Ff , Fr   pdA , Ff    f dA ,

p 

hp

Fig. 2. Calculation of the mould compression speed for gap
closure stage

Suppose the narrow gap above the preform is filled by
the injected resin before compression, and the through
thickness permeability value of the preform Kzz is much
smaller than the permeability in the gap, we can assume
that there is only resin flow on the thickness direction as
shown in Fig. 2 during the gap closure stage [18]. Since the

m1

m1

i 0

i 0

Ff   Ff ,i  rp,c   Ei  swet , v f  .

(5)

Since the mould compression speed can be calculated
from the preform compaction velocity, the following
equation can be used to compute rc:
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rc  rp ,c 
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where ρ indicates the density, the subscript fluid denotes
the fluid type, u indicates the velocity, u indicates the
Darcy velocity:

(6)

,vf 

u  u  1  v f  .

The equivalent spring stiffness values (E0, E1, ..., Ei) of
the preform subparts need to be determined from the
preform compaction characteristics which will be
discussed in the next section.

The fluid physical properties Φ (indicates ρ or μ) can
be obtained by

  x, t   C  x, t r + 1  C  x, t  a ,

2.2. Compaction and permeability models of
preform
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where σα(rp,c) is the stress as a function of compaction
speed at a reference fiber content vfref, σβ(vf) is the stress
response as a function of fiber content at a reference
compaction speed rp,cref, the constant λ = σα(rp,cref) = σβ(vfref).
σα(0) and σα(∞) are respectively the stresses at the "very
slow" and "very fast" speeds at the reference fiber content,
Nα and Nβ are the numbers of exponential terms, vfdat is
some datum volume fraction. Different model parameter
sets (βi, αi, Nβ, Nα) are used to reflect the compaction
behaviours of different infiltration states in the viscoelastic
compaction model.
During the preform compaction, the following relation
between fiber volume fraction and preform thickness can
be established:

v f  hp,ini  v f ,ini hp ,

1  v 

3. NUMERICAL APPROACH AND
IMPLEMENTATION
During the simulation of the preform compaction stage,
the equivalent spring stiffness values Ei of the preform
subparts need to be determined before computing the
mould compression speed by Eq. 6. Since the preform
compaction model (Eq. 7) is too complex to obtain the
mathematical expressions of the stiffness values, we
estimate them by data interpolation. The speed-stress curve
of preform compaction as shown in Fig. 4 can be drawn
from the compaction model (Eq. 7), then the stiffness
values can be calculated by

(8)

Ein 

n 1
Fi n 1  f ,i  Ai ,

rpn,c1
rpn,c1

(15)

3

f

,

(9)

where Ai is the area of the i-th preform subpart contacted
with the moving platen of the mould, σf,in-1 is the
compaction stress on the i-th subpart of the preform which
is obtained from the compaction speed-stress curve as
shown in Fig. 4. Since the stiffness values vary with the
infiltration state and fiber volume fraction, we have to
recalculate them for every subpart at each time step,
simulation results of the last time step (σf,in-1 and rp,c n-1) are
used to estimate the stiffness values at the current time step
Ei n.
The implementation of the above simulation method is
accomplished in the Fluent environment by UDF (UserDefined Function), a self-defined momentum source is
programmed and exerted into the Fluent solver to carry out
the changing flow resistance at each node. In order to
simulate the 3D flow, the dynamic changing of the mould
cavity is implemented by the moving mesh technology as

v 2f

where k is parameter determined from experiment.

2.3. Modeling of flow
During the mould-filling of CRTM, resin infiltrates the
preform and expels air from the cavity, this is a two-phase
flow process. The Volume of Fluid (VOF) method is a
relatively mature interface tracking technique in Eulerian
grids for two-phase flow, and it has been widely used in
the simulation of RTM processes, so the VOF two-phase
model is used to describe the resin flow during the mouldfilling process of CRTM in this paper [9, 27]:

 fluid

(14)

where h indicates the thickness of the mould cavity.
Eq. 10, Eq. 13 and Eq. 14 describe the resin-air twophase flow during the mould-filling process of forcecontrolled CRTM.

where hp is the preform thickness, hp,ini indicates the initial
preform thickness, vf,ini is the initial fiber volume fraction
of the preform. Preform permeability K is a key parameter
of the flow simulation, with the increase of the fiber
content, it decreases rapidly. The Kozeny-Carman equation
is one of the most popular permeability models [25, 26]:
K v f   k

(13)

Assuming the fluid is incompressible, the mass
conservation for flow in cavity can be expressed by
[9, 13, 14]

,(7)

i rp ,c / rpref,c

(12)

where x is the location of fluid, C is the resin volume
fraction in a computational cell.
The following equation is used to track the fluid
interfaces in VOF:

The viscoelastic compaction model is adopted to fully
express the dynamic compaction characteristics of preform,
details of this model can be found [23, 24]. According to
the viscoelastic compaction model, the compaction stress
of preform can be described as
 f  v f , rp ,c      rp ,c     v f   =

(11)

 u
u
  fluid u u  p   fluid u  fluid
t
K

(10)
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shown in Fig. 5, the moving velocity and orientation are
both adjustable.

Moving wall
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vf=0.6

Compaction stress, kPa
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Static wall

Fig. 6. Simulation model of one-dimensional flow
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The comparison of the progression of the flow front is
shown in Fig. 7 a. The analytical result of the resin
injection stage is obtained by integrating Darcy's law:
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where pin and pout are the injection pressure and outlet
pressure, l indicates the length of the saturated preform.
The analytical result of the preform compaction stage is
computed by the equation given in [17], which is only
effective for 1D flow. At t = 23.9 s, the desired amount of
resin is completely injected and then the mould is
compressed under the constant force (1kN) until the final
thickness is obtained and all the preform is infiltrated (at
t = 40 s ). As can be seen in the figure, the simulation
result of the resin injection stage is consistent with the
analytical values, while the simulated flow front velocity is
a little smaller than the analytical values during preform
compression stage, which may be caused by the following
reasons: (1) The dynamic characteristics of the preform
compaction and the inconsistent flow front as shown in
Fig. 7 b are not considered in the analytical values; (2) The
effect of boundary layer thickness during injection; (3)
Coefficient of thermal expansion (CTE) mismatch between
the resin and preform.

10

Compression speed, mm/min

Fig.4. An example of preform compaction speed-stress curve

Since the variation in cavity thickness is directly
achieved by the moving mesh, the mass conservation
equation (16) needs to be replaced by

 u  0 ,

(16)

To ensure mass conservation, the master-slave element
method is employed to calculate the resin squeezing from
the infiltrated preform. The detailed information on
implementation method and parameters calculation can be
found [27].
Moving
boundary

Moving direction

220
200

Flow front position, mm

180

Static boundaries

Fig. 5. Demonstration of moving mesh

4. VALIDATION OF NUMERICAL
SIMULATION
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The validity of the numerical approach presented in
this study is checked with analytical solution of onedimensional flow in a rectangular mould cavity. The
preform is the 650 g/m2 woven glass whose compaction
model parameters can be found [23]. Dimensions of the
rectangular cavity are 220, 50 and 10 mm. The mould
cavity and preform have the same initial thickness, the
initial porosity of the preform is 0.6 and the permeability
model parameter k on the flow direction is 4 × 10-10. Since
there is no open gap in the mould cavity, the total filling
process only involves two stages: resin injectin and
preform compaction. Resin is injected at a fixed inlet
pressure of 200 kPa during resin injection stage and the
total clamping force is 1 kN during the preform
compaction stage. The final thickness of the preform is
8 mm and the resin viscosity is 0.4 Pa.s. The threedimensional simulation model and the boundary conditions
are shown in Fig. 6.

0
0

5

10

15

20

25

30

35

40

Time, s

a
Moving wall

Flow front

Infiltration region

Resin flow direction

Dry region

b
Fig. 7. Comparison of the progression of the flow front:
a – comparison of the progression; b – flow front during
preform compaction stage
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Fig. 8 presents the mould compression speed and
thickness evolutions during the preform compaction stage.
Since the total clamping force is constant, the compression
speed reduces gradually as the decrease of the preform
thickness, at the end of the filling process, the compression
is only about 2 mm/min. A good agreement can be seen
from the comparison between the simulated and analytical
thicknesses, the causes of errors have been discussed in the
previous paragraph.

The mould filling conditions for each example are
given in Table 2. The initial cavity thickness is larger than
the initial preform thickness in example 1, so a narrow gap
(10 mm thick) exists between the top of the preform and
upper surface of the mould. The permeability of the CSM
preform can be computed from:
K  v f   3.07 108 e

12.97 v f

m  .

(18)

2

Table 2. Process parameters

10.0
20
9.8

Injection flow rate

18
16

Preform thickness,analytical

14

Preform thickness, simulation
Compression speed, simulation

9.4
9.2

12

9.0

10

8.8

8
6

8.6

4

8.4

2

8.2

0

μ
hini
hp,ini
vf,ini
hfinal
Ftotal

Preform thickness, mm

Compression speed, mm/min

9.6

Example 1
51.2 ml/s
0.4 Pa·s
80 mm
70 mm
0.35
60 mm
4 kN

Example 2
51.2 ml/s
0.4 Pa·s
70 mm
70 mm
0.35
60 mm
4 kN

Numerical simulations of the mould filling patterns in
both examples are shown in Fig. 10.
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Fig. 8. Mould compression speed and preform thickness traces
during preform compaction stage of one-dimensional flow

5. THREE-DIMENSIONAL FLOW EXAMPLES
Two 3D numerical simulations are given to
demonstrate the application of 3D flow simulation and
analysis of mould-filling process in force-controlled
CRTM on different filling parameters. Fig. 9 shows the
simulation mesh of the two examples, the preform used in
simulations is CSM (Chopped Strand Mat) and its
compaction properties are listed in Table 1.
Inlet

10.22 s

58.8 s, end of resin injection

Moving wall

70.9 s, end of gap closure

400

383 s, end of mould-filling
a

hini

Outlet
240

Fig. 9. Simulation model for both examples

21.5s

58.8 s, end of resin injection

Table 1. Viscoelastic compaction model parameters for CSM
preform
ucref = 2mm/min, vfre f= 0.425, Nα = 4, Nβ = 4, NA = 2, vfdat = 0.425
Dry
α1
8000
σα(∞)
90000
β2
7890000
α2
2.9
σα(0)
30000
β3
2825300
α3
0.8
β0
76129
β4
47027000
α4
0.85
β1
1193200
Wet
α1
80
σα(∞)
94000
β2
7786100
α2
1.5
σα(0)
30000
β3
2395900
α3
1.23
β0
79721
β4
30040000
α4
1.25
β1
1249100

137.1s

395.9s, end of mould-filling
b

Fig. 10. Flow patterns: a – example 1; b – example 2

The total resin injection times for the two examples are
both 58.8 s since the constant flow rate strategy is used. In
example 1, resin flows into the narrow gap firstly and then
complete mould filling occurs, and the resin flows during
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the last two filling stages (see Fig. 10 a) can be assumed to
be one-dimensional (see Fig. 2). Conversely, resin directly
infiltrates the preform in all directions in example 2, so a
3D irregular flow front is formed. Fig. 11 presents the
injection pressure evolutions for both examples. In
example 1, the injection pressure is negligible before the
open gap is fully filled at t = 15 s, then it increases linearly
which is agree with the one-dimensional flow. On the
contrary, an extremely high injection pressure is produced
in example 2 because of the inexistence of gap.

compression speed of example 1 is much higher than that
of example 2, the difference between the total filling times
of the two examples is much less, this is because the
compression speed of example 1 falls faster as can be seen
in Fig. 12. The reason for the above phenomenon is that
the decrease of the resin counter force of example 2 is
faster than that of example 1 as shown in Fig. 13, so the
preform compaction force increases faster in example 2
according to Eq. 3, as a result, its compression speed falls
slower.
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CRTM increasingly becomes an important processing
technology to fabricate large-scale or high fiber content
composite parts, while the full 3D simulation for the forcecontrolled CRTM filling process is unacquirable until now
since the complicated resin flow and preform deformation.
Especially for the force-controlled CRTM in which the
coupled resin flow and mould compression behaviors need
to be solved. In this paper, the total applied clamping force
was analyzed firstly, the mould compression speed
calculation methods for both gap closure and preform
compaction stages were proposed based on the equivalent
spring system. The viscoelastic compaction model was
adopted to describe the preform compaction characteristics,
and the VOF two-phase model is established to express the
resin-air flow in narrow gap and preform simultaneously,
in which the narrow gap is considered as 3D area without
flow resistance. Then the 3D numerical solving method of
the above mathematical models was developed based on
the VOF module of Fluent software, in this method, the
dimension changing of mould cavity is implemented by
moving mesh technology, and the master-slave element
method is used to simulate the resin squeezing from the
infiltrated preform. Finally, the above simulation method
was verified by comparisons with analysis results, and two
three-dimensional simulation examples have also been
presented.

0
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Time, s

10

275

6. CONCLUSIONS

10

125

250

From the above simulation results, we can find that
under a constant champing force, the mould compression
speed decreases rapidly with the increasing of the fiber
volume fraction, which may lead to a longer process time.
Increasing the clamping force during preform compaction
is one of the alternative solutions, but the higher mould,
equipment and control requirments will be needed.

80
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225

Fig. 13. Resin counter force traces

The mould compression speed and cavity thickness
evolutions of the two examples are presented in Fig. 12.
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Time, s

Fig. 11. Injection pressure traces
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Time, s
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Fig. 12. Mould compression speed and cavity thickness traces: a example 1; b - example 2

Similar to the 1D flow, both the compression speeds of
the two examples exhibit decreasing trends. It should be
noted that in example 1, a plunge can be found at t = 70.9 s,
because the open gap is closed completely and the preform
starts to be compacted at this time. Eq. 2 and Eq. 6 are
applied to compute the compression speeds before and
after this moment, respectively. Although the initial
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