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1.1. RTM Process Overview

» Resin Transfer Moulding (RTM) is a process used to manufacture Fibre Reinforced Polymers (FRP), which consists of 5

steps as shown in Fig. 1 [1].
H (5) Part

(1) Fabric
preparation

(2) Fabric laying within the (4) Resin impregnation and
mould curing

N

7

(3) Mould closing

Figure 1: The Resin Transfer Moulding (RTM) process
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1.2. Particle Mixed Resin Flow

» Particles may be mixed with the resin to improve the properties of parts manufactured using RTM [2][3].

» The sizes of these particles can range from the micrometre scale to the nanometre scale, as shown in Fig. 2.

» The presence of particles within the resin affects the
resin viscosity, and filtered particles affect the
permeability of the flow channels

» Both of these phenomena subsequently affect the flow
of particles during infusion [4][5].

« Transport models and simulations can provide valuable
information regarding particle filtration and the final Figure 2: Different types of particles (a) Multi-Walled Carbon Nanotubes (b)
particle distribution [6]. Graphene Nanoplatelets [6]

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 4
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2.1. Governing Equations for Resin Flow

» The resin flow through the reinforcement preform is modelled as a flow through a porous medium, governed by the
mass conservation equation (Eq. 1) and the Darcy equation (Eq. 2).

V-u=0 (1)
VP (2)

» Here, u is the volume-averaged resin velocity, K is the permeability tensor for the porous preform, u is the resin
viscosity, and P is the resin pressure.

« The above equations can be combined to obtain Eq. 3, which is then used to solve for the in-mould pressure distribution
at each time step.

V. (EVP) ~0 3)

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 5
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2.2. Governing Equations for Particle Transport

Eulerian descriptions are suitable for modelling the transport of
fine particles, where the number of individual particles can be
extremely large.

It has been observed experimentally that particles
tend to get filtered as the resin impregnates the
reinforcement (Fig. 3).

These dynamics can be modelled by
introducing appropriate sink/ source
terms in transport equations [7].

Figure 3: Filtration of GNP through the reinforcement, resulting in a non-uniform
distribution of nanofillers.

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 6
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« These dynamics can be modelled by introducing appropriate sink/ source Particles stuck on/ in tow (filtration) - C;

terms in the transport equations (Egs. 4 and 5) [7][8]. /
d¢C,
ot +V-(uCy) = _Sfiltered (4) o @ .’/. ® i o ® o
° ® e O
aC, _ ® ®
7 - +Sfiltered (5) ®
°® ® o
C; = Mass concentration of particles in the resin (kg/m?luid) ® ® ® o0 — -
/ @
C, = Mass concentration of filtered particles (kg/m},,,;) e \
(= Mass concentration of filtered particles) Particles in Resin — C, Fibre Tow

Figure 4: Classification of different particle species

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 7
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2.2. Governing Equations for Particle Transport

« These dynamics can be modelled by introducing appropriate sink/ source Particles stuck on/ in tow (filtration) - C;

terms in the transport equations (Egs. 4 and 5) [7][8]. /
dpCy
ot +V-(uCy) = _Sfiltered (4) o @ .’/. ® £ o ® o
° ® e O
aC, B P ®
7 - +Sfiltered (5) ®
o® ® o
®
C; = Mass concentration of particles in the resin (kg/m?luid) ® ® ® o0 — -
o ®
C, = Mass concentration of filtered particles (kg/m},,,;) e \
(= Mass concentration of filtered particles) Particles in Resin — C, Fibre Tow
Figure 4: Classification of different particle species
Sfiltered = ku(; (6)

Sritterea IS the rate of particle filtration, and can be expressed using Eq. 6. Here, k is the filtration coefficient [8][9].

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 8
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« These dynamics can be modelled by introducing appropriate sink/ source Particles stuck y/i” tow (filtration) — G,

terms in the transport equations (Egs. 4 and 5) [7][8].

aCbCl C; = Mass concentration
ot +V-(uéy) = —Stiltered (4) of particles in the resin o o "/. () L. @ ® ®
oC ° ® e O
— 22 _ , C, = Mass concentration [ ) Q
ot +orittered ) of filtered particles ®
o® ® o
Sfiltered = ku(, (6) o :.. .. ® ®
* Furthermore, it has also been observed that the reinforcement // \
permeability and the resin viscosity are influenced by the Particles in Resin — C, Fibre Tow

presence of particles [10][11].

Figure 4: Classification of different particle species

* This can be conveniently V- (E Vp) —
implemented in LIMS-MPI.

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 9
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2.3. Liquid Injection Molding Simulation (LIMS) Software

» Research software developed at the Center for Composite Materials, University of Delaware.
« Simulates the mold-filling stage of liquid composite molding processes.

» Predicts resin flow, pressure distribution, fill time, and flow-front progression. Also supports
process design for injection and venting strategies (Fig. 5).

Inputs LIMS Outputs

/ Part Design/Meshing \ x ‘ \ mPattern

- Pressure
Simulation

Settings

Permeability and
Preform
Properties

Resin Fill

* Pressure/Flowrate

* |nlet and vent location
/ *  Fluid properties k

Figure 5: LIMS Software Overview
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2.3. Liquid Injection Molding Simulation (LIMS) Software

* LIMS simulation example:

Automotive B-pillar (Fig. 6)

g Figure 6: Automotive B-pillar

v Flow through porous media,
* Previously shown by LIMS: v"  Deformation of flow domain,
v" Energy transport and cure evolution.

—

x Volatile transport and accumulation
» Discrete entities (bubbles)
* What had not been addressed: < = Dissolved volatiles
x  Multiple species reaction
_ X Particle transport

Challenge: Model coupling directly into code is
difficult

Approach: Develop parallel decoupled models

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 11
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2.4. Message Passing Interface (MPI)

« MPI is the standard framework for parallel computing and allows separate simulation codes to exchange data during runtime.

« Useful when one model controls flow while another solves additional physics.

/ LIMS \ /Transport Model 1\ /Transport Model n\

(Flow Model) (Particle) (Energy)
Solves Pressure and Data Stream
= R D
—>[ R ] from LIMS Reads Data eads Data
1 MP] 1 1
[ Provide the one step ]_ Inte rfaCe [Simulate Transport Model] "o [Simulate Transport Model]
solution data in the Given Time Step in the Given Time Step
: | !
: Data Stream
__[iReceivesicedbaaiya S to LIMS — Sends Feedback to LIMS] fSends Feedback to LIMS]
\ update parameters 0 k / k[ /

Figure 7: MPI Operation v" Multiple models run in parallel, while LIMS remains as the main flow solver.
v Data transfer occurs only at LIMS timesteps.

v" MPI enables execution across multiple cores / CPUs. 5
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2.5. LIMS-MPI
« Transport Modeling Description
v" Kinematic equation for particle motion. / LIMS \ /Transport_ Model 1\
(Flow Model) (Particle)
v Particle concentration transport with )
source/sink terms - SIS [PIEEELIE: Reads Data
Flow Velocity, etc. )
v" Modified Gebart equation for permeability v !
. . 4 )
variation Provide the one step Simulate T  Model
i muiate | ranspo oae
v" Modified Kriegher-Dougherty equation for ° . S°|Ut'°_n Sl iln ;Jhe v TFi)me Step
) : e =
viscosity variation Z < - . Particle advection
Receives feedback and «  Particle filtration
* Necessary Model Parameters L update parameters ) . Viscosity update
: : . e P bilit dat
v Filtration coefficient ) v 1 N ermeability up ae/
v" Viscosity coefficient Done?
. { J
« LIMS harnesses “Transport Code” functionality 5 ] Sends Feedback to LIMS]
through the internal LBASIC script. \ utputs / /
 Transport Model 1 provides the “Common” simulation Figure 8: LIMS-MPI Overview [12]

functionality and communication. 13
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2.6. Particles and Viscosity

» The presence of particles changes the viscosity of the resin, thus, it is a function C -2
of the particle concentration within the resin. = po|1-— " (8)
« The viscosity variation can be modelled using Eq. 8. Here, u, is pure
resin viscosity, and A is a constant [8][13]. Lo00
900
800
- This relation is valid for non-interacting particles with a ;g 70
narrow size distribution [7]. z
2 500
% 400
E 300
* Asi illustrated in Fig. 10, the resin viscosity and its rate 200
of variation increase with the particle concentration. 100
’ 0.0 10.0 20.0 30.0 40.0 50.0

Particle concentration in resin C; (kg/m=3)

Figure 10: Variation of resin viscosity with particle concentration

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 14
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2.7. Particles and Permeability

« The permeability depends on the pore space available for the resin to flow. Fibre Tow

Control Volume /

N\

» This available space reduces with increasing particle filtration, thereby decreasing
the permeability.

« Itis assumed that the particle filtration results in a uniform coating over the

cylindrical tow surfaces, as shown in Fig. 9. II;articI_et )
eposi

» The updated permeability can be estimated using the Gebart permeability model /
(Eq. 7) by modifying the preform volume fraction [14].

Figure 9: Parameters for permeability

. . update
Vemax = Maximum volume fraction
5/2

16 Vemax ) V¢ = Initial preform volume fraction
K = / -1 R¢; 7
new 97_[\/5 Vf + VP final ( )

Vp = Filtered particle volume fraction = C, /pp

Rfinq; = Final tow radius

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 15
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2.8. Transport Model Configuration

Partially Coupled Model

Velocity Particle

 In this approach, the resin viscosity/ preform permeability is assumed Field Motion
to be constant and unaffected by the presence of particles (Fig. 11a)

Figure 11a: Partially coupled model

» After the pressure and velocity fields are solved, the particle
concentrations are updated based on the resin flow, resulting in a
passive transport.

Velocity Particle

Fully Coupled Model Field Motion

 In this approach, the resin viscosity/ preform permeability is updated
at each time step according to the concentration of particles within an
element (Fig. 11b).

Viscosity/
Permeability

Figure 11b: Fully coupled model

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 16
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3.1. Numerical Flow Domain

« The numerical domain is a 10cm X 30cm rectangular mould, and the resin is injected under controlled pressure/ flow
conditions from a line gate, as shown in Fig. 12.

» Particles are introduced to the system from the inlet under different conditions, and the final distribution of particles within
the resin and filtered particles is analysed.

« The numerical parameters are given in Table 1.
Table 1: Flow simulation parameters

/—\‘ Parameter Value
| A

Incoming particle concentration fixed at the left edge Mould thickness 5mm

3 ’ L+ Preform permeability 5e-11 m?
TR \

* N

5 £ Resin viscosity 200 mPas
? * Preform o

g 2 :

& Preform volume fraction 0.5

® o>

-

\ 4

A

30 cm
Figure 12: Numerical domain setup

17

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK



3. Results
3.2. Partially Coupled Model
» Particle transport was simulated under constant inlet flow

rate conditions with a fixed inlet concentration of 10 kg/m3.

* Fig. 13a shows the final distribution of particles within the
resin (C;) and the filtered particles (C,) with and without
filtration effects.

 In this case, the preform permeability and resin viscosity
are unaffected by the presence of particles (Figs.13a,b)

220
=210 |- -
©
o
£
= 200
S
o
3
> 190 -
180 1 1 | 1 | | 1
0 5 10 15 20 25 30 35 40
Mould length (cm)
Figure 13b: Variation of the resin viscosity at the end of mould filling
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— — — Particles in resin (C1)with k=0
— — — Filtered particles (Cz) withk =0

Particles in resin (C1)with k =5m"

Filtered particles (Cz) with k = 5m"

0 I5 1 ‘0 1 I5 2IO 2‘5 3IO 3I5 40
Mould length (cm)
Figure 13a: Distribution of particles at the end of mould filling
x1011
0 5 10 15 20 25 30 35 40
Mould length (cm)
Figure 13c: Variation of the preform permeability at the end of mould filling
18
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3.3. Fully Coupled Model

» Here, the resin viscosity and preform permeability
become dependent on C; and C,, respectively.

10

Particles in resin [C_I}with k= 5m""

Filtered particles (C., ) with k = 5m™|

* The initial resin viscosity was 200mPa. s, and the initial
preform permeability was 5 x 10711 m?2,

Particle concentration (kgm'a)

« As shown in Fig. 14, the viscosity and permeability 0 | | | w | | ‘
0 5 10 15 20 25 30 35 40

deviate from their initial values in regions with high Mould length (cm)
particle concentrations.

Figure 14a: Distribution of particles (k = 5 m*') at the end of mould filling

x1011
250 5.1
240
- e B e I e B e
230 E
=
220 549 B
@
£
@
210 @ 48F -
200
' ‘ ' ' ' ' ‘ ! \ ! ! ! ! \
47
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Mould length (cm) Mould length (cm)
Figure 14b: Variation of the resin viscosity at the end of mould filling Figure 14c: Variation of the preform permeability at the end of mould filling
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3.3. Fully Coupled Model

W
(=]

» Here, the resin viscosity and preform permeability
become dependent on C; and C,, respectively.

——Particles in resin [C_I}with k= 50m""

()]
o

Filtered particles [Cz}with k= 50m""

B
o

* The initial resin viscosity was 200mPa. s, and the initial
preform permeability was 5 x 10711 m?2,

N
(=]

Particle concentration (kgm's)

o

* As shown in Fig. 14, the viscosity and permeability : : - - - - - - )

deviate from their initial values in regions with high Mould length (cm)

particle concentrations. Figure 15a: Distribution of particles (k = 50 m) at the end of mould filling

x1011
250 55
240 . Y A
&
230 |- {1 £
o 45~ 7
220 |- . %
E 47 i
210 |- Sy
35 .
200 === === =====
1 1 | | 1 1 1 3 | | | | | | |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Mould length (cm) Mould length {cm)
Figure 15b: Variation of the resin viscosity at the end of mould filling Figure 15c: Variation of the preform permeability at the end of mould filling
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3.4. Impact of the Particle Presence

* The presence of particles significantly alters the mould fill time and the pressures generated within the mould, compared
to an injection of pure resin (Fig. 16).

Resin without particles 3r -
Resin with particles

i Resin without particles
Resin with particles

Mould fill fraction

mn
o
‘)‘(‘ 25 -
0.8 . -
L]
o
= 2 iy
o
0.6 _ =
o 15 .
5
w
04 N %
o

—_—

0.2 05

O | | | | | 1 | | | 0
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800
time (s) time (s)
Figure 16a: Variation of mould fill fraction with time for a fixed pressure Figure 16b: Variation of pressure at the inlet with time for a fixed flow
resin injection rate resin injection
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« The incoming particle concentration (C;) and the %}\

filtration coefficient (k) were varied while recording 750 |

the mould fill time.
700

650

* It was seen that the mould fill time increased with the
increasing C; (Fig 17).

)

e (s

Mould fill tim

* This can be attributed to the resin viscosity increase
and permeability decrease caused by the increasing
presence of particles within the system.

» |t was also seen that for a given C; value, there
existed a specific value of k at which the mould fill
time was minimum (Fig. 17).

Figure 17: Variation of mould fill time

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 22
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» Here, the incoming particle concentration (C;) and
the filtration coefficient (k) were varied while o ?
monitoring the pressure at the resin inlet.

%3.5 ' ' 0 ' . »
s
 In atrend similar to the previous case, the pressure 2 ’ M"“Z{O“Qr,,,,,,
at the inlet increased with C;. (Fig 18) 525 “‘%Eggg;;l

KL
L

50

« Large pressures were observed when both C; and k
were high.

Figure 18: Variation of pressure at the inlet

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 23
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3. Results

3.7. Influence of Filtration Coefficient

k=1m™1

The influence of the filtration coefficient (k) on the

particle distributions (C; and C,) at the end of
mould filling was investigated (Figs. 19a and 19Db).

C, (kgm™)

15 20 25 30 35 40

At very low values of k, particle distribution within
Mould length (cm)

the fibre preform tends towards homogeneity.
Figure 19a: Variation of C; with k

However, for realistic k values, severe filtration
causes the particles to accumulate near the resin

inlet.

-3
C, (kgm™®)

35 40

* This leads to increasingly non-homogeneous

particle distributions at the end of mould filling. 15 20 25 30

Mould length (cm)

Figure 19b: Variation of C, with k

24
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3.8. Influence of Racetracking

« Racetracking is an important phenomenon that occurs during RTM mould filling, and has a significant impact on the resin
flow front evolution and the mould fill time.

» Racetracking was introduced to the current model by increasing the permeability of
elements along the mould edges, as shown on Fig. 20.

« The permeability of the racetrack s C> 1
elements was set to be 100x the 2
permeability of the preform elements. [ * Preform : c
: Il
o
g ’ Racetrack channels =
o '
g [ rticl tration fixed at the left ed
« The racetrack element permeability was £ ‘ ncoming particie concentration fixed at the feit edge
unaltered, due to the absence of particle v
filtration. < 30 om >
Figure 20: Implementing racetracking along mould edges
25
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« Racetracking results in a 2-dimensional flow of resin, and strongly influences the final distribution of particles as shown in

Fig. 21.

Figure 21: Evolution of particles in resin (C;) distribution with time during mould filling

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK
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3.8. Influence of Racetracking

« Racetracking results in a 2-dimensional flow of resin, and strongly influences the final distribution of particles as shown in
Fig. 22.

2498

265

232

t=40s 1.99

1.66

1.32

0.9s

0.68:

0.33

N A A L
NS ENaENAENaa N S SN SEINESSINCNNINSCSSUNISUNSONSEUNSOUSOONCSUONCOUSOUNNGOSDNNNGONNNNONNNNNOND  ScussamssssssusSiSSSNSSNSSSNSSSSSNSSOmsSacsSasSzessasszssan: SnImmmmmmEmEE O

Figure 22: Evolution of filtered particle (C5,) distribution with time during mould filling
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3.8. Influence of Racetracking

Racetracking results in a 2D flow of resin, and strongly
influences the final distribution of particles as shown in
Figs. 18 & 19.

Since the flow rapidly develops along the mould edges,
particles are introduced to the mould extremities.

Therefore, compared to the 1D case, the distribution of
particles within the resin is higher when racetracking
(i.e., high permeability flow paths) is present.

This could be an indicator of a potential method of
achieving more uniform particle distributions.

However, this approach also results in the loss of a
certain particle mass, which may be a limiting factor.
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Cy (kgm®)

B o«

L]

W 5

Figure 22: Distribution of filtered particles (C,) at the end of mould filling
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The transport of particle mass concentrations during resin impregnation was modelled and simulated using LIMS and
MPI.

Pressure and velocity fields were solved using LIMS, and these were used by a worker script to transport the particles.

The updated permeabilities and viscosities computed by the worker were sent back to LIMS, allowing fully coupled
simulations.

The influence of particle presence, resin injection conditions, filtration coefficient, and racetracking was investigated.

It was found that the combination of incoming particle concentration and the filtration coefficient has a strong influence on
the particle distribution at the end of mould filling.

2D flows resulting from high permeability flow channels (such as racetracking) show potential over 1D flows to obtain
more uniform particle dispersion.

In line with this, the influence of high permeability channels and multipoint resin injections on dispersion uniformity needs
to be evaluated.

The 17t International Conference on Flow Processes Composite Materials, 30t June — 2" July 2026, The University of Sheffield, UK 29
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