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INTRODUCTION

PRESENTATION OF LIQUID COMPOSITE
MOLDING

"Liquid Composite Molding" (LCM) is a generic term for a family of related processes
in composite manufacturing, in which continuous fibers used as reinforcement are first
placed in the bottom part of a mold, then a polymer matrix is injected as liquid resin
into the cavity. After curing, the part is demolded. The resin impregnation of the
preform is governed by Darcy's law, the general model describing fluid flows through
porous media. Although LCM technologies are used mainly to manufacture
composites with thermosetting resins, thermoplastic resins can also be processed under
certain conditions.

The main LCM process variants are stated below:

- Standard or closed mold RTM ("Resin Transfer Molding"): closed mold injection
of resin that can be performed also after vacuum has been made in the mold. This

latter alternative is often called "Vacuum Assisted Resin Transfer Molding" -
VARTM).

- Non isothermal RTM . The mold and/or the resin are heated to facilitate the resin
flow by decreasing resin viscosity.

- Injection-compression ("Compression Resin Transfer Molding" - CRTM). The
top part of the mold is opened slightly during resin injection in order to increase the
porosity of the reinforcement and facilitate mold filling. Transverse flow is
considered as negligible for this process.

- Vacuum Assisted Resin Infusion - VARI. The reinforcement is covered by a
flexible membrane, which is sealed and under which vacuum is done.

- Liquid Resin Infusion — LRI. Often, VARI is considered as a variant of LRI. What
distinguishes LRI is a use of a highly permeable layer; it could be a net bleeder set
over one side of the preform or an internal reinforcement layer. The resin flow is a
combination of transverse flow and surface flow; transverse flow is significant for
this process and can not be neglected. Note also that in a quite similar - and patented
- process variant called SCRIMP, a flexible membrane is also used with vacuum
together with a skin of much higher permeability on top of the reinforcement.

- Resin Film Infusion - RFI. A resin film is positioned on top of the reinforcement.
Resin flow occurs through the thickness of the part, as the resin film is heated and
compressed by a press.

- Autoclave RTM. This hybrid process variant uses an autoclave to control the
pressure on top of a flexible membrane under which resin is injected. The

INTRODUCTION
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membrane is semi-permeable, in the sense that it allows air to be expelled during
resin injection, but it is impermeable to resin.

INTRODUCTION
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These LCM process variants are illustrated in the following figures:
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As there is a large number of LCM process variants currently in use or under
development, it is not possible to describe all of them, nor even the details of the ones
presented above. This information is usually part of the corporate know-how. Very
often LCM simulations must be tailored to meet the diversity of injection processes.

RTM Process

The most frequently used resins are polyester, polyurethane, phenolic and epoxy
systems. The reinforcements are made of glass, carbon or kevlar fibers. In the RTM
process, resin is injected at a relatively weak pressure, usually less than 5 bars to
prevent fiber washing by the resin flow. The injection can be performed using one or
several injection ports, injection lines or a tree of injection channels. It is necessary to
select a good configuration of injection ports and vents to avoid dry spots and minimize
filling time. This is precisely the goal of numerical simulation.

Motivation of Filling Simulations

In numerous situations, numerical simulations of mold filling can be of great help to
avoid problems such as resin rich areas, air bubbles, dry spots, zones of high porosity,
as well as the formation of cracks following cure shrinkage. Most of the time, for large
parts, and even for small parts with ribbed connections, it is advantageous to determine
by simulation the optimal positions of injection ports and vents.

Simulation software has been developed in the last few years to assist in the design of
RTM molds. It is more economic to perform simulations before construction of the
mold than to modify an existing mold. The more complex is the mold, the more costly
are mistakes in mold design. This is the reason why, even for small parts, it is useful to
perform a preliminary study by simulation.

Modeling

The numerical simulation of the RTM process implies the modeling of three categories
of physical phenomena: the resin flow through the fiber bed, the thermal analysis of
heat exchanges in the part and with the mold, and finally, the chemical reaction of the
resin.

Flow in a Porous Medium

In the RTM process, the resin flows through a fibrous reinforcement, which can be
considered as a porous medium. In this case, the flow of resin is governed by Darcy’s
law, which states that the flow rate of resin per unit area is proportional to the pressure
gradient and inversely proportional to the viscosity of the resin. The constant of
proportionality is called the permeability of the porous medium. It is independent of the
fluid, but it depends on the direction of the fibers which form the reinforcement (if the
porous medium is no isotropic). The reinforcement is initially dry and the resin must
fill the cavity. Capillary forces of attraction or repulsion act to the forehead of flow.

INTRODUCTION
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These forces, which depend on the surface tension of the resin and on its ability to
adhere to the surface of fibers, have the effect of either reducing or increasing the
effective pressure at the resin front. However, they are considered as sufficiently small
in front of the pressure field in RTM to be neglected by numerical models.

Darcy’s law states that the fluid velocity is proportional to the pressure gradient:

where:

- K :permeability tensor
- u:viscosity of the resin
- V:Darcy’s velocity

- P:pressure

In order to preserve the balance of resin mass, the velocity field must satisfy the
divergence condition :

VIV =0

By combining these two equations, we get

V.(EVPJ =0
y7,

If Q denotes the cavity and dQ its boundary, boundary conditions are necessary to solve
the problem. These conditions can be of two types:

- Dirichlet conditions, or imposed pressure:

p=f(x,,2)

This means that the pressure is specified on part of the boundary dQ2. This is also the
case when the injection is made under vacuum; the pressure at the inlet gate is then
simply the air pressure. At the inlet gates, the pressure is equal to the value fixed by the
injection pump.

- Neumann conditions, or imposed flow rate at the inlet gates:
Vii=Q

An alternative to RTM is Vacuum Assisted Resin Infusion (VARI), which uses flexible
covers instead. The VARI process inherits the basic principles from RTM, while
requiring vacuum in the cavity where the reinforcement has to be placed. The vacuum is
mainly intended to reduce voids formation and facilitate the transfer of the resin, which
is injected at the ambient pressure.

INTRODUCTION
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However, in the case of deformable media, one has to derive the governing equations
starting from the resin mass balance in order to ensure conservation. The continuity
equation, considering the resin and the fibers material as incompressible, is expressed
as:

divlp-7.)=—div(V,)

Where ¢ is the porosity, V, is the resin velocity and V is the solid velocity.

Finally, Darcy’s law enables to write:

div(M<VP>J =div(V’,)= de

7] dt

where ¢ represents an infinitesimal deformation of the fiber bed.

This equation is the general form of mass conservation for the consolidation problem
and is often called the unified Darcy equation.

An additional equation is introduced to follow the deformation of the cover. A quasi-
steady state is assumed to prevail at any point on the cover surface. In the present case,
the sum of the compaction pressure (P.) and the resin pressure (P,) has to balance the
external pressure (P,y) acting on the cover surface. This can be formulated as:

P +PF =P,
The knowledge of the resin pressure and the external pressure allows the user to obtain

at each time step the thickness of the cavity from the compaction law of the
reinforcement. Therefore, compaction curve plays a major role in this approach.

The flow is solved using a non-conforming finite element approximation. The pressure
is discontinuous along the inter-element boundaries except at the middle nodes, as
shown below for a triangular element. Contrary to conforming finite elements, the
computed Darcy flow rates remain continuous across the boundary of elements. Instead
of associating fill factors with the nodes of the mesh as in the conforming finite
element, they are based on the elements of the mesh.

Ny

INTRODUCTION
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The pressure is interpolated using linear shape functions N;j as

plx,y)=a+bx+cy=> PN, (x,»)

and
0, if i#]j

N(x,y)=5, =
l(xj yj) g {l, l]p l:]

where (x}, y}) are the middle nodes at the element boundaries.

Permeability of the Reinforcement

The permeability characterizes the relative facility of a viscous liquid to impregnate a
porous medium. This physical property of the porous medium (cloth, fabric, fiber mat,
etc.) depends on the fiber volume fraction (degree of compaction) and on the draping of
the plies. The permeability is usually denoted by K and its unit is m’. The permeability
of reinforcements in their principal directions is determined experimentally.

Thermal Phenomena

The part lies in the cavity of the mold. It consists of fibrous reinforcements and resin,
which first fills up the mold and then becomes progressively polymerized. Heat transfer
phenomena have a strong influence on mold filling and resin curing. Indeed, the
temperature of the resin governs the reactivity of the polymerization reaction.
Temperature also has an influence on mold filling, since the viscosity of the resin
depends on temperature. Thermal simulations are therefore delicate to conduct because
of all the related phenomena. Firstly, heat is transferred by conduction between the
fibers and the resin. Secondly a convective transport of heat occurs during the filling of
the cavity by the resin. Finally, heat is produced by the exothermic chemical reaction of
resin polymerization. Some heat is also created by the viscous dissipation during the
resin flow, but to a lesser degree than the heat originating from the chemical reaction.

The temperature field is governed by the general equation:
Do

oT — ~
—+pc VeVT=VelkeVT—p Ah——
» o TP { Y= P, D1

where T denotes the temperature, ¢ denotes the time, p1is the density, C, is the specific
heat, & is the heat conduction coefficient tensor, the subscript 7 designates the resin,
Ah is the total enthalpy of the polymerization of the resin, « is the resin cure.

There are three kinds of temperature boundary conditions:

- Prescribed temperature boundary condition: 7" =T,

INTRODUCTION
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- Heat flux boundary condition: Z—T =q
n

- Heat convection boundary condition: Z—T =h(T, —T), where A is the heat
n

convection coefficient, 7 is the environmental temperature.

This general equation permits to treat the steps of pre-heating, filling and curing.
During the filling step, it is used with effective properties:

- For non-impregnated fibers:

PC, =9p,Cpo +(1=9)p,C,,

k =gk, +(1-9)k,

- For impregnated fibers:

pC, =¢p,C,, +(1-9)p,C,

k=k,+k,

where the subscript 7 stands for the resin, f for the fibers and a for the air. In general,
thermal properties of the air are neglected. The effective conductivity tensor 4, of the

composite is averaged in each direction. Like the permeability tensor K, the heat
conduction coefficient tensor & reduces to a scalar for the isotropic fiber preform.

The coefficient kp represents the thermal dispersion tensor arising from hydrodynamic
dispersion. It can be evaluated as a function of Peclet number, but its influence is small
as long as the fluid velocity is weak. However starting with PAM-RTM™ 2008, it is
now possible to take into account thermal dispersion. The following paragraphs
describe how it is modeled.

Experimental results showed that dispersion depends on Prandtl and Reynolds numbers
and that Peclet number can approximate hydrodynamics and heat transfer phenomena at
the pore level. Based on this, Delaunay et al. further extended this approach and showed
experimentally that both transverse and axial dispersions can be modeled empirically
using a mixing length approach, by correcting the components of the thermal

conductivity with an expression that depends on Peclet number as follows:

ﬂ’trans = A’stat (1 + 0 1P€)

INTRODUCTION
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ﬂ’axial = ﬂ’stat (l+ 08P€)
Peclet number Pe is defined here as:
vl
Pe=—_
a
where,
v, the observed velocity of the flow front (m/s), connected with Darcy
velocity by the relation v, =Y (¢ denotes the porosity of the fibrous
reinforcement)
[ characteristic length (m)
a thermal diffusivity (m? /s)

The characteristic length is referred to as the characteristic scale of the elliptical shape
of a compressed fiber tow,

PN N
In which case it is given by:

I=yJab

The following describes the thermal contact resistance. In a general way, when two
solids (parts of a mold, reinforcement) are in contact, because of their roughness and the
non-flatness of their surfaces, the contact is never carried out on all apparent surface.
Between the zones of contact remains an interstitial space, which is a zone with low
conductivity. The temperature field is thus considerably disturbed. The introduction of a
thermal contact resistance Ry, allows to neglect the thickness of the contact zone and to
replace the abrupt variation in temperature by a true discontinuity.

y
2" solid
W contact zone
1% solid
X
Ilustration of the thermal contact resistance
INTRODUCTION
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L-T,

The thermal contact resistance Ry is defined by ¢ = where T; and T, are the

th
contact temperatures on the interface and ¢ the heat transfer. Its surface value is
determined by the following relation:

R, =< (m*W'K)
k
Where e is the thickness of the disturbed zone and £ is often the thermal conductivity of

the air.

Thus, we can consider gaps in the mold or ribs in the reinforcement, by affecting locally
a value of thermal resistance.

The source term on the right side of the general equation of thermal phenomena
accounts for the internal heat generated by the exothermic chemical reaction in
thermoset resin system. This source term is usually assumed to be proportional to the

) Da
reaction rate —— .
Dt

Viscosity of the Resin

The viscosity of the resin depends on temperature and on the degree of conversion. The
dependence on the degree of conversion is very strong, since it is usually assumed that
viscosity reaches infinity when the resin comes to gelation.

The dependence of viscosity on temperature and the degree of conversion is modeled by
a constitutive law. PAM-RTM™ offers several options to model viscosity:

- Constant viscosity.

Viscosity function of the temperature from a predefined model

#(T)=A4-exp(B-T)

where 4 and B are two user specified constants.

- Viscosity function of temperature and of resin rate of conversion from a predefined
model, where 4, B and «x are characteristic constants of the resin:

,u(T,a)=A-exp(§+K-aj

- Viscosity u=f(T, ) function of temperature and of the resin rate of conversion,
such as in the following frequently used model:

T Ay — A

where B, Ty, ager, C; and C; are user defined characteristic constants of the resin.

INTRODUCTION
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Kinetics of Resin Polymerization

The software permits to define a kinetics of polymerization of the resin from the model
of Kamal-Sourour. The general shape of the equation of Kamal-Sourour for a resin
with n components is the following:

n
o= ZCla,.
i=1

day
dt

da, . ) ) .
where d—’ is the rate of reaction for the i component in s 1, the values of K; are
t

defined by the law of Arrhenius : K;=A4,exp(-E/RT)

- A, give the number of useful shocks to reactions,

- E;are the energies of activation of the chemical reaction,

- m; and p; are exponents characterizing the sensitivity of each autocatalytic reaction,

- C;are the weights of each reaction.

Coupling of Physical Phenomena

The following table presents a summary of the main phenomena that come into play in
the RTM process. All these phenomena are strongly coupled and PAM-RTM™ is able

to simulate them.

Category Phenomenon Mathematical model
Rheologic  Resin flow in a porous medium Darcy’s law
Variations of viscosity Constitutive law
Thermal Mold: conduction, loss in surface Heat equation, transfer coefficient
Part: conduction, convection, (convection-radiance)
generation of heat, superficial heat Equation of convection-diffusion
loss with source term, model with one
temperature
Chemical Transport of chemical species, Equation of convection-diffusion
diffusion, polymerization with source term, kinetic model
(Kamal-Sourour)
Mechanical Mold deformation Newton’s law

Variation of porosity and permeability Empirical models

INTRODUCTION

Presentation of Liquid Composite Molding



USER’S GUIDE & TUTORIALS 12 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

CREDITS

®
&« ECOLE J
POLYTECHNIQUE

MONTREAL

A series of software modules developed by the Chair on Composites of High
Performance (CCHP) at Ecole Polytechnique de Montréal have been incorporated in
PAM-RTM™ 2008, 2009 and 2010:

- Optimization of the void distribution in an RTM composite part through injection
flow rate (VoidOpt module);

- Rapid RTM flow simulation (OneShot module);

- Conditional opening of injection ports and vents during resin injection
(TriggerManager module);

- Incorporation of simultaneous filling and curing simulations including the
overfilling phase and the evacuation of excess resin at the end of the filling cycle;

- Optimization using genetic algorithms of injection points locations minimizing fill
time (GenPorts module);

- Compression RTM and Articulated Compression RTM (ACRTM).
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The University of

jt Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Permeability tensor of the reinforcements is the main material data required for Liquid
Composites Molding simulation. However, no normalization of the permeability
measurements exists today and significant scatters in measured permeability values
between laboratories are observed. In the first stage of an international benchmark
exercise on the experimental determination of reinforcement permeability; 11 partners,
implementing 16 different measurement techniques between them, compared in-plane
permeability data for the examples of fabrics provided by HEXCEL. A second stage of
this benchmark study is currently on-going; its purpose is to eliminate sources of scatter
and lead to a standardization of measurement methods.

Andy Long’s team especially Andreas Endruweit from Nottingham University who
participates in that benchmark partnered with ESI Group composites team is sharing
non-confidential permeability values measured these last years at the University. Few of
these reinforcement data are in the PAM-RTM installation files. A more extensive
database that is continuously improved and completed with new data is available on ESI
customer portal “MyESI” (local ESI representative must be reached for more
information).

There are currently no standards for permeability measurement to interpret the provided
data; while observed trends (e.g. for the change in permeability as a function of the fiber
volume fraction), are of general validity, application of different experimental methods
may result in quantitative differences in absolute permeability values.

The main purpose of the database is to provide a starting point to PAM-RTM users.

INTRODUCTION
Credits
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PAM-RTM USER'S GUIDE
INTRODUCTION

To run a simulation with PAM-RTM™, it is necessary at least to have prepared a mesh
of the part to inject using a commercial (GEOMESH, I-DEAS, PATRAN, CATIA) or
public domain mesh generator. Whatever the mesh generator you choose, it should have
the capability to export a mesh in one of the file formats supported by PAM-RTM™:
I-DEAS Universal, PATRAN Neutral, NASTRAN or PAM-SYSTEM. Most
commercial mesh generators can export a mesh in NASTRAN format, so it shouldn’t be
a problem to work with any mesh generator.

The important point is that you work in the CAD system you like to prepare the
geometry for meshing, then you mesh in the mesh generator you like, and finally you
export the mesh (only nodes and elements, not the boundary conditions or physical
properties) in one of the formats supported by PAM-RTM™. The boundary conditions
and physical properties are later specified in PAM-RTM™,

For simulations involving resolution of Darcy’s equation (RTM, Heated RTM, VARI),
PAM-RTM™ uses non-conforming finite elements. Non-conforming finite elements
are only available on triangles and tetrahedrons. This means that the cavity has to be
meshed with 3 nodes triangles or 4 nodes tetrahedrons. For Heated RTM simulations,
the mold could be meshed with 4 nodes quads or 8 nodes bricks. For simulations that
don’t solve Darcy’s equation (preheating, curing), quads and bricks could be used to
mesh the cavity.

In general, having a finite element mesh created by I-DEAS or PATRAN is not enough
to launch a simulation with PAM-RTM™. Injection ports and vents have to be
defined. In addition, the specification of fiber orientations is not always available in the
mesh file. PAM-RTM™ has some tools to specify material orientations and to modify
the mesh for injection points and vents. Groups of nodes are created interactively in
PAM-RTM™ to be used in the specification of boundary conditions.

Once the model is completely specified (material properties, orientations, groups,
boundary conditions, etc.), the simulation parameters file (. dt ) is saved and the
simulation can be launched from the user interface or from a command window. The
latter is mostly used to run the simulation on a Unix server (see chapter Running the
Simulation from a Command Window).

When the simulation is done, the PAM-RTM™ post-processing functionalities are
used to visualize the simulation results. Alternatively, by using the appropriate output
format, simulation results can be visualized in I-DEAS or PATRAN.

PAM-RTM USER'S GUIDE
Introduction
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PRESENTATION OF THE USER INTERFACE

The main frame window of PAM-RTM™ is made of 4 areas:
- toolbar area [1]
- model explorer [2]

- 3D graphics windows [3]

- message pane [4]

Fie Selection Groups Mesh Simulation View Window Help
aFHBEMS *+ == 2l DEDEEMAR &St |k & 1
[shearangle =] [Ose ] [Node ~| TN FE FF | cHr

= bath_inj dif
Simulation type - RTM
ess

Shear_Angle Shear_Angle

eeeeee

& Naterats 55.5 555
« Rasins
i I
Molds 50 50

=i Zones
# Boundary Conditions 444
nsors

444

38.9

Ib.bfl I .
1.37ebH 3 2.4%e-6 3

Time:0s. = f Time:0s.

X Opening simulation paramaters fle <Cuserslybellests\PAM-RTM _tutoriallBath|bath_inj di>
Opening mesh file <G 0 RTM_t \_pamfom_inj_mm umv>

Overview of the PAM-RTM user interface

PAM-RTM™ is a multi-document, multi-view application, which means that many
documents can be opened at the same time, and many views can be created on the same
document. This is useful, for example, to visualize the resin pressure field in one view
and the temperature field in another view. Or, as shown in the previous image, to
visualize a mesh of the part to inject in one view, and a mesh of a ply with fiber
orientations in another view.

To open a new view on the current document, use the Window->New Window command.
When many windows are opened, you can use the Window->Cascade, Window->Tile
Horizontally and Window->Tile Vertically commands to have automatic layout of the
windows.

You can position toolbars in PAM-RTM toolbars any way you like. The recommended
setup of toolbars is shown in the previous picture. To move a toolbar you have to click
on the left double vertical bar, then drag the toolbar where you want, as shown in the

PAM-RTM USER'S GUIDE
Presentation of the User Interface
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next picture. When the toolbar is floating, there is an X box that appears in the upper
right corner of the window that allows to close it (in case you need more space or you
never use some toolbars). To recover a toolbar you closed in such a way, there is a
command in the Window menu to show or hide each of the PAM-RTM™ toolbars (ex:
Window->Display Toolbar, Window->Selection Toolbar, etc.).

@hear_Ange ~| [pisc w| Node | TN VE FF | ! i’ A

Handle to move the toolbars

|Shear_AngIe ﬂ |Disc ﬂ |N0de ﬂ [ N JvE ¥ F 4 I i‘ A

Floating toolbar

Interaction with the Mouse

The middle mouse button is reserved in PAM-RTM™ to dynamically control the
viewpoint:

- Middle button alone: rotate
- Ctrl + Middle button: pan
- Shift + Middle button : zoom

The left button is used for selection (picking or area). The selection filter (nodes, faces,
elements) is available in the Display toolbar.

[] PAM-RTM - [bath_inj.dtf] E\@@

[] Fie Selcton Groups Mesh Simultion View Window Help NEE
EFEEMS +==f0||RC SN ERAERFAE &S|k Lo

[Defeut Color _~] [bisc  ~| [Face =] N E FF { C A

= bath_inj dif
Simulationtype : RTM
ess

ssssss

X Opening simulation parameters file <C:\userslybeltests\PAM-RTM_tutorial\Bathlbath_inj dif>
Opening mesh file <C:lusersiybeltests\PAM-RTM_tutoria\Bath\bath_pamform_inj_mm.unv>

E

Selection of elements by area

PAM-RTM USER'S GUIDE
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Toolbars

File Toolbar
gEEHBE0R ?
File toolbar
This toolbar contains shortcuts to standard Windows commands (from left to right):

File->New, File->Open, File->Save, Window->Tile Horizontally, Window->Tile Vertically,
Window->Cascade, Help->About.

Display Toolbar

[Shear Angle J |Dlsc J |Node v [N v E :‘ [ A

T TT G TG

Display toolbar

There are basically 4 display modes in PAM-RTM™ that affect the coloring of display
entities:

- Default color: in this mode, nodes, edges and faces are displayed using the default
colors specified by the user in the Color tab of the View->Options dialog box.

- Zones: element faces are colored according to their zone ID.
- Groups: if anode or face is part of a group, it is colored according to the group ID.

- Scalar Field: faces are colored based on a scalar field value (for example
temperature or pressure).

The 4 display modes are activated by selecting something in the scalar field roll-down
list of the display toolbar [1]. Depending on the context, there will be more or less
scalar fields to display. Here is an example.

(] Fie Selection Groups Mesh Simulation V

g HEODR T +== b
|Fi||ing ﬂ |Disc ﬂ |N0de ﬂ
Default_Color
Zones
Groups
Filling_Times &
Pressure
Zones_Thickness
Shear_Angle
Scalar field list

PAM-RTM USER'S GUIDE
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Examples of the each display mode are shown in the following figures.

/ e

Surface mesh displayed in Default Color mode

Zones

19

Zones display

PAM-RTM USER'S GUIDE
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Groups

22

Groups display

Filling_Times

190

171

152
133
114
94.8
75.9
56.9

379

Segmented filling scalar field display

Here is a description of the other controls available in the display toolbar.

- Plot type [2]: Disc or Iso. This parameter has an effect only when visualizing scalar
fields.

PAM-RTM USER'S GUIDE
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Disc 1s used for example to display a scalar field that was computed at the
nodes as a discontinuous fields averaged on each element.

Iso is used to display contours of the current scalar field. Note that if the
original field was computed at elements (which is the case for instance for
the filling factor), the values will be averaged at the nodes before contours
can be generated, which can take a while depending on the mesh size and
number of steps.

- Selection filter [3]: set the selection filter to Node, Face or Element. For example,
use Node if you want to pick nodes, or Element if you want to pick elements.

- N, E, F [4]: check boxes to show or hide nodes, edges, faces.
- Time step [5]: drag this slider to visualize the current scalar field step by step.

- Animate [6]: starts/stops animation of the current scalar field. Use View->Post-
Processing for animation parameters.

Selection Toolbar

This toolbar is used to control the behavior of the selection. For example, if the
selection filter is Node and the = button is pushed when some nodes are selected by
area, the current selection will be replaced by the new selection. When the + button is
pushed, each new selection is added to the current selection. When the - button is
pushed, the new selection is removed from the current selection set. Other buttons are
available to clear the current selection (equivalent to Selection->Unselect All (no filter)),
and to get information about the selected entities (equivalent to Selection->Info
Detailed).

=

i
1

Selection toolbar (current selection empty)
==~ 0

Selection toolbar (non-empty selection)

Camera Toolbar

Camera toolbar

From left to right:
- Corner zoom: drag the mouse to define a rectangular area to zoom in.
- Zoom out: use after a corner zoom to restore the previous state.

- Rotation center: pick a point on the mesh to set the center for rotation and zoom.

PAM-RTM USER'S GUIDE
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- Fit: reset view so that the mesh is completely displayed, in the center of the graphics
window.

Viewpoint Toolbar
EEE
Viewpoint toolbar

Choose one of the pre-defined viewpoints (along -X axis, +X axis, etc.).

Simulation Toolbar
b ke
Simulation toolbar

Start or restart the simulation. Restart is used when simulation was stopped with a
CTRL-C and needs to be restarted.

Results Toolbar
[ P
Results toolbar

From left to right:

- Reload results: reloads all the results files that were generated for this simulation.
This is the preferred way to load results in PAM-RTM™.,

- Probe: opens the Probe dialog box, allowing the user to pick an arbitrary point on
the mesh and display the value of the current scalar field for the current time step on
that point.

Pick Paint ‘1

Probe dialog box

- Plot: allows the user to pick a point and automatically generate a plot of the scalar
field value on that point as a function of time.

Tools Toolbar

=

Tools toolbar

PAM-RTM USER'S GUIDE
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There is only one tool currently available in this toolbar: the measure tool. Pushing this
button opens the Measure dialog box, allowing the user to pick two arbitrary points on
the mesh and get the distance between the points.

Measure R|

Paoint 1 Puoint 2

¥ |0.386305 x |0.828951
y  |0.167344 y  |0.2980749
z |0 z |0

Distarce |D-45158?

Measure tool

Model Explorer

The model explorer displays information about open documents in a tree structure. The
information displayed can be seen as a summary of open documents. Only the most
useful information is displayed in the tree, depending on the type of simulation.

Double-clicking an item in the tree most of the time pops up a dialog box to edit the
parameters related to the selected item. For example, double-clicking a zone opens the
Zone dialog box.

Zone g|
D B

MName |nDnamE

katerial |Default Falric ﬂ

Farosity 05
Thickness |(0.005

Zone dialog box

Right-clicking an item in the explorer will most probably popup a menu, depending on
the item selected. In the following picture, the user right-clicked on the Materials item.

PAM-RTM USER'S GUIDE
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- 1d_2004 dtf
Simulation type : RTM
+- Process
+- Mumerical

3. Re Fabric

+ Get from User Database... Resin
-- Fabrncs Mold
+- Default Fabric
--Molds
+- Default Mald
-- Zones
+- Zone_B
-1- Boundary Conditions
+- vent_8
+- flow_rate_7
-- Sensors
+ A

Right-click in the explorer window

Message Pane

The message pane is used to display messages to the user. A tree structure is used. For
example, the Selection->Info Detailed command prints the following.

x Opening simulation parameters file <C:\users\ybe\tests\PAM-RTM_tutorial\Bath\bath_inj.dtf=
Opening mesh file <C\users\ybe\tests\PAM-RTM_tutorial\Bath\bath_pamform_inj_mm.unv=
—I-Selection Detailed
—I-4 nodes
n: 7476, q: 2. (-5.00000E+001. -5.00000E-001, -7.50000E+007)
n: 7477, q: 2. (-5.00000E+001. -5.00000E-001, -7.05170E+007)
n: 7436, g: 2. (-4.50000E+001, -5.00000E-001, -7.50000E+007)
n: 306571 (-4.74716E+001, -5.00000E-001, -7.26841E+001)
0faces
—I-2 elements
e:5949 z:2 n: <6142, 6132, 29220>
e:9798. z: 2 n: <6132, 6142, 29221>

Message pane

PAM-RTM USER'S GUIDE
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FILE MENU

File > New

This is used to create a new simulation project. The supported simulation types are:
- RTM: classical isothermal closed mold RTM.

- VARI: Vacuum Assisted Resin Infusion. Isothermal injection under deformable
plastic film. The thickness and permeability change of the fiber reinforcement is
taken into account.

- Heated RTM: non-isothermal RTM. Heat exchanges between resin, fiber
reinforcement and mold is taken into account. The effect of resin polymerization on
viscosity and heat generation can also be taken into account.

- Preheating: heating of the mold and fiber reinforcement before filling. The possibly
non-uniform temperature distribution at the end of preheating can be used to
initialize Heated RTM simulation.

- Curing: post-filling resin cure. By default, assumes that the cavity is completely
filled and the initial temperature and degree of cure is uniform. Otherwise the results
of the Heated RTM simulation (filling factor, temperature, degree of cure) can be
used to initialize the curing simulation.

- Compression RTM: simulates a process in which some amount of resin is injected
first with a cavity thickness slightly higher than the targeted part thickness. This is
done in order to facilitate impregnation since the permeability is higher. Once that
amount of resin has been injected, the part is not completely filled yet. The inlet is
closed, and the remaining dry areas are filled by a flow induced by compression of
the preform. The compression direction can be normal to the part, or in a specified
direction. This simulation is based on a 2.5D modeling where only the pseudo
thickness of the shell element varies. Thus only meshes of triangles are supported.

- Presimulation: this simulation allows a first approximation of the filling time and
flow behavior without solving Darcy’s equation. That’s why it is very fast. However
it works only with constant flow rate injection.

- PAM-QUIKFORM: draping analysis of fiber reinforcements (bi-directional fabrics
and unidirectional).

PAM-RTM USER'S GUIDE
File Menu
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Mew Simulation Iﬁ

Simulation tpe

RTh

WARI

Heated AT
Freheating

Curing
Compression BT M
Prezirmulatian

ParM-QUIEFORM

New Simulation dialog box

File > Open

This is used to open a project file (. dt £) or a mesh file. Most of the time this command
is used to open a . dtf file, which contains the PAM-RTM™ simulation parameters as
well as links to external files such as mesh files. It can also be used to open directly a
mesh file. In that case a default RTM simulation is automatically associated to the
opened mesh file.

The option PAM-RTM Parallel (.unf) is to be used for post-processing of results generated
by the new high performance parallel solver introduced in PAM-RTM™ 2010.

Note:

The .unf format is intended for post-processing only. All the pre-processing
functionalities of the PAM-RTM GUI, such as creation of groups, specification

of material orientations, etc., will be non-functional if such a document is
loaded.

The supported mesh file formats are:
- PAM-SYSTEM

- I-DEAS Universal

-  PATRAN Neutral

- NASTRAN Bulk

PAM-RTM USER'S GUIDE
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@ Cpen ﬁ
Look in: I . Tutorials j L] cf Efv
= Mame : Date modified Type Size *
IE : :
Recent Places \IE| air_trap.dtf 21,/05/04 21:38 DTF Ffle
|IE] central.dtf 21/05/04 21:17 DTF File
i I£] comparison 2D.dtf  21/05/04 21:28 DTF File 3
Desktop %] comparison_30_1.dtf 21,/05/04 22:02 DTF File
T \I&| cornparison_30_2.dtf 21,/05/04 22:02 DTF File
i '[,] IE| companson_250 1.dtf  21/05/04 22:00 DTF File
‘Yannick Benoit 2| comparison_250_2.dtf  21/05/04 22:01 DTF File
Eﬂa-k %] complex_edge.dtf 21,/05/04 21:18 DTF File
= |'E] contact.dtf 26/05,/04 14:50 DTF File
St IE] curing_1d.dtf 71/05/04 21:39 DTF File
.‘I \E| curing_insert_1.dtf 21,/05/04 21:41 DTF File
N-e‘t‘w-:;ﬁc |IE] curing_insert_2.dtf 21/05/04 21:44 DTF File
lIE] curina insert 3.dtf 21/05/04 21:44 DTF File i
4| 1 [ F
File name: I j Open
Files of type: [PAM-RTM () | Cancel |

FPAM-RTM Parallel {.unf)
I-DEAS Universal {unv)
PAM-SYSTEM {ps: pc)
FATRAN Neutral {.out; pat;.ntl)
MASTRANM {bdf; nas;.dat)
PAM-GUIKFORM (env)

DEX {3m)
Allfiles *7)

File Open dialog box

File > Close

Closes the active document. If some modifications were done, the user is prompted to

save the file before closing.

File > Save

Saves the . dtf file (simulation parameters) and the mesh file (. unv) in the directory
where the . dt £ file was opened. For example, if file c: \rtm tests\test.dtf was
opened, when the File->Save command is used, the file c: \rtm tests\test.dtf
will be overwritten and the associated mesh file c: \rtm tests\test.unv will be

generated.

PAM-RTM USER'S GUIDE
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File > Save As

Prompts the user to specify a new name and directory for the project. For example, if
c:\rtm tests\test 2.dtf is chosen, the current simulation parameters will be
savedin c:\rtm tests\test 2.dtf and an associated mesh file
c:\rtm_tests\test 2.unv will be generated.

File > Import > Mesh

This is the command to use after a File->New, to import in the current document the
mesh to use for the simulation. In some rare situations you could use this command to
load many meshes in the current document, then merge them with Mesh->Cleanup-
>Merge Coincident Nodes. See File->Open for the supported mesh file formats.

File > Import > Scalar Fields

This command is used to import scalar fields (simulation results) into the currently
active PAM-RTM™ document for post-processing. These are the available file
formats for scalar fields:

- I-DEAS Universal (extension: .unv)

- PAM-RTM Scalar Field (extension: .sf)

- PAM-RTM Filling Compact (extension: .fil)

-  PAM-RTM Flow Front (extension: .front)

- Velocity Components Vx Vy Vz (I-DEAS format, extension .unv)

The PAM-RTM Filling Compact file contains the filling result of a PAM-RTM™
simulation. The size of this file is much smaller than the same scalar field saved in a
more general format like [-DEAS Universal.

The PAM-RTM Flow Front file contains the flow front position in time. This is the
“raw” flow front position (not smoothed). It is made of line segments that define the
saturated domain. The flow front position can be displayed on top of any scalar field in
PAM-RTM™. This is useful to analyze, for example, temperature results.

Since PAM-RTM™ 2008, it is possible to display a vector field on top of a scalar field.
This is generally used to display the resin velocity vector field on top of a pressure or
temperature field, for instance. However any 3 components vector field could be
displayed, as long as the 3 components are imported together with File->Import->Scalar
Fields->Velocity Components. In general the user doesn’t have to use this command, as
the velocity components are imported automatically with the Reload Results button in
the Results Toolbar, if the Save Velocity option was checked in the Numerical
Parameters.

PAM-RTM USER'S GUIDE
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Note:

The preferred way to load simulation results in PAM-RTM™ is to use the button
@ in the Results Toolbar.

File > Import > Draping Results

This menu is used to import draping analysis results files in the active document.
Draping results are a set of meshes that define plies geometry (one mesh for each ply).
Depending on the software that generated the laminate plies, material properties like
fiber directions and thickness can be defined on each finite element of a ply. For
example, the result of a PAM-FORM™ simulation gives the fiber orientations and
thickness on each element. However a PAM-QUIKFORM™ simulation gives only
the fiber directions, not the thickness.

These are the available interfaces to import draping results in PAM-RTM™:

- PAM-FORM

- PAM-QUIKFORM

- PATRAN Laminate Modeler

- FiberSIM XML

All these interfaces support local fiber directions specified on each element of each ply.

The PAM-FORM interface reads a PAM-FORM™ results file (extension .dsy). A
PAM-FORM™ results file normally contains many states. PAM-RTM™ assumes
that it is only the last state that is interesting in the context of RTM simulation, so it
loads in memory only the last state of the PAM-FORM™ simulation.

There are two possibilities to import PAM-QUIKFORM™ results. In case the PAM-
QUIKFORM simulation was created and run in PAM-RTM (File->New->PAM-
QUIKFORM)), it is possible to import the PAM-QUIKFORM .dtf file, in which case
higher level information such as materials used in the laminate definition is available.
Otherwise it is also possible to import only the PAM-QUIKFORM generated mesh files
(.ps, PAM-SYSTEM format). In that case, the user will have to associate materials to
imported meshes by re-defining the laminate, if calculation of local permeability is
needed.

The PATRAN Laminate Modeler interface reads a . £fmd file, which contains a list of
filenames that define the laminate. Each ply is a NASTRAN file with a special
definition of the PCOMP section that allows the specification of 2 fiber directions on
each element. One PCOMP section is specified for each element and each PCOMP
section refers to 2 layers of UD.

The FiberSIM interface is used to import ply data generated by the FiberSIM software,
in a special XML format.

PAM-RTM USER'S GUIDE
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File > Export > Mesh

This command is used to export the current mesh in one of the supported formats:
- PAM-SYSTEM

- I-DEAS Universal

- PATRAN Neutral

File > Export > PAM-RTM Scalar Field

This is used to export the currently displayed scalar field in a PAM-RTM™ specific
file format. This is used most of the time in the context of local permeability
calculation, to export the k1.sf, k2.sf, porosity.sf and thickness.sf files
needed to initialize a calculation that takes into account local permeability.

File > Clear > Scalar Fields

Clears from memory all the scalar fields that have been imported in the current
document with the command File->Import->Scalar Fields or loaded with the @ button.

File > Clear >Laminate

Clears from memory all the plies meshes that have been loaded by using File->Import-
>Laminate.

File > Save Image

Saves the active 3D graphics window in one of the supported graphics file formats:
- PNG

- GIF

- TIFF

- JPEG

File > Generate AVI

Generates an animation file (. avi) from the currently visualized scalar field. The
resulting AV file can be visualized in Windows Media Player or integrated in
PowerPoint presentations.

When the command is selected, the following dialog box pops-up, allowing the user to
specify the cycle time, which is the time to display all the frames in the AV file. The
end delay is used to have the last frame displayed for some time. This can be useful for
presentations.

PAM-RTM USER'S GUIDE
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AVI Generation

Cycle time (s) iE oK

End delay (5] 0 Cancel

ol

AVI Generation

Then the user is asked to specify the name of the generated AvT file from the standard
Windows file selection dialog.

Finally another dialog box pops up to select the “codec” to compress frames in the AV
file. This dialog box lists all the available codecs on the user machine. Since this list
depends on other software installed on the machine, it is difficult to recommend the best
codec. The Cinepak codec by Radius seems to be available on most machines and has
given good results. However it is recommended to download from the internet the XviD
MPEG-4 codec, which is open source and free. The Full Frames codec should be
avoided as it generates huge files.

Video Compression

Compressor. L
AviD MPEG Codec & Cancel

Configure...
[ [

About. .

i,

Selection of codec

Note:

Introduced in PAM-RTM™ 2008, the generated AVI can now take into account
the Proportional animation option.

File > Print

Prints the active 3D graphics window.

File > Print Preview

Gives a preview of the print command in the standard Windows print preview window.

File > Print Setup

Opens the standard Windows dialog box to configure printing.

PAM-RTM USER'S GUIDE
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SELECTION MENU

Selection Filter

There are three types of geometrical entities that can be selected in PAM-RTM™:
nodes, finite element faces, and finite elements. The selection filter is used to specify
the type of entity to select. For example, if you want to pick some elements with the
mouse, you have to set the selection filter to Element. If you want to select all the
elements in a zone specified with an ID, you have to set the selection filter to Element
before using the Selection->Zone ID command. The usual way to set the selection filter
is using the Display toolbar. The Selection->Node, Selection->Face, and Selection-
>Element commands can also be used. A check mark is shown besides the currently

active filter.
\ - Hra

|Defau|t_CDIDr ﬂ |Disc ﬂ

Selection filter in the Display toolbar

File Groups Mesh Simulation View W
& v Node &

fault_ Face v M

Pick Normal Vector
Pick Normal Vector and Zone
Pick Zone

Selection filter in the Selection menu

Selection > Pick Normal Vector

The Pick Normal Vector command is useful to select entities on the same planar surface
(i.e. entities that have the same normal vector) in a single operation. For example, in
the following image, all the faces in red were selected in a single click, while selection
by area would have required many operations. When the Pick Normal Vector command
is used, a dialog box pops up to prompt the user for a tolerance on the angle between
two adjacent faces (angle between the 2 normal vectors). This is useful when the
surface to select is not perfectly planar.

Note that nodes, faces and elements can be selected using this approach. When the
selection filter is Nodes, all the nodes of all the faces that have the specified normal
vector are selected.
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Selection of faces with Pick Normal Vector
prompt x|

Entertolerance angle (degrees)

|1.c|

corcel_|

Tolerance angle for Pick Normal Vector

Selection > Pick Normal Vector and Zone

This command is basically the same as the previous one, except that it adds as a
selection filter the zone ID of the face used to define the normal vector.

Selection > Pick Zone

This command allows selection of all the nodes, all the faces or all the elements in a
zone picked by the user with the mouse. The user is first prompted to pick a face in the
zone to select. Then all the entities are selected based on the current selection filter.

PAM-RTM USER'S GUIDE
Selection Menu



USER’S GUIDE & TUTORIALS 34 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Selection > Pick Boundary

This command is useful to quickly select all the nodes on a boundary. The user is first
prompted to pick the initial node that will be used in the algorithm to determine the
boundary based on the neighbor elements of this node. Currently only boundary nodes,
not elements, can be selected this way.

b

=

Selection -> Pick Boundary

Selection > Pick Free Edge

With this command, the user can select with a single click all the nodes along one side
of the part. The identification of a part’s side is done neighbor to neighbor starting from
the picked node. The user is prompted to enter a tolerance to stop the propagation when
the angle between two elements is larger than the tolerance value. Typically a tolerance
value of 30 degrees could be used, to allow selection on a curved side and stop selection
when a sharp corner is reached.
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Pick a node on one side

. e
All the nodes on the picked g e e e

side are selected S

Selection > Zone ID

When the zone ID of the entities to select is known, the user can type it directly in the
dialog box that pops up when the Selection -> Zone ID command is used. It is also
possible to enter two values to specify a range. In the following image, the user enters /
and 7 to select all the elements of all the zones in the range 1 to 7.
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X

Prompt

Enter 1D or range (min_id masx_id)

‘1 7l

Selection with zone ID

Selection > Entity ID

This command is used to select an entity based on its ID. For example, it is possible to
select the node with ID = 999 by entering this value in the selection dialog box. It is
also possible to select all the nodes with IDs in the range 0 to 999 by entering the string
“0 999 in the text field. This is the same behavior as Selection->Zone ID.

Selection > Bounding Box

This command opens a dialog box in which the user can specify the (xmin, ymin, zmin)
and (xmax, ymax, zmax) coordinates of a bounding box. All the entities that fit in this
bounding box are selected. For a face or an element, as soon as a node is inside the
bounding box, the entity is selected.

Selection Bounding Box il
Ok I
Feulin IEI Cancel |

Kmax |l
Vi [0
Ve |l
Zrmin. 0
Zmax |

Selection with bounding box
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Selection > Select All

Selects all the entities based on the current selection filter. For example, if the selection
filter is set to Nodes, all the nodes of the mesh are selected.

Selection > Unselect All (filter)

Unselects all the entities based on the current selection filter. For example, if the
selection filter is set to Nodes, all the nodes are unselected. If faces or elements are
selected, they stay selected.

Selection > Unselect All (no filter)

Completely clears the current selection (nodes, faces and elements) regardless of the
selection filter. You can also use the CTRL-U keyboard shortcut or this button # in the
Selection toolbar to call this command.

Selection > Set Scalar Field Value

If you are currently visualizing a scalar field such as porosity or thickness, you can use
this command to modify the scalar field values on the selected nodes or elements. This
is sometimes useful to correct scalar fields after a Compute Local Permeability, when the
mapping results are not very good because of complex geometry. The corrected scalar
fields can be exported with File->Export->PAM-RTM Scalar Field.

Selection > Info Summary

Displays in the message window information about the current selection. The total
number of nodes, faces and elements is displayed.

Selection > Info Detailed

Displays in the message window the details of the current selection. The ID of each
selected entity is displayed. For example:
-1- Selection Detailed
-I- 1 nodes
n: 6225 (5.54134E-001, -3.34432E-001. -7.72646E-001)
- 1faces
e:22652,f 3.2:7.n: <35, 1714, 1460, 34>
0 elements

For selected faces, e means element ID, f means face index of the element (solid
elements only), z means zone ID, and # is the connectivity of the element. For selected
nodes, n means node ID, g is group ID (if the node is part of a group), and the (x, y, z)
coordinates of the node are displayed.
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GROUPS MENU

Groups of nodes or faces are created in PAM-RTM to be used as boundary conditions.

Groups > Create

Creates a new group with the currently selected entities. If nodes are currently selected,
a new group of nodes is created. If faces are selected, a new group of faces is created.
It is not possible to create a group of elements in PAM-RTM.

The ID of the new group is automatically assigned by PAM-RTM based on the largest
ID of the groups currently defined. If the largest group ID is 99, the new group will
have ID = 100. It is not possible to change the ID of a group after it has been created.

It is not possible to have nodes and faces in the same group.

Groups > Add To

This command is used to add nodes or faces to an existing group. The procedure is to
select first some nodes or faces, then call the Groups->Add To command, and finally
pick a node or face which is part of the group you want to modify.

Groups > Remove From

The procedure is to first select some nodes or faces, then call the Groups->Remove From
command. The selected entities will be removed from all the groups they belong to.
This means that if a node, for example, was part of 2 groups, it will be removed from
the 2 groups.

Groups > Change ID

This command allows modification of a group ID. It asks the user the current ID of the
group, and its new ID. If the specified new ID is already used, an error message is
displayed.

Groups > Contact Interface

This command is used to create a special group that is currently used only for thermal
contact resistance boundary condition. The elements are disconnected on the interface.
This can be verified with the command View->Outline->Free Edges. A contact interface
can only be created on the interface between two zones. The selection of nodes must be
done with care. As shown in the following image, the two end points must not be
selected. On a 3D mesh, it is recommended to work with a selection of faces.
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Nodes selection for contact interface

Free edges after creation of contact interface

Groups > Mold/Cavity Interface

Automatically disconnects the elements on the mold/cavity interface for the whole
mesh. The material type assigned elements through zones is used. Material type solid
defines the mold area, and reinforcement the cavity area. A group of faces is
automatically created, that can be referred by a contact resistance boundary condition.
The following pictures show a cross section of a part with a metallic mold and insert.
The first picture shows the solid material area (mold + insert), the second picture shows
the reinforcement area, and the third picture shows the interface created by this
command.
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Solid material area (mold + insert)

Reinforcement material area

Interface created
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Groups > Nodes to Faces

Convert a group of nodes to a group of faces. PAM-RTM prompts the user for the
group ID to convert. Enter —1 to convert all groups.

Groups > Faces to Nodes
Convert a group of faces (for solid elements) or edges (for shell elements) to a group of
nodes. PAM-RTM prompts the user for the group ID to convert. Enter —1 to convert all
groups. This command is useful for example when you import a mesh generated in I-
DEAS which contains groups of edges. PAM-RTM reads the group of edges from the I-

DEAS file, but these groups can’t be visualized or modified with the user interface. In
such a case, this command should be used to convert all groups of edges to nodes.

Groups > Delete (Pick)

To delete a group, the user first calls this command, then picks a node or face in the
group to delete.

Groups > Delete (ID)

Another way to delete a group is by entering its ID. Enter —1 to delete all groups.

Groups > Info Summary

Displays in the message window a short summary of the currently available groups.
The ID of the group is listed, together with the total number of nodes or faces in the

group.
Groups > Info Detailed

Lists in the message window all the node IDs and face IDs of all the groups.
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MESH MENU

Commands in the Mesh menu are used to make some modifications to a mesh, but most

importantly to specify material orientations.

Mesh > Remesh > Injection Point

This command is used to create a hole in a shell mesh that can be used as an injection
point. A group is automatically created within the nodes around the hole. The following
image shows the Mesh Injection Point dialog box, together with the points that were

picked for Center (A) and Radius (B).

\/|>|<|>Q/\f/l\f\/\L}-/\/)Q/\/\/\/\D”\/V v

= P \I‘ . \f‘ P e ——
IPSARRIZIS OIS SIS 790280
SALLANNAZ S SIS 7

—
i

A \

-~ NS 7 S P g =) — o
\/f\|/\“;”‘\/f\/)£}-’/\’-\<|\a(\E&\/\‘)‘K! ;i}f\'l/\/\\\\}\
\ [ \

INAANINIS I,

|
Loz SESS T ROy
232D AZEISRS IS RS0 o )
|

\/W ~ NN T N
2QASICSIRS

-~

AP WA i AS-F AT P WAV ==t
SISO G LTSRS Sy EA IV AN
\\I/I\J/\/\/\/\/ AX AvAVVavavsiy

\L}IC_\/\/\\I\_\_\Z\

3 OO N

) /\f‘\\‘_
SIS 2SI \7\«\\/)’5‘\/\
WA ESIES
22A7SSK

= 153 LN A AVi A, s
N iviviviviviviPa s Oivivivivivavi P

Mesh Injection Point @

Center
b
Y

2

Radius

Apply

,D'E.i Pick Point

0.25

0

0.0203406 Pick Point
Close

A A N AYAYAYAY A

-

- TN |
PGV IO

2= FR
PAYAVAVAVE VA 21>

|Q|? \'L/\/\/JI\L\/ LR Cﬁ_\“?_\fxl}ltxg_/\
ke S PAVAV IS \VAVi v AVATIN
HAVAVAY: VAV ivivEaN

R Py A VAN e

INPEAiviVAVAVAVIvAYZS

I\fz_ﬁ/l\fL\_l) INLAINI/TE N

P

AVAN

L

V2

T/L\H)
SNIINIG
SALLIGATICISIS

>

<% Wl\"l e

NEAVAVAYAVIVAN
TN

YA Ay
POV
l

T

|7|\& Qi\xi/‘.'i“;.ld/]l‘x £ NN

. s £l><|h\
|d/{_\‘(x'|? 7\\/_\/_\{'/ x/,_ll/rx

SEERBEY
|'\|<[>/f<’/\|/\/\ \/lll/l\

S s -
AN L] 2 \[> -

-

/!

-
Sl

VAV A
| C;;(/ %

"

F G

ot A VAT VAVATAVAYONINV
SASIETUN S ZSIN S
VAYAY Y

)
\/<"<|~\~|

——

RAYA(D TP VAN DX N
SIS A ASERZ

- R R e
NEivivivivavaviOna i vivivivieavitpn

Creation of a hole and a group

PAM-RTM USER'S GUIDE
Mesh Menu



PAM-RTM 2014 43 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

Mesh around the hole

Mesh > Remesh > Runner

This command is used to create layers of thin elements that can be used to simulate
runners or edge effects. The remeshed areas are most of the time on the part boundary,
but they can also be internal to simulate special injection systems (for example injection
tubes placed on top of the part). A distinct zone ID is automatically assigned to the
elements in the remeshed zones.

You will most probably need the measure tool £ to use this command effectively.

In the following image, a runner is created on the complete boundary of a rectangular
part. To pick the full boundary, push the Boundary button, then pick any node on the
boundary. The boundary is highlighted. Then you have to specify the size of elements
along the path. The runner can be seen as a cylinder placed on top of the part. That’s
why it makes sense to talk about the runner radius. Specify the runner radius and the
number of element layers you want on the runner radius. Use the measure tool to
estimate the size of elements along the path and the runner radius. In this example the
size of elements along the path was set to 0.01 m, the runner radius is 0.02 m and the
number of layers on the radius is 2, which leads to elements with a good aspect ratio. As
shown in the resulting mesh image, the runner is not a perfect straight line. However
this should be good enough to simulate runners in PAM-RTM.
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Creation of a runner on the boundary

It is also possible to create internal (not located on the boundary) free paths. Push the
Free button, and then pick a sequence of nodes or points to define the path. The
following images show how a branch like injection system can be created. First push
the Free button, then pick nodes A and B. Enter the size parameters, then push the Apply
button. Repeat the same procedure for the lines C-D and E-F.
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Mesh > Orientations > K1

The Mesh->Orientations->K1 and Mesh->Orientations->K2 commands are used to set the
current working direction. For example, a command like Set K Orthogonal needs to
know if the direction to make orthogonal is K1 or K2. A check mark is displayed beside
the current working direction.

Mesh > Orientations > Set Vectors

This command is used to set the direction vectors K1 and K2 by entering the 3
coordinates of vectors specified in the global coordinate system. After specifying the
coordinates of K1 or K2, push the Set K1 or Set K2 button to apply the appropriate
vector. The Set Vector command works on the currently selected faces or elements.

Mesh > Orientations > Project Vectors

This command is the same as Set Vectors except that it does an orthogonal projection of
the specified vectors on the selected elements.

Material Orientations il

am
am

Setkl Setk2

Close

Dialog box used by Set Vectors and Project Vectors

Mesh > Orientations > Set K from Selected Nodes

This command is used to specify material orientations in curved regions for which
permeability directions can be described by a simple piecewise linear curve. For
example, in the following image, K1 was specified by projecting the elements on the
curve defined by the selected nodes. The tangent vector of the curve at the point of
projection defines the K1 direction. Depending on the current working direction, K1 or
K2 will be specified.
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Setting material orientations in a curved region

The procedure to use this command is the following:
- Set the working direction (K1 or K2).
- Select faces or elements on which you want to specify the direction.

- Select nodes to define a piecewise linear curve. Nodes must be selected in a
consistent order. For example in the previous image, nodes could be selected from
bottom-left to top-right, or from top-right to bottom-left.

- Execute the Mesh->Orientations->Set K from Selected Nodes command.

- Verify the direction vectors with View->Orientations->K1 Only or View-
>Orientations->K2 Only.

Mesh > Orientations > Set K Orthogonal

This sets the orientation vectors in the current working direction as orthogonal to the
other direction. For example, if the current working direction is K2 and this command is
executed, the K2 direction of the selected elements will be made orthogonal to K1. Of
course, in this example, K1 must be defined first.

Mesh > Orientations > Align Plies

This command is used to make material orientations consistent in plies. For example,
after importing PAM-QUIKFORM plies, some direction vectors could be pointing in
the X+ direction while other vectors in the same ply could be pointing in the X-
direction. The goal of this command is to have all the elements in a ply oriented in the
same global direction.
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The algorithm currently implemented takes the first element of a ply and makes the
directions consistent on the ply from neighbor to neighbor. This means that there is a
risk that from ply to ply the directions could not be consistent. The user should always
check the orientations on each ply after running this command. If a problem is found on
a ply, the orientations on this ply can easily be reversed by selecting all the elements of
the ply with Selection->Select All, then by reversing the orientations with Mesh ->
Orientations->Reverse.

Mesh > Orientations > Reverse

This command reverses the current direction (K1 or K2) of the selected elements or
faces. For example, if the current working direction is K1 and the command is executed
on a set of elements with K1 pointing in the +X direction, the K1 direction will be
reversed to -X.

Mesh > Orientations > Project on SKin

This command is used to project the orientation of an imported draping result on the
mesh. It searches for each element in the mesh the closest element in the draping result
and sets the direction K1 and K2 found on the draping result element on the mesh
element.

Mesh > Orientations > Interpolate

This command works with two imported draping results, called skins. It will make an
interpolation of the directions on each skin for the mesh.

The algorithm works that way:

For each element of the mesh and each element of the skin, the coordinates of the
centers of gravity (COG) are computed. If the distance between COG is inferior to the
tolerance, it will try to project the cog on the skin element.
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If no valid projection of the COG is found, the closest COG of the elements of skin
mesh will be found, and the element will be selected.

For each skin, the direction of the weft and warp projection element will be saved, and
the weft and warp direction of the element of the mesh to orient will be an interpolation
of these two directions.

The used algorithm is the following.

Search of the 2D elements the COG of
which is close to the element E COG
from a distance lower than a value D
given by the user.

l

Projection of the COG of the element E
on the medium plane of the retained
2D elements. This projection is
performed along the medium plane

Selection of the 2D skin elements for
which the projections are inside those
2D elements.

Search of the closest 2D skin element e
of the element E

Definition of the element e material
orientation on the element Ei:

(WrEi_inner, WfEi_inner, ZEi_inner)
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Then the interpolation formula is

USER’S GUIDE & TUTORIALS
(released: Apr-14)

Interpolation formula :

WrEi _ dEiﬁouter / ( dEiiinner + dEiiouter) x WrEiﬁinner + dEiiinner / ( d Ei_inner +

dEiiouter) x W I_Eiﬁouter

WfEl — dEl_outer / ( dEl_lnner + dEl_outer) % WfEl_lnner + dEl_lnner / ( d Ei_inner +

dEi_outer) % WfEi_outer
z" = wr" A W

Where:

Wr and Wt are Weft and Warp directions,

Z normal vector,

Ei outer is related to the outer skin and Ei_inner is related to the inner skin.

The function is used with this dialog box where the user can define or not define if the
box is not checked:

Path to the inner skin mesh file

Path to the outer skin mesh file,

Path to the output mesh in .unv format,
Path to the log file,

Tolerance value (mandatory),

Path to the SAMCEF file,

Number of the first frame in SAMCEF frame file.
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Interpolake

(%)
¥ Inrer skin ID:“ HTERPOLATE \inner skin.ps Browse... |
v Outer skin ID:'\I MTERPOLATE outer skin.ps Browsze... |
v Output mesh ID:'&I MTERPOLATE \interpalate. urw Browsze... |
¥ Log file ID:“ HTERFPOLATE\interpolate. log Browse. .. |
Tolerance
W SAMCEF frame ID:'\INTEHF'EI LATE\interpolate. dat Browsze... |
Frarme start I1

k. I Cancel

If the box for the inner and outer skin are not provided the interpolation will be made
with draping results that would have been imported with the function Mesh->import-
>draping results. It will work only in the case when two draping results are already
loaded. Otherwise an error message will be displayed.

If the box for the output mesh is not checked, the mesh will not be automatically
exported. The user will have to export the mesh with Mesh->export or save the data.

If the box for the log file is not checked, no log file is written.
If the box for the SAMCEF frame file is not checked, this file is not exported.

Every path selection will be made with windows explorer dialog box.

Select output file name E]
Loak in: | 9 INTERPOLATE <] « @k BE-

Fil= name: Iinterpnlate.un\r{ Open I
Filez of type: I"_unv j Cancel |

7|
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The user can follow the interpolation with a dialog box indicating the percentage made
at any time. It is possible to stop calculation at any time by clicking on Cancel in this
dialog box.

Progress [42%]

Interpolating orientations. ..

I Cancel |

When interpolation is finished, a projection scalar field is displayed. The code for
projection scalar field is:

- 1: projection worked on both skins,

- 2:projection didn’t work on lower skin, the closest element is chosen,
- 3: projection didn’t work on upper skin,

- 4: projection didn’t work on both skins.

Below are showed one case where projection where some elements do not have a valid
projection.

Trapezium volume mesh and skins to project
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Trapezium projection results

The orientation can be displayed with the menu View->Orientation.
The .log file contains the following information:
- CPU time for the interpolation of the distance,
- Name of the exported files (.unv and .dat)
- For each element of the initial mesh:
Number of element

Number of the projection element on inner/outer skin or closest element id
projection didn’t work

Distance of projection
Weft/warp vector for inner/outer skin
Weft/warp vector for the element.

Examples of the content of the .log file are shown below in the cases where both
projections worked and only the projection on outer skin worked.

elt: 790

proj dnner: 381

dist: 4.57574E+000

il: €-5.00006E-001, O.00000E+000, 8.66022E-001D
120 CO0.00000E+000, -1.00000E+000, -3.81470E-007)
proj outer: 99

dist: 1.0038%E+002

ol: (O.00000E+000, 3.81470E-007, 1.00000E+000)
o2: C0.00000E4+000, -1.00000E+000, 3.81470E-007)
fl: (-4.78209E-001, 1.6629%4E-008, 8.71862E-001)
f2: C0.00000E+000, -1.C00000E+000, -3 48211E-007)
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elt: 19468

wl: no proj on dnner, closest elt: 240

dist: 4.45928E+001

il €£-4.5959995E-001, -3.81470E-007, 8.66028E-0010
12 (0.00000E+000, -1.00000E+000, O.00000E+0007
proj outer: 401

dist: 9. 0464 59E4+000

ol: €0.00000E+000, 3.81470E-007, 1.00000E+0000
o02: (0.00000E+000, -1.00000E4+000, O.00000E+000)
fl: (-8.43264E-002, 2.52797E-007, S9.77405E-001)
f2: (0.00000E+000, -1.C00000E+000, O.00000E+0007

SAMCEF frame file contains for each element weft and warp vector using following
format:

» Frame number

1000001 TY¥PE CARTESIAN ORIGIN O, 0O. 0,
wil0.254009 0.969422 2 -0.0735899 —— Warp interpolated vector coorffinates
WZ|-0.575535 0.046551 -0.516432—» Weftinterpolated vector coordfinates
1000002 TYPE CARTERIAWN ORIGIN O. O. 0.
V1l 0.268795 0.955718 -0.119503
Vi -0.617245 0.050841 -0.7851:24
1000003 TYPE CARTESIAN ORIGIN O, 0O. 0O,
V1 0.209641 0,9768123 -0.058876
V& -0.,503107 0.036e501 -0.863453
1000004  TYPE CARTESIAN ORIGIN O, 0O. 0O,
V1 0.259903 0,962377 -0.079257
Vi -0.5455375 0.035112 -0.8371:z9
1000005 TYPE CARTESIAN ORIGIN O. 0O. 0O,
Vi 0.187170 0.98158: -0.038255
Vi -0.433344 0.029658 -0.900740

Element number

12443 FRAME 1000001

12444 FRAME |i100000 » Frame number
12445 FREAME 1000003

12446 FERAME 1000004
12447 FERAME 1000005
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Interpolate

I Inner zkin |

Browse...

I Outer zkin |

Erowse...

I Output mesh |

Browsze. ..

[ Log file |

Talerance |3EIEI

Erowse...

[~ SAMCEF frame |

Frame start

¥ Use optimized version

Al

Browsze. ..

ok I Cancel

Introduced in PAM-RTM 2009 is a new optimized version of the method described
above. To enable the optimized version, simply select use optimized version. The
optimized version uses a completely different algorithm for the projection of the solid
elements on the surface meshes. This algorithm is much faster but a little less accurate,
so the non-optimized version should be used when accuracy is of primary concern
compared to CPU time. However speedups of 30 were obtained with the optimized
version, which makes it the version of choice for meshes of millions of elements. To get
the best performance from this optimized version, the size of the surface elements

should be at least 2 times smaller than the solid elements.
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Mesh > Orientations > Map Draping Results

This command is used to project a stack of plies that have been imported with the
command File->Import->Draping Results, on the mesh used for the injection simulation
(the mesh that was loaded in PAM-RTM™ with the command File->Open or File-
>Import). This is a CPU intensive geometrical calculation that tries to match elements of
the injection mesh with elements in plies. The final goal is the calculation of the average
local permeability on the injection mesh by taking into account the local fiber
orientations in each ply.

Basically, what the algorithm does is the following:
- For each element of the injection mesh
Calculate the center of gravity (C) of the injection mesh element.

Define a ray R starting from C, with the direction of the normal vector of the
injection mesh element.
For each ply mesh

»  Calculate the intersection of R with all the elements of the ply mesh

If an intersection is found within the normal max distance
value, record the mapping of the element of the ply mesh with
the element of the injection mesh.

This is an exhaustive search through all the elements of all the plies.

The Map Draping Results command can work on the full injection mesh, or on the
currently selected elements. If the current selection is empty, mapping is done on the
full injection mesh. Otherwise, PAM-RTM™ asks the user if he wants to do the
mapping on the selected elements only, or the full injection mesh. PAM-RTM™ then
prompts the user for the normal max distance parameter, as shown in the following
dialog box:

Mapping Parameters §|

Marmal max distance 0.005

Mapping tolerance
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- Normal max distance. Unit: length.

}? ® center of gravity
d

Valid projection discarded because d >max normal distance

The max normal distance is used to discard elements that have a valid projection, but
the distance between the center of gravity of the injection element and the projected
point is larger than the specified tolerance. This is useful in case of ribbed parts.

When the mapping calculation is done, it is always a good idea to verify the validity of
the mapping with the Nb_Plies scalar field. This scalar field is automatically generated
by PAM-RTM™ after a Map Draping Results calculation. It shows the number of plies
covering each element of the injection mesh. For example, if you drape 4 plies that
cover completely the surface to drape, you should have Nb_Plies = 4 everywhere. If you
find that some elements have different values, it means there was a problem with the
mapping, and maybe you need to change the max normal distance.

Mesh > Orientations > Compute Local Permeability on Shells

Before we describe the options to calculate the local permeability of a sheared fabric,
some definitions are necessary.

A very important thing to understand is that when you visualize material orientations in
PAM-RTM™ with the View->Orientations->K1 or View->Orientations->K2 commands,
these orientations can have a different meaning depending on the context. For example,
when you visualize orientations on a ply imported with the PAM-FORM interface, the
orientations should be seen as fiber directions, not permeability directions. However if
you use View->Orientations->K1 on the injection mesh after a Compute Local
Permeability, the vectors you see are principal directions of the permeability tensor, not
fiber directions.

In the following text, we will refer to the direction visualized with View->Orientations-
>K1 in the context of fiber directions as f;. The f; direction is also defined as the warp
direction for fabrics. The f, direction is the weft direction for fabrics.

The shear angle a is defined as shown in the next figure: it is the angle between the
weft direction and the direction orthogonal to the warp.
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Definition of the shear angle o

When a fabric is sheared, the principal directions of the permeability tensor change as a
function of the shear angle a.. The principal permeability direction K; is defined with an
angle [ relative to the warp direction.

Rotation of the K; direction as a function of the shear angle a

In general, a laminate is made of many plies with different thickness and material

properties.

A typical laminate made of many layers of different thickness and permeability
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The average permeability calculation takes into account the thickness of each layer:

kavg: i:}z

dhi
i=1

Since the permeability of each layer is actually a tensor, the permeability tensor of each
layer is transformed in the referential given by the K; and K, directions of the first ply.
The resulting non-diagonal tensor is then diagonalized and the final principal directions
of the laminate are the eigenvectors of the non-diagonal tensor. The local permeability
values k; and k; are the eigenvalues.

There are two ways to use the Compute Local Permeability command. The first one
simply computes the average permeability, porosity and total thickness of a laminate
material (found in the Materials folder of the document tree), and assigns these values to
the current selection, or the whole mesh if nothing is selected. It uses the currently
defined orientations on the mesh as the zero degree referential. The other approach uses
the mapping computed by the Map Draping Results command to calculate the average
local permeability of deformed plies. In that context, a laminate material still has to be
defined by the user in order to link material properties to the imported plies. The
number of layers of this laminate must match the number of imported plies. For
example, if 4 draped plies were imported, a laminate material made of 4 layers must be
defined. This is because PAM-RTM™ needs to know the type of reinforcement and
permeability model associated to each layer.

When the Mesh->Orientations->Compute Local Permeability command is called, PAM-
RTM™ opens the following dialog box. If draped plies, such as PAM-QUIKFORM
results imported with File>Import>Draping Results, are to be used for the average
permeability calculation, the user checks the use imported plies option. Otherwise, if
that option is not checked, it means that one of the laminate materials currently defined
will be used. The laminate combo lists the available laminate materials. In case sheared
fabrics such as PAM-QUIKFORM™ results are used, it is also necessary to specify
the permeability model for sheared fabrics. Four models are currently supported and
explained below: unidirectional, isotropic woven fabric, general woven fabric, and
Demaria.
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Compute Local Permeability ﬁ

| Use imported plies

Laminate Default Larinate ﬂ

Permeability model for sheared fabrics | Dremaria j

|gatropic woven fabric
"Wiorven fabric
Beta angle [Demaria) 1]

] | Cancel |

Available models to compute local permeability of fabrics

UD Model

When a layer is associated to a UD (unidirectional) reinforcement, the local K; principal
permeability direction is automatically set in the same direction as the f; fiber direction.
The f; direction is completely ignored (it is a UD, so the f, direction is meaningless),
and K is made orthogonal to K.

The permeability values assigned in the K, and K directions are directly the values
specified in the Reinforcement associated to each layer, without any local modification
based on shearing.

Referring to the figure Rotation of the K; direction as a function of the shear angle a, the
K, direction is given for this model by f=0.

A

f;

f K

Principal permeability K; for unidirectional
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Isotropic Woven Fabric Model

With this model, which is valid only for fabrics with initially isotropic permeability
(permeability of the fabric before shearing is isotropic), the principal permeability
direction K is calculated as the bisector of the angle between the warp and weft (0, =
0, in the following figure).

Permeability directions calculated with the isotropic woven fabric model

Referring again to figure Rotation of the K, direction as a function of the shear angle a, the
angle 3 for this model is given by :

=45-&
p=45-4

The local fiber content (vy) is calculated from the shear angle (o) and the initial fiber
content of the ply, before deformation (vy) :

vy=L
cosx

The local permeability values in the principal directions are then computed using the
permeability curves function of the fiber content specified in the Fabric associated to
the ply (we call these curves U; and U, here) and an internal model that modifies these
values as a function of the shear angle (M; and M;) :

k=U\(vyy*M ()
ke=Ux(vi)*M2()

This means that to use this model, the user should ideally have access to experimental
curves giving the permeability as a function of the fiber content. These curves are
entered in the Permeability K1 and Permeability K2 fields of the fabric editor (next
figure). The initial porosity required to calculate the local fiber content is specified for
each layer of the laminate.
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Fabric Properties 8]

General lCompressibiIity] Thermal | Advancedl

Name |Defau|t Fabric

Densﬂy 2000

N U,
Permeability K1 ﬂ/
Permeability K2 ﬂ:l\

Permeabiltyk3 ~ [1.000E-011 I

Specification of the permeability curves as a function of the fiber content in the Fabric
Properties dialog

Woven Fabric Model

This empirical model uses the functions specified in the Sheared Permeability K1, K2,
K3 and Sheared Rotation Angle (3) fields of the fabric editor. These are functions of the
shear angle and initial fiber content:

ki=fla,vn)
ko= fla,vn)
ks=fa,vp)

p=Aavp)

The definition of the rotation angle B is the one shown in figure Rotation of the K;
direction as a function of the shear angle «. It 1s important to note that to calculate the K,
direction with the angle 3, PAM-RTM™ constructs a right handed local coordinate
system on an element of a ply with the f; direction, the normal vector of the element,
and the direction orthogonal to f; and the normal vector (f,). If the user notices that K
is not rotated in the expected direction, he should verify normal vectors in each ply with
View->Normal Vector, and then use the Mesh->Cleanup->Reverse Normals command if
necessary to reverse the normal vectors of a ply.
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The effect of the normal vector on the K, direction

The local fiber content (v¢) is calculated from the shear angle (o) and the initial fiber
content of the ply, before deformation (vy):

Vo
CoSx

V=

As an application example of the first approach (the one that works directly on a
laminate without draping results), suppose you have a mesh already oriented and you
want to rotate the orientations by 45 degrees. You could define a single layer laminate
material, set the orientation angle of that layer to 45 degrees, run the Compute Local
Permeability command and select the one layer laminate in the laminate dropdown list.

Demaria Model

The reference for this model is:

Demaria C, Ruiz E, Trochu F. In-plane anisotropic permeability characterization of
deformed woven fabrics by unidirectional injection. Part I1: Prediction model and
numerical simulations. Polymer Composites, December 2007.

This model assumes that the principal permeabilities in the two principal directions can
be expressed as follows:

K, (0‘) =K} (OC)F (a): Kl,Z(a = OO)FV, (a)F (Ot)

geo geo

Only the unsheared permeabilities Ku(a = Oo) are needed to use this model. The
F, (a) term is derived from Kozeny-Carman, and the F o (a) term from the

Vs

geometrical analysis of the deformation of a unit cell.
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The Kl’z(a = 0°) permeabilities are simply the Permeability K1 and Permeability K2
parameters found in the General tab of the Fabric Properties dialog.

The parameter beta angle is available in the Compute Local Permeability dialog to
specify the initial permeability angle with respect to the first fiber direction. It is
equivalent to the angle B of the woven fabric model.

This model has been validated experimentally on a woven fabric, and should be
applicable to any woven fabric.

The current implementation has an important limitation: the shear angle added to the
initial permeability angle (beta angle) must remain in the X+Y+ quadrant, i.e. the final
angle must be between zero and 90 degrees. For instance if the initial permeability
angle is 60 degrees, a maximum negative shear deformation of 30 degrees is allowed,
while a maximum positive shear deformation of 60 degrees is allowed. However it is
better to stay away from these limits. The model will work better for instance with an
initial permeability angle of 45 degrees and shear deformations in the range of +/- 30
degrees.

Mesh > Orientations > Compute Local Permeability on Solids

This command assumes that some orientations are already set on solid elements and
represent fiber directions, potentially sheared (i.e. non-orthogonal). These orientations
could have been transferred to the solid mesh with a command such as Project on Skin.
This command is then used to compute from the draped fiber directions a permeability
tensor on each solid element taking into account shearing.

If some elements are selected, the command will only compute permeability of those
elements. Otherwise it will use the whole mesh.

When the command is launched, it opens a dialog box asking which draped
permeability model to use. The options are:

- Isotropic woven fabric (bisector)

- Woven fabric

The first option is the simple bisector model, which doesn’t need any material
parameter.

The second option makes use of the “sheared” parameters of the Advanced tab of the
reinforcement dialog box. In that case, the zone ID of each element is used to get the
associated reinforcement.

There is actually a third option: if the zone refers to an unidirectional reinforcement, the
first fiber direction f; will be kept as is and used as permeability direction K, then K,
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will be made orthogonal to K; in the plane of f; and f,. The permeability value is
directly the one specified on the reinforcement (in the General tab).

The local porosity is also calculated by the command.

The Use local permeability files and Use local porosity file options in the Numerical
Parameters > Local Variables tab are automatically selected.

Mesh > Orientations > Compute Local Permeability from

Z.ones

Starting with PAM-RTM™ 2010, it is now possible to assign laminate materials to
zones. However the PAM-RTM™ solver cannot run a flow simulation directly on the
laminate materials. Instead the solver reads the local permeability, local porosity and
local thickness files generated by the PAM-RTM™ GUI (.sf files).

First the user assigns some laminates to zones. Then he launches the Compute Local
Permeability from Zones command to generate the local permeability, local porosity and
local thickness data. These can be checked graphically by choosing the appropriate
entry in the dropdown list of the main toolbar (K1 or Plies_Thickness for instance). The
command will automatically turn on use local permeability files, use local porosity file
and use local thickness file in the Local Variables tab of the Numerical Parameters.
When the .dtf document will be saved, .sf files will be generated with names matching
the .dtf name. This means the simulation is ready to run once the .dtf has been saved.

Note that it is not mandatory to assign a laminate to every zone to use that command.
Some zones could be linked to a simple reinforcement, while others could be linked to
laminates. In a case involving race tracking for instance, the high permeability zone
could be linked to a simple reinforcement.

Mesh > Orientations > Compute Thickness from Skins

The goal of that command is to calculate the distance between a shell mesh (the
reference mesh) and the top and bottom surfaces of a solid, then generate a local
thickness field for the reference mesh. The mesh that was loaded in the PAM-RTM™
GUI with File>Open or File>Import>Mesh is the reference mesh. The command uses the
draped plies meshes currently loaded (one or two) as skin information. In case a single
draped mesh is available, the reference mesh is seen as the bottom skin of a solid, and
the draped ply is the top skin of the solid. In case 2 draped plies are available, these are
seen as the top and bottom skins of the solid, and the reference mesh is the mid-surface
of the solid.

Below is an example where only the top surface of a solid was imported as a draped ply
(File>Import>Draping Results>PAM-QUIKFORM). After running Compute Thickness
from Skins, the Mapped_Thickness ficld is available in the dropdown list of the main
toolbar.
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To use that thickness field in a filling calculation, the user has to export the field first
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0.035

0.0325

0.03

0.0275
0.025
0.0225
0.02
0.0175
0.015
0.0126
0.0101

f, the exported

ption use local thickness has

to be checked in the Local Variables tab of the Numerical Parameters.

Mesh > Or

with File>Export>PAM-RTM Scalar Field. Assuming the case is called x.dt

scalar field file would be called x thickness.sf. Then the o

> Clear on Selection

ions

tat

1en

Removes any orientation specified on the currently selected elements.

Mesh Menu
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Mesh > Orientations > Clear All

Removes any orientation specified on the whole mesh.

Mesh > Transform > Set Zone 1D

This command is used to assign a different zone ID to the selected elements. This can
be useful for example to create a runner (a zone with higher permeability).

Selection of elements on the edge of a part to create a runner with Set Zone ID
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Zones

Assignment of zone ID 99 to the selected elements

Mesh > Transform > Offset Zone Ids

Adds a user specified value to the zone ID of each zone. For example if 10 zones are
currently defined and numbered from 1 to 10, an offset of 100 will renumber zones
from 101 to 110. This is useful in the context of local permeability calculation from
imported plies. If there is a conflict between the zone IDs of the injection mesh and the
plies IDs, the user can simply offset the zone IDs of the injection mesh.

Mesh > Transform > Extrude

This command extrudes a mesh of shell elements to a mesh of solid elements. Triangle
elements are transformed to 6-node prismatic elements, and 4-node quads are
transformed to 8-node bricks.

For simple extrusion, the user can specify the total thickness of the solid part and the
number of layers. In that case all the layers will have the same thickness. A different
zone ID is assigned to each layer so that it is easier later for the user to assign a different
material to each layer.

For more advanced extrusion, it is possible to select a laminate material, so that the
thickness of each layer of the laminate is used as the thickness of each layer of the
extruded mesh. This process is shown below. Assuming the user already created a
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laminate material and specified the thickness of each layer, he checks the Use laminate
option and selects the laminate previously created in the dropdown list. Note that if Use
laminate is checked, the Nb Layers and Total Thickness parameters are completely
ignored. It is also possible to have the elements of the extruded mesh automatically
oriented if the orientation from ply angles option is checked. This assumes the user has
specified the angle of each ply of the laminate, and that orientations are defined on the
shell mesh. The orientations of the shell mesh correspond to zero degree ply angle. The
final orientations are obtained by rotating those orientations by each ply’s angle.

Extrude Mesh R|

Simple extrusion

Mk Layers |17
Total Thickness 0.005

Laminates

[w Use Laminate ry_test_laminate_for_swtrusion ﬂ

[ Orientations from phy angles

(0] | Cancel

Extrude dialog box

PAM-RTM USER'S GUIDE

Mesh Menu



PAM-RTM 2014 69 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

-2 Materials
+-1 Resins
+-] Reinforcements
+-] Solids
- Laminates
--B my_test_laminate_for_extrusion
--= Layer4
=] Material : flow_media
F;\ Ang {
=] Porosity: 0.5
- = Layer3
] Material - Default Fabric
] Angle:0
£l Thickness :0.003
] Porosity: 0.5
- = Layer2
] Material : Default Fabric
] Angle:0
] Thickness :0.003
] Porosity: 0.5
- Layer 1
E] Material : Default Fabric
] Angle:0
] Thickness :0.003
] Porosity: 0.5

Definition of a 4 plies laminate, to be used for mesh extrusion. Notice the thickness of the 4"
layer, much thinner.

T T
\

Shell mesh to be extruded
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Zones

N

21

Extruded 4 layers part

Notice the top layer, much thinner. Linked to a material with a much higher permeability, it
could be used as a flow enhancing layer, for VARTM simulation for instance.

Mesh > Transform > Split Quads

Splits the 4 nodes quad elements into triangles. Each quad is split in 4 triangles, the
barycenter of the quad being used as the common node of the 4 triangles.

This command is quite useful in PAM-RTM since quads are not allowed for filling
simulations with Darcy. If the user has a mesh of quads that he would like to use for a
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filling simulation, he can save a lot of time with this command instead of going back to
his mesh generator.

Mesh > Transform > Split Solid Elements

The goal of this command is the same as the Spl/it Quads command : since 6-node
wedges and 8-node bricks are not allowed for PAM-RTM filling simulations with
Darcy, this command can be used to split such elements into 4-nodes tetrahedra.

Mesh > Transform > Scale

Used to apply a scale factor to the nodes of a mesh. This is useful for example to
convert a mesh in millimeters to meters, since meters are used in PAM-RTM. 1t is also
possible to apply a scale factor to the pseudo-thickness of a shell mesh.

Scale X 0.001 0K |
Scaley 0.0m Cancel

Scale £ 0.001
Scale Thick. 0.0om

Scale dialog box

Mesh > Transform > Translate

Applies a translation to all the nodes of a mesh, defined by the vector (DX, DY, DZ), in
the global coordinate system.

Translate R‘

D \DI oK |
Oy 0 Cancel
Dz 0

Translate dialog box
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Mesh > Transform > Rotate

Rotates all the nodes of a mesh around a specified axis. The center of rotation can be
specified. The rotation angle is entered in degrees.

Rotate R‘

Center

* h'd z
‘ul ‘u ‘u
Axis

* h'd z

Angle (deg) 0
O, | Cancel

Rotate dialog box

Mesh > Transform > Extract Shell from Solid

Assuming some faces are selected on a solid mesh, this command generates a surface
mesh from the selected faces. The current solid mesh in the document is replaced by the
surface mesh. See images below.
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Mesh > Create > Node

Creates a new node with the specified (X, y, z) coordinates.
X
x o oK |
v ID— Cancel

Create Node

Create node dialog box

Mesh > Cleanup > Merge Coincident Nodes

It can sometimes happen that elements in a mesh are not connected, i.e. they have
geometrically common nodes, but these nodes are actually different entities (they are
nodes with different IDs but with the same coordinates). This problem can be fixed by
PAM-RTM. The user enters a merge tolerance, i.e. the smallest allowable distance
between 2 nodes. If 2 elements are closer than the specified distance, they will be
considered the same node, and the elements connectivity will be modified accordingly.

Mesh > Cleanup > Reverse Normals (selection)

This command updates the nodes connectivity of the selected elements so that their
normal vector points in the opposite direction.

Mesh > Cleanup > Align Normals (auto)

Automatically aligns the normal vectors based on the picked element. The picked
element is used as the starting element in an algorithm that visits all the elements of the
mesh from neighbor to neighbor, and changes nodes connectivity if needed to have the
normal vector of an element pointing in the same direction as its neighbors.

Mesh > Cleanup > Delete Unreferenced Nodes

It is possible that some nodes in a mesh are not referenced by any element. This
command is used to delete all the unreferenced nodes of the current mesh.
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Mesh > Cleanup > Delete Selected Entities

Deletes the selected nodes or elements. If nodes are deleted, the elements referring to
these nodes will, of course, be deleted. Each time an entity is deleted, groups of nodes
and groups of faces are also updated to make sure they don’t refer to deleted entities.

Mesh > Cleanup > Delete Degenerate Elements

Deletes degenerate elements in a mesh, which are defined as elements referring more
than once to the same node.

Mesh > Cleanup > Swap Diagonal

Modifies the connectivity table of 2 adjacent elements, so that their diagonal (common

edge) is swapped.
S~
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This command tries to find problems in a mesh. First it looks for degenerated elements,
1.e. elements that have the same node ID appearing twice or more in their connectivity
table. Then it outputs some information about the smallest and largest elements in the
mesh, which can be useful for “debugging” a simulation. Finally it lists all the elements
with a volume 1000 times smaller than the largest volume. This can also help to find
problems, especially with volume meshes in which it can occur that very small elements
are generated in the center of the part.

- Mesh Check
MNo degenerated elements found
Element with smallest volume (area) : 41034 1.60754E-010
Element with largest volume (area) : 40458 1.50445E-007
Mo elements with volume (area) fraction smaller than 1.00000E-003

Output of the Mesh->Check command
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Mesh > Info

This command outputs some general information about a mesh, for example the number
of elements of each type, the number of nodes, the group IDs, and some geometrical
information like bounding box (min and max coordinates of a box containing all the
nodes), span (size of the part in the x, y, z directions), and the volume of the mesh.

-1- Mesh Info
Nb nodes : 2359
-I-Nb elements total : 11178
beam2 : 0
tri3:0
quad4 :0
tet4 111178
wedge6 ;0
hexd 0
-1-Mb groups : 2
Group Id : 50 faces : 0 nodes : 55
Group Id : 51 faces : 0 nodes : 55
Bounding Box: (0, 0, 0) (0.3, 0.05, 0.05)
Span: (0.3, 0.05, 0.05)
Volume : 0.000750062

Output of the Mesh->Info command

Mesh > Info Pick

This command opens the following dialog box, which lets the user pick nodes or
elements and get info on the picked entities.

Fick Mode -

‘id =117.x= 05975,y = 0.2983, 2 = (]

Info Pick dialog box

PAM-RTM USER'S GUIDE
Mesh Menu



PAM-RTM 2014 77 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

VIEW MENU

View > Curve Viewer

Opens the curve viewer dialog box. See section Curve Viewer.

View > Orientations > K1 Only

Used to visualize vectors in the K1 direction (see next figure).
Note

1t is very important to understand the difference between the permeability
directions and the fiber directions of a reinforcement. Most of the time, when
you import a ply with File->Import->Laminate, the K1 and K2 directions are fiber
directions, not permeability directions. The fiber directions are transformed to
permeability directions with the Mesh->Orientations->Compute Local
Permeability command. The same menu is used to visualize orientation vectors.
Depending on the context, these vectors will be interpreted by the user as fiber
directions or permeability directions.
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Visualization of the K1 direction (actually the f; direction or warp direction)

View > Orientations > K2 Only

Displays the K2 direction only.
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View > Orientations > K1 and K2

Displays the K1 and K2 directions together.

View > Orientations > None

Clears the display of orientations.

View > Qutline > Part

Plots the outline and the sharp edges of the mesh displayed in the current window (it
can be the injection mesh or a ply mesh). The display of sharp edges is based on the
Outline Critical Angle parameter available in the View->Options->Display dialog box.
By default, this value is 40 degrees, which means that an edge common to two neighbor
elements will be plotted if the angle between the two elements is greater than 40
degrees. A lower value would result in more line segments plotted.

View > QOutline > Free Edges

This command plots free edges in a mesh of shell elements, i.e. edges that are not
shared by more than one element. This is useful to find connectivity problems in a
mesh.

View > Qutline > Plies

It is possible to have the outline of all the draped plies (imported through File->Import-
>Draping Results) plotted in the same window as the injection mesh, as shown in the
next figure. This can be useful to analyze problems with Map Draping Results.
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Visualization of plies outline with the injection mesh

View > Flow Front

The flow front position can be visualized on top of any scalar field. The user must
import first the flow front file generated by the PAM-RTM™ solver (extension
. front), with File->Import->Scalar Field->PAM-RTM Flow Front.

Temperature

325

322
320
317
315
312
310
J07

305

302

300

Flow front position (white line) on top of a temperature result
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View > Normal Vectors

This command can be used to visualize normal vectors on shell elements or the external
skin of a solid mesh.

View > Zones Visibility

Opens the following dialog box, which is used to activate or deactivate the visualization
of some zones. This can be useful to visualize results on internal zones completely
surrounded by solid elements. This situation happens for example when the cavity and
the mold are meshed with solid elements.

Zones Visibility il
Zone D
TP
Show All |
Hide Al |

(0] 4 I Apphy Close |

Zones visibility dialog box

View > Cutting Plane

Opens the Cutting Plane dialog box, used to specify the parameters of a cutting plane.
When Clipping is checked, visualization of graphics entities is disabled on one side of
the plane. When Cross Section is checked, the intersection of the plane with a solid
mesh is calculated and displayed. The plane is defined in space by entering the
coordinates of a point and the normal vector of the plane. Coordinates can be specified
exactly by the user. Otherwise, a node of the mesh can be picked with the mouse to
define the plane’s position. When the position is defined, another node can be picked to
define the normal vector.
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Cutting Plane

G

Cutting plane dialog box

pick first node
(plane position)

pick second node

cutting plane
normal vector

Picking of nodes to define the cutting plane
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Filling

1
I 09

0.8
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0.1

Time: 447 s,

Display of the filling factor with the cutting plane active

View > Post-Processing

This command opens the Post-Processing dialog box, used to set post-processing
parameters.

The first group of parameters is related to animation. Animation can be activated or
stopped with the On/Off check box. When Proportional is checked, each animation
frame is displayed for a time that depends on the simulated time and the Loop Time.

The loop time specifies the total time to display all the frames. It is specified in
seconds. For example, if a filling simulation generates output for times 1 s., 2s., 5 s.,
10 s., and if the loop time is set to 10 (s), the first frame would be displayed for 1 s., the
second one for 3 s., the third one for 5 s. and the last frame is always displayed for some
fixed time on which the user doesn’t have control (2 s.). If proportional is not checked,
each frame is displayed the same time. With the same example, since there are 4 frames
to display in 10 seconds, each frame would be displayed for about 2.5 s. Note that there
is nothing that warns the user if the computer is not able to achieve this frame rate.

The second set of post-processing parameters is related to the color scale. There are
many options to control the range of the color scale :

- Auto Step: PAM-RTM™ automatically adjusts the color scale based on the min and
max values of each time step of the visualized scalar field.
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- Auto All: the min and max values of all the time steps are used as the range of the
color scale.

- Fixed: the values specified by the user in the Min and Max fields are used.

- Min Fixed: only the value specified in the Min field is fixed, the max value is
automatically adjusted for each step.

- Max Fixed: only the value specified in the Max field is fixed, the min value is
automatically adjusted for each step.

The number of color levels in the color scale is set with Nb Levels.

Post-processing ﬁ
Anirmation

[T On/0f v Proportional |10 Loop Tirne

Fange

Type Lt & -
kin. 0 b & |'I
Mb Levelz (10

YWigibility Threzhiold
[ On/OF Type |Bebween -

bin, |-1e+020 (=TS Te+030

Welocity
| Show velocity vectors Scale |1
[ Colored arrows [+ Propartional length

Post-processing parameters

The third set of parameters concerns the visibility of faces. If On/Off is checked, it
means that some faces will be hidden. There are 4 options to control the visibility
threshold:
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- Under: only faces with a scalar field value lower than the value specified in the Min
field are displayed.

- Between: only faces with a scalar field value between the values specified in the Min
and Max field will be displayed.

- Not Between: only faces with a scalar field value lower than the value specified in
the Min field or greater than the value in the Max field will be displayed.

- Above: only faces with a scalar field value greater than the value specified in the
Max field will be displayed.

Finally, the Show velocity vectors check box allows velocity vectors to be displayed on
top of the currently visualized contour. For instance, it is possible to display velocity
vectors on top of a temperature contour. The Scale value can be used to apply a scale
factor to the velocity vectors, in case they are displayed too short or too long by default.
The colored arrows option allows vectors to be colored based on their norm. The
proportional length option, when active, displays arrows of size proportional to the
norm of the vectors. Since velocity vectors close to the flow front are typically very
small compared to vectors close to inlets, uncheck this option to visualize them
correctly. These two last options are only available for post-processing of parallel solver
results.

View > Symmetry

This command is useful when a simulation was run on mesh representing only half a
part for symmetry reasons. It is possible using this command to recreate the complete
mesh, to produce pictures for a report, for example.

The symmetry plane can be chosen as X-Y, Y-Z or X-Z. The position of the symmetry
plane must also be specified by entering the 3 coordinates of a point in the Position text
fields.

Symmetry Plane X|

Flane Fosition

Acive [ % | |D |n Iu

coca_|

View->Symmetry dialog box

View > Delete N Last Steps

It sometimes happens that the last states of a filling calculation are not significant. For
instance, depending on the outlet conditions, it could happen that only a few elements
are filled in the last steps in a very long time. This command is used most of the time in

PAM-RTM USER'S GUIDE
View Menu



PAM-RTM 2014 85 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

the context of the display of an animation, or for the generation of an AVI file. It allows
exclusion of the 7 last steps from the animation. Of course this command doesn’t delete
anything in results files. It just prevents the last steps from being displayed.

View > Set Same Viewpoint

When many graphics windows are opened, it can be useful to set the same viewpoint
(rotation) for all the views. This command sets the same viewpoint for all views of all
open documents, based on the active view. Activate first the window that you want to
use as the reference.

[ PAM-RTM - bath_drape.dtf
Fle Selecton Groups Mesh Simuiation View Window Help

BEEENSE? 4= Ol EREERAE & Sk ke 2
[Deaut Calor v [Dise | [Noge | TN TTE FF cHra

Shear_Angle Shear_Angle

I 52.6 I 544
473 489

‘ 5.26 ‘ 5.44
7.99e-7 5.89e-6

Result of the Set Same Viewpoint command. The active window is the left one.

[Ready

View > Options > Paths

This tab is used to set the path to the PAM-RTM™ standard solver executable
(pamrtm.exe) and the parallel solver (pamrtm_dmp.exe). The PAM-QUIKFORM solver
(quik _form.exe), MPI version used to run the parallel solver, and other executables are
also specified in this tab. Normally these paths don’t need to be changed. They are set
by the InstallShield when PAM-RTM™ is installed. However in some special
situations like a minor PAM-RTM™ update that doesn’t ship with an InstallShield, the
path could be changed manually by the user.

See section Material Database for information about the path to the material database.
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[ Options ﬂ

Paths | Displa:.rl Colors I

—PAM-RTM salver

Igmm Files gc86MESI Group P AM-BTM 2010 008Windows«6d \pamitm. exe |

—PAM-RTM parallel solver
I:E'E}\ESI Group®PAM-RETM 201008 Windows«68\DMP\pamitm_dmp .exe |

— MPI [mpirun .exe)
I',SI Group PAM-RTM 201 0.08Windows«6\DMPYHPMPMbin‘\mpirun.exe. . |

— Material database
IE:\US ERSWYBE ests PAM-RTM \materials dif |

~PAM-GUIKFORM

Iil'l1 Files (B&MESI Group PAM-RTM' 2010 (" Windowsxbd\quik_form exe |

— Remeshing
Igmm Files (<B&MESI Group P AM-RETM2010.08Windows«64 remesh.exe |

—GenPorts

Iam Files fcBEMES| Group PAM-RTM 2010.0°Windows %64\ GenPorts exd |

Paths tab
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View > Options > Display

[ Options ﬁ

Paths  Display | Colors |

[” Closed geometry optimizations ™ Reverse inside/outside
¥ Polygon offset ¥ Specular lighting
[ Draw points as marks [™ Intemal nodes

v Crientati ski
IE— Point size (pixels) I 1ons en s
I'I Vectors scale factor [ Select hidden ertities

I-lll] Outline critical angle (dea)
IE Picking size (pixels)

Display tab

There are many viewing parameters that can be set through the Display tab.

- Closed geometry optimizations: when it is checked, this parameter tells PAM-
RTM™ to turn on display optimizations relevant for closed geometry (usually
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solids), such as culling (elimination at the first stage of the graphics pipeline of back
facing polygons). If the user suspects rendering problems, for example faces that
are not displayed, this optimization should be turned off.

If Closed geometry optimizations is active, so is culling, which means that the
normal vector has an effect on the faces that will be displayed. By default, PAM-
RTM™ manages to have normal vector of the front facing polygons point in the
direction of the viewer. However if the user notices some strange “inverse effects”,
for example when rotating the mesh it seems to turn in the inverse direction, the
Reverse inside/outside parameter should be checked.

The Polygon Offset flag is used to offset the element faces by some small distance
so that the element edges can be displayed with better quality. Some graphics cards
might not support this OpenGL feature very well, so it can be turned off if you
suspect a problem.

Draw points as marks: by default, nodes are displayed with OpenGL points.
Problems with OpenGL points have been seen on some graphics cards. If the Draw
points as marks check box is checked, nodes will be displayed as a small x instead
of points.

Specular Lighting: this flag is used to turn on or off specular lighting, i.e. the
lighting that makes surfaces appear shiny. By default specular lighting is on.

By default, only nodes on the external skin of solid meshes are displayed in PAM-
RTM™. Internal nodes can be checked to visualize nodes inside solid meshes. This
can be useful to create sensors by picking internal nodes.

The Point Size parameter controls the half size of points, in pixels.

Vectors Scale Factor: by default, PAM-RTM™ calculates the length of vectors
such that they have a reasonable size when projected in the graphics window. If the
vectors appear too small or too large on screen, the user can apply a scale factor to
the vectors. For example, if 0.5 is specified, the vectors will be 2 times smaller.

Outline Critical Angle: this parameter controls drawing of sharp edges. PAM-
RTM™ determines sharp edges based on the angle between 2 adjacent faces. If too
many sharp edges (false edges) are drawn, you should increase the value of this
parameter. The maximum value is 90 degrees.

Picking Size: this parameter can be used to modify the picking sensibility. It
specifies the diameter of a circle (in pixels) around the point where the mouse
button is clicked. The default value is 6 pixels. This means that to pick a node, for
example, the user can click at most 3 pixels away from the node. If you think it’s
too difficult to pick nodes with the default settings, you should increase the value of
this parameter.

Orientations on skin: this option concerns solid meshes only. If the option is not
checked, orientation vectors are displayed for all elements of the mesh, including
internal elements. Orientation vectors are displayed with an arrow starting at the
center of gravity of the element. If the option is checked, orientation vectors will
only be displayed for elements on the skin of the solid (external boundary), thus
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reducing the number of vectors displayed. Also, the center of gravity of the external
face will be used as the origin for the display of orientation vectors, instead of the
center of gravity of the element, which should lead to better visualization in general.

- Select hidden entities: by default, selection using a rectangular box only selects
visible entities (nodes, faces, elements). It is sometimes useful, for instance when
working on a solid model, to select entities located inside the solid. When this
option is activated, all the entities that project inside the rectangle defined by the
user will be selected, whether they are visible or not.

View > Options > Colors

The user can change the color of many graphics entities with the Options->Color tab.
For example the default background color (white by default) can be changed by pushing
the arrow on the Background button. This pops up a color chooser with a selection of
pre-defined colors (see next figure). If the user doesn’t find the color he wants in the
pre-defined colors, he can use the More Colors button to popup the standard Windows
Color Chooser. The default color of faces, nodes, etc., can also be changed. When the
user changes one of these colors, the modified color settings are saved in the Windows
registry. It is possible to come back to the original PAM-RTM™ default values with
the Factory Defaults button.

Uptions

Paths | Display CO|0FS}

Selection - Fabric

Faces Default - Unidirectional

[ ]

L1
dgesDefaut [ - K1

[ ]

[ ]

MNodes Default - K2

Text

- Zones and Groups... |

Backgound

Automatic

EEEEEENEN
EEENEN
Black EDEENE
o m Cancel | |

Factory Defaults |

More Colors...

Colors tab
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Define Custom Colors >>

Hue 1 Red:lﬁ
Sat W Green: IW

Color|Solid

Lum: IW Blue: |55_
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0K | Cancel | ‘

Add to Custom Colors

Standard Windows color chooser

The Zones and Groups button allows the user to customize the color scale used to
display zones and groups. 20 colors are available for this color scale. If there are more
than 20 groups or zones to display, the colors are re-used. Note that it is still possible to
use the color scale that was used in version 2004 for groups and zones with View->Color

Scale->RGB.

Palette

X

‘ Factory defaults I 0]4

Apply |

Default color palette used to display groups and zones

View > Color Scale

Enables the user to select the color space used to interpolate colors in the color scale.
RGB, HSV and GREY color spaces are available.
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View > Color Schemes

The user can select with this menu between a Black Background or White Background
color scheme. For example, when the black background is selected, the color used for
text is automatically set to white.

View > Lights

The View->Lights menu is used to turn on or off one of the 6 predefined lights.

View > Refresh

Forces the redraw of the active window. Use CTRL-R as a shortcut.
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PROCESS PARAMETERS

The process parameters will be presented in the following sections for each simulation
type. Many parameters are common to many simulation types, so instead of repeating
text we refer to the section where the parameter was first described.

RTM Simulation

Filling Tab

X

RTM Process

Filling | velo Opti|

Injected resin |Resin_1 ﬂ
Max. injection time Resin_2
Resin_3
Gravity
Use gravity | Dirx |0
Norm |98 DirY |0
Dirz |1

0K | Cancel

RTM process parameters

- Injected resin: drop-down list allowing the user to select the resin to be injected.
This list contains the names of all the resins currently defined in the model.

- Max injection time: the simulation will stop even if the part is not completely filled if
the maximum injection time is reached.

- Use gravity: tells PAM-RTM™ to take gravity into account when calculating the
resin pressure field.

- Gravity Norm: gravitational acceleration. Unit: m/s”.

- Dir. X, Dir. Y, Dir. Z: components of the gravity direction vector. By default gravity is
in the negative Z direction.
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Velo Opti Tab

RTM Process

X

Filling Velo Opti |

[+ Optimize velocity

Resin capillary coef |D-92|

Optimal capillary number |D-D|359

Micro voids function |

Macro voids function |

MNb max iter |3

Tolerance |D-DDEF|

0K | Cancel | |

The reference for the velocity optimization (voids minimization) functionality of PAM-
RTM™ is:

Ruiz E, Achim V, Soukane S, Trochu F, Bréard J. Optimization of injection flow rate to
minimize micro/macro-voids formation in resin transfer molded composites.
Composites Science and Technology 66 (2006) 475-486.

- Optimize velocity: tells PAM-RTM™ to adjust the injection flow rate so that the
voids percentage is minimal in the final part. Pressure controlled inlets are
converted to flow rate controlled. If this parameter is not checked and the micro and
macro voids functions are defined, PAM-RTM™ won’t optimize the velocity but
will calculate the micro and macro void values. This is useful to have an idea of the
void content that you would have at the end of the injection if you didn’t control the
flow rate.

- Resin capillary coef: the capillary number is defined as:

_;/cosé?

Ca" Tad

where u is the fluid viscosity, v the superficial velocity, y the surface tension, and 6
the contact angle between the resin and the fibers. The resin capillary coef is the term
ycosf.
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- Optimal capillary number: the capillary number minimizing the void content.

- Micro voids function: the function describing the micro voids content, as un function
of the capillary number.

- Macro voids function: the function describing the macro voids content, as un
function of the capillary number.

- Nb max iter: the maximum number of Darcy’s equation resolutions done each time
step of filling to optimize the flow front velocity.

- Tolerance: the convergence error allowed in the optimization process.

Please see the tutorial Velocity Optimization for more information.

VARI Simulation

Filling Tab
See RTM Simulation.

VARI Tab

VARI Process ﬁ

Filing ~VARI
Bxtemal pressure 100000
Owverilling

[+ Continue overiling

Cwerfilling time 300

MNb steps 100

VARI Process tab
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- External pressure: most of the time the default atmospheric pressure (100 000 Pa) is
used, but if the infusion is done in an autoclave, a higher pressure could be
specified.

- Continue overfilling: when checked, simulation will continue even if the part is
filled. That allows the user to study the relaxation of the reinforcement after filling,
and estimate how long it takes to reach thickness equilibrium. Different scenarios
are possible. For instance the inlet could be kept on after filling is complete, or
closed with the Trigger Manager.

- Overfilling time: the duration of the post-filling phase.

- Nb steps: the number of steps to compute for the post-filling phase. A constant time
step is used, given by overfilling_time/nb_steps.

Heated RTM Simulation
Filling Tab
See RTM Simulation.

Thermal Tab

Heated RTM Process

X

Filling Thermal ‘
Initial fibers temperature ‘300{
Initial mold temperature ‘399
Initial degree of cure ‘19'995

[ Use temperature file

noname.dof

Heated RTM process parameters

- Initial fibers temperature: initial temperature applied on the fibers just before the
resin starts entering the cavity. This value is not used if Use temperature file is
checked. Unit: degree Kelvin.
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- Initial mold temperature: initial temperature of the mold. This value is not used if
Use temperature file is checked. Unit: degree Kelvin.

- Initial degree of cure: degree of cure of the resin just before entering the cavity.

- Use temperature file: check this parameter if you want to initialize temperature in
the mold and fibers with a non-uniform temperature field, result of a preheating
simulation. Use the ... button to browse to the file containing initial temperature.
That file is x_Thermal p.dof with the standard solver, xt . unf with the parallel
solver, where x is the name of the preheating case.

Note:

It is also possible to specify initial temperature per zone. However zone
temperature will be ignored if use temperature file is active.

Chaining Tab

Heated RTM Process ﬁ

Filing | Themal | Velo Opti Chaining

Crverfilling

[ Continue overfiling

Owerfilling time 300
Mb steps 100
Curing

| Cortinue curing

Stop criterion |max_n::uring_time ﬂ

Curing time 3600
Degree of cure tanget 1

Time step 1
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- Continue overfilling: tells PAM-RTM™ to perform overfilling, i.e. let the resin
flow out of the vents for some time after the part is completely filled. This is useful
to get a more uniform degree of cure distribution before starting the actual curing.
The overfilling stage is optional. You could chain curing directly after filling,
without overfilling.

- Overfilling time: the time allowed for the resin to flow out of the vents after filling.
Unit: seconds.

- Nb steps: the number of steps of overfilling, i.e. the number of Darcy’s resolutions
after the part is filled.

- Continue curing: check this parameter if you want PAM-RTM™ to continue with a
curing simulation after filling or overfilling.

- Stop criterion: if max_curing_time is selected, the curing simulation will run until
curing_time is reached. The min_above option will stop the simulation when all
elements have at least the degree of cure specified in degree of cure target, while the
avg_above option will stop the simulation when the average degree of cure on the
mesh is above degree of cure target.

- Curing time: the time allowed for curing when the max_curing_time option is
selected.

- Degree of cure target: the degree of cure to reach, when the min_above or
avg_above options are selected.

- Time step: the time step for the curing simulation is explicitly set by the user. Unit:
seconds.

Preheating Simulation

Process - Preheating

Initial fibers termperature |3':ID

Initial mold ternperature |3':ID

(0]:8 | Cancel

Preheating process parameters

- Initial fibers temperature: initial temperature of the fibers. Unit: degree Kelvin.

- Initial mold temperature: initial temperature of the mold. Unit: degree Kelvin.
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Note:

1t is also possible to specify initial temperature per zone.

Presimulation

No process parameters are available for presimulation.

Curing Simulation

Process - Curing g‘
Resin |Defau|t Fesin ﬂ
Initial filbers termperature ‘30':'

Initial mold temperature ‘30':'
Initial degree of cure ‘19‘DD5|

| Usetemperature file

‘nuname.duf

| Use degree of cure file

‘nuname.duf

Curing process parameters

- Resin: if many resins are defined in your document, you have to choose which resin
to use for the curing simulation from this drop-down list.

- Initial fibers temperature: initial temperature in zones linked to fiber reinforcements.
This parameter is not used if Use temperature file is checked. Unit: degree Kelvin.

- Initial mold temperature: initial temperature in zones linked to mold material. This
parameter is not used if Use temperature file is checked. Unit: degree Kelvin.

- Initial degree of cure: initial degree of cure assigned to all the elements in the cavity.
This parameter is not used if Use degree of cure file is checked. By default, the
curing simulation assumes that the cavity is completely filled (filling factor is 1
everywhere in the cavity). The only way to take into account partially filled
elements is with the degree of cure file.

PAM-RTM USER'S GUIDE
Process Parameters



PAM-RTM 2014 99 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

- Use temperature file: check this option and browse to the x Thermal f.dof to
initialize temperature with a non-uniform field resulting from the Heated RTM
simulation. With the parallel solver the file to select is xt . unf.

- Use degree of cure file: check this option and browse to the x Curing f.dof to
initialize the degree of cure with a non-uniform field resulting from the Heated RTM
simulation. With the parallel solver the file to select is xcr.unf.

Note:

1t is also possible to specify initial temperature per zone. However zone
temperature will be ignored if use temperature file is active.

Compression RTM Simulation

Filling Tab
See RTM Simulation.

Compression Tab

Compression RTM Process ﬁ

Filing Compression l

Initial mold opening |D.DD2

(initial thickness = zone thickness + mald opening)

Compression direction

X |E' Zero vector = nomal

CRTM process parameters
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- Initial mold opening: this is the thickness difference from start to end of compression
(h; in the figure below). In case of a vertical mold displacement (compression
direction —Z), the initial mold opening corresponds to the displacement of the tool.

- Compression direction: the vector in the global coordinate system defining the
compression direction. If a zero length vector is specified, the normal vector of each
element is used as the compression direction.

Note:

The initial mold opening doesn’t correspond to an empty gap. PAM-RTM™
modeling of CRTM assumes that the preform always fills completely the cavity.

The final thickness of the part is specified on zones. Even though in general the
same final thickness will be specified on all the zones, it is possible to specify a
different final thickness on each zone if needed. The initial thickness is
automatically computed by PAM-RTM™ so that at the end of compression the
thickness matches the thickness of zones. This means the initial thickness could
change from element to element, depending on the element’s normal and the
compression direction. The initial thickness is hy+h,, where h; is the projection
of h; on the local normal vector.

l compression direction

J N
h; h; (initial mold opening)

hy :; hs (final thickness)

hy
A >/ hy A
A4 hy A4 hy

PAM-QUIKFORM Simulation

There are basically two process parameters for a PAM-QUIKFORM simulation: axis
(also called draping referential) and operation. Even though axis do not appear in the

PAM-RTM USER'S GUIDE
Process Parameters



PAM-RTM 2014 101 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

process folder of the explorer, they are clearly process parameters since they are used to
specify contact point and draping direction.

Another process parameter, used only in advanced applications, is the draping curve. It
is possible to import a draping curve with the Import Curves command available in the
popup menu associated to the Process item in the explorer. See description of the curve
parameter in the PAM-QUIKFORM solver manual.

It is possible to create many axis in a PAM-QUIKFORM document. An axis is used as
a referential on which a laminate is aligned before it is draped. The origin of the
referential can be seen as the contact point, and the local X axis of the referential is the
draping direction for a zero degree layer.

A draping operation is the association of a laminate, an axis and optionally a
geometrical support (a selection of elements of the tool mesh). If the geometrical
support is not specified, it is assumed that a layer is to be draped on the complete tool
mesh. A laminate part is defined by specifying a sequence of draping operations. For
example:

- Drape laminate 1 from axis 1.
- Drape laminate 2 on axis 2.

- etc.

Axis Definition

=- Untitled -- Untitled
Simulation type : QUIK-FORM Simulation type : QUIK-FORM
- - Axis
: |m . e
-1- Materials + Materi:m
+- Reinforcements +- Proces
+- Laminates +- Numer Reverse Z
+ Procegs Drapin Delete
+- Numerical

Draping Results

To create an axis, right-click the axis item in the explorer and choose Create. To edit an
axis, double-click it in the explorer, or choose Edit in the axis popup menu. This opens
the Axis Definition dialog.
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Axis Definition g]

Origin Direction Vector

ol B
o el VS
S el N

Name |De1ault Axis 3

OK | Cancel I

[\

The coordinates of the origin can be entered manually, or an arbitrary point can be
picked on the tool mesh with the Pick button [1]. The direction vector (local X axis of
the referential) can also be entered manually, or interactively by picking points. First
choose 1 Point or 2 Points option [2]. If I Point is chosen, push the Pick button [3] and
pick one point. The direction vector is then defined from the origin to the picked point.
If 2 Points is used, push the Pick button [3], then pick two points on the tool mesh. The
direction vector is then defined from the first picked point to the second.

Draping Sequence

= Untitled = Untitled
Simulation type : QUIK-FORM Simulation type : QUIK-FORM
+- Axis +- Axis
+- Materials +- Materials
- m — -I-Process
+ Op! New Operation k H
i g”m?r Import Curves... ﬁm'";tm
rapin :
P Clear Curves Su';p'm: Set Selection from Support
- Operation 1 Set Support from Selection
Laminat
Axis : De Delete
Support: no
+- Mumerical

Draping Results

Before the sequence of draping operations can be specified, some axis and laminates
must be defined (see chapter Laminates). To create a new operation, use the New
Operation command in the Process popup menu. To edit an operation, double-click it in
the explorer, or choose Edit in the popup menu. New operations are always added at the
end of the operation sequence. It is not possible to move an operation in the sequence
once it is created.

Editing an operation pops up the following dialog box, where the laminate to drape and
the associated axis can be selected from the list of available entities.
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Draping Operation g‘

Larminate

Axis Default Axis ~|

Optionally, it is possible to set a geometrical support to an operation. The use of
supports will be demonstrated with the following example.

A rectangular surface is to be draped first with a layer of fabric. Then a layer of UD is
draped on top of the fabric. The UD layer doesn’t cover the surface completely.

The mesh used in this example is the following.

First we set the draping referential to the center of the part. When using supports, it is
important that the referential used in a draping operation be located on the support.

Then we create 2 laminates: one for the fabric layer, and one for the UD layer.

The next step is to create 2 operations. The first one is associated to the fabric layer, the
second one to the UD layer.
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Finally we set the support of the UD operation. Set the selection filter to Element then
select elements like this.

Use the Set Support From Selection command, available in the operation popup menu,
to set the support of operation 2.

=- Untitled
Simulation type : QUIK-FORM
+- Axis
+- Materials
--Process
-
Lamir  Edit..
Axis ]
Supp Set Selection from Support

SR Set Support from Selection N

Lamir
Asis Delete
Support: no

+- Mumerical

Draping Results

To visualize later the support of an operation, use the Set Selection from Support
command.

To modify a support, first use Set Selection from Support to clear the current selection
and set it to the elements of the support, then modify selection (use these buttons

*+ == to replace, add to, or remove from selection), and finally set the support with
Set Selection from Support.

At this point the explorer looks like this.
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-- rectangle.dif
Simulation type : QUIK-FORM
+- Axis
—I- Materials
+- Reinforcements
--Laminates
--fabric_layer
--Layer 1
Material : Default Fabric
Angle : 0
- UD_layer
--Layer 1
Material : Default UD
Angle : 0
-I- Process
-
Laminate : UD_layer
Axis : center
Support: yes
-- Operation 1
Laminate : fabric_layer
Axis : center
Support: no
+- Mumerical
+- Draping Results

Running the simulation, we get the following results. The fabric layer covers the surface
completely, while the UD layer is restricted to elements of the support.
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NUMERICAL PARAMETERS

The numerical parameters will be presented in the following sections for each
simulation type. Many parameters are common to many simulation types, so instead of
repeating text we refer to the section where the parameter was first described.

RTM Simulation

Output Tab

RTM Mumerical Parameters lﬁ

GenPorts ] Local Variables ] Advanced ]
Output I One Shot l Air Entrapment ]
[v Save filling factor [ Save velocity
[v Save pressure [ Save micro/macro voids
[ Save closing force [ Save viscosity
Output format ERF -
Sampling period 5 steps -
Recover period 100]
OK | Cancel

RTM Output tab

- Save Filling Factor: tells PAM-RTM™ to generate result file for filling factor.
- Save Pressure: save pressure result file.

- Save Velocity: save resin velocity results files.
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- Save capillary numbers: saves the capillary number, micro void, macro void, total
void files. This option is useless if the micro and macro voids functions in the Velo
Opti tab of the Process Parameters are not defined.

- Save closing force: writes a 5 columns text file, giving the components of the force
vector in time, as well as norm of the force vector.

- Save viscosity: save resin viscosity. This is useful in the isothermal RTM context
for viscosity function of time.

- Output format: I-DEAS Universal is the default format used by PAM-RTM™ to
write simulation results. The new ESI Group format called ERF is also available to
perform post-processing in Visual-Viewer™ (version 5.5 or later). Visual-
Viewer™ has more advanced post-processing capabilities than the standard PAM-
RTM™ vyiewer.

- Sampling period: store results in output files each n time step. By default n=10,
which means that 1/10 steps will be saved. This parameter is useful to minimize the
size of results files. Other options (parallel solver only):

- seconds: saves results approximately each x seconds of simulated time
- fill %: saves results approximately each y percentage of filling

- Recover period: (standard solver only) this parameter is useful in case you need to
stop the simulation (CTRL-C) and restart it later. The default value is 500, which
means that if you need to stop the simulation, you will have 500 steps to recalculate
if you do a restart. Since a restart is considered an exceptional event, the default
value is relatively large so that the simulation doesn’t waste time writing
unnecessary files. If you expect a simulation to run many days, you should maybe
consider decreasing the recover sampling period.

Notes:

- The “save” options (save filling, save pressure, etc.) only apply to the standard
solver. The parallel solver writes systematically all the results files, regardless of
that selection.

- One exception is the “save micro/macro voids” option that must be selected in
order to have the parallel solver compute the micro and macro voids.

- The seconds and fill percentage sampling period options might not be respected,
depending on the time step. For example, with a sampling period of 4 seconds and a
time step of 5 seconds, results would be saved at t=0, t=5, t=10, instead of t=0, t=4,
t=8, etc. From the time of the last save, the specified period is added, and the first
step computed with a time greater or equal to that time generates a save. Of course
with a small time step, the actual sampling period will be closer to the specified
value.

- The parallel solver can be restarted from any time. It will actually restart from the
closest time in the results files (depends on the sampling period).
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One Shot Tab
[ RTM Mumerical Parameters Iﬁ
GenPorts ] Local Varables ] Advanced ]
Output One Shot I Air Ertrapment ]
[ Do one shot

QK | Cancel

RTM One Shot tab

- Do one shot: (standard solver only) tells PAM-RTM™ to perform a “one shot”
simulation, i.e. solve in a single step to get the last points filled. This simulation is
orders of magnitude faster than a standard filling simulation. Only pressure and flow
rate boundary conditions are taken into account. There can be many inlets specified,
but all must be of the same type (pressure or flow rare). Vents are ignored, as the
goal of this simulation is to help find the best location for vents.
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Air Entrapment Tab
RTM Mumencal Parameters Iﬁ
GenPorts ] Local Varables ] Advanced ]
Output |  One Shot Air Entrapment

[ Detect airtraps

Min. number of elemerts 3

RTM Air Entrapment tab

- Detect air traps: tells PAM-RTM™ to detect air traps and take into account the
pressure inside the air trap when solving the resin pressure field. An air trap is
defined as a closed region of empty or partially filled elements not connected to an
open vent.

- Min. number of elements: this parameter is used to avoid false air traps to be
detected. The default value is 3, which means that if a small air trap of one or two
elements pops up from nowhere, it won’t be considered a real air trap and the cavity
pressure still applies in this area (no pressure calculation based on the volume of the
air trap). This doesn’t mean that an air trap can never be smaller than 3 elements.
Actually a large air trap is allowed to shrink below the min number of elements
parameter.
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GenPorts tab

RTh Mumerical Parameters ﬁ

Output ] One Shot ] Air Ertrapment ]
GenPorts l Local Varables ] Advanced ]

[ Optimize inlets locations

Nb inlets o
MNb generations IW
Population 100

Prob mutation

Steady gen

- Optimize inlets locations: if this box is checked, the GenPorts optimization module
will be called to find the optimal injection ports locations minimizing fill time,
instead of the standard RTM filling calculation.

- Nbinlets: number of injection ports to use.
- Nb generations: number of generations to be calculated by the genetic algorithm
engine.

- Population: the number of individuals for each generation. An individual is actually
an injection configuration, which is made of the number of injection points specified
in nb inlets.

- Prob mutation: this is the probability that a major change occurs in a child with
respect to his parents. For instance if a child is normally generated on the “line”
connecting his 2 parents, a mutation could be to choose randomly a node of the
mesh instead of one of the parents.

- Steady gen: if the calculation engine doesn’t detect a significant change in the
solution for that number of successive generations, it will assume convergence has
been reached and will stop the calculation.

More information can be found in the GenPorts tutorial.

Note that GenPorts is not supported by the parallel solver.
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Local Variables Tab
RTM Mumerical Parameters ﬁ
Output ] One Shot ] Air Ertrapment ]
GenPorts Local Variables l Advanced ]

[ Use local permeability files

I Use local porosity file

[ Use local thickness file

RTM Local Variables tab

- Use local permeability files: tells the PAM-RTM™ solver to initialize local
permeability (one permeability value for each element) from the x_k1.sf,
x_k2.sf and optionally x_k3.sf (for solid elements) that have been generated as
aresult of Compute Local Permeability. For example if you do Compute Local
Permeability and save your PAM-RTM™ project as test.dtf, the files
test kl.sfand test k2.sf will be generated in the same directory. You have
to check Use local permeability files to initialize local permeability from these files.
Otherwise the permeability of the material associated to each zone will be used.

- Use local porosity file: tells PAM-RTM™ to use the local porosity file
(x_porosity.sf) resulting from Compute Local Permeability to initialize the
porosity of each element.

- Use local thickness file: the same principle applies to the thickness of shell elements.
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-

RTM Numerical Parameters

e

Qutput |
GenPorts |

[v Use parallel solver

One Shot
Local Variables

[~ Correctflow rate with tube length (Poiseuille)

—Parallel solver specifi

[T Use AMG solver

Air Entrapment |
Advanced

L=

—Standard solver spec

ific

Overfill factor |1-2
Darcy Solver Parameters I

0K | Cancel

| Apply

RTM Numerical Parameters - Advanced tab

-

Darcy Solver

lterative method

Preconditioner
Mb. max, iter,

Error

ICDnjugate Gradient

IDiagDnal
|1IZ|DIZ|

1e-005

Cancel |

Advanced Darcy solver parameters
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- Use parallel solver: if this box is checked, the new high performance parallel solver
introduced in PAM-RTM™ 2010 will be called instead of the standard solver.
Before the calculation is launched, a dialog box is posted, asking how many
processors are to be used. It is possible to enter 1 if the calculation is to be run on a
single processor system, such as a laptop. In that case, the calculation will still be
much faster than the standard solver, as the parallel solver uses a completely
different code architecture, highly optimized. The memory used will also be much
smaller than the standard solver. Once the calculation is done, the results have to be
loaded for post-processing with File > Open > PAM-RTM Parallel (.unf). Note that not
all the functionalities of the standard solver are currently supported by the parallel
solver. Please see the PAM-RTM™ Release Notes for the complete list of features
supported or not supported.

- Correct flow rate with tube length (Poiseuille): (parallel solver only) for pressure
driven inlets, the corresponding flow rate on each inlet is computed and compared to
the theoretical flow rate that would be obtained using Poiseuille formula (i.e. taking
into account the tube length and radius specified on the boundary condition). If the
flow rate on the inlet is found to be greater than that value, the inlet is switched to a
flow rate controlled inlet with the flow rate set as the Poiseuille value.

- Use AMG solver: (parallel solver only) new high performance multi-grid solver used
to solve Darcy’s equation. Experimental (use with care).

- Overfill factor: (standard solver only) used to speed up the filling calculation by
allowing more elements to be filled at each iteration, thus reducing the total number
of Darcy solutions needed to fill the cavity (in PAM-RTM™ most of the time is
spent solving Darcy’s equation). The idea is to allow an element to be oversaturated,
1.e. to contain more resin than it can actually contain. The excess of resin of an
element is distributed to its neighbors. The default value is 1.2, meaning that an
element can be oversaturated by 20%.

- Darcy solver parameters (standard solver only):

Iterative method: the method used to solve the linear system Ax=b. Conjugate
gradient should be used for Darcy. Advanced users can evaluate the
performance of other supported methods:

»  Bi-conjugate gradient

»  Bi-conjugate gradient stabilized

v  Conjugate gradient squared

v Chebyshev iteration

v Generalized Minimum Residual (GMRES)
»  Richardson iteration

v Quasi-minimal residual

v Conjugate gradient 2002

v Conjugate gradient 2004

v Conjugate gradient 2008
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Notes:

A new conjugate gradient implementation (conjugate gradient 2008) is
introduced in PAM- RTM™ 2008. The meaning of the conjugate gradient
option without version specification depends on the platform. For instance, on
Windows 32-bit, conjugate gradient actually means conjugate gradient 2004.
On Windows 64-bit, conjugate gradient means conjugate gradient 2008. The
2008 implementation was introduced mainly for porting reasons. Unfortunately
the 2004 implementation, which is still the fastest of all implementations, makes
use of advanced libraries which are not available on Windows 64-bit and Linux.
We recommend keeping the default generic conjugate gradient option, so that
the PAM-RTM solver automatically chooses the best implementation for a
platform.

Preconditioner: diagonal should be used for Darcy. Other choices for advanced
users are:

v Incomplete Cholesky
v Incomplete LU

Nb max iter: maximum number of iterations to solve the linear system.
Error: The residual is defined as », = b — 4 *Xx,. The stopping criterion of the
|1

iterative method is
21,

< ¢, where ¢ is the specified error.

VARI Simulation (standard solver only)

The VARI simulation shares many of its numerical parameters with the RTM
simulation. In the following sections, we list only the VARI specific parameters. The
user should refer to the section RTM Simulation for a description of other parameters.
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VARI Mumerical Parameters ﬁ

Output IAir Entrapment I Advanced I

¥ Save filing factor [T Save pemeability
¥ Save pressure [~ Save porosity
¥ Save thickness [T Save velocity

[~ Savefiber content

Output format I [-DEAS Universal ﬂ

Sampling period Im
Recover period IE‘DU

VARI output parameters

Output Tab

Since VARI simulation involves local change of thickness, fiber content (porosity) and
permeability, these variables can be saved in results files. See RTM Simulation for other

parameters.

Air Entrapment Tab

See RTM simulation.
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Advanced Tab

VARI Numerical Parameters ﬁ

Output | Air Entrapment  Advanced |

Owerfill factar I1 2

| Unified Darcy solver parameters I

VARI advanced numerical parameters

- Overfill factor: see RTM simulation.

- Unified Darcy solver parameters: these are specific settings to solve the unified
Darcy equation. The default settings are GMRES with ILU preconditioner.
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Heated RTM Simulation

Output Tab

Heated RTM Numerical Parameters &J

Output IAirEntrapment] LocaIVariabIes] Advanced]

[+ Save filling factor [ Save velocity

[+ Save pressure [ Save exothermy

[+ Save temperature [ Save micro/macro voids
[v Save extent of cure [ Save closing force

[ Save viscosity

Qutput format Default -
Sampling period 10 steps v

Recover period 500

0K | Cancel

Heated RTM output tab

- Save filling factor, Save pressure, Save temperature, Save extent of cure, Save
exothermy, Save velocity, Save micro/macro voids, Save viscosity: (standard solver
only) check boxes to specify the variables to save in results files.

- Save closing force: writes a 5 columns text file, giving the components of the force
vector in time, as well as norm of the force vector.

- Output format: see RTM simulation.
- Sampling period: see RTM simulation.

- Recover period: see RTM simulation.
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Note:

- The exothermy output of the standard solver is replaced by the rate of reaction
(do/dt) in the parallel solver.

Air Entrapment Tab

The air entrapment option can be used with non-isothermal filling, however the current
implementation doesn’t take into account the effect of temperature on the pressure
inside air traps. See RTM Simulation for a description of the parameters.

Local Variables Tab

See RTM simulation.

Advanced Tab

Heated RTM Numerical Parameters ﬁ

Outputl Air Entrapment | Local Variables AdVEﬂCEdl

[v Use parallel solver
[¥ Use kinetic

[~ Correctflow rate with tube length (Poiseuille)

Parallel Solver Specific Params

—Standard solver specific

[~ Usethermal dispersion

Overfill factor |1-2

| Darcy Solver Params I

Thermal Solver Params |

0K Cancel | Apphy

Heated RTM advanced parameters
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- Use parallel solver: see RTM simulation. Thermal analysis with the parallel solver
was introduced in PAM-RTM™ 2011.

- Use kinetic: uncheck this parameter when resin cure and its effects on viscosity and
temperature are negligible during the filling phase, to avoid solving the transport
equation for chemical species and reduce CPU time.

- Correct flow rate with tube length (Poiseuille): see RTM simulation.

- Use thermal dispersion: (standard solver only) check this parameter to have PAM-
RTM™ take into account thermal dispersion, which is basically a correction to the
thermal conductivity used in the saturated region. The corrected conductivity
depends on the resin velocity. For more details, see the description of the
characteristic length parameter, in the section on the thermal properties of the fiber
reinforcements.

- Overfill factor: see RTM simulation.

- Parallel Solver Specific Params: these parameters are only used if use parallel solver
is checked.

- Automatically generate mold/preform interface: with the parallel solver, it is
mandatory to specify a heat transfer coefficient for the mold/preform interface,
as opposed to the standard solver for which it is optional. Since it can be a lot of
work to generate that interface manually with the usual Groups>Contact
Interface command, this option is checked by default, meaning the elements will
be automatically disconnected on that interface for the whole mesh at
calculation launch. In some special situations the user might need to specify
different coefficients for different areas of the mold/preform interface. In that
case, the user has to create interfaces manually; using contact resistances (see
tutorial Thermal Contact Resistance). Be careful that the units of the contact
resistance are the reciprocal of the mold/preform interface coefficient. This
option must be unchecked if some contact resistances are to be defined manually
on the mold/preform interface. In that case it is mandatory that all the faces of
the mold/preform interface be part of a contact resistance. PAM-RTM™ won’t
create automatically the remaining interfaces if the contact resistances cover
only a subset of the mold/preform interface. Note that this doesn’t apply to
mold/mold interfaces. It is thus possible to have automatically generate
mold/preform interface checked, while contact resistances for mold/mold
interfaces are defined

- Mold/preform interface coefficient: heat transfer coefficient (conductance) used
on the whole mold/preform interface when the automatically generate
mold/preform interface option is checked. Be careful that the units (W/m’K) are
the reciprocal of a thermal resistance.

- Use AMG solver: (parallel solver only) new high performance multi-grid solver
used to solve Darcy’s equation. Experimental (use with care).
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- Darcy Solver Params: see RTM simulation. These parameters are only used by the
standard solver (i.e. if use parallel solver is unchecked).

- Thermal Solver Params: default is GMRES with ILU preconditioner. These

parameters are only used by the standard solver (i.e. if use parallel solver is
unchecked).

Preheating Simulation

Output Tab

Preheating Numerical Parameters lﬁ

Output | Time Step] Advanced]

[v Save temperature

Output format Default -
Sampling period 10 steps hd

Recover period 500

0K | Cancel ‘

Preheating output tab
- Save temperature: this is the only variable that can be saved for a preheating
simulation.
- Output format: see RTM simulation.
- Sampling period: see RTM simulation.

- Recover period: see RTM simulation.
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Time Step Tab

Preheating Numerical Parameters &J

Output Time Step lAdvanced l

Max experiment time |3SDD

Max number of steps |'|']E”:|

0K | Cancel

Preheating time step tab

With the standard solver, the preheating simulation works with a constant time step
calculated as:

dt = Max experiment time/Max number of steps
- Max experiment time: the total heating time of the mold and fibers. Unit: seconds.

- Max number of steps: the number of time steps for the calculation.

The parallel solver uses an adaptive time step, meaning it changes in time to respect
convergence criteria. The df formula above corresponds to the maximum time step.

Advanced Tab
See Heated RTM.
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Curing Simulation

Output Tab

’
Curing Numerical Parameters téj

Output | Time Step | Advanced |

[v Save temperature [v Save exothermy

[v Save extent of cure

Qutput format IDefauIt vI

Sampling period I'”:| Isteps LI

Recover period |5U'D'|

OK I Cancel Ay

Curing output tab

- Variables available for saving in results files are: temperature, extent of cure and
exothermy.

- Output format: see RTM simulation.
- Sampling period: see RTM simulation.

- Recover period: see RTM simulation.
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Time Step Tab

© -
Curing Numerical Parameters &J

Output Time Step lAd\ranced ]

Max expernment time |3EDEI
Max number of steps |1DE”:I
Parallel

Adaptive max delta T |D

0K | Cancel

Curing time step tab

- Max experiment time: see Preheating simulation.
- Max number of steps: see Preheating simulation.

- Adaptive max delta T: (parallel only) in order to capture the high temperature peak
typical of curing reactions, it is sometimes necessary to use this parameter to further
control the time step. It specifies the maximum absolute temperature variation
allowed on the whole domain between two steps. If the variation is higher, the time
step will be decreased (divided by two), until the condition is respected. Then the
time step will increase again as long as the condition is respected (up to the
maximum time step df = max_experiment time/max_number of steps). The default
value is zero, meaning the parameter has no effect.

Advanced Tab

See Heated RTM simulation.
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r

Presimulation Parameters

MNumerical ]

[+ Save Filing Factor

Sampling period 10
Owerfill factor 12

o |

Cancel

Presimulation numerical parameters

- Save filling factor: there is no pressure calculation involved in presimulation, so

filling factor is the only variable available for output.

- Sampling period: see RTM simulation.

- Overfill factor: see advanced numerical parameters of RTM simulation.
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PAM-QUIKFORM Simulation

PAM-QUIKFORM Numerical Parameters (e

Common

[Grid zize u 0 keazure
0 Measzure

[ Project [v Estrapolate [ Flat curve

[arid zize v

v Back drape [ Sequential [ IGES curve

Special Application
[ PHP [ MEM [ CS5Y

k. | Caricel

- Grid size u: size of the elements along the local Y axis of the draping referential (see
figure below). For fabrics, grid size v is not used. Only grid size u is used for both
directions. The UD algorithm supports different sizes for u and v.

- Grid size v: size of the elements along the local X axis of the draping referential.
This value is not used for fabrics.

- Project: if this option is checked, the fiber orientations are projected by PAM-
QUIKFORM on the tool mesh, and instead of writing mesh files of the 3D draped
plies, the tool mesh is copied for each ply, with additional information for fiber
orientations. See description of the initial parameter in the PAM-QUIKFORM
solver documentation.

- Extrapolate: also called “manual draping”, this option is used by PAM-QUIKFORM
to cover a surface as much as possible by extrapolation. Without this option, draping
will cover at most a quadrangle defined by the size of the two axes first draped. See
example below.

- Back drape: activates the possibility of draping in back direction. The basic
algorithm of PAM-QUIKFORM drapes from the starting point, increasing weft and
warp directions. Due to the geometry of some parts, the basic algorithm might not
be able to cover some areas without the back drape option. See example below.

- Flat curve: if this option is active, PAM-QUIKFORM projects the boundary of the
tool on the mesh of the 3D draped ply in order to get a more accurate representation
of the 2D flat pattern.
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- IGES Curve: if the flat curve option is active, the flat curve is written in IGES
format.

Sequential: if this option is active, PAM-QUIKFORM will drape sequentially by
zones, which must be numbered sequentially from 1 to n. The origin of the draping
referential must be located in zone 1.

- PHP, MEM, CSV: special application flags. See PAM-QUIKFORM solver
documentation.
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PAM-QUIKFORM grid size u and v parameters
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Draping with the extrapolate option
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Draping with the “back drape” option

Flat curve
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FUNCTION EDITOR

Many simulation parameters in PAM-RTM™ use curves or mathematical functions of
2 variables. This chapter describes the function editor, a dialog box used to edit these
mathematical functions.

Overview

This button ~ lis used in PAM-RTM™ wherever a mathematical function can be
assigned to a simulation parameter. The following image shows the General tab of the
Fabric Properties dialog. In this example, Permeability K3 [1] is a constant value, so its
value can be entered directly in the text field. Permeability K1 [2] has an exponential
curve assigned to it. The text field is used to display the type of the function, the text

field is disabled, and the user has to push the - |butt0n to modify the parameters of the
exponential curve. This opens the Function Editor dialog.

Fabric Properties z]

General lCompressibiIity] Thermal | Advancedl

Name |Defau|t Fabric

Density 2000

PermeabiltyK1 ~ [porenial 4|
Permeability K2 l— 4'
Permeabilityk3  [1.000E-011 u

General tab of the Fabric Properties
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Function Editor [X

—Awvailable functions

|Constant Copy to Function Poal...

Power .
piecewise_linear Get from Function Pool...
krig_e

1 Exportta File...

user_defined Impaort from File... |

Edit User Defined

~ Function parameters

x :fiber content, f(x) k1. f(x) =A*exp(B*x)

| View |
New |

Insert Before |

Insert After |

Delete |

| 0K | Cancel

Function editor dialog

In this example, an exponential curve f(x)= A-e”* with 4=2.2E-8 and B=-11.57 is

assigned to Permeability K1. The user can select other functions from the list of
predefined functions [1]. Selecting a function displays either the function parameters
such as 4 and B in this example, or the coordinates of the control points if the function
is defined by a set of control points (piecewise linear or krig_e). In any case, the user
can click on a value and enter text to modify it.

A user_defined function is always available in the list of functions. The same
exponential curve as shown above could be defined with the user defined function by
pushing the Edit User Defined button and entering the character string:

2.2E-8%exp (-11.57*x)

The curve is the same, however the evaluation of the curve costs more CPU time.
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The curve can be visualized by pushing the View button. This opens the following Curve

Plotter.
Il Curve Plotter g
x10™ Permeability K1 vs VF

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60
fiber content

Permeability K1 as a function of fiber content

User Defined Functions

The parser recognizes the following operators:
+, -, *, /, "~ (exponent)
as well as the following functions:
H, abs, exp, ceil, floor, log, sqrt, sin, cos, tan, asin, acos, atan, sinh, cosh, tanh.
Note that the non-standard function H is the Heavyside step function, defined as:
H(x)=0,x<0
H(x)=1Lx2>1

As an example, the function Kinetic 01 defined as:

f,y)=4-y"-(1-y)y ,e(T]
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with 4=9.17E+6, E=7304, m=0.7 and p=1.3 would be defined as a user defined
function with the character string:

9.17E6* (y"0.7)* ((1-y)"1.3) *exp (-7304/%)

Function Pool

The function pool can be seen as some kind of copy/paste functionality for
mathematical functions. This is useful when the same function is assigned to many
parameters. In that case, the user defines the function once, then push the Copy to
Function Pool button, which pops up the following dialog box. A name must be given to
the function before it is copied in the function pool. The function can be retrieved later
by its name with Get from Function Pool. Note that the function pool is shared by all
open documents and is available until PAM-RTM™ is closed.

Choose Function R|

Functions currenthy in pool

MName of new function

|perm_vf

Copy to function pool dialog

Choose Function @

Functions currenthy in pool

MName of new function

|

Get from function pool dialog
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Import/Export

Depending on the context (edition of a function of 1 or 2 variables), it is possible to
import in PAM-RTM™ a 2 columns text file (curve) or a 3 columns text file (function
of 2 variables). The columns can be separated with any combination of white space, tab
or comma. If a 2 columns file is imported, a piecewise linear curve is automatically
created. For 3 columns text files, a krig_e function is created.

The set of control points associated to piecewise linear or kriged functions can also be
exported in 2 or 3 columns text files.
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MATERIAL PROPERTIES OF THE RESIN

The Resin Properties dialog box is opened by double-clicking a resin in the model
explorer.

= Untitled
Simulation type : RTM
+-Process
+- Numerical
--Materials
-I- Resins

oE Default Resin
Viscosity.‘l

+- Reinforcements
Solids

+- Laminates

Zones

Boundary Conditions

Sensors

The following dialog box is used to specify resin properties such as viscosity, chemical
reaction model, thermal conductivity and specific heat.

General Tab

Resin Properties 8]

General I Thermal | Chemical I

Name IDefauIt Resin
Density 1000
Viscosity

Model IConstant LI
Value/Function ID-1

OK | Cancel
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Enter a text description to fully identify the resin. It is sometimes useful to include in
this description the validity domain of the associated viscosity and kinetics models,

such as “My resin with kinetics 350 < T < 400”.
Density

Density of the resin. Unit: kg/m”.

Viscosity

Unit: Pa.s. Several models are available:

- Constant

- Function of temperature f(temperature)

Constant
Exponential: f(x)=A-exp(B-x)
Piecewise linear function

User defined
User DLL

- Function of temperature and degree of cure f(temperature, alpha)

Constant

Viscosity 01 (see reference [R.1] at the end of this chapter):

f(T,a):A-exp(§+C-aj

Viscosity 02 (Castro-Macosko [R.2]):

f(T,a)zco-eXP(ﬁj-[ = ]
T c,—a

Viscosity 03:

C3

f(T.a)=¢,- exp(%) : exp(

C,

Viscosity 04:

J(T,a)=c, 'eXP(TC—lc J[C czaJ[TQ. j

Viscosity 05:

B
f(T,a)=A- exp(?+ c, tea+c,a’ +..+c,a’)
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Viscosity 06 (|R.3]):

T
T,a)=h, -exp| =2 +C-a
f(T,a)=h, P(T - J

Kriged function
User defined
User DLL

- Function of time f(global time)

Constant

Piecewise linear function
User defined

User DLL

- Function of time f(material age)

Constant

Piecewise linear function
User defined

User DLL

Note:

The user_dll type is only supported by the parallel solver. See tutorial User
defined functions.

The time variable used for the evaluation of viscosity f(global time) is the time
since beginning of injection. At a given time, the viscosity is uniform on the
saturated domain.

For f(material _age), the time variable corresponds to the time since a resin
particle entered the mold. Viscosity is thus non-uniform on the saturated
domain, and higher close to the resin front.

The f(material _age) model is only supported by the parallel solver.

The viscosity model is selected with the Model dropdown list[1]. In case of a
constant viscosity, the value can be entered directly in the Value field. Otherwise
the user has to go through the function editor [2] to enter the coefficients of the
selected function (see section Function Editor).
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Thermal Tab
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Resin Properties g

General Thermal IChemicaIl

Thermal Conductivity

Model IConstant
Value/Function |0-9
Specific Heat

Model IConstant
Value/Function |1500

o]

Cancel

Thermal Conductivity

Unit: W/m.K.

Available models are: constant, function of temperature, or function of temperature and

degree of cure [1].

Once again, in case of a constant model, the value can be entered directly in the text
field [2]. Otherwise use the ... button to open the function editor.

Specific Heat
Unit: J/Kg.K.

Available models are: constant, function of temperature, or function of temperature and

degree of cure [3].

Note

When using the parallel solver, if specific heat f(temperature, alpha) is needed,
it has to be specified with a user dll function (i.e. C-language code written by
the user). See tutorial User Defined Functions.
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Chemical Tab
Resin Properties g
Generall Thermal Chemical I
Kinetic Parameters
Enthalpy 465200
Nb sub-reactions 2| Set c
Sub-reaction 1
Sub-reaction 2
Weight 05
Function | I < 3 '
0K | Cancel | |
Enthalpy
Unit: J/Kg.

The heat generated by the full resin polymerization per unit mass.
Reaction model

The resin kinetics model is defined as a weighted summation of sub-reactions:
da <
—=)> wlt) fi(T,x
S0 1(1.0)

The number of sub-reactions n must be specified first in the Nb sub-reactions field.
Then the user pushes the Set button [1], which actually generates the sub-reactions
listed in [2]. Select a sub-reaction, then edit the associated weight function and kinetics
function [3]. The weight is function of time, while the kinetics function is function of
temperature and degree of cure.

Available functions for kinetics are:

- Kinetic 01 (autocatalytic [R.4]):

f(T,a):A-a’”-(l—a)p-exp(%J
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- Kinetic 02 (Kamal-Sourour [R.5]):
f(T,a)=| 4 -exp(ﬂ] + 4, -exp(ﬂj a" |-(B-a)
T T
- Kinetic_03 (modified Kamal-Sourour):

f(T,a)= (Al -exp(%j + 4, -exp(%) . a’"(T)j (B(T)- a)"(r)

B(T)=b, +b,-T+b, -T*
m(T):m0+m1-T+m2-T2
n(T):n0+n1-T+n2-T2

- Kinetic 04 [R.3]:

f(T,a):A-exp[ T’”; J-[ramp(l—exp(—B-(T—Tm))—a)]m -a"

o —

m

ramp(x) =x,x=>0

ramp(x)=0,x<0

- Kiriged function: interpolation function constructed from a set of data points.
- User defined
- User DLL (parallel solver only, see tutorial User defined functions)

The View button [4] opens the Kinetic Viewer Parameters dialog, used to specify a
temperature and time range. Then pushing the Plot button plots isothermal conversion

. o . da .
curves, as shown below. This is actually the time integration of Tfor different
t

temperatures. This viewer is useful to quickly evaluate how long it takes to fully cure
the resin at a given temperature.

Kinetic Viewer Parameters R|

Temperature Range

hdin 300 bax 400
Time |350|J
Initial corwversion |1E-DDE
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Aplha vs Time
1.00 . . ' ' T T T 1 T=300K =
095 | { T=325K =
090 F 4 T=350K m
T=375K =
0851 1 T=400k
080 | -
075 |
070t
065 |
060 |
4 055 F
| 0501
hoosst
4 a0t
035 |
030 |
025 |
020 |
015 |
010 |
0.05 |
.00 |
0.0 05 10 15 20 25 30 35
Time (s) x10°
(0] | Close
Kinetic Viewer
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MATERIAL PROPERTIES OF THE FIBER
REINFORCEMENTS

Three types of fiber reinforcements can be created in PAM-RTM™: fabric,
unidirectional, and random mat. Right-click the Reinforcements item in the explorer to
create new instances of reinforcements.

- Untitled
Simulation type : RTM
+- Process
+- Mumerical
—I- Materials
+- Resins

-
- Defamabrmm
+- Default UD Unidirectional
+- Default Mat Random Mat

+- Solids

+- Laminates
Zones

Boundary Conditions
Sensors

To edit a fiber reinforcement, double-click it in the model explorer. The General,
Thermal and Compressibility tabs are shared by all reinforcements. An Advanced tab is
available on the fabric to specify permeability as a function of shear angle. A Draping
tab is available in the context of a PAM-QUIKFORM simulation.
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General Tab

Fabric Properties @

General | Compressibility | Thermal | Advanced |

Name IDefauIt Fabric

Density 1000

Permeability K1 1.000E-009
Permeability K2 1.000E-009

Permeability K3 1.000E-009

OK | Cancel

Name

Enter a text description to fully identify the fiber reinforcement.

Density

Unit: kg/m’

Density of the “solid” fiber material, i.e. density for 100% fiber volume fraction. For
example density of pure glass, if the reinforcement is made of glass fibers.

Permeability K, K;, K;

Unit: m?

Permeability in the 3 principal directions of the permeability tensor, i.e. the directions in
which the tensor is diagonal. K, K; and K3 are the values on the principal diagonal.

The in-plane principal permeability components K, K, and through-thickness
permeability K3 are most of the time specified as constant values for a given fiber
volume fraction (v¢). They can also be specified as functions of vy. It is important for
VARI simulation to specify permeability as a function of vy.
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The models available for permeability as a function of v¢, which can be selected through
the function editor [1], are:

- Exponential: f(x)=A-exp(B-x)
- Power: f(x)=4-x"
- Piecewise linear

- Kiriged (interpolation of experimental data points)
- User defined

Compressibility Tab

The parameters in this tab are currently only used for VARI simulation.

Fabric Properties E

General Compressibility lThermaI] Advanced]

Compressibility Format |Pressure-Fiber Content LI

1 > Compressibility Curve | I

Natural thickness 0.[]09|

Superficial density 0.7

0K I Cancel

Compressibility format
The format of the compressibility curve, which can be specified as one of the following:

- Pressure as a function of fiber content (vy),
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- Stress as a function of strain. Strain is defined between -1 and 0. Zero strain
corresponds to natural thickness.

Compressibility curve

Here is the list of functions that can be selected in the function editor, opened by
pushing the Compressibility Curve button [1]:

- Power: f(x)=4-x*

- Piecewise linear

- Kriged (interpolation of experimental data points)
- User defined

Here is an example of a compressibility curve specified as Pressure-V¢. A power law is
used with 4 = [.7E+1] and B = 7.6.

I Curve Plotter g

]

x10 Pressure vs Vf

36
34T
32r
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28r
26
24T
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20r
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Mo CwwmoaD

1 1 1 1 1 1 1 1 1 1 1 1
0.05 0.10 0.15 020 0.25 030 0.35 040 0.45 0.50 0.55 0.60
fiber content

Natural thickness

Unit: m

This is the thickness of the reinforcement at ambient pressure.
Superficial density

Unit: Kg/m®

The superficial density of a single layer of reinforcement or a ply.
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Thermal Tab

146

Thermal Conductivity

Direction |K1

Model |Constant

Value/Function |0-1

Effective Conductivity
Direction |K1
Model IConstant

Value/Function |0-3

Specific Heat

Model IConstant

Value/Function |7U0

Characteristic length |U|

o]

Cancel

PAM-RTM 2014
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Fabric Properties g

General | Compressibility Thermal IAdvancedI

Thermal conductivity K, K;, K3

Unit: W/m.K

This is the thermal conductivity of the “solid” fiber material, as if the reinforcement had
a fiber volume fraction of 100%. For example for a glass fiber reinforcement, the
thermal conductivity of pure glass would be specified. It is only used in the dry area. In
the wet area the effective conductivity is used (see below). It can be specified as

orthotropic, in which case principal directions need to be set.

Use the Direction dropdown list [1] to set the current direction (K, K, or K3), then
choose the Model [2] which can be constant or f(temperature). If f(temperature) is
specified, use the function editor [3] to define the conductivity curves. A different curve
can be assigned to K, K; and K.
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Note

The principal directions of the permeability and conductivity tensor are assumed
to be the same. It is not possible in the current version of PAM-RTM™ to
specify different directions for permeability and conductivity.

When using the old solver, the thermal conductivity values have to be multiplied
by porosity.

Effective conductivity K, K,, K3
Unit: Wm.K

This is the conductivity of the mixture of resin and fibers that PAM-RTM™ uses in the
saturated region. In general the user could use the rule of mixture (ke = veky + (1-vy).k;)
to calculate the effective conductivity, but in some cases a modified value could be used
to take into account thermal dispersion for instance.

The effective conductivity can be specified orthotropic. It can be modeled as constant,
f(temperature) or f(temperature, alpha).

Note

When using the parallel solver, if effective conductivity f(temperature, alpha) is
needed, it has to be specified with a user dll function (i.e. C-language code
written by the user). See tutorial User Defined Functions.

Specific heat

Unit: J/Kg.K

The specific heat of the “solid” fiber material, i.e. 100% fiber volume fraction.
Characteristic length

Unit: m

The characteristic length is referred to as the characteristic scale of the elliptical shape
of a compressed fiber tow

<5 P N
in which case it is given by /=,/ab . This parameter is used in the context of thermal

dispersion modeling. It doesn’t have any effect in the calculation if use thermal
dispersion in the advanced numerical parameters is not checked. Please see the
introduction chapter of this user’s manual for details on thermal dispersion modeling.
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Advanced Tab (Fabrics)

The parameters in this tab are currently only used in the context of a local permeability
calculation taking into account fiber directions of a draped fabric. See Mesh->Compute
Local Permeability.

Fabric Properties §|

General] Compressibility] Thermal Advanced l

Sheared permeability K1 1.000E-009| J
Sheared permeability K2 1.000E-009 J
Sheared permeability K3 1.000E-009 J
Sheared rotation angle 0.000E+000 J

0K | Cancel

Sheared permeability K, K,, K3

Unit: m*

Allows the specification of permeability as a function of the shearing angle and initial
fiber content.

Sheared rotation angle

Unit: angle (degree)

Allows the specification of the rotation angle of the K, principal permeability direction
relative to the weft as a function of the shearing angle and initial fiber content.

The following pictures explain the rotation of the principal permeability directions
when a fabric is sheared by an angle a relative to the weft. The principal direction K is
rotated by an angle [ relative to the warp.
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Draping Tab

The parameters in this tab are currently only used in the context of a PAM-QUIKFORM
simulation.

Fabric
Locking angle
Unit: degree.

This is the maximum shearing of the fabric before wrinkles occur. PAM-QUIKFORM
will stop calculation in areas where the locking angle is reached. Default value is 90
degrees. Validity range is between zero and 90 degrees.

Unidirectional
Grid stretch

Unit: no unit, percentage.

In areas of high curvature, the PAM-QUIKFORM UD algorithm can increase the
distance between fibers (parameter grid size u in the PAM-QUIKFORM numerical
parameters), up to the grid stretch percentage, in order to respect the grid shear criteria
below. Default value: 200 %.

Grid shear
Unit: degree.

Maximum allowable shear angle of the unidirectional.

PAM-RTM USER'S GUIDE
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MATERIAL PROPERTIES OF SOLIDS

The material called solid in PAM-RTM™ should be used to specify any non-
permeable material such as foam or metallic inserts.

= Untitled
Simulation type : RTM
+- Process
+- Mumerical
- Materials
+- Resins
+- Reinforcements
—I- Solids

-
Density : 4000
Conductivity : 0.1
Cp: 700

+- Laminates
Zaones

Boundary Conditions
Sensors

The Solid Properties dialog box is opened by double-clicking a “solid” in the model

explorer.
General Tab
Solid Properties g‘
General ‘Thermal]
Name Default Solid
Density 1000
OK | Cancel

Name

Enter a text description to fully identify the material.

PAM-RTM USER'S GUIDE
Material Properties of Solids



PAM-RTM 2014
© 2014 ESI Group

151

Density
Unit: kg/m’

Density of the material.

Thermal Tab

USER’S GUIDE & TUTORIALS
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Solid Properties g

General Thermal }

Thermal Conductivity

Model |Constant ﬂ
Value/Function ‘D--I
Specific Heat
Model |Constant ﬂ
Value/Function ‘79'3
0K | Cancel ‘ ‘

Thermal Conductivity
Unit: W/m.K

Can be specified as constant or function of temperature.

Specific Heat
Unit: J/Kg.K

Constant or function of temperature.
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LAMINATES

Laminate materials are made of layers of fiber reinforcements or solids. Currently
laminates are used in PAM-RTM™ in the context of a PAM--QUIKFORM™
simulation, and also in the context of local permeability calculation, to link
reinforcements to imported draped plies.

- Untitled

Simulation type : QUIK-FORM
Axis

Materials

+- Reinforcements

-
+-Layer 1
Process

+- Mumerical
Draping Results

+

+

A new laminate is created by right-clicking the Laminates item in the explorer, and
choosing the New command.

= Untitled

Simulation type : QUIK-FORM
+- Axis
- Materials

+- Reinforcements

—- Laminates

-
+ Layer M

+ Process Select
+- Numerical Copy

Draping Results
Add to User Database

Delete

Right-clicking a laminate’s top level item gives access to the popup menu common to
all materials. The Edit command pops up a dialog box, which currently only allows
modification of the material name.

Laminate

Mame |Defau|t Laminate

(0] | Cancel |
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- Untitled
Simulation type : QUIK-FORM
+- Axis
—I- Materials
-- Reinforcements
—I- Default Fabric
Type : fabric
Locking angle : default
—- Default UD
Type : unidirectional
Grid shear : default
Grid stretch : default
--Laminates
—- Default Laminate
-
Mai
) ’“‘”5
ay;;i Insert Below k
Ang

Edit

Copy Above
Copy Below

+- Process
+- Mumerical

Draping Results Delete

It is possible to insert, copy, delete layers by right-clicking one layer in the explorer.

Editing a layer opens the following dialog box, used to associate a reinforcement or

solid to this layer.

haterial |Default Fabric ﬂ
Angle i
Thickness 0.0m
Forosity 0.5
Shearangle |0
Ok | Cancel

Material

Choose the material to link to this layer from the roll-down list. All currently defined
reinforcements and solids are listed.

Angle
Unit: degree

Angle of the layer in the laminate referential (a in the figure below).
Thickness

PAM-RTM USER'S GUIDE
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Unit: meters

Thickness of the layer.

Porosity

Unit: no unit, percentage expressed as a value between zero and one.
Initial porosity of the layer (before shearing in case of fabrics).
Shear Angle

Unit: degree

Initial shearing of the layer (fabrics only, B in the figure below).

In the following figure a layer’s referential (Ly-L,) was rotated by an angle a relative to
the laminate’s referential (X-Y). The layer’s x axis defines the warp direction of a
fabric, and the layer’s y axis is the weft direction. A non-zero initial shear angle § was
specified.

AY

L

warp
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MATERIAL DATABASE

The user can create his own material database with the materials he/she uses most often.

Creation of the Material Database

This is the procedure to create the material database the first time PAM-RTM™ is run.

The path to the material database has to be specified in the Paths tab of the Options
dialog box (View->Options). Before the path is explicitly set by the user, it is blank in
the Options dialog.

To set the path, the user pushes the browse button (see [1] in image below) which opens
the standard Windows file browser. Then the user is asked to select an existing .dtf
file. Since the first time the software is used that . dt £ file doesn’t exist, the user has to
create first an empty . dt £ file with a text editor. That file could be named for example
materials.dtf. Note that the material database is actually a subset of the PAM-
RTM™ input file, so it has the same extension .dtf.

The path to the material database is a current user setting, which means that all PAM-
RTM™ users working on the same computer have to set it. If many users need to share
the same material database, the materials.dtf file could be placed in a directory
where all users have read and write permissions.

PAM-RTM USER'S GUIDE
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[ Cptions u

Paths | Displa'_.rl Colors I

—PAM-BETM solver

Iglam Files (cB60\ES| Group PAM-BTM 2011 .08 Windows«6d pamitm exe |

—PAM-BETM parallel solver
IC:\F‘mgmm Files (cB6)\ES| Group"PAM-RTM* 2011 .08 Windows26WDMP |

— MPI {mpirun exe)
IC:\F‘mgmm Files (86)%ES| Group " PAM-RTM 2011 "\PLATFORM bintmg |

— Material database

Ie:‘users\sume_user‘mateﬁals.dtﬂ |

— PAM-QUIKFORM 1|

IC:\F‘mgmm Files (cB6)\ES| Group*PAM-RTM*2011.08Windows-2c64 quik_

— Remeshing
IC:\F‘mgmm Files (c86)\ES| Group*PAM-RTM* 2011 .08 Windows264reme |

—GenPorts

IC:\F‘mgmm Files (cB6)\ES| Group"PAM-RTM* 2011 0" Windows2«B6dN\Genf |

ok | Cancel | ipoh |

Paths tab of the Options dialog box

Using the Material Database

Once the initial empty materials.dtf file has been created and the path set, you can
start building the database. First completely define your material with the
Reinforcement, Resin or Solid editors of PAM-RTM™., Once you are satisfied with the
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material definition, right-click the material in the explorer and choose Add to User

Database.
-1- Materials +- Mumerical
--Resins =
- My Resin - Resin  Mew 4
Viscosity : 0.01 =B Get from User Database...
-I- Fabrics Viscosity - UUT
= = Fabrics
Perme  Edi... =My Fabric
Perme  Select Permeability k1 : Exponential
Perme Permeability k2 : Exponential
+ Molds by Permeability k3 1.000E-011
+- Boundary Cond k. +- Zones
+ Sensors Delete +- Boundary Conditions

+- Sensors

Later if you want to reuse the same material in another simulation, you can retrieve
materials from the database by right-clicking the Materials item in the explorer and
choosing Get from User Database. This opens the following dialog box, which lists all
the materials available in the database. Choose one or more materials you want to copy
in your current model. If there is a material with the same name in the current
document, PAM-RTM™ asks for a confirmation that you want to replace it with the
version stored in the material database. It is important to understand that when
retrieving a laminate from the material database, PAM-RTM™ retrieves also all the
materials used in the definition of the laminate.
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Get from User Database g|
Resins
My Resin
My Resin 2
My Resin 3

Reintorcements

kA Fabiric

Wy Fabric with shear permeakility

Solids

Alurniniurn kold
Steel Maold

Laminates

Wy Laminate

(0] | Cancel

Get from User Database dialog

If you need to make some changes to one of the materials of the database, you have to
retrieve it first from the database into the current model. Then edit the material and send
it back to the database with Add to User Database. If you didn’t modify the material
name, PAM-RTM™ detects that a material with the same name already exists in the
database and asks if you want to replace it. Answer Yes.

The command Simulation->Manage User Database opens the following dialog box,
which is actually almost the same as the previous one, except that there is a Delete
button that allows the user to remove the unwanted materials from the database. This is
the only database management functionality currently available.
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Select materials to delete |Z|

Resins

Reintorcements

Wy Falric
Wy Fabric with shear permeability

Solids

Alurniniurn kold
Steel Maold

Laminates

Wy Laminate

Delete I Cancel

Manage User Database dialog
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BOUNDARY CONDITIONS

Boundary conditions in PAM-RTM™ are associated to groups of nodes or groups of
faces as their geometrical support. So the first step is to create a group to define where a
boundary condition is applied, then create the actual boundary condition which refers to
the group through its ID.

To create a boundary condition, right-click the Boundary Conditions item in the model
explorer. The types of boundary conditions that can be created depend on the simulation

type.
+- Zones
-
+ ﬂow_ratm Pressure
+-went_29 Flow Rate
+-temperature_30 Vent
+- Sensors Heat Flux k

Convection
Contact Resistance

The newly created boundary condition is not assigned to any group. Double-click the
new boundary condition in the explorer to set its parameters. This opens the Boundary
Condition dialog box.
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r N
Boundary Condition ﬁ
Group ID |1 Pick Node I

Name Iunspeciﬁed

Parameters Yalue

|1 000E+005
State —l

Resin_Temperature

Max. pressure I1 e+010
Tube length |1 {meters)
Tube radius |“-UU5 (meters)

-

OK | Cancel

The first parameter to specify is the group ID to which this boundary condition refers. If
there are many groups, it can be difficult to identify a group with the color bars, so
simply push the Pick Node button and pick a node that belongs to the group.

The Parameters area contains the list of parameters associated to this boundary
condition. For instance, all the boundary conditions have a State parameter which
allows to activate or deactivate the boundary conditions as a function of time. To use
the state parameter, simply create a piecewise linear curve. When the value is >= 0.5 the
boundary condition is active, otherwise it is disabled.

Actually all the parameters of boundary conditions are functions of time. For example,
the Flow Rate boundary condition contains three parameters: flow_rate,

resin_temperature and state. All three parameters can be functions of time. Use the |
button to open the function editor [1].

The only exception is the convection coefficient, which is by default a function of time,
but can be made a function of temperature if the convection coef f(temperature) option
is checked at the bottom of the dialog box. This check box is only available when a
convection boundary condition is edited.
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Here’s a list of all boundary conditions with the simulation types that support them.

- Pressure
Description: pressure controlled inlet.
Simulations: RTM, VARI, Heated RTM.

Parameters:
»  Pressure. Inlet pressure. Unit: Pa.

»  Resin_Temperature. Resin temperature when it enters the cavity.
This parameter is used most of the time for Heated RTM simulations,
but it makes sense to use it also for isothermal simulations, for
example to have PAM-RTMT™ calculate the viscosity from a
viscosity curve. Unit: degree Kelvin.

»  State

v Tube length. The length of the tube between the pressurized resin pot
and the mold. Only used when the Poiseuille correction is activated
in the advanced numerical parameters. Unit: m.

v Tube radius. Also only used with the Poiseuille correction. Unit: m.
- Flow Rate

Description: flow rate controlled inlet.
Simulations: RTM, VARI, Heated RTM, Presimulation.
Parameters:

»  Flow Rate. Unit: m’/s .

»  Resin_Temperature. Unit: Kelvin
v State

»  Max Pressure. The flow rate inlet supports a special parameter to
specify the maximum pressure that can be reached by the injection
machine. This parameter is not a function of time.

- Vent
Description: resin outlet.
Simulations: RTM, VARI, Heated RTM, Presimulation.
Parameters:
»  Pressure. The pressure on the vent. Unit: Pa.
»  State. Useful to “program” a vent opening and closing sequence.
- Temperature

Description: fixed temperature, i.e. Dirichlet boundary condition in the heat
transfer equation.

Simulations: Heated RTM, Preheating, Curing.

Parameters:
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v Temperature. Unit: Kelvin.
»  State.

- Heat Flux

Description: imposed heat flux, i.e. Neumann boundary condition in the heat
transfer equation.

Simulations: Heated RTM, Preheating, Curing.

Parameters:

v Heat Flux. g—T:q . Unit: W/m®.
n

»  State.

- Convection
Description: Z—T =h(T, —T)
n

Simulations: Heated RTM, Preheating, Curing.

Convection coef f(temperature): check to make the convection coefficient a
function of temperature instead of time.

Parameters:
»  Reference Temperature. T, in the equation above. Unit: Kelvin.
»  Convection Coefficient. h coefficient. Unit : W/m*.K
»  State.
- Contact Resistance

Description: used to model the heat transfer on the interface between two solids
in contact.

Simulations: Heated RTM, Preheating, Curing.
Parameters:

Tl _Tz

»  Contact_Resistance. R, in equation ¢ = , where T, and 7>

th
are the temperatures on both sides of the interface. Unit: m*W 'K

»  State.
- Thickness
Description: prescribed thickness on the part boundary.
Simulations: VARI.
Parameters:

v Thickness. Unit: m.
»  State.
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- Compression

Description: used in the context of Compression RTM simulation, to specify the
upper mold closing velocity and the compression direction.

Simulations: Compression RTM.

Parameters:
»  Velocity Norm. The upper mold closing velocity. Unit: m/s.

v Final Thickness. The targeted final thickness of the part. This is only
used as a hint for the Compression RTM simulation to determine the
time step, it is not a stopping criteria. Unit: m.

v Dir x, Dir y, Dir z. The components of the direction vector for
compression. If the direction to be used is normal to each element,
the three components must be set to zero. Unit: none.

»  State.

Notes:

- Max pressure only applies to flow rate inlets.
- Tube length and tube radius only apply to pressure inlets.

- Convection coef f(temperature) only applies to convection boundary conditions.
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NON-COINCIDENT INTERFACES

Non-coincident interfaces allow disconnected meshes to be used for thermal
calculations. Typically they allow different meshing parameters to be used for the
preform area and the mold. For instance the preform could be meshed with tetrahedral,
while the mold is meshed with bricks. Also the size of the elements can be different on
both sides of the interface. An example is shown below.

Temperaiure
I 150

145
H 140

135

130

125

120
115
110
I'IIJS
100

Time : IG068 s,

A folder non-coincident interfaces is available for thermal calculations (preheating,
heated RTM, curing).

To create a non-coincident interface, right-click on the non-coincident interfaces item,
then New, which opens the non-coincident interface dialog box.

- db Untitled
... & Simulation type : Heated RTM
@] Process
-1 Numerical
B2 Materials
@[] Resins
-1 Reinforcements
@1 Solids
B[] Laminates
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MNon-coincident interface &J

Name preform-mold

Heat transfer coefficient (W/m2.K) 100

Master zone

|44 - preform ﬂ

Slave zone

|48 - maold ﬂ

In-plane tolerance (m) 0.004
Perimeter tolerance (m) 0.004

oK | Cancel

The main parameters to specify are the two zone IDs involved in the interface. In
general the master zone is the preform, and the slave zone is the mold. The master zone
and slave zone dropdown lists allow selection of one of the zones currently defined in
the model. It is recommended to assign meaningful names to zones before defining
interfaces, to make that selection easier.

The heat transfer coefficient is a parameter specific to each interface, meaning it is
possible to have in the same model many interfaces with different heat transfer
coefficients.

The in-plane tolerance corresponds to the maximum distance around an element of the
master surface where a node of the slave surface can be found.

The perimeter tolerance corresponds to the maximum distance between the two surfaces
in order to have a contact (distance normal to the plane of the interface).

In general, a good tolerance value should be about half the size of the elements on the
preform side, and it is recommended to use the same value for in-plane and perimeter
tolerances. However if the mesh has a quite heterogeneous mesh size, these tolerances
may be too small (and thus, there will be "no contact", and thus no heat transfer at these
non-coincident interfaces). If such a case occurs, one can change (i.e. increase) these
tolerances. One should however be careful not to use too large tolerances so that nodes
beyond the opposite surface would be taken into account.
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SENSORS

Creating Sensors

Sensors are used in PAM-RTM™ to sample results on specific points in order to plot
curves.

+- Materials

+- Zones

+- Boundary Conditions
:

View Al
v Highlight Selected

To create sensors, open the Create Sensors dialog box, either by right-clicking the
Sensors item in the explorer, or by using the Simulation->Create Sensors command,
which pops up the following dialog box.

Create Sensors R‘

Y 0100395
7 1]
Fick

Create ‘

b

Presiew ‘

Marme ‘A

hethod Twio Points w MNhb sensors |5
Faint 1 Faint 2
W n.oo2e W 0.3

0.0858559

n.0s
Fick.

Close

First give a name to the sensor, so you can identify it easily. However try to give a short
name because this name will be used in the graph legend when results are plotted.

There are two methods to create sensors: one point and two points. With the one point
method, the user either enters the coordinates of the sensor directly, or pushes the Pick
button to pick with the mouse an arbitrary point on the mesh. Then the user pushes the
Create button to actually create the sensor.
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With the two points method, the user specifies two points that define the end-points of a
line segment. The idea is to have PAM-RTM™ generate automatically a specified
number of sensors on that line. The two end-points can be specified by entering the
coordinates or by picking with the mouse. The line segment doesn’t have to lie on the
surface. In case of curved geometry, PAM-RTM™ projects the sensors on the surface.

A Preview button is available to visualize the approximate position of the sensors,
before they are projected.

When the two points method is used, the name of the sensor is used as a root name, and
a number is automatically added to this name. For example, if the user specifies the
name as s and 3 sensors are created, they will be called s /,s 2,s 3. The names can be
modified later.

As shown below, the created sensors are listed in the explorer under the Sensors item.
Selecting a sensor in the explorer highlights it in the graphics window. This behavior is
controlled by the Highlight Selected command available in the popup menu on the
Sensors item. It is also possible with the View All command to turn on or off the
visualization of all sensors in the graphics window.

+- Boundary Conditions

Create...

v View Al

v Highlight Selected

LI v s T 5 e =

o[ [ o [ [

+- Materials

# Zones

+ Boundary Conditions
-l Sensors

e [ [
nmo ol
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Editing Sensors

Once they have been created, it is possible to modify attributes of a sensor by double-
clicking it in the explorer, or by using the menu that pops up when a sensor is right-
clicked in the explorer.

-- Sensors
+ A

Plot

-nmhmuj

[ N e T e R oy B

Delete

The edit command opens the Sensor Properties dialog box.

Sensor Properties g'

MNarne |C

% 0.273
v 0.1064
z 0.0632

(0] | Cancel

With this dialog box the user can change the name of the sensor and its coordinates.

A sensor can be deleted by selecting it in the explorer and by choosing Delete in its
popup menu.

Plotting sensors

There are two ways to plot curves on sensors. The simplest one is by using the Plot
command available in the sensor popup menu. This command samples the currently
visualized scalar field on the sensor position, then opens the curve viewer and adds a
new curve to it. So to use this command, activate first visualization of a scalar field such
as pressure or temperature.

Another way is to open first the curve viewer with View->Curve Viewer. Then use the
Import Curves command of the curve viewer popup menu, available by right-clicking in
the curve viewer graphics window, as shown below. Select one of the sensor results
files generated by the solver (for example

x_Temperature Filling Sensors.dat). This loads all the curves available in the
file in the curve viewer.
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While the first approach is more convenient because you don’t have to import a file in
the curve viewer, the second approach is more accurate. This is because with the first
approach, the number of values plotted depend on the sampling period parameter, while
in sensor results files all the time steps are saved.

Il Curve Plotter g|

.00 F Import Curves... . J
Settings...
-0.02 Save Image... 1

0.04 | Clear ]

I Curve Plotter g

x10 Sensor Temperature History

1 1 1
Mmoo o
[ ]

[ R = VN R = I T

1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55
time (s}
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TRIGGER MANAGER

The trigger manager is a module allowing easier control of opening and closing of
injection ports and vents. The user defines triggers and outcomes. A trigger specifies a
condition such as “filling factor on sensor x equals 1, actually meaning “the resin has
reached sensor x”. Associated to a trigger is a list of outcomes, i.e. events that are
generated when the condition is met. For instance, an outcome could be “set the state
coefficient of injection port y to 17, actually meaning “open injection port . This
allows easy definition of sequential injection used for large parts, in which injection
ports are successively opened and closed. Running such simulations with earlier
versions of PAM-RTM™ was possible, but required more work as the user had to run
many simulations to estimate the time of arrival of the resin on a given point. With the
trigger manager a single run is required. Note that many outcomes can be associated to
a trigger, such as “closing vent x”” and “opening injection port y”. Also conditions on the
volume of resin injected or lost are available on triggers, i.e. the user could define
conditions such as “when a volume x of resin has been lost on vent y, close vent y and
open injection port z”.
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A folder Triggers is available in the document’s tree. Right-clicking the Triggers folder
gives access to the New command to create triggers. To create outcomes, the user right-
clicks a trigger and selects New Outcome.

Double-clicking a trigger or an outcome in the document’s tree opens a dialog box for

edition of the entity. These dialog boxes are described below.
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r 5
Trigger ﬁ
Name |Iine_1
Type |on_sensor ﬂ
Variable |ﬂ||ing ﬂ
Sensor |sl ﬂ
Group ID “1
Threshold ‘1-
Direction |from_he|nw ﬂ
Mb max release ‘ 1
0K | Cancel
\

- Name: name of the trigger.
- Type: the following types are currently supported:

on_sensor: the trigger is associated to a sensor, which must be selected in the
sensor combo below.

injected_volume: the trigger is based on the injected volume for a specific
injection port. The injection port ID is specified in the group ID field below.

lost_volume: the trigger is based on the lost volume for a specific vent. The vent
ID is specified in the group ID field below.

global_injected_volume: the trigger is based on the injected volume of all the
injection ports.

global_lost_volume: the trigger is based on the lost volume of all the outlets.
- Variable: this parameter is only meaningful for on_sensor type.

pressure: the resin pressure is sampled on the sensor.

filling: the filling factor (value between 0 and 1), is sampled on the sensor.

thickness: thickness is sampled on the sensor (standard solver only).

temperature: temperature is sampled on the sensor (parallel solver only).

- Sensor: the list of sensors currently defined in the document. Sensors should be
created before defining triggers.

PAM-RTM USER'S GUIDE
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Group ID: only meaningful for the injected_volume and lost_volume types. The ID
of the group defining the injection port or vent.

Threshold: the critical value that will fire outcomes. It could be a pressure value or a
filling factor value, depending on the variable selected. For instance, if filling is
selected and a value of 1 is entered as threshold, it means that outcomes will be
fired when the element on which the sensor is located is completely filled. If a
pressure value of 10 000 Pa is entered, it means that outcomes will be fired when
the resin pressure on the sensor becomes larger than 10 000 Pa.

Direction: indicates if the trigger is to be fired when the threshold is crossed
from_below (positive slope), from_above (negative slope), or from_all (every time
the threshold is crossed, regardless of the direction).

Nb max release: the maximum number of times that the outcomes can be fired. For
instance, if a pressure trigger is defined, it is possible that the pressure will increase
above the threshold, which will fire the outcomes a first time, then decrease, and
increase again to the threshold, firing the outcomes a second time. To avoid that
enter a value of 1 for nb max release.

[ Qutcome tﬁj )

Name ‘close line 1

Group ID ‘1

Coef Name |state ﬂ
Coef Value ‘U|

oK | Cancel

Name: give a meaningful name to the outcome, such as “close line 1.
Group ID: the group (boundary condition) on which the coefficient will be set.
Coef name:

state: most of the time you will work with the state coefficient, allowing
opening (coef value = 1) and closing (coef value = 0) of inlets and outlets.

pressure: forces the pressure value on an inlet (standard solver only).
flow_rate: forces the flow rate on an inlet (standard solver only).

Coef value: the value that will be set on a coefficient as the result of an outcome
being fired.
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CURVE VIEWER

The curve viewer is used to visualize simulation results on sensors. It is also used to
visualize mathematical functions associated to simulation parameters, such as viscosity

. . da .
as a function of temperature, or the reaction rate Y as a function of temperature and
t

degree of cure. Depending on the context, the curve viewer will be used to visualize
functions of one or two independent variables.

Importing Curves

The curve viewer is opened with the View->Curve Viewer command.

Notice that there is a popup menu available by right-clicking in the graphics area.

I Curve Plotter g|

0.02 In‘lr‘t Curves... \
Settings...
Save Image...

Clear

1 1 1 1 1 1 1 1 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2 -0.0 0z 04 0.6 08 1.0

Ok, | Close

Curve viewer’s popup menu

Curves can be imported in the curve viewer with the Import Curves command of the
popup menu. In general curves imported that way are sensor results files (see section
Sensors).
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Plot range
Plot Settings g‘
Plot Range leis ] Labels] Legends]
PlotRange

Xmin ‘D

X max ‘-'

Nopts  |101

Plot range for a function of one variable

The Plot Range tab is used to specify the range that the user wants to plot. For example,
if the currently visualized function is viscosity with respect to temperature, changing the
X min and X max values means changing the temperature range to visualize. PAM-
RTM™ will re-evaluate the function on Nb pts equally spaced in the new range and
update the graph accordingly.

. . . . . da .
When functions of two variables are visualized, such as the rate of reaction 7 with
t

respect to temperature and degree of cure, the Plot Range tab has more parameters, as
shown below.
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Plot Range }Axis ] Labels] Legends]
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Plot Settings @

Xvarnable: temperature
Y variable: alpha
Plotvariable |temperature ﬂ

Range

Xmin  [300 Xmax [350

¥ min |D Y max |1
MNb curves |5
Pts per curve |1':H

OK | Cancel | |

Plot range for a function of two variables

Here we see that the X variable is temperature and the Y variable is alpha (degree of

cure).

The Plot variable dropdown list is used to select the variable displayed on the X axis of
the graph. In this example, the X axis is temperature, which varies between 300 and 350
Kelvin, and five iso-alpha curves are plotted (see graph below).
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I Curve Plotter g
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T ; ; ; ; ; ; ; ; ; ] a=0s
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20 r 1
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e
a 16} i
[
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;
5 10f i
t
& 08r 1
06 1
04 1
02r 1
00
| | | | | | | | | | |
3.00 3.08 310 3.158 3.20 325 3.30 335 340 3.45 350
temperature x10°
0K, | Close

Iso-alpha curves

Changing the Plot variable to alpha instead of temperature would lead to the following
iso-temperature curves.
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Iso-temperature curves
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Axis Settings

Plot Settings

X Axis

[+ Auto Range

180

PlotRange Axis ‘Labelsl Legends]

Min |D.DDS

Max |D.995

Y Axis

[+ Auto Range

Min |D.DDD‘|28?82

Max |D.0255275
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X

OK | Cancel

Axis settings

In general the X and Y axis ranges are automatically calculated from the data points to
fit entirely the curves. In some situations the user may want to restrict the view, so the
Auto Range parameter can be unchecked and a different range specified. Note that this
changes only the viewing range, not the plot range, which means that the function is not
re-evaluated. If you want to re-evaluate the function on a different range, use the Plot

Range tab.
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Plot Settings

Plot Range ] Axis Labels l Legends ]
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X

Title |Reaction Rate
¥ axis |a|pha
Vs |reaction rate

o]

Cancel

Labels

Graph title and labels for the X and Y axis are automatically assigned by PAM-RTM™
depending on the context. If the user doesn’t like the default labels, he can modify them
with the Labels tab. This is useful for example if a screen capture of the curve viewer is
needed to be included in a report and the labels are not explicit enough.

Legends

Plot Settings g

PlotRange l Axis l Labels Legends l

Legends

Apply

|my_|egend|

]

Cancel

Legends tab
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It is possible to modify the graph legends. First select the legend to be modified in the
list, then enter the new text in the text field, and finally push the Apply button.

Saving Images

The curve viewer graphics area can be saved in an image file, which can be included
later in reports.

The supported image file formats are:

PNG
GIF
TIFF
JPEG

It is recommended to use the PNG format.
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RUNNING THE SIMULATION FROM A COMMAND
WINDOW

Windows

Most of the time the PAM-RTM™ solver is launched from the user interface with the
start button ® in the simulation toolbar. In some situations however it can be useful to
launch the simulation from a command window. For example you might want to launch
many simulations from a batch program on your PC to have them running during the
week-end. Or you might want to run a big simulation on a Linux workstation.

On Windows, you will need first to identify the directory where the solver executable
file pamrtm. exe is located. This can be done with the Options->Paths tab.

[ Cptions Iﬁ

Paths l Displa},r] Colors ]

PAM-RTM solver

|g|am Files {<8EES| Group®PAM-BTM 2010 0"Windows«64 pamrtm.exe

PAM-ETM parallel solver

|C:"-.F‘n:ug|am Files xB6MES| Group ' PAM-RTM 2010 .08 Windows =64 \DMP

Then open a Command Prompt window with Start->All Programs->Accessories-
>Command Prompt. Change directory to where the PAM-RTM™ input file (. dtf) is
located, then launch the simulation by typing the full path to pamrtm.exe between
quotes, as shown below.

PAM-RTM USER'S GUIDE
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&N Administrator: Command Prompt E@léj ]

Linux

E: \USERS\&'BE);C :SProgram Files <(xB6>~ESI Group~PAM-RTM~2018. B\Hincluus—xﬁ‘l\pamrtmu
.exe' test.dt

Calculations using the parallel solver are also normally launched with the start button

# in the simulation toolbar. However if for some reason the user wants to launch a
calculation from outside the user interface, the file xxx_dmp.bat can be used. You need
to launch the calculation at least once from the user interface to have that file generated.
To launch the calculation, simply double-click that file in the Windows Explorer, or
enter “xxx_dmp.bat” in a command prompt window. That file could be easily edited to
run many cases consecutively.

To run a simulation on Linux with the standard solver, the input files have to be
prepared first with the user interface on Windows, because only the solver is available
on Linux. Save the project with File->Save. Then upload the . dt f file and matching
.unv file (mesh file) by FTP to your Linux workstation. Use telnet or an equivalent
to connect to the Linux workstation.

Type “pamrtm xxx.dtf” to launch the simulation. When it is done, download the
results files x_*.unv to the PC and go back to the PAM-RTM™ user interface for
post-processing.

To run a simulation on Linux with the parallel solver, do the same as described above to
transfer the files. Then type “pamrtmdmp xxx.dtf”. Here are optional parameters that
can be passed to pamrtmdmp.

pamrtmdmp [-np <#>] [-host <hostfile>] [-restart] [-mpiext "<mpi-
args>"] <input-file>

PAM-RTM USER'S GUIDE
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-np <#>: specifies the number of processors to use on a single
host. This option must not be used if a cluster configuration file is
specified (see -host option).

-host <hostfile>: specifies the name of a cluster file
configuration for applications running on multiple hosts within
distributed memory environment (MPI). A cluster file configuration
simply lists a series of hostnames, one per line, followed by the
number of processors to use on each host.

-mpiext "<mpi-args>": pass optional arguments to mpirun program.
See HP-MPI manual for the list of mpirun arguments.

-restart: this option must be specified when a restart of a
calculation is needed. The user must first edit file xxxp.dat and
change the value of INILEV to the step number from where the
calculation will restart.

<input-file>: input file name (.dtf).

Typical commands:
e pamrtmdmp -np 2 test.dtf

e pamrtmdmp —-host clusterfile test.dtf

Here is an example of cluster file:
hostl 2
host2 2
host3 4
host4 6

PAM-RTM USER'S GUIDE
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CENTRAL INJECTION

The files related to this example are:
- central_start.unv (starting mesh)

- central.dtf + central.unv (solution)

Objective

This example on central injection will show you how to:

- create a simulation project,

- import a mesh to create groups of nodes for boundary conditions,

- visualize the zones,

- specify the simulation parameters for an injection based on Darcy’s law,

- display the filling pattern in the cavity and the pressure field in time.

Model of the Part and Physical Parameters

The part analyzed here is a square plate of length 0.5 m and thickness 0.005 m with a
hole of radius 0.01 m in the center, through which a resin of viscosity 0.1 Pa.s is
injected. The reinforcement is isotropic. The permeability is K; = K,= K3;= 1E-9 mz,

and the porosity 0.7.

Thameter 0.02 ]

0.5

TUTORIALS
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Mesh Import and Visualization of the Zones
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To launch PAM-RTM™, double-click the shortcut on the desktop, or use the shortcut
in the Windows start menu (Start->Programs->PAM-SYSTEM->PAM-RTM->version-

>PAM-RTM).

To create a new simulation, use the File->New command. This pops up the simulation
type box, choose the RTM simulation type.

.PHM—RTM - [sans nom]

Tl File Selection  Groups  Mesh Simulation  Wiew  \Windc

o Simulation type
m Tl ==
Cpen. .. Chr+ E ” S = I@

New Simulation x|

J|__ - [Mode =] TN E VAR
— x Heated RTHM
o Save Chrl+5 Freheating
Save As... Cuiring
Frezimulation
Imnport »
Export 4
Clear 3 ] [ I Cancel
Save Image. ..
Print. .. Chrl+P

Prink Presview
Print Sefup...

1 central, dkf

Exit

To load the mesh provided for this example, use the File->Import->Mesh command.
This pops up the Import Mesh dialog box, in which you can choose the format of the
mesh file. For this example, the mesh provided is an [-DEAS Universal file.

[BlPAM-RTM - [sans nom] rmportmesh 2|
Tl File  Selection Groups Mesh  Simulation  Yiew Window Help Rechercher dans : |@Cenhallmectwon x|« @ cF B
< —
= a3 7|4 m(=e 0)Ma
CREn, Chrl4+0
]|__ Close [Mode =] CNMERF Y
— x
= Save Chrl45
Save A5,
Ir' ork » Scalar Fields 3
Ert 3 Laminate 3 Hom = fchier: [eeriial_dat un &I
PA&M-RTM Material Database (.dtF, ., Tope: |I-DEAS Uriversal (unv) | Arruler |
Clear P
Save Image...
Print. .. Chrl+P
Prink Preview
Print Setup. ..

1 central.dtf

Exit
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After opening the file, you should see the following:

=10l x|
| File Selection Groups Mesh  Simulation  View ‘Window Help 1= x|
[BEFHBENREFE?||+==20||<Q s N|DRTEERE|& ||k k||
JDetaut Color =] [oike =] [Nose =] TN EFF 4

‘_jll'mi|

a
EF Materials
Resing
- Fabrics
S Molds

v [ 4

The zones are groups of finite elements used to assign different material properties to

different regions of the mesh. To visualize the zones defined in a mesh, select Zones in
the display toolbar.

.PAM-RTM - [sans nom]

| File Selection Groups Mesh Simulation View Windc

[ FHENREF 7| =z
JlDefaull_CoIor EI IDisc E] |N0de Z] TNV E
Default_Color i

2 ONes

Groups R
Zones_Thickness

Shear_Angle

X

This leads to the following picture, in which we can see that all the elements in this
mesh are part of zone 11.
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Lol
| File Selection Groups Mesh  Simulation  View ‘Window Help ==l x|
(B HENREE?|+==20|RAsN|DR0EERE & 2k(k k||
[zoes =l [ow ] [ote TI T HFERF cAre—
Bl Zones
Zone_11
~ Boundary Conditions
- Sensors
1 L
Ready [ 4
Creation of Groups
Groups of nodes or groups of faces are used to specify boundary conditions. To
visualize the groups defined in a mesh, select Groups in the display toolbar.
Zones jIDisc leode jI-NIVEWF'\ 'ﬂrﬂ
Default_Color
Zones
Zones_T hickn%
Shear_Angle

Since currently there are no groups defined in this mesh, you see nothing special. The
fact that there is no color scale displayed at the left of the window is an indication that
there is no group currently defined in the mesh. You can also verify this with the
Groups->Info command.

To create a group of nodes, you must first select some nodes. Turn on visualization of

nodes by clicking the N checkbox in the toolbar. To select nodes more easily and to see
more easily the groups, you might have to turn off visualization of edges (E).

JIGroups Z| IDisc EI INode El(FN I’E)FF Y ' ﬂ A
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Activate multiple picking mode with the + button in the toolbar. If you want to remove
a selected node to your selection, you can activate the — button by clicking on it.

|HPAM*RTM - [sans nom]

| File Selection Groups Mesh Simulatibn View Window Help
[es@ENREF?(+=zpo R sl EEDEEER e s> e
[Gows =] [Doc =] [Node SINFE P F | A rAa——

Then select all the nodes around the injection hole. There is an useful command that
allows you to do that in a single click on Selection->Pick Boundary, then pick one of the
nodes around the injection hole. All the nodes are automatically selected.

Once the nodes are selected, you can create a group with the Groups->Create command.

If you are not currently in Groups visualization mode, choose Groups from the toolbar
combo box to visualize the new group. You should have the following display.

=lol x|

= File Selection Gmup Mesh  Simulation Wiew ‘Window Help 1= x|
[(BFHBENREE?||+==2 0| sN|DRO2ERE|& & =(|» k|2
JGroups x| [oie =] JMese [ FHTEWMF : j Car———

Groups

Ready [ vom 7

Save the project with the modified mesh with the File->Save As command. Give the file
a different name so that you don’t overwrite the original mesh. If your .dtf fileis
called for example test.dtf, a mesh file called test.unv will be automatically
saved in the same directory as the .dtf file.
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Simulation

For this example, only the parameters that should be changed from their default value
will be pointed out.

In the left column, you can find all the parameters necessary for the simulation.

= central. dtf
Simulation type : BT
- Process
- |njected reszin ; Default Resin
- Grawity : no
=1 Mumerical
- Sampling period : 10
- Save filling factar
- Save pressure
- Dietect air traps : ho
[=1- Materialz
- Resing
- Default Resin
Wigcogity 01
[=- Fabrics
=1 Default Fabric
- Permeahility k1 : 1.000E-009
- Permeahility k2 : 1.000E-009
Permeability 13 - 1.000E-009
- Moldz
- Zones
&- Zone_11
- Boundary Conditiong
- Sengors

These parameters are divided into six categories, namely: Process, Numerical, Materials,
Zones, Boundary Conditions and Sensors.

Double-click on Numerical to open the RTM Numerical Parameters dialog box.

RTM Mumerical Parameters il

Output |.-’-'-.ir Entrapmentl Local "-.farial:ulesl .-'-‘-.dvanu:edl

¥ Save Filing Factor

¥ Save Pressue

Sampling period |1 I}

Recowver

IEEIIZI
k. I Annuler Appliguer
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Verify that Save Filling Factor and Save Pressure are active.
Double-click Default Fabric. The following dialog box pops up.
x|

General ICornpressibiIily] Themal | Advanced |

Name IDefauIt Fabric
Density |1 000
Permeability K1

Permeability K2 |1 .000E-009
Permeability K3 |1 .000E-009

L L

OK I Annuler | Appliguer |

Enter an isotropic permeability of 1.10” m? for K1, K2 and K3.

Now, double-click Default Resin. The resin properties will appear. Set a constant
viscosity of 0.1 Pa.s [1].

Resin Properties x|

General | Thermal | Chemical

Name Default Resin
Density |1 000
Viscosity
Madel I Constant 3

Value/Function |U-1 ‘ _I

| oK I Annuler I Appliguer
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Double-click on Zone 11. Make sure that Default Fabric is assigned to it, the porosity is
0.7 and the shell thickness is 0.005 m.

E =
0] I”—
Marme Ir‘u:uname
b aterial I Default Fabric j
Porozity |07

Thickness |0.005

Cancel |

Right-click Boundary Conditions, select New->Pressure as type of boundary condition.
Then, double-click pressure -1. Enter the ID of the group [1] and the value of the
injection pressure [2]. In this example, 1E+5 Pascals is used, so the pressure is
constant and equal to one bar. Note that it is also possible to choose a piecewise linear
curve in the function editor to simulate a time dependent injection pressure.

=l Zones Boundary Condition x|

i

[=- Zone_11
- Zone Name : noname -
- Material Name : Default Fabric Group ! ick Node
i Porosity : 0.7
‘. Thickness : 0.005 Name Iunspecitied
& Eoundary Condition

Wew P ressure
- Sensors Pressure

Parameters Value

Flow Rate

vent | 1.000E +005
State

Fesin_Temperature

| oK I Cancel I

It is sometimes useful to define sensors at specific locations in the cavity to sample
pressure or temperature. Right-click Sensors, select Create and the dialog box Create
Sensors appears.
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Pick, Pizk
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o
2
_ Pk |

Create Preview | Cloze

Select 3 nodes (A, B and C) as shown in the following picture. You can enter directly

the position of the sensor or you can select it with the Pick function. Then you click on
the Create button.
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Finally, save the simulation parameters with File->Save.
Note :

Whenever simulation parameters are modified, it is important to save the file
before launching a new simulation (otherwise the simulation will be executed
with the old set of parameters).

The simulation can be launched by clicking on the Start button [1] or by
selecting Simulation->Run [2].

Jﬁa = & @ Ji"" @ E| ’< 1 iJ Simulation View Window Hel
Process Parameters...
Mumerical Parameters. ..

Manage User Database. ..

Create Sensors...

EDEK : I

Post-Processing the Results

TUTORIALS

To import the filling results, click on the Reload Results button [1]. It is possible to load
results during the calculation.

EREERNICEE T

After importing scalar fields, they become available in the scalar field combo box [1].
Select Filling, then drag the time step scroll bar to visualize the filling factor step by
step [2]. Alternatively you can use the arrows to visualize a scalar field step by step.
You can also launch an animation by clicking the A check box [3].

[BlPaM-RTM - [central.dtf]
| File Selection Groups Mesh Simulation View Window Help

s HENREF ?||+=220||RQ | DR REE &t b ke
Filing x| |pisc x| |Node X[ FNTE RF groeeineieiinin j A ‘

Zones

Groups
Now you should have the following picture. This is the “raw” filling result of the
PAM-RTM™ simulation (the filling factor is calculated in PAM-RTM™ as a constant
per element scalar field). You can improve the display of the filling factor by selecting
Iso in the display toolbar [1]. This will give you a smoothed scalar field.

Filling_Times
Pressure
Zones_Thickness
Shear_angle
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|8PAM-RT™ - [central.dtf] =101
Tl Fle Selection Groups Mesh Simudstion View Window Help TR
AFHENRER?||+==2f0 A ¢S EEREEEE | x| b k| a
[Fiting =] foise =] [Node =] CINITIE R F teveisviieignenns j I a 17‘
= cential df :

- Sirmulation t 1 Filling

= Frocess

| Injectad Resin

Gravity 1
= Mumencal

Sampling period - 10
Save fllng factoe
Sawe pressure 0.9
Detect aif iaps - no
£l Materials
| B Resine
= Default Resin
Viscasiy: 0.1
| [ Fabiics
= Default Fabric
Pemeability k1 - 1.000E-009
Pemeability k2 1.000E-009 0.7
Permeabilty k3 - 1.000E-003
Holds
=l Zones
& Zone_11 06
i Zone Name : naname
Material Name - Defauit Fabic
Paresity: 0.7
Thicknszs : 0,005
=1 Boundary Condtions 0.5
& pressure_1
i Nams - urispecified
GroupID 1
Pressure - 1E+005 0.4
State 11
Resn_Temperature - 300
=1 Senors
[ noname 03
B noname
# naname

0.2

Time : 22 s,
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|ilpar-RT™ - [central.dtf] =18l

| File Selection Groups Mesh  Simulation  View ‘Window Help ==l x|
[asHENREE? (+==20|22 0| ERORERE|E |k k=
[Fing =] [E] [hose =] TN E R F g A
=) central. dif *
- Gimulation type : RTM Filling

) Process

L. Injected resin : Default Resin
- Gravity - no 1
£ Numerical
- Sampling peiind : 10
- Save filing factor
{ - Save pressure 0.9
*- Detect air traps : no
- Materisls
£l Resing
¢ = Defauk Resin
v Viscosity s 01
El- Fabrics
i B Default Fabric
: Peimeabilty k1 1.000E-003
Peimeabilty k2 : 1.000E-003 0.7
Permeabilty k3 : 1.000E-009

- Molds
- Zones
- Zone_11 0.6
- Zone Name : noname
- Material Name : Default Fabric
i Porosity : 0.7
% Thickness : 0.005

= Boundary Conditions 05
- pressure_1
& Mame : unspecified
+Group D 11
- Pressure : 1E+005 0.4
-~ State
. Fresin_Temperature : 300
0.3
noname
0.2
01
i .
Lx
Time : 22 s.
Ready M 4

Another useful scalar field to visualize is Filling Times. This scalar field is used to
visualize the successive positions of the flow front in time in a single picture.

TUTORIALS
Central Injection



PAM-RTM 2014 199 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

|8l PaM-RT™ - [central.df] oy =[]
| File Selection Groups Mesh  Simulation  View ‘Window Help =121 x|

[BEHENREF? +=2°0 |40 s0|DERRERE &2k kb=
| e e L L

= centialdi
- Simulation type : RTM Filling_Times
) Process

L. Injected resin : Default Resin
- Gravity - no 82.1
£ Numerical
- Sampling peiind : 10
- Save filing factor
{ - Save pressure 73.9
*- Detect air traps : no
- Materisls
£l Resing
¢ = Defauk Resin
v Viscosity s 01
El- Fabrics
i B Default Fabric

Peimeabilty k1 1.000E-003

65.7

Pemeabilty k2 - 1.000E-009 57.4
: Pemeabilty k3 : 1.000E-009
- Molds

£l Zones
- Zone_11 19.2

- Zone Name : noname
- Material Name : Default Fabric
i Porosity : 0.7

* Thickness : 0,005

£ Boundary Conditions 1
- pressure_1
+ Mame : unspeciied
 Graup 1D+ 1
- Pressure : 1E+005 32.8
-~ State
. Fresin_Temperature : 300
24.6
16.4
8.21
0.00849 .
Lx
Time: 0s.
Ready UM v

Finally, we can have a look at the pressure field at the end of the injection, when the
cavity is completely filled.
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=101
=13

|8l PaM-RT™ - [central.df]
| File Selection Groups Mesh  Simulation  View ‘Window Help

[asHENREE? (+==20|22 0| ERORERE|E |k k=
[Fesom =] [ra =] [Nese =] DN E P Pl g = = s ————

= centialdi
- Gimulation type : RTM Pressure
=+ Process
L. Injected resin : Default Resin
- Gravity - no 1.05e+5
£ Numeiical
- Sampling peiind : 10
- Save filing factor
{ - Save pressure 9.42e+4
*- Detect air traps : no
= Materiale
E)- Resin
- 2 Defauk Riesin
- Viscosty: 01 8.38e+4
El- Fabrics
i B Default Fabric
Peimeabilty k1 1.000E-003
Peimeabilty k2 : 1.000E-003 7.33e+4
: Permeabilty k3 : 1.000E-009
- Molds
B Zones
= Zene 11 6.28e+4
- Zone Name : noname
- Material Name : Default Fabric
L Porosity - 0.7
* Thickness : 0,005
£ Boundary Conditions 5.24e+4
& pressure_1
* Name : unspecified
* Group D : 1
- Pressure : 1E+005 4.19e+4
oState 1
“.. Resin_T emperature : 300
E Sersors
&1 noname
noname 314644
noname
2.09e+4
1.05e+4
0 .
Lx
Time : 82 s.

o [ 4

Ready

It is important to understand in this example that, even if no vents were specified,
PAM-RTM™ is able to fill completely the cavity. This is because it assumes that when
no vent is specified, the injection is performed under perfect vacuum.

The sensors defined are important tools to study the results. They enable the display of
pressure curves in time. Right-click on the name of the sensor and select Plot.

E- Senzors
o
- noname Edit...
Delete

Each time you select Plot on a sensor, a curve is added to the curve viewer. This is
useful to compare curves. To clear the curves currently displayed in the curve viewer,
right-click in the drawing area and choose Clear.
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EDGE EFFECTS —- RECTANGULAR PLATE

The files related to this example are:
- rect_edge_start.unv (starting mesh)

- rect_edge.dtf + rect_edge.unv (solution)

Objective

In this example, a rectangular plate is injected from one side. The plate contains a
special zone along one edge, in which the resin flows more quickly. This phenomenon,
quite common in RTM, is called race tracking.

Creation of Groups and Visualization of Zones

Create a new simulation , use File ->New command and choose the RTM simulation
type.

The mesh provided for this tutorial doesn’t contain any group, so the first step is to
define groups of nodes for the injection and vent boundary conditions.

Import the file rect edge start.unv with the menu File->Import->Mesh.

Select Zones in the scalar field combo box [1].

Default_Color | IDiSC ~| INDde | NVEWMF ! L jl A
Default_Color

Groups .

Zones_Thickness

Shear_angle

Notice in the zones image that 2 zones are defined. Zone number 11 will be used for
race tracking. We will assign it a material with higher permeability than the
permeability of zone 9.

TUTORIALS
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Zones

Now we will create 2 groups of nodes, one for the pressure boundary condition on the
left side of the rectangle, and one for the vent on the right side.

- Click on N to activate visualization of nodes [1].

- Select Groups in the scalar field combo box to view nodes colored according to the
group ID [2].

- Drag the mouse to select the nodes on the left [3].

- Choose Groups->Create. This creates a group with ID = 1.
- Select the nodes on the right.

- Choose Groups->Create. A group with ID = 2 is created.
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Simulation

Double—click on Default Fabric and give the value 1.10™° m? to the components of the
permeability tensor K;, K, K;.

Create a new reinforcement (of type fabric). Name it Runner and define its
permeability to 1.10™ m?, so the permeability of this zone will be ten times larger than
the rest of the cavity.

Click on Zones, verify that the material assigned to zone 9 is Default Fabric with a
porosity of 0.5 and that the material of zone 11 is Runner. Give the value of 1 to the
porosity of zone 11. This means that this region doesn’t contain any fibers.

TUTORIALS
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M arne Ir‘u:uname Marne Ir‘u:uname

Material |Defaul Fabric | Material | runner =
Parazity IDE— Parasity I.I—

Thickness IW Thickness IW

Cancel | Cancel |

Note:

Zones used for race tracking have a porosity of 1. However a reinforcement has
to be assigned to these zones even if they don’t contain any fibers.

Right-click on Boundary Conditions, select Pressure as type of boundary condition.
Enter the number of the group 1 and set a constant injection pressure of 1.10° Pa. Set
group 2 to type Vent and set its pressure to zero.

Save the simulation parameters file with File->Save and give it the name
my edge.dtf. Launch the simulation with the Start button.

Visualization of Results

TUTORIALS

Import the filling results by clicking on Reload Results button. Choose Filling in the
scalar field toolbar and click on the 4 check box to animate the filling results. Then
have a look at the pressure field.

An interesting visualization feature is the Filling Times scalar field which shows in
only one picture the evolution of the resin front during the injection. You should have
the following picture. Notice how the resin flows more easily along the top edge.
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Filling_Times

480

432

384

336

288

240

192

144

48.1

0.0621
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EDGE EFFECTS —- COMPLEX SHAPE

The files related to this example are:
- complex_edge_start.unv (starting mesh)

- complex_edge.dtf + complex_edge.unv (solution)

Objective

This example is an extension of the previous case. The mesh provided with this
example was created from the drawing below. We don’t give the details of how to
create such a geometry. We assume that the PAM-RTM™ user already knows a CAD
software and mesh generator. The most time consuming task in creating this geometry
is the definition of the race tracking zones. A thin zone of two millimeters width must

be added along the edges of the cavity, in which the resin will flow more quickly.
;I

400 200 400 |

ol
350

400
200 |
100
Z00
&
I

@8,5\

-
4%
N,
LR

Drawing and dimensions of the plate.

Visualization of Groups and Zones

The pictures below show the groups and the zones defined in the mesh file.
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Simulation

TUTORIALS

This section describes the parameters required to carry out this simulation:

General Simulation Parameters

Simulation type: RTM

Geometry file: complex edge start.unv

Materials

The equivalent permeability of an empty channel of diameter D for a Poiseuille flow is:
K=D/12
Kimer = (2mm)?/12 = 3,3 107 m’

This is the permeability we will use here for the runner all around the part.

Set the following properties :

- Resin: constant viscosity at 0.2 Pa.s

- Default fabric: Ki=K,=3 10° m?
K;=110" m?

- Runner: Ki=K,=K;=3310" m?

Zones

Define the central zone (the one with the largest area) with the Default Fabric. Its
porosity is 0.6 and thickness 0.003 m. For zone 2, the material to select is Runner with
a thickness of 0.003 m and a porosity of 1.

Boundary Conditions

Define group 1 as an injection boundary condition of type Pressure with a constant
injection pressure of 3 10° Pa. Define group 2 as a vent.

Simulation

Save the simulation parameters file under the name my complex edge.dtf and
launch the simulation.

Here are the filling and pressure results at the end of injection.
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Pressure

3Je+h

2.7eth

2.4eth

2.1eh

1.8e+b

1.5e+b

1.2eth

9.01e+4

Ge+d

Je+d

0.000445

Time : 29 s.
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Filling_Times
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20.3

17.4

14.5

11.6

8.69
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2.9

0.000142
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FIBER ORIENTATIONS

The following files will be used:
- deltoid_start.unv (starting mesh)
- deltoid.dtf + deltoid.unv (solution)

Objective

This tutorial shows how to specify fiber orientations in a T-junction.

0.2

0.3

Test Part

The length of the part is 0.3 m. Two layers of reinforcement of thicknesses #; and ¢, are
considered. The total height is #=0.2 m. The injection is performed through the left wall
with a resin of viscosity 0.02 Pa.s. Special attention should be paid to the permeability
values in the three directions K;, K> and K;. Two materials will be used: one fabric in
the deltoid zone with a lower isotropic permeability, and another fabric in the other
zones.

Fiber Orientations

Begin by creating a new RTM simulation and import the mesh file
deltoid start.unv.

The orientations of the permeability tensor can now be defined. To do so, it is important
to visualize the different zones. In the display toolbar, select Zones, activate Edges and
Faces, deactivate Nodes.

TUTORIALS
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Here is what will appear on the screen:

Zones

38

36

34

32

30

26

The fiber orientations must be specified in every zone, except in zone 28 (middle zone
of the deltoid), where it is not necessary since permeability is isotropic in this region.
The simpler zones, where the fibers are oriented along x and y as principal axes, will be
defined first.

We will first select the elements on which we want to specify orientations using zone
selection.

Set the selection filter in the main toolbar to Face (or use Selection->Face from the
menu).

There are several ways to select a zone :

- Click Selection->Zone ID [1], a dialog box pops up enabling to enter the zone ID.
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- Click Selection-> Pick zone [2] and pick one element of the zone to select.

- Right-click on zone ID and choose Select.

[
=]
=
i
“

- Zone_30

- Fone 3 CoRY

- Lohe_3
- Zone_ 3k

- Zone_38

Delete

TUTORIALS
Fiber Orientations



USER’S GUIDE & TUTORIALS 216 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Zone 38

Zone 36 [ 4 Zone 34

Zone 26

Select elements in zones 26, 34 and 36 (horizontal parts). Then, open the Material
Orientations dialog box (Mesh->Orientations->Set Vectors).

| HPAM—RTM - [sans nom]

7| File  Selection  Groups | Mesh  Simulation Wiew  ‘Window  Help
GEHEM®B| Rt =@ allee &S
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. Simulation type : RTM ——————  Project Vectors,
- Process Check Set K From Selected Modes
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= M aterials Align Blies
[ Resins Reverse
- Fabrics .
b ol Map Laminake
Bl Zones Compute Local Permeability
" Zone_z6 Clear on Selection
EEl- Zone_28 Clear Al
F. Frama M
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Define K; (1,0,0) and click the Set K1 button. This permeability will be defined for each
of the selected zones. Define K> (0,1,0) and click the Set K2 button. Close the window
by clicking the Close button. Then clear the current selection (Selection->Unselect All).

.PAM—RTM - [sans nom]
| File | selection Groups  Mesh  Simulation Ve

Mode
v Face

IEDHES Elerment
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[

Bounding Box ...

Select All

Unselect all (Filker)

Unselect All {no filker) el

Set Scalar Field Walue, ..

Info Summary
Info Detailed

I

In the same way, select the elements in zone 38 (vertical part). Open the Materials
Orientations dialog box and define K; (0,1,0) and K (1,0,0).

We are now ready to work on the two curved sections. Clear all the selections with
Selection->Unselect All. Select the desired zone, say zone 32 (one of the two curved
zones). Then in the display toolbar, click the N button to activate node display. Next, in
the Selection menu, choose Nodes.
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Using the mouse and clicking on the nodes of interest, you can select the nodes that will
define the orientation of the fibers. They will appear in red once the selection is made.
The order of selection is important. Select them from left to right or from right to left.

As soon as this step is completed, the fiber orientations can be defined. First of all, in
the selection menu, choose Face, and select zone 32. Set the current working direction
as K1 with Mesh->Orientations->K1 [1]. From the same menu, select Set K From
Selected Nodes (this should be understood as Set K1 From Selected Nodes).

|ﬁPAM*RTM - [sans nom]
™| File Selection Groups | Mesh Simulation VYiew Window Help
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MNumerical Info Set K Orthogonal k
[=)- Materials Aligri Plies
| Resins Reverse
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Zone_26 Clear on Selection
- Zone 20 Clear Al
T Feana M

The selected elements are projected on a curve constructed from the selected nodes. The
tangent vector at the projected point indicates the orientation of the fibers. Permeability
K; is now defined in zone 32. Permeability K, remains to be specified from the menu
Mesh->Orientations. After having selected K2 [1], choose the submenu Set K Orthogonal
(meaning Set K2 Orthogonal to K1).
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- Zone 28 Clear &l
E. FPeana M

Clear all current selections and restart the same procedure with elements of zone 30.
Once completed, the orientations of the fibers appear as follows:

To view orientations, select View->Orientations->K1 Only.
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.PAM—RTM - [sans nom]

| File Selection  Groups  Mesh Simulation | Wiew  SWindow  Help
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- Materialz Zones Yisibility, .
-- Fesinz iCukking Plane. ..
[+ Fabrics Post-Processing. ..

~- Molds Syrnmekry. ..
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H- Zohe 26 Set Same Yiewpoink
- Zone_28 OpHans. ..
(- Fone_30
-- Zone_32 Color Scale ]
-- Zone_34 Color Schemes J
-- Zone_36 Lights »
[+~ Zone_33

- Boundary Conditions Refresh Chrl+R

Now, set the permeability of the reinforcement. Double-click on default Fabric and click
on the ... button [1]. This opens the Function Editor dialog box, which lets you assign a
curve or a constant value to the parameter:
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Fabric Properties X
Default Fabric
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Function Editor x|

—Awailable functions

Copy ko Function Paoal...

Exponential

Power .
piecewise_linear [Get from Function Poal...
krig_e -

uzer_defined Irport from File. ..

Export to File. ..

Edit Wzer Mefined...

— Function parameters

#: fiber content, f[=]: k1. f®]l=C

Yalues Wi |
C 1.000000E-002

= |

|nzert Before |

|nizert After |

Delete |

()% I Carnicel

Set the permeability for the Default Fabric to K1=1 10" K2=1 10"2 K3=1 10"

Create a new Fabric (Material->New->Fabric), name it deltoid and set the isotropic
permeability to K1=K2=K3=1 10"
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zone.
Zone 36
Zone 34
Zone 26
Zone 28
Zone N° | Material K; K K; Porosity

26 Default fabric 1511 1512 1511 0.5
28 Deltoid 1513 1513 1513 0.4
30 Default fabric 1511 1512 1511 0.5
32 Default fabric 1511 1512 1511 0.5
34 Default fabric 1511 1512 1511 0.5
36 Default fabric 1511 1512 1511 0.5
38 Default fabric 1511 1512 1511 0.5

For every zone, you must also specify the porosity of the reinforcement (see previous

table) and its thickness (0.005 m).

Define properties of the resin, set a constant viscosity of 0.02 Pa.s.

The boundary conditions still remain to be defined. Three groups are available. Assign
Pressure to the one that corresponds to the injection line (left side). Enter a constant
pressure value of 2 10° Pa. Then, define the other two lines as vents.

Now choose File->Save and run the simulation.

Note:

1t is important to save this file before launching a simulation, otherwise the
changes you made to the simulation parameters won't be used in the simulation.
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Visualizing the Simulation Results
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Many post-processing parameters can be changed in the Post-processing dialog box by
selecting View —> Post-Processing.

Post-processing x|
—Animation
[ On/Off ¥ Praoportional Im Loop Time
—Fange
Type IAutD All hd l
Min. [0 Max. |

Mb Levels |1D

—Yisihility Threshald

tdin. I-'|B+U3U hdan, |1e+030

[~ On/Off Type IEletween Vl %

Apply | Close |

After loading the simulation results, choose the Filling option in the drop-down list to
visualize the evolution of injection. Then by sliding the Time Step control arrow in the
tool bar, the filling of the mold is displayed in time. By clicking on the button A
(animation), an animated display of mold filling is activated. The animation speed can
be modified by changing the Loop Time field in the Post-processing dialog box.

To get a smooth injection flow front, select the Type Iso in the drop-down list. The
number of colors may be modified in the Nb levels field in the Post-processing dialog

box.
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The figure below shows the different positions of the flow front in time in the part.

Filling_Times

439

0.0438
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The following figures show sequentially how the mold is filled:
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The injection is performed from the left side of the part. The lower permeability in the
central zone of the junction delays the flow front in that zone.

The pressure field can also be visualized during the injection. Select Pressure in the
drop-down list in the display toolbar.

It is sometimes useful to visualize the resin front on top of another scalar field such as
the pressure or temperature field. To do so, select File—> Import—> Scalar Fields —> PAM-
RTM Flow Front (.front)... , then under the Import PAM-RTM Flow Front dialog box, select
the flow front file and click Open.
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delkaid. Fronk

Maom de fichier : | deltoid frant Durir |
Type : I“.frnnt j Annuler |

4

The following image is displayed, in which the flow front appears as a white line. This
is the raw position of the flow front, without any smoothing. On one side of the flow
front, the elements are completely saturated (filling factor = 1), while on the other side
elements are partially saturated or empty (0 <= filling factor < 1).

Pressure

2e+h

1.8e+5
1.6e+5
1.4e+5
1.2e+5
leth
Be+4
be+4
de+d

2e+4

0.145

Time: 183 s.
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COMPARISON 2D -2.5D -3D

The following files are used in this example.

- comparison_2D_start.unv, comparison_25D_start.unv, comparison_3D_start.unv
(starting mesh)

- comparison_2D.dtf + comparison_2D.unv (solution for 2D)

- comparison_25D_1.dtf, comparison_25D_2.dtf, + comparison_25D.unv (solution for
2.5D)

- comparison_3D_1.dtf, comparison_3D_2.dtf, + comparison_3D.unv (solution for 3D)

Introduction

Description of the Part

This example describes the results obtained for a part whose dimensions are specified in
the figure below:
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The injection is performed at a constant pressure of 2 bars from each extremity of the
part as illustrated on the figure below:

N
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ﬁ Vent

Injection at
constant pressure

_> <_
—» <
< <«

Injection at
constant pressure

Objectives of the Analysis

The objectives of this analysis is to study the position of the resin front and to compare
the results obtained from three types of mesh:

- 2D plane mesh of triangles
- 2.5D surface mesh (thin shell) with triangular shell elements

- 3D solid mesh of tetrahedrons

Solid mesh

TUTORIALS
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Surface mesh

Plane mesh

Description of a Typical Rib Junction

The permeability of the reinforcement is K; = K;=K;=1.10" m” and the porosity is ¢=
0.5. The rib junction is constructed with unidirectional fibers to fill the internal volume
between the two top folded plies and the inferior layers in order to create the T shape.
The permeability of the reinforcement in the rib junction (shaded area in the figure
below) is K;= K, = K;=1.10"" m.
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Rikb  junction
Superior Layers Superior Layers

Inferior Layers

Typical rib junction (T shape)

Zones of the Part

The analysis was carried out in order to compare the results between a 2D simulation
with analyses performed with shell (2.5D) and solid (3D) elements. The following
figures show the different permeability zones for each type of simulation.

Zones

I':\En

34

I A

28

(a) 2D zones

v
24 L
x
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Zones

B 2.5D zones

(c) 3D zones

Zones for the three types of mesh:

We can immediately notice several differences. Indeed, in the surface simulation, there
is no central zone at the junction. The zones used in the 2D simulation do not consider
the curvature of the part. These topics will be discussed later.

Injection Strategies

The following table indicates the injection pressure used for each experiment.
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Simulation Pini 1
2D 2 bars
2.5D/1 2 bars
2.5D/2 2 bars
3D 2 bars

USER’S GUIDE & TUTORIALS
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Pinj 2
2 bars
2 bars
2.3 bars
2 bars

The following figures show the groups of nodes that define the injection boundary

conditions:

Groups

39
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7
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Groups
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Groups

Simulation Results

Filling Times

The first interesting point to verify here is the injection time required to fill the mold for
each type of analysis. The filling times are in fact very similar, between 19.9 and 21.3
seconds for the three simulations. This demonstrates the consistency between the
different options offered by the software.

TUTORIALS
Comparison 2D — 2.5D — 3D



USER’S GUIDE & TUTORIALS 236 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Filling_Times

20.5

18.4

16.4

143

12.3

10.2 l A
8.10 v

6.14

109

2.05

0.00185

Filling_Times

21.3

191

149
12.8
10.6
8.53
6.4

4.28

2.16

0.0386
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Filling_Times

19.9

17.9

16

2.06

0.0723

Special Effects in the Rib Junction

However, several differences exist between the different types of simulation. The 2D
simulation shows the details of the filling in the T junction, which is naturally not
possible with the 2.5D results. An air bubble is formed in the T junction as illustrated
below by a series of filling results at different injection times. Although a 2D simulation
allows observation of local effects, it does not give a 3D picture of mold filling. As a
matter of fact, the whole geometry of the part has an influence on the filling pattern.
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N

This air bubble could possibly be removed
by the pressure field up to the vent. Note
that this is no longer a problem if the
injection is performed under vacuum.

Time : 165,
Fillng

1
I 08

08

07

s

Convergent and Divergent Flows

A surface simulation (2.5D) allows to compare the injection pressure with a 2D
analysis. Note that the resin front does not merge near the rib like in the 2D analysis,
but on the right panel, where the flow is divergent. As a matter of fact, the resin flow
converges in the left panel and diverges in the right panel. This difference in geometry
accelerates the resin flow in the convergent geometry as shown in the figure below:
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Filling
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0.4
0.3
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0
Time: 1s.
Filling
1
0.8
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Time : 14 5.
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Although the injection pressure is the same on both sides, the left panel fills up faster
than the right one. The surface simulation, and not the plane simulation, could show this
phenomenon, which is due to resin flows in convergent versus divergent geometries.

Filling

1
I 0.8

01 Zone not yet filled, whereas the other side is
filled up and resin continues its progression in
o the rib

Time : 14 s,

Modification of the Injection Pressure on one Side

In order to merge the two resin fronts in the center of the part, it is possible to inject
from one side at 2 bars and from the other at 2.3 bars. The flow fronts merge then right
in the middle of the part at the rib connection as illustrated in the figures below:

nnnnnn
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The selection of two different injection pressures permits to merge the resin fronts in the center of the
part, i.e., directly at the rib junction

The need to inject with two different pressures would not have appeared without performing a surface
simulation.

3D Solid Simulations

Although surface simulations (2.5D analysis) provide a global vision on the filling of
the part, no local effects are shown such as how the two incoming resin fronts merge in
the T junction for example (where it was seen that air bubbles form). 3D solid
simulations visualize such problems. Both global and local effects will appear at the
same time: convergent and divergent flux phenomena, as well as air bubbles in the rib
junction. However, the time required to model the geometry of the part, generate the 3D
mesh and especially, the calculation time to simulate the injection, becomes much more
important.

I Solid simulation: mnjection
at two bars from each side
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Filling

Geometry related effects can be studied
with a 3D simulation, which provide a
global vision. As shown in the figure
on the left, it is necessary to inject at a
higher pressure so that the resin fronts
will merge at the center of the part.

0.1

0
Time : 14 5.

Pressure Field in the Cavity

Finally, as illustrated by the images of next page, the analysis of the pressure field in the
cavity during the injection does not show much difference between the three types of
simulations considered here.

Pressure field for a 2D
simulation

1.2e45 I
Tes ’ \

218

Time : 20 s.
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Pressure field for a 1evs
surface simulation

0.02e+4

6.07e+d

A01e+d
2e+d
0.0352

Time: 21 s.

2.03e+5

1.82e+5

Pressure field for a
3D simulation

1.62e+5

1.42e+5

1.22e+5

1.01e+5

B.1le+d

6.08e+d

4.05¢+4
2.03e+4
0.914

Time: 20 s.

Conclusion

In conclusion, a 3D simulation with solid elements allows observation of global and
local effects related to the geometry of the part. A surface simulation (2.5D) provides a
global vision at a reduced cost while a 2D simulation in a section of the part shows only
local effects. The advantage of a 2D simulation is the much reduced calculation time.
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3D simulations require a much larger number of elements to perform the calculations,
which causes the calculation times to increase dramatically.

The following table compares the numbers of elements used in this example with the
corresponding calculation times. The simulations were run on a dual processor Pentium

3 700 MHz PC.
Simulation Number of elements Simulation time
2D 3084 triangles 5 min., 8 s.
2.5D 3979 triangles 1 min, 25 s.
3D 35137 tetrahedrons 100 min.
TUTORIALS
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AIR ENTRAPMENT

The files related to this example are:
- air_trap_start.unv (starting mesh)

- air_trap.dtf + air_trap.unv (solution)

Visualization of Groups and Orientations

In this tutorial, we do a central injection in a fabric with anisotropic permeability. Here
is a picture of the K; principal permeability direction.

We use this simple example to demonstrate the air entrapment feature of PAM-
RTM™, We want to force creation of an air trap in the bottom right corner by closing
vents shortly after beginning of injection. Only the top left vent stays open during the
complete simulation.
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Groups

1

These are the parameters that were used for this simulation:
- Input geometry file: air trap start.unv
- Simulation type: RTM

- Air entrapment: active [1]
x
DOutput  Air Entrapment | Local Variables | Advanced |

v Detect air traps 1

Min. number of elements

OK I Annuler Appliguer

- Resin viscosity: 0.1 Pa.s

- Permeability: KI =1E-9 m?, K2 = 1E-10 m*

- Porosity: 0.5

- Injection pressure: 2E5 Pa

- Vents’ pressure: 1ES Pa

- Vent 2 stays open during the complete simulation (State = 1)
- Vents 3 and 5 closed at 85 s.

- Vent4 closed at 120 s
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To close a vent at a given time, open the Function Editor dialog box for the state
parameter of the boundary condition, and define a piecewise linear function as shown

below:

Function Editor

—&vvailable functions

Caotstant
uzer_defined

x|

Coopy to Function Poal...

Get from Function Pool...

Import from File. ..

Ewpont to File...

Edit zen Mefined. .

r— Function paraneters

W time, ] : State, f[x] = piecewize_linear

=

E

0, 000000E+000
§,.500000E+001
. 550000E+001
1.000000E+004

1.000000E+000
1.000000E+000
0.000000E+000
0.000000E+000

Inzert Before |

Imzert After |
Delete |

[ o ]

Cancel

The anisotropic fabric leads to an elliptical flow front.
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Time : 57 s.

To avoid air traps in the bottom left and top right corners, the vents are closed a short
time after the resin reaches them (t = 85 s.). The bottom right vent is kept open a little
longer. When it is closed (t = 120 s.), an air trap is detected by PAM-RTM™. The top
left vent stays open during the complete simulation, that’s why there is only one air trap
detected.

As soon as the air trap is detected, the pressure starts to increase in it. The law of perfect
gases Pressure * Volume = constant is used to manage the pressure increase as the
volume of the air trap changes. After some time, the pressure in the air trap becomes
very close to the injection pressure, which means that the pressure gradient is very small
and the resin can’t move. The simulation stops with some elements that are not filled.
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Time : 296 s.

The pressure specified in PAM-RTM™ is absolute pressure. For the air entrapment
option to work correctly, the vent pressure must be positive and not zero. In this
example, the vent is initially open and its pressure is 1ES Pa (1 bar). The injection
pressure is 2 bars, so there is 1 bar pressure difference between the injection point and
the flow front. When the air trap is detected, its pressure is the same as the initial cavity
pressure (pressure on the vent), and it will rise as the air trap gets smaller.

You can visualize the flow front position on top of any scalar field by loading the flow
front file (extension .front) with File->Import->Scalar Fields->PAM-RTM Flow Front. The
flow front is displayed as a white line in the following pressure images.

Notice the pressure at the bottom left and top right corners. This “strange” pressure field
comes from the fact that the resin has reached the top left corner where the vent is still
open, so the pressure stays fixed at 1 bar. The last pressure image shows that the
pressure in the air trap at the end of the simulation is the same as the injection pressure.
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Pressure

2.01e+h
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1.8e+5
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1.18e+b

1.08e+5

9.76e+4

Time : 86 s.

Pressure

2e+5

1.89e+5

1.77e+5

1.66e+b

1.55e+5

1.43e+5

1.32e+b

1.2e+b

1.09e+5

9.76e+4

§.62e+4

Time : 296 s.
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VACUUM ASSISTED RESIN INFUSION (VARI)

The following files will be used:
- vari_start.unv (starting mesh)

- vari.dtf + vari.unv (solution)

Objectives

This tutorial shows how to specify the parameters for a VARI simulation. The post-
filling, leading to the final thickness of the part calculation, after the injection port has
been closed will also be simulated. Two cases will be run, one where vents will stay
open, and the other one where vents will be closed.

1m

I.5m 0.38 m

Top View Side View

Mesh Modification

Create a new VARI simulation with File->New and import the mesh file
vari start.unv.

The mesh provided for this tutorial does not have an injection point. We will create one
for central injection.

To define an injection point, open the Mesh Injection Point dialog box (Mesh -> Remesh
->Injection Point).
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| |-'3'|PAM—RTM - [sans nom]

| File Selection  Groups | Mesh  Simulation Wiew  Window  Help

?ﬁ = E B M %| Rernesh k
Crigntations  k Runner. .,
I j IDiSC Transform kT 7 B TS
Create P —x
(=) £ans nom Cleanup 3
i Simulation type : VAR
- Process Check
- Mumerical Info

PAM-RTM™ asks if you want to split quads into triangles. Choose yes. The remeshing
tools work only on mesh of triangles.

X

Mesh Injection Point
— Center
b4 |D Fick Paint |
v foses
S
Radius 0.05 Fick Paoint |

Apply |

Close |

Enter the coordinates of the center point (0, -0.385, 0) and set the radius at 0.05, then
apply and close the window.

The modified mesh appears as follows:

[=- Senzors
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- Marme : Sensor b
- w0 <0.0007084
- <0385

- -0.03428
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- Mame : Senzor B
- w0 -0.0007084
- <0385

- 001508

[=- Senzor C

- Mame : Sensor C
- w0 -0.0007084
- <0385
w2037
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Create three sensors by picking approximately points A, B and C, or enter the exact
coordinates of the sensors as shown above.

Simulation

This section describes the parameters required to carry out this simulation:

Double-click on Process in the model explorer to open the VARI Process dialog box. In
the VARI tab, set the External pressure at 1.10° Pa.

Overfilling is activated by checking Continue overfilling box, and the duration of
Overfilling is set to 500s. The number of numerical steps is set to 50. That will allow
the simulation to continue after complete filling of the part until reaching a mechanical
equilibrium.

¥ARI Process gl

Filling VAR |

External prassure

Crerilling

[v Continue overiling

Orwedilling time 500

Nb steps |5D

oK I Cancel | Al |

In the explorer, double-click on Numerical to open the VARI Numerical Parameters
dialog box and be sure that Save filling factor, Save pressure, Save thickness, Save
permeability and Save porosity are active.

YARI Numerical Parameters g|

Output |Air Entrapmentl Advanced |

v Savefilling factar v Save permeahility
[ Save pressure [v Save porosity
[v Savethickness [~ Save velocity
[~ Save fiber content [~ Save viscosity
Output format [-DEAS Universal ¥ |

Sampling period

|1D
Recover period |5IJD

Ok | Cancel Al
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TUTORIALS
Vacuum Ass

Orientation

No orientation is defined on the mesh. It will be defined with projection method. First
select all the elements, then use Mesh->Orientation->Project Vectors to project X as
K1. Then set, K2 orthogonal to K1, Mesh->Orientation->Set K Orthogonal.

Materials

Set the resin and the fabric properties as shown below.

Resin

Constant viscosity = 0.1 Pa.s
- Density = 1083 kg/m’
Fabric
Double-click the Default Fabric in the explorer to open the Fabric Properties dialog box.

To set the permeability K1, open the Function Editor by clicking the ;l button beside
K1. Select the Exponential function, then set A=2.2 10® and B= -11.57.

isted Resin Infusion (vari)
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Function Editor;

—Awvailable functions

::-:: onential Copy to Function Poaol... 2
onstant
Fower .
piecewise_linear Getfram Function Faaol... 3
krig_e
user_defined Import fram File... |
Exportto File... |
Edit User Defined.. |

—Function parameters

x:fiber content, fix) k1, fix) = A*exp(B*x)

Yalues “Wiew { 1
|
|
|
|

& 2.200000E-003
B -1, 157000E-+001 [ e

Insern Before

Insen After

Delete

(0] I Cancel

The permeability curve can be visualized by pushing the View button [1].
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Couveroner x

w0 ® Permeability K1 vs ¥f

111 .

08r 7
0.e
0.7
0.6

-

0ar .
04r .
03r 7
nzr .
01 .
0or 7
D.IDE D.%D D.%S IZI.IED IZI.I25 IZI.IED IZI.I35 IZI.:UZI 0.115 IZI.IED IZI.I55 D.;SD

fiber content
0K | Close |

Instead of entering the coefficients of the exponential curve again for K2, you can use
the Copy to Function Pool functionality. Push the Copy to Function Pool button [2], and
then give a name to the curve, such as perm v£. Next in the function editor of
Permeability K2, you just have to click on Get From Function Pool [3] and select

perm vf to get the curve that was defined for K1. Note that the functions stored in the
function pool are available until you close PAM-RTM™. The function pool is shared
by all open documents.

One of the most important parameters for VARI simulation is the compressibility curve
of the reinforcement. Double-click Default Fabric in the explorer. In the Compressibility
tab, choose the Pressure-Fiber Content curve format in the drop-down list.
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Fabric Properties x|

General Compressibility I Thermall Advancedl

Compressibility Farmat Fressure-Fiber Content j

Stress-Shrain
Comprezzibility Curve | Prezsure-Fiber Content

Matural thickness 0.003

Superficial denzity ID.?

Ok, I Annuler | Lpopliguer |

Push the Compressibility Curve button to define the curve. Choose a power law and set
A=1.710" and B = 7.6 in the Function Editor dialog box. The compressibility curve is
shown below.
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Function Editor |

—&wailable functions

Copy to Furiction Pool...

onstant
piecewize_linear
krig_e

Get from Function Pool...

Impart from File...

Expart ta File. .

Edit Uzen Mefined...
— Function parameters
w fiber content, x]: prezsure, ] =4 * powx, B]
Walues Wiew |
o 1.700000E4+011
B 7. 600000E+000 Wew

Inzert Before |
Inzert After |
Delete |

H Curve Plotter

9
x10 Pressure vs Vf
T T T

36k
347
32
30
281
26
241
221
20F
181
16T
14
12 f
10 F
081
06T
04
021
00

P

L L L . . L L L I L L L
0.05 010 015 0.20 0.25 0.30 035 0.40 0.45 050 0355 0.60
fiber content

Finally set natural thickness to 0.009 m and superficial density to 0.7 kg.m™ in the
Fabric Properties dialog box. The natural thickness of the fabric corresponds to the zero
pressure in the compressibility curve.
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Zones

There is only one zone defined in this mesh. Double-click Zone_2 in the explorer,
associate Default Fabric to it and set its porosity as 0.5 and its thickness as 0.005 m.

x|

wi

o]

Drefault Fabric j

MName Ir‘u:uname
b aterial I

Porosity 0.5

Thickness [0.005

Cancel |

|

Note

The thickness value specified in the zone is only used to initialize the
calculation. PAM-RTM™ will calculate the actual thickness from the
compressibility curve and the external pressure. It is important to set the initial
thickness of zones to some value inside the definition range of the
compressibility curve. Normally half the natural thickness of the reinforcement
should be a good initial thickness.

If the specified material and process parameters are such that at some point in
the simulation the thickness of the reinforcement becomes larger than its natural
thickness, the simulation is not valid.

Boundary Conditions

When the injection point was created with the remeshing tool, a group was
automatically created (ID=1) with the nodes around the injection hole. Now you need to
associate a boundary condition to this group. Click on Boundary Conditions in the
explorer with the right mouse button and choose New->Pressure. Verify that the
injection pressure is 1.10° Pa.

The full boundary of the injected part will be specified as a vent. You can easily select
all the nodes on the boundary. Use Selection->Pick Boundary, then pick a node on the
boundary you want to select. Use Groups->Create to create a group with the selected
nodes. Associate a Vent boundary condition to this group and make sure that the vent
pressure is zero. The groups are shown below.
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Save the PAM-RTM™ document and launch the simulation.

Groups

Post-Processing

PAM-RTM 2014
© 2014 ESI Group

It can be seen in log file that the simulation is split in two phases: filling then

overfilling.

=x 63 time=2.26128E+002
== /64 time=2.63163E+002
== 765 time=2.6317 3E+002
Start of overfilling phase
== 766  Time=2.73173E+007
== [G7f time=2.83173E+002
=x> /6B Time=2.9317 3E+002
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The images below show the segmented filling patterns and the thickness field at the end
of filling. The thickness evolution in time was plotted on the 3 sensors at positions A,B
and C on picture below.

Filling_Times '

263

\

237

Thickness

0.009

0.00856

0.00812

0.00769

0.00725

0.00681

0.00637

0.00594

0.0055

0.00506

0.00462

Time : 263 s.
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wo Thickness vs Time
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Thickness evolution during filling

%10 Thickness vs Time
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Thickness evolution after filling
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Second case with closing of the vent

A modification of the set-up is made so that vent is closed at the end of the filling, in the
same time as injection stops.

The first simulation showed that filling lasts 263s. The modification of set-up is so that
injection port and vent are closed after 264s. State functions for each boundary
condition are set like the function below.

EE Boundary Conditions

B L pressure_1 ~Availahle funciio
[£] Mame unspecified Copy to Funciion Pool
E] Group 1D: 1 yesraeine Getftom Function Pool
IE] Fressure  1E+005 :
- ) . Importfrom File..
IE] State : piecewise_linear
. Exportta Fils
] Resin_Temperature : 300 [ Eemm ]
- 1 want 2 Edit User Defined.
E] MName : unspecified
= —Funct
2] GroupID: 2 e
E] Pressura 0 :time. fx): State, fix) = piecewise_linear
-[Z] State : piecewise_linear - I v
0.000000E+000 1,000000E+000
2.640000E+002 1.000000E+000 New
2.641000E+002 0.000000E-+000
1,000000E +004 0,000000E-+000 Insert Before
Insert After
Delete

Behavior is modified after the end of filling as the thickness value at the end of the post-
filling and thickness curve show.

Thickness

0.009

0.00856

0.00813

0.00769

0.00725

0.00681

0.00638

0.00594

0.0055

0.00506

0.00463

Time : 7391 s.
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Thickness at the end of over-filling phase.

w0 Thickness vs Time

wwoS o -

L . L L L . . L L . L L L .
oo o1 0z 0z 0.4 04 0.6 07 os 0s 1.0 11 12 13
Time (g} w10

Thickness evolution after filling

Final thickness is 5.46mm compared to 4.6mm in the case of opened vent.

Conclusion

This tutorial showed the set-up of infusion simulation (VARI model), and the
computation of final thickness after the complete filling of the part and mechanical
equilibrium is reached.
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LANDING GEAR

The following files are used in this example.
- landing_start.unv (starting mesh)

- landing_1.dtf, landing_2.dtf; + landing.unv (solution)

Introduction

In PAM-RTM™ simulations, complex parts can be modeled with shell or solid
elements. Different zones must be defined, the type of materials contained in the cavity
must be specified (metallic insert, foam...) as well as the properties of the fibrous
reinforcement (orientations and values of the permeability tensor). Numerical
simulation aims to assist users to understand the progression of the resin flow during the
injection. It helps to avoid problems such as air entrapments. It allows also to compare
different injection strategies in order to find the best one, for example the one with the
shortest cycle time. Non isothermal simulations study the coupling between the resin
flow, temperature and curing.

Landing gear

TUTORIALS
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Analysis of a Landing Gear

TUTORIALS

The landing gear of a small touring airplane is analyzed in this example. As
demonstrated on the picture, the landing gear is located on the front part of the airplane
and is symmetric along its central axis. If the injection is performed from the center or
from the two extremities, because of the symmetry only half of the part needs to be
simulated. This example is important because it compares the effect of convergent
versus divergent flows and illustrates how convergent resin flows are systematically
accelerated in restrictions.

Two injection scenarios at constant pressure will be considered here for half of the part.
The first test consists of injecting the resin from two injection ports located at the center
of the part as shown in the figure below. The vents are located at both extremities at the
positions of the wheels.

In the second test, the resin is injected from both extremities, the vents being located in
the center of the part.

Groups

Tl Iss s 7
----- -
)
-~

-

injection ports ' . /

vent

injection strategy 1

Landing Gear
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Groups

vents

injection port

injection strategy 2

This composite part is normally made of several materials. It contains a metallic insert
at its extremities for the installation of the wheels. The center of the part is an
impermeable foam. Since these are non-permeable inserts and since we are only doing
an isothermal simulation, it is not necessary to mesh these inserts. It is important to note
that if you decide to mesh the non-permeable zones, the mold material of PAM-RTM™
must be assigned to these zones.

The mesh has been generated with I-DEAS. It is shown below.
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Analysis of Simulation Results

TUTORIALS

The landing gear has been simulated for both injection scenarios. The two injections
were performed at constant pressure from the two extremities (case 1) or from the
center of the part (case 2). The goal is to determine the best injection strategy to
produce the part and avoid errors in the design of the mold.

Let us examine the injection process in more detail. When the injection is performed
from the center (first strategy), no particular difficulties appear. However when the part
is injected with the second strategy, an air trap appears near the vents. This shows that
the air vents are not correctly positioned. In order to correct the problem, the air vents
should be positioned on the side of the part, exactly where the air traps appear. The air
trap is created in this example because of the divergent flux during the injection.

air trap

vents

This phenomenon (divergent flux) does not only create an unwanted air bubble, but it
also increases the injection time significantly. The successive positions of the resin front
in time are displayed next for the two injection strategies considered. For a constant
pressure injection, the first injection strategy gives a much lower injection time
compared to the second. Indeed, the first strategy enables to fill the mold in 134
seconds, while it takes 234 seconds for the second strategy. This difference is caused by
the shape of the part. In the first case, the resin flux is convergent, which has the effect
of accelerating the displacement velocity of the resin in the restriction, whereas in the
second case a divergent flux is obtained.

Landing Gear
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Filling_Times
13.4

I 1241
10.7
9.4
8.06

6.72

5.37

& T -

4.03
2.69
1.34
0.000715

Filling_Times_2

0.00023

Conclusion

The landing gear design information is a good example that demonstrates the
importance of numerical simulation, appropriately provided to mold designers. Note
that mistakes can be very expensive to repair once the mold is made. The simulation
permits to predict where air bubbles might be created, which has a direct effect on the
mechanical properties of the part. It is possible to prevent the formation of air
entrapments by changing the position of the vents. In this particular case, the vents will
be placed on the side of the part and not on top of it. Finally, the simulation allows to
optimize the cycle time. Thus, in this analysis, the first strategy of injection proves to be
the best since it allows to shorten the filling cycle and avoid the creation of air
entrapments. In conclusion, numerical simulation allows to design a mold rapidly and
efficiently while avoiding some expensive modifications once the mold is built.
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MESH EXTRUSION

The following files are used in this example.
- extrude_start.unv (starting mesh)

- extrude.dtf + extrude.unv (solution)

Objectives
The goal of this tutorial is to show how a surface mesh can be extruded with layers of
different thickness and materials. A flow enhancing layer, such as the one found in the

VARTM process, is used on top of the fiber preform. The new prismatic element is
used directly to avoid splitting into tetrahedra.

Mesh Extrusion

Begin by creating a new RTM simulation, then import the mesh file extrude start.unv.
You should have the following.

Verify that this mesh contains orientations with View > Orientations > K1 Only. Notice
that the fiber directions F1 and F2 (actually K1 and K2) are not perfectly orthogonal.
This can be seen by activating the Shear_Angle in the main toolbar, which shows angles
of about 2 degrees. This mesh was actually oriented using PAM-QUIKFORM.
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Shear_aAngle

0.904

0.771

0.578

0.386

0.193

0.000342
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The goal is to generate a solid mesh made of 5 layers: 0, +45, -45, 90, and a flow media
on top. The first step is to create materials for the fiber reinforcement and the flow
media. The same material will be used for the 4 plies. The fiber reinforcement has k1
three times larger than k2. The permeability of the flow media is ten times larger than
k1. After creating the materials, you should have the following in the document’s tree.

-2 Materials
+-] Resins
- Reinforcements
-4 fabric
El Type :fabric
[ Permeability k1 : 1.000E-009
E] Permeability k2 : 3.000E-010
[ Permeability k3 : 1.000E-011
+- ||| Default UD
-8 flow_media
El Type :fabric
[ Permeability k1 : 1.000E-008
E] Permeability k2 : 1.000E-008
[ Permeability k3 : 1.000E-011

Notice that we use the same permeability k3 for the reinforcement and the flow media.
This is important to avoid numerical problems.

The thickness of the plies is set to 0.025 m. It is exaggerated for the purpose of this
tutorial, to see the flow better through thickness. The thickness of the flow media is
much thinner, 0.003 m. Don’t forget to set the angle of each ply. The angle of the flow
media is not important since its planar permeability is isotropic. After creating the
laminate, you should have the following.
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EB Materials
-] Resins
#-{] Reinforcements

EIE- Laminates
=B my_laminate_for_extrusion

== Layerh
----- EI Materal : low_media
----- EI Angle: 0
----- [Z] Thickness:0.003
----- EI Paorosity : 0.5
= Layer4
----- EI Material ; fabric
----- EI Angle : 30
----- EI Thickness : 0.025
----- EI Paorosity : 0.5
= Layer 3
----- EI Material ; fabric
----- EI Angle :-45
----- EI Thickness : 0.025
----- EI Paorosity : 0.5
= Layer2
----- EI Material ; fabric
----- EI Angle : 45
----- EI Thickness : 0.025
----- EI Paorosity : 0.5
= Layer 1
----- EI Material ; fabric
----- EI Angle: 0
----- EI Thickness : 0.025
----- EI Paorosity : 0.5

Before performing extrusion, it is important to verify that the normal vectors a pointing
in the right direction (View > Normal Vectors). Here we would like the mesh to be
extruded in the opposite direction. To reverse the normal vectors, we first select all the
elements with Selection > Element and Selection > Select All. Then we use Mesh >
Cleanup > Reverse Normals.
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Once the normal vectors have been reversed, open the mesh extrusion dialog box with
Mesh > Transform > Extrude. Check the Use laminate option (meaning that parameters
in the Simple extrusion area are completely ignored), select your laminate in the
dropdown list, and select Orientation from ply angles so that the orientation of each
element is set as the orientation of the corresponding element in the first layer, rotated
by the ply’s angle. The Extrude Mesh dialog box is shown below.

Extrude Mesh g|

Simple extrusion

Mk Layers |17
Total Thickness 0.005

Laminates

[w Use Laminate ry_laminate_for_sstrusion ﬂ

[+ Orientations from phy angles

(0] | Cancel

Push the OK button to launch mesh generation. You should have the following. Notice
the top layer, very thin compared to the other layers. This is the layer used as the flow
media.
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Zones

Extruded mesh

flow media

Zoom on the layers
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The extrusion command automatically generates a zone for each layer in the

document’s tree. Each zone is linked to the corresponding ply material. The thickness of
each zone is not important since we are working with solid elements. The porosity of
each zone is also set from the plies.

S Zones
--E2 Zone_1
[E] Material Name : fabric
] Porosity:0.5
] Thickness:0.005
--E2 Zone_11
[E] Material Name : fabric
] Porosity:0.5
] Thickness:0.005
--E2 Zone_21
[E] Material Name : fabric
] Porosity:0.5
] Thickness:0.005
--E2 Zone_31
[E] Material Name : fabric
] Porosity:0.5
] Thickness:0.005
--E2 Zone_41
[E] Material Name - flow_media
] Porosity:0.5
] Thickness:0.005

To verify that the orientations are correctly set, use the View > Zones Visibility
command. For example, hide all layers and show only zone 21. Then show K1 vectors
with View > Orientations > K1 Only. You should have the following picture, correctly
showing orientation vectors at —45 degrees.

Zones
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Process and Numerical Parameters

For the boundary conditions, create groups of faces as shown below. We inject from 2
faces directly in the high permeability layer. The vent is at the bottom of the opposite
side. Set the injection pressure to 1 bar, and keep the default zero bar on the vent.

Groups

2
inlet
1

Location of the inlet

TUTORIALS
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Group of faces for the inlet

Groups

Group of faces for the outlet
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Launching the Simulation and Post-Processing

Save the document with File->Save and launch the simulation.

Filling_Times
I 961
865
769

673

577

384

288

!'-..i"-:-'-'-'ﬂﬂllll"‘ifr “

iy, g
T

192

0.042

Segmented filling result

The segmented filling image clearly shows the effect of the flow media. Since the
permeability of that layer is much higher, the resin almost completely fills that layer
before starting to flow through the thickness of the part.
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NON-ISOTHERMAL INJECTION

The files related to this example are:
- non_iso_fil_start.unv (starting mesh)

- non_iso_fil_1.dtf, non_iso_fil_2.dtf, non_iso_fil_3.dtf, + non_iso_fil.unv (solution)

Objective of the Analysis

This example will show you how to:
- Perform a non-isothermal filling simulation,

- Study the effects of temperature on the injection of resin.

Geometry Description

It is possible with PAM-RTM™ to simulate the injection and at the same time take into
account thermal effects. The part that will be simulated in this example is shown below.
It is an extruded panel of variable thickness.

S00

10

35

fo
200 ’ 200
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Visualization of Groups

Create a new simulation of type Heated RTM (File->New) and import the mesh file
non iso fil start.unv. Then visualize groups of nodes. Groups at the extremity
of the part will model the injection port (dark blue) and vent (light blue), groups on the
top and bottom of the part (11 and 12) will be used to set the heating boundary
conditions on temperature.

Groups

> _]

Simulation Parameters

Open the Resin Properties dialog box (doucle-click on Default Resin).

Enter the resin parameters as shown below:

TUTORIALS
Non-Isothermal Injection



USER’S GUIDE & TUTORIALS 282 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Resin Properties x|

General I Thermal | Chemical |

I arme

Dengzity

Wizoozity

b odel I fltemperature, alphej

Y alueFunction I"'-"'iSC':'Si'i}'_DE |

k. I Annuler Appliguer

- Resin Name: Vinylester
- Density = 1083 Kg/m’

- Viscosity: a viscosity function relates viscosity with temperature and the degree of
cure. Select the Viscosity (02 model:

C3+Cyxy
G
Foy) = e~ ( “ )

Gy
Co= 110"
C1=5000
C,=0.4
C3=0.75
C4=0.35

Choose in the Model drop down list f(temperature, alpha) and open the Function Editor
(click on the ... button), select the function Viscosity 02 and set its parameters.
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Function Editor x|

—Awailable functions

Copy ko Function Paoal...

E:zgiz::ﬁ:gi Get fram Funchion Poal. .
Wigcozibp 05

Vi;cu:usit_l,l_EIE Impart from File...
krig_e
uzer_defined

Export to File. ..

Edit Wzer Mefined...

— Function parameters

#: temperature, w:alpha, f[aw] o viscosity, 0] = c0fexplc] s powicod-y], o3

Yalues Wiew |

co

el 5,000000E+003 New |

£ #.000000E-001 Insert Befare |

c3 7.200000E-001

4 3.500000E-001 |zt After |
Delete |

()% I Carnicel

To visualize the viscosity function, push the View button. By default, curves are plotted
for the viscosity as a function of alpha for fixed temperatures. In this example, a
temperature range of 300 to 350°K was chosen. The maximum allowable value of alpha
is 0.4 (the viscosity tends to infinity at 0.4), that’s why the alpha max value was set to
0.35.
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i Curve Plotter x|

Viscosity
11 C T T T T T T T T | t:gDD
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sk J
sk J
b J
sk J
b J
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Right-click in the Curve Plotter window to open the Plot Settings dialog box. The range
parameters are found in the Plot Range tab. In this context (viscosity as a function of
temperature and alpha), X means temperature, Y means alpha.

Plot Settings x|
Plot Range |Axis | Labels | Legends |
¥ variable: temperature
Y variable: alpha
Plat variable m
Range
. min |3UE|— # max |35':|—

Y min IU Y mas IU-35‘ Z 2 '

Nb curves |5

Pts per curve 1m

| 0K I Annuler Appliguer
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Choose alpha in the Plot Variable drop-down list [1] and set Yy,.x at 0.35 to avoid
undefined viscosity function when alpha = 0.4 [2].

]
Yiscosity
11 C T T T T T T T T T T T | a=D ™
a=00B875 m
10F a=0175 m
qr a=0262 m
a=0.34
8 - -
YTk 4
i
5 L J
; 6
0
= ar 1
i
toaf J
Y
3 - -
2 - -
1 - -
D C 1 1 1 1 1 1 1 1 1 1 1 ]
300 308 310 315 320 325 3300 335 340 345 340
temperature ¥10 :
0K | Close |

In the Resin Properties, select the Thermal tab to enter the thermal conductivity and the
specific heat.

- Thermal conductivity = 0.11 W/m.K
- Specific heat = 1205 J/Kg.K
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Resin Properties

General Thermnal | Ehemicall

— Thermal Conductivity
bl el I Conztant j
Yalue/Function |8 _l
— Specific Heat
b adel I Constant j
Walue/Function I1 205 _l

o ]

Annuler
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In the Resin Properties dialog box, select the Chemical tab and enter the kinetic

parameters.

Resin Properties
General | Themal Chemical |

— Kinetic Parameters

x|

Enthalpy

|3D[IDEID

Nb sub-reactions |1 Set i 1 I

Weight [1 - |
Function IKinElicJ]‘l | ‘ 2
View
oK I Annuler | Appliguer

Set the Reaction Enthalpy at 3.10° J/kg.
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Type 1 in the Nb Sub-reactions text field, then click the Set button [1]. This creates one
sub-reaction. Then select sub-reaction 1 and push the ... button [2] to choose the resin
kinetics model.

In the Function Editor, select Kinetic 01 for the following resin kinetics model:
%
SO p)=Axy" x(1-y)" xe ™

A =9170000
E =7220
m=0.8
p=0.2

Funcionieor x

— &vailable funchions

Kinetic_[1 Copy to Function Poal...
K!net!c_EIE

E:ng::g—gi G et from Function Paoal...
u;er_dEfined

krig_e Impart fram File...

Expart to File. .

Edit Mzer Mefined...

— Function parameters

#: temperature, u: alpha, flxp]: reaction rate, fx, v] = A * powy, m] * pow(1-y, p] *

Yalues | i I
b} Q170000
E 7220 Hew |
m 0.8 Insert Befare |
P pz ]
[mzert After |
Delete |
(] % Cancel

After defining the chemical reaction, it is possible to view the conversion curves in time
for different temperatures. Push the View button in the Chemical tab of the Resin Editor
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to open the Kinetics Viewer dialog. Set the appropriate temperature and time range, then
push the Plot button.

x|
Aplha vs Time
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n DE B T
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h
04} .
03r A
02r A
01 A
0o
0.0 0.4 1.0 1.4 2.0 2.4 3.0 3.4
Time (s} ¥10 !
ok [[ ciose |

This viewer is useful to know quickly how the resin behaves at different temperatures.
For example, since we know that the viscosity becomes very large when alpha is near
0.4, we should try to avoid alpha values larger than, say, 0.1 with a good safety margin.
This means that the part must be filled in about 250 s. if the temperature is 350 K.

Now set the properties of the reinforcement as follows :
- Density: 2565 kg/m’

- Thermal conductivity: 0.2 W/m.K

- Specific heat: 1205 J/Kg.K

- Effective conductivity: 0.3 W/m.K

- Permeability: K1=K2=K3=1.5 10" m?
And the parameters of the zone:

- Porosity: 0.5

- Thickness: 0.005 m

Define the boundary conditions.

- Injection pressure (Group 9) = 2.10° Pa.
- Vent pressure (Group 10) =0 Pa.
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Simulation Cases

Case 1

The first case is carried out with the following conditions:

- Initial temperature of the mold and fibers: 300 degrees K
- Temperature of the injected resin: 300 degrees K

- Temperature of the mold walls: 350 degrees K

To set the Initial fibers and mold temperature, double-click on Process and select the
Thermal tab.

Heated RTM Process x|

Fillng ~ Thermnal |
|ritial fibers temperature Im
Initial mold temperature 300

Initial degree of cune I'I e-005

™ Use temperature file

Inn:nname. dof _l

| aF. I Annuler | Sppliguer |

The temperature of the resin is specified in the injection port parameters:
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To define the thermal boundary conditions, right-click on Boundary Conditions and
click on New->Temperature, then double-click on Temperature_-1 to open the Boundary

Condition dialog box.

x4
Group |'|'| Fick Node |

M ame Iunspecified

Parameters " alue
I3.5EIEIE+EIEIE
State —|
L IEI

Cancel

o]

The resin is injected at 300 degrees K in the mold cavity. Since the upper and lower
mold walls are heated at 350 degrees K, the resin temperature increases close to the
mold walls. This reduces the viscosity of the resin and tends to accelerate the resin flow

along the top and bottom walls of the mold as illustrated below.
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Filling_Times

302

272
242

212

181
121

90.8

60.5

30.3

0.0754

Temperature

350
I 345
340

314

309

299

Time : 34 s.

TUTORIALS
Non-Isothermal Injection



USER’S GUIDE & TUTORIALS 292 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Temperature
I 350

346

31N

337

332

323
318

314

305
Time : 168 s.

Note that the flow front is not only accelerated on the top and bottom mold walls
because of a lower resin viscosity, but also in the center as a result of the convergent
geometry of the part. When the resin has reached the thinner section on the right, the
flow front has become straight.

As the temperature in the cavity increases, the resin viscosity decreases, and the curing
reaction begins to solidify the resin. The figure below shows the degree of cure at the
end of the filling:
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Cure

I 0118
0.106
0.0942

0.0824

0.0706

Hon _ — -

0.0471
0.0353
0.0235
0.0118
1.02e5

Time : 302 s.

Case 2

In this second test, the boundary conditions are slightly different :

- Initial temperature of the mold and fibers: 300 degrees K

- Temperature of the injected resin: 300 degrees K

- Temperature of mold walls : 350 degree K on top and 330 degree K on bottom

In this case, the resin viscosity is not uniformly distributed through the thickness
because the temperature of the top mold wall is higher than that of the lower wall.
Therefore, the resin flow is faster near the upper mold wall at the beginning of the
injection. However because of the combined effects of the temperature, degree of cure
and convergent geometry, the flow front is almost straight at the end of filling.

The degree of cure distribution at the end of the injection is not very interesting. The
cycle time will be longer than in the previous case. The degree of cure of the part is also
not uniform. So the mechanical properties of the part will vary in each section. This can
be disastrous when the part will be used.

The figures below show the segmented filling patterns, the temperature field at the end
of the injection and the degree of cure at the end of the injection.
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Filling_Times

a7

376

334

292

167

125

83.6

1.8

0.0754

Temperature

350

345

340

334

318

314

308

303

298

Time : 59 5.
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Case 3

295

Temperature
I 350
345
340

334

329
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394 E_;

319

314

308

303

298
Time : 417 s.
Cure

0.133
I 0.119

0.106

0.0929

0.0797

0.0531

0.0398

0.0266

0.0133

0

Time : 417 s.

The temperature boundary conditions of the third case are the following:

- Initial temperature of the mold and fibers: 300 degrees K

- Temperature of the injected resin: 350 degrees K

- Temperature of mold walls: 320 degrees K
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For this case, the temperature of the resin is larger than the temperature of the mold.
This has several consequences. First of all, the figures below show that resin is cooled
down by the mold when it enters the cavity. At the end of the filling, the temperature is
almost uniform in the part. Secondly, the resin front is not distorted and remains nearly
straight. Finally, because the temperature of the resin stays much lower, the degree of
cure at the end of the injection is very small (0.005). The major problem in this case is
that the filling time is very long (about 850 s. compared to 300 s. for the first case),
because the viscosity is higher.

Filling_Times
852
I?B?
682
596
511
= R ——
an
256
170
85.2

0.0251

Temperature
350

I 345
340
335

330

324

319
314
309
304
299

Time : 74 s.
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Temperature

350

345
340

335

330
319
314
309
304
299

Time : 852 5.

Cure

0.00534

0.0048
0.00427
0.00373
0.0032
0.00213
0.0016
0.00107
0.000534
o

Time : 852 s.
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CURING OF A PLATE

The files related to this example are:
- curing_1d_start.unv (starting mesh)

- curing_1d.dtf+ curing_1d.unv (solution)

Visualization of the Mesh and Groups

Begin by creating a new Curing simulation with File->New and import the mesh file
curing 1ld start.unv.

Visualize the mesh and groups of nodes. You should have the following:

Groups

-
aa

thickness = 0.0254 m

»
- L

This simplified problem should be seen as a cross section in a thick rectangular plate, on
which the temperature is fixed on top and bottom and the heat flux is zero all around the
part. This leads to a 1D heat transfer problem through the thickness of the part.
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Simulation Parameters

Numerical Parameters

Use Simulation->Numerical Parameters to open the Curing Numerical Parameters dialog
box, select the Time Step tab and set the following parameters:

- Max. Experiment Time: 3600
- Max. Number of Steps: 1000

Notes:

For a curing and preheating simulation, the time step is fixed and is calculated
as:
dt = Max. experiment time/Max. number of steps

Resin Parameters

Open the Resin Properties dialog box and set the following parameters:
- Resin Name: Vinylester

- Density: 1083 kg/m’

- Specific Heat: 1205 J/Kg.K

- Enthalpy: 266342 J/Kg

- Add a new reaction, open the Function Editor and select Kamal-Sourour model
(Kinetic 01) with A=9.17E6, E=7289, m=0.85 and p=1.15

Use the View button to verify the chemical model. As illustrated in the figure below, this

function allows visualizing resin conversion curves, i.e., the evolution of the degree of

polymerization (alpha) in time for different processing temperatures.

TUTORIALS
Curing of a Plate



USER’S GUIDE & TUTORIALS 300 PAM-RTM 2014

(released: Apr-14) © 2014 ESI Group
Cicavepbtter x|
Aplha vs Time
1 I:I | T T T T T T T T ] T: EDD K n
. T=325K =
L T=326K m
04 T=3375K =
DB - 4 T= 35” K
07 r 1
"Bl" 06 T
[ .
h
04t 1
0ar .
0zr .
o1 .
oo 1
0.0 0.4 1.0 1.5 2.0 25 3.0 X
Time (z) 0 ”
ok |[ Cese |

On these curves of isothermal conversion, the value of 1 means that the resin has been
cured completely. Curves with a smaller slope are obtained for lower temperatures.
Change the processing temperature and the time scale to visualize the effect of
temperature on the curing time.

Fiber Parameters

Enter the following parameters.
- Name: Glass

- Density: 2565 Kg/m®

- Specific Heat: 1205 J/Kg.K

- Effective Conductivity of the saturated reinforcement (for each direction: K;, K,
K3): 0.25 W/m.K

Note:
For curing simulations, it is not necessary to specify the conductivity of the dry

fibers nor the conductivity of the resin. The single conductivity value that will be
used is the effective conductivity, which is the conductivity of the composite.
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Zones

Assign the material Glass to the zone 6. Choose a porosity of 0.57, i.e., the fiber volume
fraction is 43%.

Note:

For a curing simulation, the meaning of porosity is the same as in the simulation
of injection. Porosity is equal to 1-Vy; where Vyis the volume fraction of fibers.

Boundary Conditions

Create a new Temperature boundary conditions.

x|
Group I? Pick Node |

Name Iunspecified

Parameters Value

piecewise_linear I( 1

ID—
| 0K I Cancel
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Open the Function Editor [1] to define a curve of the temperature vs. time.

Function Editor x|

—&vailable functions

Constant Copy to Function Poal...
uzer_defined

Get from Function Paoal...

|rpaort from File...

Ewpart ta File...

Edit [ zer Defined..

— Function parameters

Wi time, f[x]: Temperature, f[x] = piecewize_linear

. v View |
-10000 u]
. 253 [ [=1 |
B0 333 Inzert Befare |
100000 333
|nzert After |
Delete |

] I Cancel |

Choose piecewise linear and enter the points in the following sequence (the order is
very important):

(-10000, 0)
(0, 293)
(600, 333)
(10000, 333)

The first point is used to avoid problems in case there would be slightly negative time
values generated during the simulation. The last point tells the software to keep the
temperature constant to 333 degrees after 600 seconds of curing. Otherwise, the
software would extrapolate using the slope defined by the two last points.

Repeat this procedure now for the second boundary condition (group 8).
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Sensors
In order to get curves of temperature in time, three sensors are set in the cavity. Define
the sensors as Points and set the following coordinates:

(0.005, 0.00635, 0.) (lower quarter)

(0.005, 0.0127, 0.) (middle)

(0.005, 0., 0.) (boundary condition)

Simulation Results

Save the .dtf file and launch the simulation.

Select Temperature and Cure scalar fields in the display toolbar. You should have the
following. Note on the Cure picture that it begins in the center of the part and ends up
on the top and bottom faces. This is important to avoid a build up of residual stresses in
the part.

Cure

0.843
I 0.822
0.802

0.781

Temperature
392
I 386
380
0.761
0.74
0.72
0.699
0.679

0.658

0.637

I 339
333

Time : 2560 s.

w w w
a & 8
By 4 ]

Time : 2560 5.

The curve viewer can be used to display the following curves. In the explorer, right-
click each sensor and choose Plot.
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Note that sensor values are saved in text files so that you can import them later in more
advanced plotting software like Microsoft Excel or GNUPLOT. In this example, a file
named curingld Temperature Curing sensors.dat is generated for temperature values
on sensors, and a file named curingld Cure sensors.dat contains the extent of cure
values on each sensor. The format of these files is simple. The first column represents
time, the next ones contain the scalar field value for each sensor. These files can easily
be imported in plotting software.
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CURING OF A PART WITH AN INSERT

The files related to this example are:
- curing_insert.unv (starting mesh)

- curing_insert_1.dtf, curing_insert_2.dtf, curing_insert_3.dtf, + curing_insert.unv
(solution)

Objectives of the Analysis

This example will show you how to:
- Perform an analysis of the curing process on a part containing a steel insert,

- Use sensors.

f/_ A jﬁi

.
N
778
\,\ S
N /

Visualization of Groups and Zones

The part simulated in this example contains a metallic insert, which has an influence on
the curing of the composite. The geometry of the complete part is extruded from the
section shown below, so a two-dimensional analysis is appropriate here.

Create a new Curing simulation with File->New. Import the mesh file
curing insert start.unv.

Visualize the zones and groups of nodes. You should have the following display. Zone
number 21 will be used for the metallic insert, and zone 19 for the fiber preform. Group
number 22 and 23 are used for temperature boundary conditions.
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21

Groups

23

22
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Simulation Parameters

Set the Max. experiment time to 2000 s. and the Max. number of steps to 500, which
leads to a constant time step of 4 s.

Open the Resin Properties dialog box.

Resin Properties x|

General I Thermal | Chemical |

M arne I"-.r"inj,llesterI

D ensity l'“:'33—
Wizcosity

Model I Corstant j

Y alueFunction I':'-1 _l

k. I Annuler Appliguer

To simulate the resin cure, the following parameters that describe the resin must be
specified:

- Name: Vinylester

- Density: 1083 Kg/m’

- Thermal Conductivity: 0.25 W/(m.K)
- Specific Heat: 1205 J/(Kg.K)

- Reaction Enthalpy: 300000 J/Kg

- Add a new reaction, open the Function Editor and select Kamal-Sourour model
(Kinetic_01) with A=9.17E6, E=7289, m=0.85 and p=1.15.

Double click now on the reinforcement. In this analysis, it is not necessary to enter the
permeability of the reinforcement since there is no flow involved in curing simulation.
However, for the thermal analysis, some parameters need to be specified in the Fabric
Properties. Enter the following parameters:

- Density: 2565 Kg/m’
- Specific Heat: 1205 J/(Kg.K)
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- Thermal Conductivity: 0.25 W/(m.K)
- Effective Conductivity: 0.3 W/(m.K)
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Set isotropic thermal conductivity (K;=K,=K3=0.25W/(m.K)). Use the Direction drop-
down list [1] to select the direction to set. For constant conductivity, the value is
updated each time a character is typed in the text field (no need to Apply). To specify
conductivity as a function of temperature, you would choose f(femperature) in the
Model drop-down list, then click the ... button to select a function.

Fabric Properties

General | Compressibilty  Thermal IAdvancedI

r Thermal Conductivity

Model

Direction K1 =

Value/Function  |0.25 _l

 Effective Conductivity

Direction K1 v

Madel I Constant 2 I
Value/Function |U-3 |

 Specific Heat

Model ICDnslant "I
Value/Function |12'35 |

X

0K I Annuler I Appliquer I

E-d curing_insert_1.dif
& Simulation type : Curing
--l:l Process

&1 Mumerical

D Eainforce et from User Database, ..

"1:| Resins

w1 Solids

----- {1 Laminates

Reinforcements
Resin

Laminate

Finally, the aluminum insert must be created. Create a new Solid material by right-
clicking the Materials item in the explorer, then choose New->Solid, as shown in the
figure above. Open the Solid Properties dialog box by double-clicking the new solid.
Note that there are no specific materials for inserts in PAM-RTM™, The Solid material
type must be used when you need to specify a non-permeable material such as metallic

or foam inserts.
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X

Solid Properties

General |Thermal|

Marme Alurminium Inser

Density IZ?U:2

OK | Cancel | Apply |

The following parameters for the aluminum insert must be specified:
- Density: 2702 Kg/m’

- Specific Heat: 900 J/(Kg.K)

- Thermal Conductivity: 2.165 W/(m.K)

Before launching the actual simulation, it is necessary to assign the appropriate material
to each zone and to set the boundary conditions. Assign the aluminum insert to zone 21
and the default fabric to zone 19. The porosity of zone 2 (insert) should be set to zero
for consistency. However if you forget to do so PAM-RTM™ automatically assigns a
zero porosity to solid-type materials.

To facilitate the analysis, sensors will now be defined with the Create Sensors dialog
box (Simulation->Create Sensors). In the Method drop-down list, choose two points and
set the number of sensors to 5. Enter the coordinates of Point 1 (0.09, 0., 0.) and Point 2
(0.09, 0.03, 0.) and click the Create button.
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The initial temperature of the fibers and the mold is 310°K (to be set in the Process
Curing dialog box).
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x
Resin IVinersler Resin j

Initial fibers temperature 210
Imitial mold temperature 210

Initial degree of cure |1 e-005

™ Use temperature file

Innname. dof _l

™ Use degree of cure file

Innname. dof _l
Ok I Cancel |

Three cases corresponding to three different curing strategies will be analyzed:
1. Mold wall at 340°K.
2. Lower mold wall at 350°K and upper mold wall at 330°K.

3. Mold walls initially at 310°K with a linear temperature variation in time up to
340°K.

Curing Simulations

Case 1 (mold walls at 340°K)

Create the temperature boundary conditions for the group 22 and 23, and set the
temperature at 340. Save and launch the simulation. The figure below shows the
temperature boundary conditions. Heating is performed from the outside on the top and
bottom surfaces of the part.

T=340K

/i

The first parameter to verify in the simulation results is resin conversion. The results
below show that curing begins on the sides. Therefore the solidification of the resin
begins close to the mold walls, i.e., on the outside of the part. Because of the heat
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generated by the exothermic chemical reaction, the solidification moves then towards
the center of the part. Resin conversion reaches then its peak at the center of the part.

Note that the metallic insert remains at a nearly constant temperature of 320°K. This
means that its temperature is lower than the extremities of the mold. So the curing rate
of the resin is minimal near the insert.

This type of curing from outside to inside will have several effects on the part. First of
all, as the solidification of the resin begins on the outside of the part, this means that
shrinkage will occur first on the outside. This is usually one cause of poor surface
finish. Obviously, this approach cannot be used if a class A surface is required. Another
problem is related to the thermal residual stresses, which result from a delayed cure in
the center of the part while the outside has already become rigid. This can affect
considerably the mechanical properties of the part. Finally, the slow cure rate near the
insert can cause a problem, if the resin is not sufficiently cured. The region located near
the insert will have a weaker mechanical resistance. As the insert is usually connected
to another part, it will be submitted to significant loadings that might create
delaminations in the composite.

The figures below show the evolution of cure in time in the part. The evolution of this
parameter is closely connected to temperature. Indeed, the heat generated by the
exothermic chemical reaction will cause a temperature increase. On the other side, the
numerical results show that the chemical reaction is accelerated when the temperature
reaches its peak. Note the temperature peaks at the center of the part. This is also where
most of the heat is liberated by the exothermic chemical reaction. Temperature is
smaller near the insert, which acts as a heat sink. This causes a slower cure of the resin
in this region and may reduce locally the mechanical properties of the composite.

Exothermy
2.79e+3

I 2.57e+3
2.23e+3
1.95e+3

1.67e+3

1.39e+3

1.12e+3

837

558

279

0

Time : 1164 s.
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Temperature
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I 396
387
377
368
358
IR
348
339
329
320
310

Time : 1164 s.

Temperature

406

396

387

310

Time : 1444 5.

The exothermic reaction caused the part's temperature to increase significantly. The
temperature peaked in the center of the part at about 405°K.

This curing strategy from outside to inside is certainly not the best one. As a matter of
fact, a series of problems is associated with this approach:

- Shrinkage and surface finish
- Thermal residual stress

- High temperatures in the center of the part
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- Weak curing rate near the insert

The analysis of the sensor recordings leads to the same conclusion. Sensor 1 is
positioned on the bottom surface of the mold (y = 0 cm). Then, starting from the lower
surface, sensor 2 is located at a quarter position into the part, sensor 3 halfway and
sensor 4 three quarters into the part. The extent of cure curves recorded by the sensors
show that the center of the part reaches a critical degree of cure (0.7) faster than the
outside region. This can lead to problems in the final part.

|
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Case 2 (bottom mold wall at 350°K and top wall at 335°K)

This curing strategy heats up the composite from one side. Simulation results show that
the solidification of the resin begins on the lower surface of the part. Then a curing front
progresses through the part, beginning from the highest temperature at the bottom of the
part up to the upper surface where the temperature is the smallest.
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T=335K

T=350K

Cure
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Time : 964 s.
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Cure

Time : 1204 s.

Cure
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Time : 1564 s.
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This type of curing has several effects on the quality of the final part. First of all, as the
resin at the bottom solidifies and the curing front moves toward the top surface of the
part, problems related to shrinkage are no longer present. Therefore the surface finish
will be good on the lower surface. If the objective is to obtain a class A finish on one
side, only this method will lead to acceptable results. Indeed, although the lower surface
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will have an improved finish, the upper face will show some imperfections. Because the
resin is solidifying uniformly from the bottom towards the unconstrained top of the part,
there will not be any thermal residual stresses in the composite.

The temperature increases with time as the curing front advances until it reaches three
quarters of the part. The exothermic chemical reaction of the resin increases
significantly the temperature of the part. The maximum temperature reached at three
quarters through the thickness is 405°K. Such a high temperature can spoil the resin and
decrease its mechanical properties.

This type of curing produces better results than the first strategy from outside to inside.

In particular, it leads to a better surface finish. However, it is necessary to pay attention
to the high temperatures that can be reached. Because of the heat generated during resin
cure especially in thick composite parts, it can cause the resin to degrade.

The analysis of the sensor curves confirms these results. Indeed, according to the
position of the sensors, resin cure does not begin at the same moment and as the
temperature increases, the chemical reaction becomes faster.

Case 3 (linear heating from 310°K to 330°K)

T=310to 330K

/l

For this simulation the Max. experiment time is set to 3000 s. and the Max. number of
steps is left to 500.

Create a temperature boundary condition, then specify temperature as a
Piecewise Linear function as shown in the Function Editor dialog below.
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Use the Copy command available when you right-click on a boundary condition to
avoid entering the control points of the piecewise linear curve twice.
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= Boundary Conditions
..Sensors Edlt...

The figures below show the resin conversion at 1866 s, 2166 s and 1926 s. With this
type of heating, curing slowly begins on the sides of the part, then the center catches up
and the exothermic reaction begins to solidify the center and then moves towards the
sides.

Cure
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0.6
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Time : 1866 s.
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Cure
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Time : 2166 s.
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Time : 1926 s.

This method presents several advantages. There is no thermal residual stress in the part
if the lower and upper surfaces of the part remain unconstrained. The shrinkage of the
resin due to curing will not create problems in the part and conditions are met to obtain
a good surface finish.

The temperatures analysis demonstrates that the temperature peaks at the center of the
part are about 20°K lower than the two other cases. This reduces the possibility of
spoiling the resin because of overheating.
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However, there is one major drawback with this method of curing a thick composite
part: curing cycles take a much longer time to be completed.

The results of the sensors next page show that the temperature peak is reached at the

center of the part.
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Conclusion

The three curing examples analyzed here highlight the importance of selecting the best
curing strategy. Indeed, it all depends on the objective (good surface finish on one or
both surfaces). The numerical simulation can help to understand and predict the curing
behavior and hence, avoid numerous and costly trial and errors testing.
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THERMAL CONTACT RESISTANCE

The following files will be used:
- contact_start.unv (starting mesh)

- contact.dtf + contact.unv (solution)

Objectives

This tutorial shows how to specify parameters for a preheating simulation, taking into
account a thermal contact resistance.

Zones

Previously quads and bricks were allowed for preheating and curing simulations with
the old solver, but this is no more the case with the parallel solver, which only supports
triangles and tetrahedra.

Creation of Groups

Use File->New to create a new preheating simulation, and then import the mesh file
contact start.unv.

The different zones represent a fiber preform (zone 1) in a mold (zone 2 and 3).

First create a group of nodes at the bottom of the mold, then another group on top of the
mold. These will be used for imposed temperature boundary conditions.
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A contact interface will then be created at the interface of the bottom and top mold.
First select nodes as shown above. Notice that the node common to the top mold,
bottom mold, and preform (shown with an arrow in the figure above) was not selected.
This is necessary otherwise a free edge would be generated on the mold/preform
interface, which would be in conflict with the automatic mold/preform interface. Select
nodes the same way on the right side of the part (add the nodes to the same selection).
In this example a single group is created containing nodes on both sides of the part, but
of course it would be possible to create two groups.

Notes:

The contact interface can only be created at the interface between two zones.

If we were working on a 3D mesh, we would select element faces instead of
nodes.

Once the selection is done, choose Groups->Contact Interface.

The creation of a contact interface modifies the mesh. Coincident nodes are created on
the interface and elements are disconnected. Choose View->Outline->Free Edges to
verify the interface. The red line in the next figure shows that the elements have been
correctly disconnected.
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The three groups are shown below.

Simulation

With the parallel solver, a thermal contact interface is automatically generated between
the mold and the preform. The conductance value (reciprocal of the resistance) used on
that automatic interface is found by pushing the Parallel Solver Specific Params button
in the Advanced Numerical Parameters. For this example we will keep the default
conductance of 100 W/m? K.

I : . ]
Preheating Numerical Parameters e

Output I Time Step Advanced

’
Parallel Solver Params ﬁ

[V Use parallel solver
V¥ Automatically generate mold/preform interface

I Parallel Solver Specific Params : >
Mold/preform interface coeffident (W /m2.K) 100
Themal Solver Params (standard)
|

0K Cancel Apply
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Also in the Advanced tab, select use parallel solver.
In the Time Step tab, set max experiment time = 1800 s and max number of steps = 50.

In the Process parameters, check that the initial temperature of the fibers and the mold
is 300 K.

Materials

For the fabric:

- Density = 2565 Kg/m?

- Thermal conductivity k1 =k2 =k3 =0.5 W/m.K
- Specific Heat = 1205 J/Kg.K

For the mold (create a new material of type solid):

- Density =2707 Kg/m?

- Thermal conductivity = 150 W/m.K

- Specific Heat = 900 J/Kg.K

Zones

Associate zone 1 with the Default Fabric and zones 2 and 3 with the Default Mold.
Porosity of zone 1 is kept to 0.5, while the porosity of zones 2 and 3 doesn’t really
matter as it will be forced to zero by the solver. However it is a good habit to set it to
Zero.

Boundary Conditions

Create two temperature boundary conditions. The first is associated with lower mold
wall at 310 K and the second with the upper mold wall at 350 K.

Create a new contact resistance boundary condition associated with group 3, and set the
value of the thermal contact resistance to 0.001 m?K/W. A second simulation will be
run with a contact resistance value of 0.01 m?2K/W, and a third one with 0.1 m?K/W.
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Sensors

Create the following sensors:
- A (0.04,0.49,0)

- B(0.04,0.51, 0)

Post-Processing the Results

The temperature contour obtained after 1800 sec. is shown below for the third case
corresponding to a contact resistance of 0.1 m*K/W.

Temperature

350
I 345

340
325
320
Time : 1816 5.
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By using sensors A, B near the interface between the two parts of the mold, we can
observe the influence of the thermal contact resistance.

Temperature curves for cases 1, 2 and 3, corresponding respectively to a contact
resistance of 0.001, 0.01 and 0.1 m?K/W are plotted below. For case 3 we can see that
there is a non-negligible difference of about 7 degrees on both sides of the interface
after 1800 sec.
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x10° Temperature vs Time
322 C T T T T T T T T T T ] Case 1A n
Case1,B m
320 ¢ 1 Case2, A m
218 | Case2 B m
Case 3, A
316 4 Case3,B =
T
e 314 .
m
B _
e 312
r
2 3.10 .
1
u 308 1
r
€ 3.08 1
3.04 i
3.02 1
3.00 1
0.0 0z 0.4 0.6 08 1.0 1.2 14 1.6 1.8
Time (s) x10°

TUTORIALS
Thermal Contact Resistance



USER’S GUIDE & TUTORIALS 330 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

NON-ISOTHERMAL 3D - FIBERS ORIENTATION

This case is a chaining analysis (preheating, heated RTM and curing) for a 3D part with
orientations. The following files will be used:

- Insert 3D.unv (starting mesh)

- Insert 3D _Preheating.dtf + Insert 3D Preheating.unv (solution)
Insert 3D Heatedfilling.dtf + Insert 3D _Heatedfilling.unv (solution)
Insert 3D Curing.dtf + Insert 3D Curing.unv (solution)

Objective of the Analysis

This tutorial will show you how to simulate a chained RTM process stage by stage
(preheating -> heated filling -> curing). Data transfer between each stage is explained,
for instance how to use the temperature distribution at the end of the preheating analysis
to initialize the temperature for filling.

Material characteristics and some set-up steps like orientation, and material assignment
are common to each step and are described prior to the description of each step.

Geometry Description

The geometry (Insert_3D.unv) is composed of several 3d parts that have been defined
in order to split the insert, the preform and the mold volume which do not have the same
physical properties.

5

Part geometry

TUTORIALS
Non-Isothermal 3D — Fibers Orientation



PAM-RTM 2014 331 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

Zones of the Part

The zone IDs corresponding to each material are shown below:
- Insert: zone ID 1
- Mold: zone ID 2
- Reinforcement: zone IDs 3 to7

ZO0nes

Zones
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Fiber Orientations

The orientation of the preform (Zone IDs 3 to7) must be defined as shown below;
- Kl is parallel to Y and K2 to Z for zones 3,6 and 7;
- Kl is parallel to Z and K2 to Y for zones 4 and 5.

v

A 4
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The resin parameters
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To simulate the resin cure, the following parameters must be specified.

In the general tab:

- Density: 1120 Kg/m3

- Viscosity: a viscosity function relates viscosity with temperature and the degree of

curc.

-~

Resin Properties

S

General I'I'hem'lal I Chemical I

Mame
Density 1120
Viscosity
Model If{tempemture. alphELI

Walue/Function I"'-"LISCC'S'TY}'_:'I

|

oc |

Cancel

Apply

Resin general sub-section dialog box
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- Select the Viscosity 01 model where A =5.7E-22, B=1.45E+4 and C = 15.

Function Editor X

— Awailable function

Vizcosity 01 Copy to Function Poal...
V!scos!t_l,l_ﬂ2

E:zggz:;ﬁ:gi Get from Function Poal...
Viscosit_l,l_US

Vl_scosﬂ_l,l_DB Import from File. .
kng_e

uszer_defined Export to File...

Edit User Defined...

— Function parameters

% temperature, v o alpha, f2y]: vizcosiby, s, y] = &%esplBAR + Co)

Values Wiew |
A 5.700000E-022

B 1.450000E+004 New

C 1.500000E+001 Insert Before |

Inzert After |
Delate |

Viscosity function edition
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In the Thermal sub section:

- thermal conductivity: 0.13 W/m.K
- Specific heat: 1400 J/Kg.K

i R
Resin Properties ﬁ

General Themal |Chemica||

— Themal Conductivity
Model ICnnstarrt ;I
Value.Function IEIE— _l
— Specific Heat
Model | Constant -~
Value,/Function I'I-iD'I] _l

| oK I Cancel Apply

Resin thermal sub section dialog box
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In the Chemical sub section,

- Enthalpy: 230000 J/kg
rRes'm Properties §1

General | Themal Chernicall

— Kinetic Parameters

Erthalpy |2E’.DDDD
Nb subteactions I'I Set |

e

Weight |1 |
Function II'CJnetic:_m E

Wiew

ok | cancel | eppy |

Resin chemical sub section dialog box

- kinetics model: Kinetic 01 where A=300, B=3277, m=0, p=2, as shown below

Function Editor

— Available function

Copy to Function Poal...

Kinetic_D2 |
E:::::E:gi Get from Function Pool |
uzer_defined
krig_e Impart from File... |
Expart to File. .. |
Edit Lser Defined |
— Function p

% temperature, y: alpha, fxy] : reacton rate, fx. ] = A * pow(y, m) * pow(1-y, p]

Values Wi |
A 3.000000E+002
3.277000E+003

E
m 0.000000E+000 Inzert Before |
P

2.000000E+000

Irisert After |
Delete |

Cancel

Kinetic function edition
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The fibers parameters

The reinforcement characteristics are set as below:
- Name: Preform
- Density: 2540 kg/m’
- Permeability K1: 6E-11 m?
- Permeability K2=K3: 1E-11 m’
- Thermal Conductivity K1=K2=K3: 0.1 W/m.K
- Effective Conductivity K1=K2=K3: 0.3 W/m.K
- Specific heat: 840 J/Kg.K

The mold parameters

The mold characteristics are set as below:
- Name: Metal
- Density: 2700 kg/m’
- Thermal Conductivity: 10 W/m.K
- Specific heat: 950 J/Kg.K

Material Assignment

For each of the set-up step, the material assignment will be the same. It will have to be
done for each step.

Visualize the zones of the parts and make material assignment as follows,
zone ID 1 (Insert): Metal
zone ID 2 (Mold): Metal
zone IDs 3 to 7 (Reinforcement): Preform.

Keep parameters of all the zones as default:
Porosity: 0.5
Thickness: 0.0005m

Note:

A solid material such as the metal just defined is a non porous material; the
porosity here is therefore set to zero. But this is not mandatory, as PAM-RTM
will force porosity to zero for solid materials
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Simulation Stagel: Preheating
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Create a Preheating analysis and import insert_3D.unv, then define fiber orientations,
material properties and material assignment to zones as in previous description.

The objective of this stage is to simulate 1 hour of part heating before injection starts.

Material Database

To reuse the defined materials conveniently in the following analysis (heated RTM and
curing), it is recommended to add them into the Material Database.

For example, right click on Preform in the Model Explorer and select Add to User

Database, as shown below.

—- Materialz
+-{_] Resinz

R : - Prefom)
—-= Solids

+- [ Metal
+-_7 Laminates

- Zones

+- 8 Zone_2
+-E Zone_3
. e d

—-f— Reinforcements

Edit...
Select

Copy

Add to User Database

Delete

After adding the three materials, the user can check the modified material database by
selecting the Simulation -> Manage User Database menu, as shown below

Select materials to delete

S

Resins

Resin

Reinfarcements

Preform

Solidz

tetal

Laminates

Delete | Cancel

Material database content
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The user needs to check if database path is set properly.

In the Menu, select View = Options..., then in the Options interface, click on
open button (as shown below) to select the file used for material database

WP wWindow  Help

Curve Yiewer, ..

Crientations
Qutlineg

Mormal Yeckars

Zones Yisibility, ..
Cutting Plane. ..
Posk-Pracessing. ..
Symmekry...

Set Same Yiewpoint

Cptions. ..

Color Scale
Color Schemes
Lights

Refresh

Chrl+R

Options

Paths l Display] Colars ]

PAM-RTHM solver

|85]\ESI GrouphPAM-R TMA2009. 0% indows-s645parnrtm.exe.

Material databaze
|

Fak-QUIKFORM
|EI “Program Files [xBENES] GrouptPAM-RTHYV2009. Nwindoy

Fiemeszhing

C:\Program Files [86]4ES1 Group PAM-RTRY2009. 0% inday

1] | Cancel | |

Material database path setting

If the material database is used for the first time in PAM-RTM, the user should
create an empty .dtf file such as my material data.dtf in advance with a text
editor, then select it in the Options>Paths tab

After this operation, the path of this dtf file is stored in the application settings,
so it only needs to be entered once.

Numerical Settings and DMP solver activation

Set the following parameters in Preheating Numerical Parameters interface:

Save temperature: checked
Results sampling period: 50
Max experiment time: 3600 s

Max number of steps: 250

Check use parallel solver, as shown below.
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L |
Preheating Mumerical Parameters I&

Owtput ] Time Step Advanced
v Use parallel solver

Parallel Solver Specific Params |

Thermal Solver Params (standard) |

oK | Cancel

Boundary Conditions and Initial Values

- In the Process interface, keep initial temperatures as default,
initial fibers temperature: 300 K
Initial mold temperature: 300 K

Create a group which corresponds to a convection boundary condition by selecting
faces all around the mold, as shown below.
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Groups

Group for preheating stage

- About the parameters of convection
Reference temperature: 323 K

Convection Coefficient: 300 W/m2.K

Job Launching

When a job using the parallel solver is launched, a Prompt interface appears
automatically to let the user enter the number of processors that will be used, as shown

below.
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[ Prompt Iﬁ1

MHumber of processors

Parallel job launching

Simulation Stage2: Heated RTM

Create a Heated RTM analysis and import Insert 3D _Preheating.unv which is the
mesh file generated by Preheating analysis and not the initial one Insert_3D.unv.

As Insert 3D Preheating.unv has included the fiber orientation definition in the
previous Preheating analysis, there is no need to do it again in this analysis.
Check the parallel solver option in the numerical interface

Getting defined materials

In the Explorer, right click on the Materials folder and select Get from User
Database..., then select all the 3 materials and click on OK button to load them into
the current model, as shown below,

+-HH Preform
= Solids

+ - Metal
] Laminates

+
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i '
Get from User Databasze M

Resinz

Reinforcements

Salids

b etal

Laminates

k. I Cancel

Material assignment

Visualize the zones of the parts and make material assignment as follows,
zone ID 1 (Insert): Metal
zone ID 2 (Mold): Metal

zone IDs 3 to 7 (Reinforcement): Preform

Linking Preheating temperature

Double click on Process in the Explorer, and then select the Thermal tab.
Check the Use temperature file box.
Click on the button Open to select the temperature results file.

In this case, the temperature results of previous preheating analysis,
Insert_ 3D Preheatingt.unf is selected, as shown below,

TUTORIALS
Non-Isothermal 3D — Fibers Orientation



USER’S GUIDE & TUTORIALS 344 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Heated RTM Process @

Filing Themal l"u"elo Cpti ] Chaining ]

Initial fibers temperature (300

Initial maold temperature 300

Initial degres of cure 1e-005

v Lse temperature file

orial_CATIAzase 1 0Workingnsert_30_Preheatingt.unf

End of preheating temperature file path definition
Note:

This linking is to import previous Preheating results as initial temperature of the
current Heated RTM analysis

The file to select depends on the solver used for computation:
- for parallel solver (this case), the file is *t.unf
- for old solver, the file is * p.dof.

Boundary Conditions
- convection boundary (same as Preheating case, i.e. defined on group 1)
- flow rate (group 2, see image below) :

flow rate = 1E-6 m’/s

resin temperature = 300 K
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Groups

Groups for filling stage

Simulation Stage 3: Curing

Create a Curing analysis and import Insert 3D _Preheating.unv.
Get the 3 materials from the Material Database and make material assignment to zones.

Numerical Settings and DMP solver activation

Set the following parameters in Curing Numerical Parameters interface:

Save temperature: checked
Results sampling period: 50
Max experiment time: 3600 s
Max number of steps: 250

Check use parallel solver
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Linking Heated filling temperature and Cure

- Double click on Process in the Explorer; make sure Resin material is selected
- check the boxes of Use temperature file and select Insert 3D Heatedfillingt.unf

- check the boxes of Use degree of cure file and select
Insert 3D Heatedfillingcr.usf

Process - Curing Iél

Rezin

Initial fibers termperature (300

Initial mold temperature 300

Initial deqree of cure |1 e-005

v Uze termperatune file

|riaI_E.-'-‘-.T [Azazes 1MW orkingbneert_30_Heatedfilingt.unf

v Lse degree of cure file

|aI_I:.-5'-.TI.-'-‘-.|:ase'x1UW:::rking"-.Insert_SD_Heatedfillingcr.usf

QK | Canicel |

L

End of filling temperature and cure files path definition

Note:

Linking files with respect to solver used for curing analysis

Temperature file Cure degree file

Parallel(DMP) *t.unf *cr.usf
old solver * Thermal f.dof * Curing f.dof
Boundary Conditions

Convection boundary condition (same as Preheating case)
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Analysis of the Results

Preheating stage

The last time state of preheating is 3655s (stop time was set to 3600s but with the
parallel solver the actual last state depends on the sampling period).

Because of temperature file linking, the temperature contour of last state is consistent
with that of initial state of Heated RTM stage, as shown below.

Temperature
323

321
KRk
316
314
311
309
307
305

I3I]2
300

Time : 3655 s. -

Last state of preheating stage
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Temperature
323

21
N6
316
34
I
309
307
305

I 302
300

Time : 0 s.

Heated RTM Stage

348

PAM-RTM 2014
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Post-processing

— Animation

[~ On/0f ¥ Proportional I'IU Loop Time

—Range

tin. |3DIZI
Mb Levels |1 0

Type I.t’-'«uto Step vl

b aw. |322.EI?'EI

—Wizibility Threzhold

Initial state of heated RTM stage
(Range Type set as “Auto Step” for an easier comparison)

[ On/0K Type IBetween vl

It shows that the filling time is 64.7s and at the end of filling there is a temperature and
cure gradient, as shown below,

Filling Times

64.7
hi.2

b1.8
45.3
0.8
32.4
2b.9
19.4
12.9
6.47
0

Time : 0 s.
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Temperature Cure
349 0.455
344 0.11

I 339 I 0.364
334 0.319
329 0.273
324 0.228
319 0.182
35 0.137
3o 0.091

I 305 I 0.0455
300 0

Time : 65 s. Time : 65 s.

Temperature and cure distribution
(end of Heated RTM)
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Curing Stage

Because of temperature and cure files linking, the temperature and cure distribution at
curing start (as shown below) are consistent with end of Heated RTM.

Cure

Temperature
349 0.455
344 0.41
I 339 I 0.364
334 0.319
329 0.273
324 0.228
39 0.182
315 0.137
310 0.091
I 305 I 0.0455
300 0
Time : 0 5. Time : 0 s.

Temperature and cure distribution(Curing start)

After 487 seconds, 100% of the part has reached a resin cure of 90%. The temperature
distribution for this time step shows a peak of temperature at the center of the preform.

Cure
0.944

I 0.85
0.755

0.661
0.566

Temperature

364
I 360
356

352
348
344
340
336
N 0.189

I 327 I 0.0944
323 0

Time : 487 5. Time : 487 5.

0.472
0.378
0.283

Temperature and cure distribution (end of Curing)

Conclusion

This tutorial has shown how to perform chained preheating, heated RTM and curing
simulations.
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USER DEFINED FUNCTIONS

The following files are used in this example.

- func_resinviscosity.c (source code template for resin viscosity)

- func_resinkinetics.c (source code template for resin kinetics)

- func_resinspecheat.c (source code template for resin specific heat)

- func_effthermalcond.c (source code template for effective conductivity of a wet
reinforcement)

Objectives

Explain the procedure to compile user defined functions for resin viscosity, kinetics,
specific heat, and effective conductivity of a wet reinforcement. This procedure only
applies to the parallel solver.

Windows Procedure

Two batch files and four C-language files (.c) are provided in the installation directory
of the PAM-RTM parallel solver, which is in general C:\Program Files (x86)\ESI
Group\PAM-RTM\version\Windows-x64\DMP:

- compile rtm udf vs.bat (compile script for Visual Studio)

- compile rtm udf sdk.bat (compile script for Windows SDK)

- func_resinviscosity.c (source code template for resin viscosity)

- func resinkinetics.c (source code template for resin kinetics)

- func_resinspecheat.c (source code template for resin specific heat)

- func effthermalcond.c (source code template for effective conductivity of a wet
reinforcement)

The first batch file is to be used with Visual Studio (free of professional edition), the
second one is to be used with the Windows SDK (software development kit). In general
it is better to work with Visual Studio, except for the case where the user doesn’t have a
professional edition and needs to compile for Windows 64-bit. The free editions of
Visual Studio don’t support 64-bit compilation. The free editions of Visual Studio and
the Windows SDK can be downloaded from Microsoft’s web site.

Here we will focus on user functions for resin viscosity and kinetics. User functions for

resin specific heat and effective conductivity are most of the time used to define them as
functions of temperature and degree of cure, so it is an advanced application. These will
be discussed in the last section of this tutorial.
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The first step is to copy the four provided .c files and the appropriate batch file (VS or

SDK) in some user directory. It is necessary to copy all the .c files even if only two of

them will be edited here (func resinviscosity.c and func_resinkinetics.c), otherwise the
build procedure will fail.

Open the batch file in a text editor and check that the PAMRTM INSTALL DIR
variable corresponds to your actual installation directory, otherwise correct it. Then
open the .c files in Visual Studio or any text editor.

Note that you don’t have to create a project in Visual Studio. The procedure only relies
on command-line tools.

In this example we want to define viscosity and kinetics for two resins: my resin_1 and
my resin_ 2.

The first resin has a viscosity function of material age (i.e. function of time since a resin
particle entered the mold):

t2
=0.01+ — Pa.
f(t) Jr7.2><105 .

The second resin has a viscosity function of temperature and degree of cure:

14500+3 3.

f(T,a)=238x102" e T " Pas

Starting from the provided template for the viscosity function, the code to be written by
the user is highlighted below. The first resin is using only parameter local time, which
corresponds to the time since a resin particle entered the mold, while the second resin
uses parameters temperature and alpha.

/*
* Return resin viscosity as a function of the current temperature, current
degree of cure, or current time.
*/

real func resinviscosity(

char prefix[], /* case name */

char resin namel], /* case name */

real temperature, /* current temperature in Kelvin */

real alpha, /* current degree of cure (value between 0 and 1) */

real local time, /* current local time (time since particle entry in the
mold) */

real global time) /* current global time (time since beginning of

injection) */

{
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[ mmm e Do not change anything above this line ---------———- *
K ommmmmm e Program your function below this line -------=----- */
if ( strcmp( resin name, "my resin 1" ) == 0 ) {

return 0.01 + ( local time * local time ) / 7.2E5;

}

else if ( strcmp( resin name, "my resin 2" ) == 0 ) {
return 2.38E-21 * exp( 14500. / temperature + 3.8 * alpha);

}

else {

printf ("unknown resin in user defined viscosity\n");

exit (1) ;

Note that this architecture doesn’t currently support units. The solver assumes the
returned value is in Pa.s for viscosity, s” for kinetics.

The code to be written for kinetics in file func_resinkinetics.c would have the same
structure and is left as an exercise. Note that it is not mandatory to edit both viscosity
and kinetics functions. Depending on the user’s needs, only one of viscosity or kinetics
could be defined. Even though both functions will be compiled (one of the definitions
being the default implementation that just prints an error message and exits), there
shouldn’t be issues as long as the user doesn’t choose function type user dll in the
PAM-RTM GUI for a function that is not defined.

We recommend that you print some messages in your functions to make sure the code is
correctly called. This should only be done for the first run, as it will slow down
execution a lot. For instance you could add these lines in func_resinviscosity.c:

real visc = ..

printf("visc = $12.5E, T = %12.5E, alpha = %12.5E\n", visc, temperature,
alpha) ;

Now that the code is written, it is time to compile it. The procedure is a bit different for
Visual Studio and Windows SDK.
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Visual Studio 32-bit target

Open a command window with Start>Programs>Microsoft Visual Studio 2005>Visual
Studio Tools>Visual Studio 2005 Command Prompt. This is the path for Visual Studio
2005, but it should be almost the same for other versions. This will open a console
window in which the environment variables needed to compile with the command line
tools are already set (PATH for instance). Then simply type the command:

compile rtm udf vs.bat x86
Note the x86 at the end of the command line.

This command compiles func_resinviscosity.c, func_resinkinetics.c,
func_resinspecheat.c, func_effthermalcond.c, which generates the corresponding four
.obj files. If compilation is successful, the command then copies a set of .obj files from
the PAM-RTM installation directory to the current directory and links all these .obj files
together to generate a dynamic link library called /ibprocast DMP.dIl. Once the
command is done, the user should check the date of /ibprocast DMP.dII to make sure it
was just generated. If everything looks good, the new libprocast DMP.d[l must then be
copied to the installation directory of PAM-RTM and overwrite the file with same name
(make a copy of the file before overwriting it). That directory is in general C:\Program
Files (x86)\ESI Group\PAM-RTM\CurrentVersion\Windows-x86\DMP.

Visual Studio 64-bit target

There are only 2 differences for a 64-bit target, compared to the procedure for a 32-bit
target.

First the console window is opened with a shortcut that contains x64 in its name. For

instance with Visual Studio 2005, the shortcut is Start>Programs>Microsoft Visual
Studio 2005>Visual Studio Tools>Visual Studio 2005 x64 Win64 Command Prompt.

Then the x86 flag at the end of the command must be replaced by x64:
compile rtm udf vs.bat x64

The newly generated libprocast DMP.dIl must then be copied to the installation
directory of PAM-RTM and overwrite the file with same name. That directory is in
general C:\Program Files (x86)\ESI Group\PAM-RTM\CurrentVersion\Windows-
x64\DMP. Be careful not to copy a 64-bit DLL in a 32-bit directory, or vice-versa.
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Windows SDK 64-bit target

Referring again to the procedure for Visual Studio 32-bit, the main difference here is
that we use the following shortcut to open the console window, or a similar shortcut for
a different version of the SDK:

Start>Programs>Microsoft Windows SDK v7.1>Windows SDK 7.1 Command Prompt
You should see a message similar to Targeting Windows 7 x64 printed in the console.
Then the command to compile is:

compile rtm udf sdk.bat x64

Once again be careful with the x64 flag at the end of the command line. The batch file
won’t run correctly if you forget to specify it.

Linux Procedure

First locate the directory containing the binaries of the current PAM-RTM version. The
command “which pamrtmdmp” should allow you to identify that directory. Let’s call
that directory rtm_dir, we will need it again below. There is a subdirectory user MP in
that directory. Copy all the files in r#m_dir/user MP to the user directory where you
will compile. This will copy some object files (.0) as well as the makefile

compile rtm_udf-mk and all the .c source code templates.

Edit the appropriate .c files to define viscosity and/or kinetics and/or specific heat
and/or effective conductivity, as explained above.

Before launching compilation there is a critical step required to set up the appropriate
compiler, which is the mpicc of the Platform-MPI version used by PAM-RTM. Be
careful that there could be other versions of mpicc installed on your system, and using
another version could lead to problems. The mpicc of the Platform-MPI used by PAM-
RTM is located in rtm_dir/pcmpi/bin. Modify the PATH environment so that this
directory is searched first, with a command such as:

export PATH=rtm dir/pcmpi/bin:$PATH
Once the PATH is correctly set, launch compilation with:
make —-f compile rtm udf.mk

This will generate libprocast DMP.so. Copy the new .so to overwrite the file with same
name in the PAM-RTM installation directory.
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Setting the parameters in the PAM-RTM GUI

In order to have the user defined viscosity and kinetics functions called for a given
model, function type user dll must be selected in the PAM-RTM GUI.

Function Editor u

—Available functions

Exponential Copy to Function Poal...
piecewize_linear
krig_e
uzer_defined

Get from Function Pool..

uzer dil
Irmport from File....

E=port to File...

Edit Uzer Defined...

— Function parameters

W temperature,  fx) © wiscosity,  f[x] = user defined function compiled in a DLL [parall

Values Wiew

Hew

Ingzert After

Ingert Before |

Delete

] I Cancel

It is important to understand that libprocast DMP.dIl has no other use than to evaluate
viscosity and/or kinetics and/or specific heat and/or effective conductivity for the only
cases where user_dll is selected in the PAM-RTM GUL. If any type other than user dll
is selected, the DLL won’t be called. This means there will not be any side effects if the
user compiled DLL is kept in the PAM-RTM installation directory to run cases not
using user functions.
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User functions for resin specific heat and effective
conductivity

These functions are used most of the time to define resin specific heat and effective
conductivity of a wet reinforcement as a function of temperature and degree of cure

(f(T,a)).

Suppose we want to define the specific heat as the following function:
c,(T,a)=2-(T'-273)+1800 for & <0.5
c,(T,a)=3-(T-273)+1500 for o > 0.5

This specific heat model is just for the sake of the example, it doesn’t correspond to a
real resin.

For a resin with name my resin 1, the corresponding user code would be:
/ *
* Return specific heat of pure resin (i.e. not mixed with fibers).

*/

real func resinspecheat (

char prefix[], /* case name */

char resin namel[], /* resin name */

real temperature, /* current temperature in Kelvin */

real alpha, /* current degree of cure (value between 0 and 1) */
int* wvars) /* return 1 for a function of temperature or 2 for a

function of temperature and cure */

/* mmmmmm e Do not change anything above this line ------------- *

Kommmm e Program your function below this line ----------——- */

/* Return value must be in J/kg/K */

if ( strcmp( resin name, "my resin 1" ) == 0 ) {

if ( alpha <= 0.5 ) {

return 2. * ( temperature - 273. ) + 1800.;
}
else {

return 3. * ( temperature - 273. ) + 1500.;
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*vars = 1; /* function of temperature only */

}

else {

printf ("unknown resin in user defined specific heat\n");

exit (1);

To have the user function for ¢, called, the user must select first f(temperature) or
f(temperature, alpha) for the ¢, of the resin in the PAM-RTM GUI, then user_dIl.
Note that it is the user’s responsibility in his code to return “*vars = 1” for a function of
temperature, or “*vars = 2” for a function of temperature and alpha, since the same user
function is used for both situations. When “*vars = 2” is returned, the solver adds an
extra term in the energy equation to take into account the time dependency of ¢, through

alpha:
o(pe T AT oc
i )zpc'p < dp—rT
ct ct ot

For the effective conductivity of a wet reinforcement, since it involves the combination
of a resin and a reinforcement, we recommend the following code structure. Here we
have resins my _resin_1 and my _resin_2, and reinforcements my rf I and my rf 2.

/*

* Return effective thermal conductivity principal values (k1l, k2, k3) of
the mix of resin and fibers, i.e. the

* conductivity to be used in the wet area.

*/

void func effthermalcond(

char prefix[], /* case name */

char resin namel], /* resin name */

char reinforcement namel[], /* reinforcement name */

real vf, /* fiber volume fraction (value between 0 and 1) */
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real temperature, /* current temperature in Kelvin */
real alpha, /* current degree of cure (value between 0 and 1) */

real *kl, /* returned effective conductivity in the first principal
direction */

real *k2, /* returned effective conductivity in the second principal
direction */

real *k3) /* returned effective conductivity in the third principal
direction */

[F* e Do not change anything above this line ----------——- *

K ommmmmm e Program your function below this line -------=----- */

/* Returned values must be in W/m/K */

*k1

I
o
~

*k2

I
o
~

*k3

Il
o
~

if ( strcmp( resin name, "my resin 1" ) == 0) {
if (strcmp( reinforcement name, "my rf 1" ) == 0) {
*kl =
*k2

*k3

}
else if ( strcmp( reinforcement name, "my rf 2" ) == 0) {

*k1

*k2

*k3
}
else {
printf ("unknown combination of resin and fibers\n");

exit (1) ;

}
else if ( strcmp( resin name, "my resin 2" ) == 0) {
if ( strcmp( reinforcement name, "my rf 1" ) == 0) ({
*kl =
*k2

*k3

}

else if ( strcmp( reinforcement name, "my rf 2" ) == 0) {
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*kl = ...
*k2 = ...
*k3 = ...
}
else {

printf ("unknown combination of resin and fibers\n");

exit (1) ;

t
else {

printf ("unknown resin in user defined effective conductivity\n");

exit (1);

}

To have the user function for effective conductivity called, the user must select first
f(temperature) or f(temperature, alpha) in the PAM-RTM GUI, then user_dll. Note
that the fiber volume fraction of the zone (or local fiber fraction if draping is used) is
also passed as parameter to the effective conductivity function. The user could
implement a rule of mixture in his function so that the effective conductivity is valid for

any fiber fraction.

TUTORIALS
User Defined Functions



PAM-RTM 2014 361 USER’S GUIDE & TUTORIALS
© 2014 ESI Group (released: Apr-14)

ONE SHOT FILLING SIMULATION

The following files are used in this example.
- one_shot_start.unv (starting mesh)

- one_shot.dtf + one_shot.unv (solution)

Objectives

The goal of this tutorial is to show how to use the one shot filling simulation, i.e. a very
quick estimation of the filling time and location of the last points filled. This simulation
doesn’t solve the intermediate states of the flow. Only a few resolutions of Darcy’s
equation are needed, compared to thousands for a standard filling simulation, meaning
just a few seconds of CPU time, even on a huge mesh.

Material Properties

The 2D mesh can be seen as a cross section in a solid part with a T junction (see tutorial
“Comparison 2D —2.5D — 3D”). For this case, material orientations were defined
because a reinforcement with non-isotropic permeability is used. The K1 principal
permeability directions follow the shape of the part. They were set by projection of the
elements on a “curve” (command Mesh>Orientations>Set K from Selected Nodes, sce
tutorial “Fiber Orientations”). The direction orthogonal to K1 and in the plane of the
elements is here the transverse direction K3. Since we cannot set directly K3 in PAM-
RTM™, the way to do it is to set K2 out of plane with Mesh>Orientations>Set Vectors
and vector (0., 0., 1.). K3 is always calculated by PAM-RTM"™ orthogonal to K1 and
K2, meaning we will have finally K3 orthogonal to K1 and in the plane of the elements.
The K1 and K2 directions are shown below. The central zone has isotropic
permeability, so orientations are not specified.
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The material properties are summarized below.

=l Resins

=-¢% Defautt Resin
L[] Viscosity - 0.1

== Reinforcements

=-## Defautt Fabric

- [E] Type :fabric

[£] Permeability k1

-[Z] Permeability k2
- [E] Permeability k3
EE Center

Type : fabric
—[Z] Permeability k1
—[Z] Permeability k2
2] Permeability k3
-] Solids
-] Laminates
E-f— Zones

=-E Zone 24

..... [Z] Porosity - 0.5
----- Ej Thickness : 0.37
BB fone_26

----- ] Porosity : 0.5
----- Ej Thickness : 0.12
BB Zone_28

----- Ej Porosity : 0.5
----- Ej Thickness : 0.25
=B Zone_30

----- Ej Porosity : 0.5
----- Ej Thickness : 0.25
=B Fone_32

----- ] Porosity : 0.5
----- Ej Thickness : 0.25
E-EY Zone_34

----- Ej Porosity : 0.5
----- Ej Thickness : 0.25
BB Zone_36

----- Ej Porosity : 0.5
----- Ej Thickness : 0.25

- 5.000E-0M
- 3.000E-011
- 1.000E-011

- 1.000E-011
- 1.000E-011
- 1.000E-011

----- I?:I Materal Mame : Default Fabric

----- I?:I Materal Mame : Default Fabric

----- I?:I Materal Mame : Default Fabric

----- Ej Material Mame : Center

----- I?:I Materal Mame : Default Fabric

----- I?:I Materal Mame : Default Fabric

----- I?:I Materal Mame : Default Fabric
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Boundary Conditions

Three groups of nodes are created on the extremities of the part, that will be used as
injection lines. All the lines are active at the same time, and all use imposed pressure.
However the center injection line has a lower pressure (1 bar) while the left and right
lines have 2 bars pressure. No vent is specified, as the goal of the one shot simulation is
to help locate vents. The groups are shown below, with the corresponding boundary
conditions in the document’s tree.

Groups

group 38
l group 39

3 group 37

38

37
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1= Boundary Conditions

= pressure_37

----- I";] Mame : unspecified

..... E] Group D : 37

----- I";] Pressure : 2E+005

----- I";] State 1 1

----- I";] Resin_Temperature : 300
=i pressure_39

----- I";] Mame : unspecified

..... E] Group 1D : 39

----- I?] Pressure : 2E+005

----- ] State : 1

----- [Z] Resin_Temperature : 300
|'_—'|--§_ pressure_38

----- [Z] Mame : unspecied

..... E] Group |D : 38

----- I?] Pressure ;: 1E+005

----- [Z] State:1

----- [Z] Resin_Temperature : 300

One Shot Parameters

Only one parameter needs to be changed in order to run a one shot simulation, when
compared to a standard filling simulation. It is the do one shot parameter, found in the

OneShot tab of the Numerical Parameters. This parameter must be checked to run a one
shot simulation.

RTh Mumerical Parameters ﬁ
Local Varables | Advanced
Output One Shot | Air Entrapment
v Do one shot

TUTORIALS
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Launching the Simulation and Post-processing

Save the document and launch the simulation. When it is done, push the Reload Results
button in the Results toolbar. A folder Last Points Filled is added to the document’s tree.
It contains the list of the last points filled, with the fill time for each point. Clicking one
of these points in the document’s tree highlights the corresponding point in the 3D
view.

Most of the time, the output of a one shot simulation won’t be a single point, but a set of
points, which is some kind of fuzzy region for the actual last point filled. All these
points should be considered candidates for potential last point filled. They are all within
a 0.1 % tolerance on the total fill time. This is an internal tolerance that cannot be
modified by the user in the current version.

st Points Filed
Ave_Time: 198.73
Ave_Time: 198.723
Ave_Time: 198706
Awve_Time: 198.696
Awve_Time: 198.679
Ave_Time: 158 652
Ave_Time: 198.65

La
i §
- B
-8
- g
- B
-8
- g
- B
- | Ave_Time: 198 645
- g
- B
-8
- g
B
-8
- g
B

m-

Ave_Time: 158.64

Awve_Time: 198.619
Ave_Time: 158.605
Awve_Time: 198 558
Awe_Time: 198.584
fwve_Time: 198.58 | e

Ave_Time: 138557 .

Awe_Time: 198.553
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Filling_Times

196

176

Running first a one shot simulation, then unchecking the do one shot parameter to run a
standard filling simulation, it is possible to superimpose the last points filled with the
filling times contour, to check if they match. Here the match is very clear.
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GENPORTS

The following files are used in this example.
- genports_start.unv (starting mesh)

- genports.dtf + genports.unv (solution).

Objectives

The goal of this tutorial is to show how to use the GenPorts module. GenPorts uses a
genetic algorithm to find the optimal configuration of injection ports that minimize fill
time. In this tutorial, we want to find the best configuration for 3 inlets on a complex
part (shown below).

Material Properties and Boundary Conditions

Most of the material properties and boundary conditions usually set up in a standard
RTM simulation are ignored by GenPorts. Actually the only material properties that are
taken into account are permeability (principal directions and orientations) and porosity.
High permeability areas used to define runners or race tracking are thus supported by
GenPorts.

For the boundary conditions, the simulation will run without any boundary condition
defined, as GenPorts will create internally the needed injection points and ignore any

TUTORIALS
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boundary condition defined by the user. The optimization is independent of the actual
pressure value used. It is assumed that all the points use the same pressure.

For this example, isotropic permeability is used (k1 = k2 =k3 = 2e-10 m2) with a
porosity of 60%.

GenPorts Parameters

The GenPorts parameters are located in the GenPorts tab of the RTM Numerical
Parameters. Assuming the user has already set up a model for a standard RTM
simulation, there are basically 2 parameters that need to be changed to run a GenPorts
simulation: the optimize inlets locations parameter must be checked, and the number of
inlets to be used (nb inlets) has to be set. The other parameters, which are related to the
genetic algorithm engine, could keep their default values. However here to reduce the
CPU time, we use a smaller population of 100 and reduce the total number of
generations to 500. The parameters are shown below.

RTM Mumenrical Parameters Iﬁ

Oyt g ] One Shot ] Air Entrapment ]
l Local Variables ] Advanced ]

Nb ilets B
MNb generations IF
Population lr
Prob mutation Imi
Steady gen wa
’Tl Cancel | ‘

It is very important to understand the meaning of population. A population is made of
individuals. Here an individual is actually an injection configuration, i.e. in this example
a set of 3 points (nb inlets). In the figure below we show 3 individuals (red set, green set
and blue set). In this example a population of 100 individuals is used. We consider that
value enough to insure a good “covering” of the part, taking into account the fact that
the initial population is generated completely randomly, meaning that some individuals
will be very “weak” (i.e. lead to a longer fill time, such as the green one below). For a
larger part, the population should be increased.

TUTORIALS
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The idea behind optimization using genetic algorithms is that the individuals within the
population will combine to give birth to children. Some of the characteristics of both
parents will be kept in the generation of a child, and some characteristics will be
completely random. For instance, a point could be randomly generated on the line
connecting 2 points from both parents. In that case, the characteristic is not completely
random, it still is related to the characteristics of both parents even though some
randomness is introduced. That is called a crossover. Also sometimes a mutation can
occur. This is a more dramatic change in the characteristics of a child. For instance, a
completely random node could be chosen on the mesh instead of being generated from
the parents. The probability of a mutation can be entered with the prob mutation
parameter. The user doesn’t have control on the crossover parameters in the current
version.

The number of individuals in a population is specified by the population parameter.
That is an approximate number; the population will vary slightly from generation to
generation as some individuals will die in the process. The maximum number of
generations that will be calculated is specified in nb generations. It is possible that the
calculation will stop earlier, if the calculation engine doesn’t detect any significant
improvement in the results for steady gen generations, meaning that a steady state has
been reached.
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The calculation is launched the usual way, by pushing the green arrow button >, after

saving the document.

A typical log file is shown below. The first column is the current generation, the second
column shows the cumulative number of evaluations done, the third column shows the
cumulative CPU time, and the last 3 columns show the best, average, and standard
deviation results for the evaluation of the formulation on the population. Note that these
high values come from the evaluation of a “mold coefficient” formulation, in which
only material properties are taken into account, not boundary conditions. These values
are related in some way to the fill time, but they are not of course actual time values.

GenPorts

version 2010.0 (aug 27 2010)
Copyright{c) E5SI Group 2010

Calculation started Mon

Eval.
a1
130
171
212

Gen.
1
2
3
4
5 259

Time

28. 392
40,497
53.055
05.52
79.495

Aug 30 15:13:18 2010

BestT

6007 5e+008

. 6007 5e+008
.BO9621e4+008

Average &
1.07381e+009
9.57202e+008
9.
9
9

el el

Stdev

. 55069e+009
. 35626e+009
. 38273e4+009
. 35647 e+009
L 27726e4+009

=P L Rl LY

. 82048e+008
. 76B86e+008

. 32767e+008
.93189e+008
.65567e+008

Once the calculation is done, the user pushes the usual reload results button @ This

will add a Best inlets locations folder to the model explorer, in which the coordinates of

the points are listed. The points are also displayed in the 3D view, as shown below.
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SEQUENTIAL INJECTION (TRIGGER MANAGER)

The following files are used in this example.
- sequential_start.unv (starting mesh)

- sequential.dtf + sequential.unv (solution)

Objectives

The goal of this tutorial is to show how to use the trigger manager to define a
sequential injection. A long part is injected with many injection lines, which will be
opened and closed sequentially in time. Even though it was possible with earlier
versions to simulate sequential injection by using state curves and running many partial
simulations, the trigger manager, introduced in PAM-RTM™ 2009, makes this kind of
data setup much easier. Since PAM-RTM™ 2013 the trigger manager is supported by
the parallel solver; the tutorial uses the parallel solver.

Boundary Conditions

3

1

Four groups are created, equally spaced along the length of the part. The rightmost
group is used for an outlet (vent) boundary condition, while the three other groups are
inlets. Initially only the leftmost inlet is active (its state parameter has a value of one,

TUTORIALS
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while the two other inlets have state=0). The outlet is kept open for the whole
simulation. The corresponding entities in the document’s tree are shown below.

== Boundary Conditions

=14} pressure_1

----- Ej Mame : unspecified

..... @ Group 1D : 1

----- [Z] Pressure : 1E<005

----- Ej State ;1

----- Ej Resin_Temperature : 300
=4} pressure_2

----- Ej Mame : unspecified

----- Ej Group 1D 2

----- [Z] Pressure : 1E<005

----- Ej State - 0

----- Ej Resin_Temperature : 300
=4} pressure_3

----- Ej Mame : unspecified

----- ] GroupID:3

----- [Z] Pressure : 1E<005

----- Ej State - 0

----- Ej Resin_Temperature : 300
= vent_4

----- Ej Mame : unspecified

----- Ej Group 10 - 4

----- [Z] Pressure : 0

----- Ej State ;1

The parallel solver doesn’t support internal injection lines, i.e. defined with nodes that
are not on free edges of the part. Therefore it is necessary to add some small surfaces
orthogonal to the part, on which injection lines will be defined (see images below). Here
the height of these surfaces is 5 millimeters, and 2 rows of elements were used. Note
that PAM-RTM doesn’t have a tool to create and mesh these small surfaces, so the user
has to create them in his CAD software or mesh generator.
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Groups

Material definition

Because injection will be done in these small surfaces or “channels”, permeability,
thickness and porosity of these channels must match the values used for the part.

In this example, default fabric permeability of 10°m?, thickness of 5mm and porosity of
50% are used.
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Sensors

Groups

sensor sl sensor s2

| / \

a v \

Two sensors are created just after the second and third injection lines. These sensors
will be used as inputs by the trigger manager. For instance, when the resin will touch
the first sensor, the first injection line will be closed, and the second one opened. The
position of the sensors can be seen on the picture below.

O Sensars
E|ﬁ =1
o e MName st
-El %0676

B
£

..... ] Mame:s?
..... ) x:1.338
..... ] *¢:0.05952
----- £ z:0

Trigger Manager

TUTORIALS

The goal of the trigger manager is to manage input conditions and fire outcomes when
these conditions are reached. For instance an input condition could be the resin pressure
on a sensor: when a given pressure is reached (parameter threshold of a trigger), a list of
events is fired, such as closing a vent or opening an inlet. Other types of inputs are the
injected or lost resin volume on a specific inlet or outlet, or the global injected or lost
volume on all inlets and outlets. In this tutorial, we will use an input condition based on
the filling factor, to determine if the flow has reached a given sensor: we use a threshold
with a value of one. Note that another way to detect that the flow has reached a given
sensor would be to use a trigger based on pressure, with a very small pressure value.

Sequential Injection (Trigger Manager)
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The first trigger will manage closing of the first inlet and opening of the second inlet.
To create the trigger, right-click on the Triggers folder of the document’s tree, and
choose New. This opens the trigger dialog box shown below. Enter the parameters as
shown. This means that when the flow will reach the first sensor (s1), condition
detected by the fact that the filling factor (variable filling) has reached a value of one
(threshold) on that sensor, outcomes will be fired.

[T )
Name |line_2
Type [on_sensor =
Variable [fling |
Sensor ls1 |
Group ID | 1
Threshold E
Nbmaxrelease |1

Once a trigger has been defined, outcomes can be created on that trigger by right-
clicking the trigger in the document’s tree, and choosing New Outcome. This opens the
following dialog box.
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[ Cutcome ﬁ

Name | dose line 1

Group ID [1

Coef Name |state |
Coef Value o

First give a meaningful name to the outcome, such as “close line 1”. Then enter the
Group ID on which the specified coefficient will be set when the trigger is fired. Here
we set the state coefficient of the inlet to zero, meaning the inlet is closed.

Define another outcome for the activation of the second inlet, as shown below.

[ Cutcome ﬁ

Name | open ine 2

Group ID |2

Coef Name |state |
Coef Value [1

Repeat this procedure for the second sensor, so that the second inlet is closed and the
third inlet is opened when resin reaches the second sensor.
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Launching the Simulation and Post-processing

The parallel solver is selected in the Advanced numerical parameters.

RTM Mumerical Parameters ﬁ
Cutput I One Shot I Air Entrapment |
GenPorts I Local Vanables Advanced

¥ Use parallel solver

Owverfill factor I1 2

| Darcy Solver Parameters I

Save the document and launch the simulation. When it is done, push the Reload Results
button in the Results toolbar.

Have a look at the filling steps. The total filling time is 353 seconds.
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Filling_Times

353

317
282
247

212

176

Images below show the pressure field just before and just after the triggers are fired, i.e.
when the fill factor reaches a value of one on the sensors. The first trigger is fired
around 120 seconds, and the second trigger around 236 seconds. When the first trigger
is fired, the pressure to the left of the second injection line becomes uniform, which is
normal since the first injection line is closed; meaning that end of the part becomes an
impermeable wall. Similar images are also given for the second trigger.

Pressure

Teth

9e+d
Bet+d
Te+d
Ge+d

5e+d

de+d
3e+d
2etd
Te+d
o

Time : 120 5.
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Pressure

Teth

9e+4
Be+d
Tetd
Ge+d
5e+d
detd
3et+4
2e+d
Tetd
1]

Time : 120 s.

Pressure

1eth

9e+4
Be+d
Tetd
be+4

be+d

e e =

de+d
3e+d
2e+d
Tetd
1]

Time : 236 s.
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Pressure

Tetb

9e+4
Betq
Tet+d
Ge+d
Setd l )
de+4
3et4
2e+4
Tetd

Time : 237 s.
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VELOCITY OPTIMIZATION

The following files are used in this example.

- velo_opti_start.unv (starting mesh)

- velo_opti.dtf + velo_opti.unv (solution)

Objectives

The goal of this tutorial is to show how to use the velocity optimization option, in order
to minimize the final void content in a part.

Process and Numerical Parameters

The following assumes the user already has from experimental measurements, relations
for the micro and macro void content as a function of the flow velocity. The relations
used in this example are shown below. The curve with the negative slope is the macro
void function, the other one is the micro void function. Looking at these curves, we can
see that the optimal void content is around 2%.

14%

12%

10%

8%

6%

Voids content

4%

2%

0% -

12.824-1573.7*(V)

Chomarat - Roviply

m 20 psi
+ 30 psi
A 45 psi
x 2,5 ml/s

1.26+100.55*(V)

0

0.002

0.004

0.006

0.008 0.01 0.012 0.014 0.016 0.018 0.02

Flow velocity (m/sec)

Note that normally we would work with curves that are functions of the capillary
number. However in this case since the resin viscosity (0.02 Pa.s) is the same as the
capillary coefficient, the capillary number actually reduces to the resin velocity.
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Begin by creating a new RTM simulation. The most important parameters for velocity
optimization are located in the Velo Opti tab of the Process dialog box. Double-click on
the Process item in the document’s tree to open the process dialog box.

Enter the following values in the Velo Opti tab:

- Optimize velocity checked

- Resin capillary coefficient: 0.02

- Optimal capillary number: 0.0069

- Micro voids function: linear with A = 100.5, B=1.27

- Macro voids function: linear with A =-1574, B=12.82
- Nb max iter: 3

- Tolerance: le-4

This is shown below.

RTM Process

X

Fillng Velo Opti |

[+ Optimize velocity

Resin capillary coef |D-92

Optimal capillary number |D-D|359

Micro voids function |

Macro voids function |

MNb max iter |3

Tolerance |G-E”:'D-l

OK | Cancel

The next step is to tell PAM-RTM to save the results files related to velocity
optimization: capillary numbers, micro voids, macro voids, and a file containing the
sum of micro and macro void values. The saving of these 4 files is controlled by a
single option: save capillary numbers in the Output tab of the Numerical parameters
dialog box.
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RTM Numerical Parameters R‘
Output \AirEntrapmentl Local Variables ] Advanced ]
[v Save filling factor [v Save velocity

|[v Save pressure [v Save capillary numbers

Sampling period 10

Recover period

500
0K | Cancel

Material Properties

Enter the following material and zone properties:
- viscosity: 0.02 Pa.s

- Permeability: k1 =k2 =k3 = le-9 m*

- Porosity: 0.5

- Thickness: 0.005 m

Boundary Conditions

The provided mesh already contains 2 groups, as shown below. Group 1 is used as the
inlet, and group 2 as the outlet. Define a pressure boundary condition of 0.1 bar (10 000
Pa) on group 1. Define a vent boundary condition with zero pressure on group 2.
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Launching the Simulation and Post-processing

We will run 2 simulations in this tutorial: the first one without the optimize velocity
option, the second one with the option, to better understand its effect. For the first case,
simply uncheck optimize velocity in the Velo Opti tab of the Process parameters, leaving
all the other parameters the same. It is important to understand that it makes sense to
run a simulation with all the parameters in the Velo Opti tab defined, but without the
optimize velocity option active. This is useful to visualize the void content at the end of
the injection that you would have if you didn’t optimize velocity.

Save the document with File->Save, giving it a name so you can remember that the case
was run without the optimization, then launch the simulation. When the simulation is
done, load all the results files in a single click by pushing the Reload results button in
the main toolbar. You should have the following.

RTM Process @

Fillng Velo Opti |

[~ Optimize velocity

Resin capillary coef 0.02

Optimal capillary number 0.0069

Micro voids function

Macro voids function
3

Nb max iter

Tolerance 0.0001

0K | Cancel ‘ I

For the first case, uncheck “optimize velocity”

TUTORIALS
Velocity optimization



USER’S GUIDE & TUTORIALS 388 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

Micro_voids_Percent

7.8

Micro voids percent at the end of filling for the first case (no optimization).

Macro_voids_Percent
B.82
I 194

7.09

5.29

4.41

3.53

2.65
1.76

0.882

Macro voids percent at the end of filling without optimization.
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Capillary_Number

0.117

0.105

0.0936

0.082

0.0705

0.059

0.0474

0.0359

0.0243

0.0128

0.00125

Capillary number

Voids_Percent

13

9.7

8.6

75

6.4

5.3
4.2

3

Total voids percent (micro + macro voids)
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Velocity_MNorm
0.0025
I 0.0025
0.0025
0.0025

0.0025

0.0025

0.00249

0.00249

0.00249

0.00249

0.00249

Time : 83 s.

Velocity field at the end of filling (v = 2.5e-3 m/s)

It is important to understand that the micro voids, macro voids and capillary number
results are non-transient (single step) fields. This is because the model relates the void
content to the velocity at the exact time when the resin front touches an element, and it
is assumed that void content doesn’t change for the rest of the simulation once it is set
on an element.

For the second case, reactivate the optimize velocity option. Save the file with Save As,
with a new name so you can remember that the case was run with the optimize option.
When the simulation is done, push the Reload results button. You should have the
following. Notice that the micro voids result of 1.96% matches the value expected from
the curves shown at the beginning of this tutorial.

For this simple case, the macro voids results remain always zero. This is because with
this void model, for a given velocity, it is not possible to have micro and macro voids at
the same time. This implies that if an element has a non-zero micro void value, its

Velocity optimization
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macro void value will be zero, and vice versa. On this case, the velocity optimization
algorithm always converges to a velocity value slightly in the micro voids area, leading
to a macro void value of zero. On more complex cases, the optimal void values would
be scattered between the micro and macro void results. Finally notice that the velocity
at the end of injection (6.9¢-3 m/s) is much higher than the previous case (2.5e-3 m/s).
This is because PAM-RTM had to convert the pressure imposed inlet to a flow rate
imposed inlet, to be able to reach the optimal velocity.

Micro_voids_Percent

1.96
I 177

0.786

0.589

0.393

0.196

Micro voids result with optimization
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Macro_voids_Percent

IU
0

Macro voids result with optimization

Capillary_Number
0.0069
I 0.00621
0.00552
0.00483
0.00414

0.00345

0.00276

0.00207

0.00138

0.00069

Capillary number with optimization
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Velocity_Morm

0.0069

0.00621

0.00552

0.00483

0.00414

0.00345

0.00276

n.00207

0.00138

0.00069

Time : 61 5.

Velocity at the end of filling (v = 6.9e-3 m/s)
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COMPRESSION RTM

The following files are used in this example:
- crtm_start.unv (starting mesh);

- crtm_rtm.dtf + crm_rtm.unv + crtm.dtf + crtm.unv (solution).

Objective

The objective of this tutorial is to show how to define a compression RTM data set-up.
Compression RTM module is made to simulate the kind of process in which a
compression of the reinforcement is used to push the resin inside the cavity.

This tutorial is limited to a case where only one tool is in movement, but Compression
RTM module can treat more complex kinematics.

Geometry and Boundary Conditions

The part is a hood made of a unique zone (zone 2), which is injected from a single point
in the center of the part (group 1), with two vents (group 2) at the corners of the part.

Groups
| 2
1 L

Groups
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Two simulations will be carried out to obtain this result:

- standard RTM injection simulation with a set thickness , which is the final part
thickness objective calculated so that fiber content of the part is 50%, to determine
the volume of resin to inject;

- compression RTM simulation using this resin volume.

Material Characteristics

Resin viscosity will be set constant equal to default resin viscosity: 0.1Pa.s

The reinforcement is created with the following characteristics required for
Compression RTM set-up and is saved in the database.

In the case of Compression RTM, permeability is a function of fiber content like in the
VARI case. But unlike VARI, compressibility curve and natural thickness are not used,
as thickness of the cavity is set by the gap between the two tools. Fiber content of each
zone will be computed from this thickness, density and superficial density.

General |Compressibi\ity| Thermal' Advanced' General Comprassibility |Thermal| Advancedl

MName .

Compressibility Format Pressure-Fiber Content
Diensity

Compressibility Curve | IU.UUUE*UUU

Permeability K1 Iuser_defmed

Matural thickness 0.
Permeability K2 IUSBLdEﬁﬂBd

Superficial density L]
Permeability K3 IUSEf_dEﬁﬂEd

oK I Cancel | Ay | QK I Cancel Al

Reinforcement characteristics
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Permeability function of fiber content is set isotropic and is defined with the following
formula.

- fiber content, fix) k1, 2e-9%((1-)"3)/x"2

®10 Permeability K1 vs VFf
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Permeability curve

This material is added to the material database so that it can be imported in next case.

RTM Injection

Data Set-up

An RTM injection case is created; the mesh crtm_start.unv is imported.
The reinforcement characteristics are defined as seen before.

The objective for final fiber content is 50%. The thickness is computed from this
thickness; it is equal to 4.48mm (=5.6/(2500*0.5)).
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Zone X
ID |27
MName Inuname
Material |crim fabric ~|
Porosity (05

Thickness |0.00448

corcel_|

i

Zone definition

Injection pressure is set to 5 bars on group 1, and the vent pressure is set to zero on
group 2. The vents are opened during the complete process.

EIE' Boundary Canditions
=-d pressure_1

----- E] Mame : unspecified
----- El GrouplD:1

----- El Pressure : BE+005
----- El State : 1

----- E) Fesin_Temperature : 300
= went_2

----- El Mame : unspecified
----- El GrouplD:2

----- E] Pressure:0

----- E] State 1

Boundary condition definition
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Post-treatment

The filling time is 111s, and the injected volume is equal to 3.13 liters. This volume will
be used in the compression RTM set-up.

Filling time : 1.10BOBE4+0Q02 s

Injected resin volume : 3.13Z289E-003 m3
Lost resin wolume @ 2.72344E-006 m3

Log file - Injected volume

Filling_Times

111

99.6

88.6

775

b6.4

55.3

443

33.2

22.1

11.1

1.91e-5

Time:0s.

Filling time
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Compression RTM Injection

Data Set-up

A new data set-up of type Compression RTM is created.

X

Mew Simulation

Simulation type

FTh

WAR

Heated BT
Freheating
Curing

Comprassion BT
Fresimulation
FAM-CUIKFORM

Ok | Cancel

Compression RTM set-up creation

The following assumptions are made for CRTM simulation in Pam-Rtm:
- 2D mesh is used, and thickness is a variable of each element;

- reinforcement always fills complete the mold cavity, and there is no surface channel
on top of the reinforcement;

- distance between the fixed tool and the moving tool is the thickness of each
element.

The mesh needs to be imported from the previous case.
The reinforcement material is imported from the material database.

The pressure and vent boundary conditions need to be redefined.
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Compression Boundary Condition

PAM-RTM 2014
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In both case, it is necessary to create a group on which compression will be defined.
This group is a group of faces, which will contain all the faces of the model since
compression is defined on the whole surface. This group will represent the tool that will

move during compression.

Groups
| 2
1
-

Face selection

Groups

Group created

Compression boundary condition and compression process parameters

The compression process set-up will involve two modifications in the set-up:

- in the process parameters will be defined; the compression direction and the mold

opening, which is the gap ;

- in the boundary condition will be defined; the closing velocity of the tool and the

timing of the closing (start/stop state).

The group that closes as well as the closing velocity are defined in the Compression
boundary condition. The closing of the mold is controlled with a trigger.

- compression velocity is equal to 0.4mm/min=6.67.10"°m/s;

- state is set to 0 initially, since this boundary condition will be activated using a
trigger. Closing of the mold will start when enough resin has been injected.
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Boundary Condition

Group 1D |3 Fick Mode |

401

X

MName Iunspecified

Farameters

Yelocity_MNarm

State

Max. pressure

Yalue

6.667E-005 |

o]

Cancel |
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Group 1D |3 Fick Mode |

MName Iunspecified
Farameters Yalue
Yelocity_MNarm 0.000E+000

L

hax, pressure ID
(0] I

Cancel

Compression boundary condition

Other compression process parameters are defined in the Process dialog box in the
Compression RTM tab

- mold opening is set to Smm,;

- compression direction is set to +Z vector

Compression RTM Process

Filling Compression |

Initial mald opening

{initial thickness = zane thickness + mald opening)

— Compression direction

(X

Zerowvector = normal

o |

Cancel Ataly

Compression process parameters
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Trigger Definition

The compression boundary condition is controlled by one trigger:

- volume trigger that will stop injection and start compression when the needed resin
volume has been injected ; the volume is set to 3.161 to ensure enough resin is
injected,

The trigger is a volume trigger that does not require the use of a sensor.
A sensor is created that can be used for post-treatment.

Sensor Properkties |X|

Marme Is_thic:k

w |n_naaz4
¥ |—u_?naz
z |u.5993

(0] I Cancel

-
Sensor creation
EIE' Triggers — X
=-E Trigger 1 .
----- E] MName : trigger_1 Narme Itrlgger_l
----- I','éj Twpe : global_injected_wolurme
..... Ej T:fleghgm | _Dﬂé'l 5 h Type IgIDbaI_injected_\rDIume LI

= Outcome 1 Variable [pressure -]

[Z] Mame: Close injection gate
E] Gruup IO 1 Sensor I LI
I_'=j Coef name : state

[Z] Coefwalue: 0 Group ID I 1

Ell'_'éj Cutcorme 2

- [E] MName : Start closing mald Threshold IU-UU315

o [E] Group 1D 3

|_':=j Cosf name - state Nb max release Il—
[l Coefwalue 1
ITI Cancel

Triggers definition
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Z.one Definition

Zone parameters set are thickness and porosity. In the case of CRTM, thickness is the
final thickness of the part, that is when the mold is closed. Porosity parameter is not
used and is computed from thickness value during the process in the same way as it is
computed for VARI process:

fiber content = 1 — porosity = superficial density / (density * thickness)

Initial thickness for each element is computed as
initial thickness = final thickness + mold opening * cos(alpha)

where alpha is the angle between compression direction and element normal as shown
on picture below.

This formula is also used to compute thickness of the reinforcement at any time during

compression.
l compression direction
n
A
alph | h; (initial mold opening)
h> 1 i (final thickness)

he et

7\ f 7y
v hf v hf
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Zone [gl
ID z
Name part
haterial crrm fabric ll
Forosity 0.5
Thickness 0.00445 (final thickness for CRTh)
Initial termperature 0
Ok, Cancel |

Zone definition

Post-Treatment

It can be verified in the log file that compression starts after 2.7s,

== 849 Time=2.74039E+000 f11led=911 +1
Fired trigger 'trigger_1'
=> B50  time=2.74576E+000 filled=912 +1

and that injected volume is 3.16l.

=» 2388 Time=7.75400E+001 filled=2511 +1

Injected resin volume : 3.16158E-003 m3
Lost resin wvolume : 4.18250E-007 m3

Filling time is 77.5s.

Compression RTM

36 %
36 %

100 %
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Filling_Times

715

69.8

62

46.5

3o.8

23.3

15.5

7.79

2.45e-7

Time:0s.

Filling time
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Flow front position is visualized at the end of injection at 2.75s, and during

compression.

Filling
1

0.9

0.8

0.7

0.6

Time:2s.

End of injection

Thickness variation at the sensor position is plotted.

Filling

1

0.00519

Time : 66 s.

/—\

'\_/

During compression

-3

¥10 Thickness vs Time

mmmI Eme -
~
o

Tirme (=)

Sensor thickness

Compression RTM
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Pressure position is visualized at the end of injection, during compression, and at the
end of compression. Pressure at the end of compression is higher than the injection

pressure

Pressure

5e+5

4.5e+5

4e+h

3.5e+H

Jetd

2.5e+h

2etd

1.5e+h

le+h

Se+d

25.1

Time:2s.

End of injection

Pressure

1.45e+4

1.31et+4

1.16e+4

1.02e+4

8.72e+3

1.27et3

5.82e+3

4.37e+3

2.92e+3

1.47e+3

21.2

Time: 48 s.

During compression

Pressure

1.85e+6

1.67e+b

1.49e+6

1.31e+b

1.13et6

9.49e+5

7.69e+5

5.89e+5

4.1eth

2.3e+h

5.02e+4

Time:78s.

End of injection
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Conclusion
This tutorial has shown how to model CRTM process in which impregnation of the part
is divided in two phases:

- injection phase where reinforcement thickness is larger than final part thickness so
that permeability is increased;

- resin is pushed inside the part by compression.
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LOCAL PERMEABILITY FROM DRAPING
RESULTS

The following files are used in this example.
- drape.dsy (PAM-FORM™ result file, 1 ply)

- drape_start.unv (injection mesh file)

Introduction

The filling simulation in PAM-RTM™ is macroscopic based on Darcy’s law, where
the permeability values of the fiber preform play a very important role. During the
preforming process, such as draping, the local permeability of the preform may change
due to the local fiber shearing, slipping, nesting, etc. This tutorial demonstrates the
complete procedure for using draping results in a PAM-RTM™ filling simulation. In
summary, it is carried out in the following steps:

- Import draping results in PAM-RTM™: imports the draped plies generated by the
draping software in the current document.

- Map draping results: projects draped plies on the injection mesh. The goal of this
step is to calculate the geometrical correspondence between an element of the
injection mesh and elements of the draped plies meshes.

- Local permeability calculation: generate the local permeability and porosity
distribution on the injection mesh taking into account the fiber directions of the
draped plies.

PAM-RTM™ has direct interface with four draping simulation tools : PAM-FORM™
and PAM-QUIKFORM™ (ESI Group), PATRAN Laminate Modeler (MSC),
FiberSIM (Vistagy). Without losing generality, a bathtub-like geometry is chosen in
this tutorial with the draping results obtained from PAM-FORM™, as shown below.

It is important to understand that, even if we work with PAM-FORM™ results here,
the procedure is the same for the FiberSIM, PATRAN Laminate Modeler and PAM-
QUIKFORM™ interfaces.

TUTORIALS
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)% 100 mm %‘

150mm 38mm

Side View

Top View

Map Draping Results

Create a new RTM simulation with File->New. Import the mesh file for the injection
simulation drape start.unv.

To import the draping results, select File->Import->Draping Results->PAM-FORM.

[E] PAM-RTM - [Untitled]
|:| 3:M Selection Groups Mesh Simulation View Window Help

New R e NIEEEEEEEIEEE

Open... Ctrl+0
N v E |v F
c IrnvE FF |

| [Slm

Save Ctri+5
Save As...

vesh..

Scalar Fields L4

-

Export

Draping Resu QUIK-FORM...

- : m
Save Image... FibersIM XML...

Generate AVL... PATRAN Laminate Modeler...

Print... Ctri+P
Print Preview

The Import PAM-FORM Laminate dialog box pops up. Select the PAM-FORM™ file
drape.dsy, and click Open.

TUTORIALS
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Import PAM-FORM Laminate @
Look in: I@IocaI_K Rl

File name: Idrape.dsyr
Files of type: I*.dsy LI Cancel |

The imported plies are listed in the Draping Results folder of the explorer. It can be
useful to visualize one of the imported plies on top of the injection mesh. Right-click on
the layer to visualize and choose View Layer.

= drape_startunv

- Simulation type : RTM
- Process

- Numerical

= Materials

--Fi'esins
--Fi'einforcements
- Solids

- Laminates

- Zones

- Boundary Conditions
- Sensors

= Draping Results

New Window k
New Window (Flat Pattern)
View Log File
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It is also possible to have the ply edges colored based on shear angle. Choose
Shear Angle in the scalar fields combo box.

[I&| PAM-RTM - [Untitled]

|:| Fie Selection Groups Mesh Simulation View Window Help
BFEHENR? | +=2= 0| sl BERE
Default_Colar LI IDisc: LI INDde LI [N |vE [+F

JDefault_Color =
Local_Thickness
shear_Angle

: [P RTM
- Process
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Shear_Angle

55.5

50
44.4

38.9

33.3

27.8

22.2

16.7

11.1

5.55

2.45e-6

It is also possible to visualize a ply in its own 3D window, with the command New
Window in the explorer. This gives more post-processing options. For example, with the
first approach, only the edges are colored. With the New Window approach, the faces are
colored so it is possible to obtain a contour.
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Shear_Angle

52.4

47.2

41.9

J6.7

15.7

10.5

5.24
4.86e-5

The Window menu lists all open documents. Notice that a ply visualization activated
with the New Window command is actually considered a document. It has the same
name as the injection document, with the layer index appearing between parenthesis.
Select the appropriate document to go back to the injection mesh.

TUTORIALS
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[I8l PAM-RTM - [Untitled (Layer -1.0.0)]
[] Fie Selection Groups Mesh Smulation View BRULGENN Help
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[ ACEHBEDM®? |+==2 0 K&E{ Newwndow
- Cascade
Default_Color = Disc | |Node | [
“ —, I —I l —l Tie Horizontally
= Unitled Tie Verticaly
Simulation type : RTM Reset Layout
+ Process
+- Numerical v FII? Toolbar
- Materials v Display Toolbar
# Resins v Selection Toolbar
+ Reinforcements v Camera Toolbar
Solids v Viewpoint Toolbar
Z+ Laminates v Simulation Toolbar
T _+°nze:ne ) v Results Toolbar
Boundar; Conditions v Tools Toolbar
Sensors v Explorer
-1- Draping Results Messages »
Layer1 v Status Bar
Injection mesh document | ——# 1 Untitled

Ply mesh document

2 Untitled (Layer -1.0.0)

Activate the injection mesh display window. Use the command Mesh->Orientations-
>Map Draping Results to perform the mapping calculation from the draped plies to the
injection mesh.

I8 PAM-RTM - [Untitled]
(] Fle Selection Groups WIEEY

Simulation

View Window Help

EFEHBEM® 7|
IDefauIt_CDIDr LI IDisc

ﬂ Orientations

Transform
=1 Untitled Create
- Simulation type : RTM Cleanup
E]--Procesfs Check
- Numerical
= Materials Info
= Resins Info Pick...

4
4
3
4
4

7 Reinforcements
- Solids
- Laminates
=I-Zones

- Zone_2
- Boundary Conditions
- Sensors
=I-Draping Results

Set Vectors...

Project Vectors...

Set K from Selected Nodes
Set K Orthogonal

Align Plies

Reverse

Map Draping Results... A
Compute Local Permeability...

Clear on Selection

Clear All

The mapping calculation can be carried out on the full injection mesh or on the
currently selected elements only. This is useful for example to avoid plies to be mapped
into zones used for runners in the injection mesh. If some elements are selected when

TUTORIALS
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you launch Map Draping Results, PAM-RTM™ asks for a confirmation that the
mapping is to be done only on the selected elements.

Then a dialog box pops up for the normal max distance. The units are the same as the
length units of the model. Since we are currently working on a mesh in millimeters,
enter a of normal max distance of 1.5 mm. This parameter is useful for instance on
ribbed parts, to avoid elements on one rib to be mapped on another front facing rib. See
the chapter describing the commands of the Mesh menu in the PAM-RTM™ user’s
guide for more information.

Mapping Parameters R|

Mormal max distance 1-5|

Click OK, and the mapping calculation starts. A progress dialog box appears. Since
mapping calculations are typically very long, it is possible to stop the calculation with
the Cancel button.

Progress [39%]

I Cancel

After the mapping calculation finishes, select Nb_Plies in the scalar field roll-down list,
the number of laminate plies mapped to each element of the injection mesh is displayed.
This is useful to verify the results of the mapping calculation. Since in this example,
only one ply that covers completely the injection mesh was mapped, Nb_Plies must be
equal to 1 everywhere. Otherwise you would have to adjust the tolerances.

Local Permeability from Draping Results
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Nb_Plies

1

1

1

Select Shear Angle in the scalar field roll-down list and Zso in the plot type roll-down
list, and turn off the Edge display. The mapped shearing angle distribution from the first
laminate ply on the injection mesh is shown in the current display window.

Shear_Angle

52.6

&

36.8

15.8

5.27

=

0.00967
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Local Permeability Calculation

TUTORIALS

The command Mesh->Orientations->Compute Local Permeability computes the average
permeability and porosity on each element of the injection mesh, using the results of the
Map Draping Results calculation. To calculate local permeability, PAM-RTM™ needs
to know the type of reinforcement and permeability model associated to each ply, as
well as the initial fiber content of each ply. This is done using laminates. Before
launching Compute Local Permeability, the user has to create a laminate material
matching the imported plies, i.e. with the same number of plies.

= Untitled
Simulation type : RTM
+ Process
+- Numerical
- Materials
+ Resins
+ Reinforcements
Solids
- Laminates
- Default Laminate
ayer 1
Material : Default Fabric
Angle: 0
Thickness : 0.001
Porosity : 0.5

Zones
Boundary Conditions
Sensors

- Draping Results

For this example, make sure that the initial porosity of layer 1 of the laminate is 0.5.
This is the porosity before shearing. Set the permeability of the fabric linked to layer 1
(default fabric) to 1.10™"" m2.

Now you can launch Mesh->Orientations->Compute Local Permeability.

Local Permeability from Draping Results
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|:| Fle Selection Groups UGN Simulation View Window Help
@& EHSM%B ? |4 Remesh e BN EEEEEFE
|Defau|t_CDIDr ﬂ |Disc v K L
Transform K2 —
= Untitled E;::E Set Vectors...
Simulation type : RTM P Project Vectors...
- Pmces.s Check Set K from Selected Nodes
+- Numerical
. Materials Info Set K Orthogonal
+- Resins Info Pick... Align Plies
+- Reinforcements Reverse
Solids
5 Laminates Map Draping Results...
-l-Layer 1 k
Material : Default Fabric Clear on Selection
Angle:0 Clear Al
Thickness : 0.001
Porosity : 0.5
+- Zones
Boundary Conditions
Sensors
- Draping Results
Layer 1

The Permeability Model dialog box pops up. In this example, we want the permeability
calculation to be based on the imported PAM-FORM™ ply, so check use imported
plies. We assume in this example that the permeability of the undeformed fabric is
isotropic. Choose the Isotropic Woven Fabric model in the permeability model for
sheared fabrics roll-down list, then click OK to start the local permeability calculation.

Compute Local Permeability

[v Useimported plies

Larminate |Defau|t Laminate

Fermeahility model for sheared fabrics

lzotropic woven fabric

(0]4 | Cancel ‘

To view the local permeability calculation results, select porosity in the main toolbar’s
roll-down list. Then the local porosity field on the injection mesh is displayed.
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Porosity

0.5

0.467
0.435
0.402
0.369
0.337
0.304
0.272
0.239

0.206

0.174

The K1 principal direction can be displayed by selecting View->Orientations->K1.
Switch off the scalar field display by selecting Default Color in the scalar field roll-
down list. The K1 direction is displayed in the following image with red arrows.

Contours for K1 and K2 in the high shearing areas are shown below.
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Kl

3.02e-11

2.82e-11

2.62e-11

2.42e-11

2.21e-11

2.01e-11

1.81e-11

1.61e-11
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K2

Te-11

9.33e-12

8.67e-12

7.34e-12

6.67e-12

6.01e-12

b.34e-12

4.68e-12

4.01e-12

3.3be-12

Filling Simulation

In the RTM Numerical Parameters dialog box, select Use local permeability files and Use
local porosity file. We do not use the local thickness file in this example. We just
assume a constant thickness cavity, specified in zone 2 of the injection mesh.
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RTM Mumerical Parameters il

Dutputl i Entrapment  Local Yariables I.-'-‘-.dvanu:edl

¥ Usze local permeability files
¥ Usze local porosity file

[~ Use local thickness file

k. I Annuler Appliguer

Normally, since local permeability files are used, there is no need to specify the
permeability values using the fabric editor. However it is recommended to specify
reasonable values for K1, K2 and K3, because if for some reason the value for an
element is not found in the local permeability file, the value specified in the fabric
editor will be used.

The following groups have to be created.

Groups

[}
" B EEESEEESESEEEEEEEEEEEEEEEEEE N EEEEEEEEN

s
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TUTORIALS
Local Permeability from Draping Results



USER’S GUIDE & TUTORIALS
(released: Apr-14)

TUTORIALS

424

PAM-RTM 2014
© 2014 ESI Group

To summarize, here are the parameters that need to be set for the filling simulation:

resin:
viscosity: 0.1 Pa.s
fabric:

name: Default Fabric

Kl: 1.10" m2

K2: 1.10" m2

K3: 1.10" m2
Zone:

ID:2

material: Default Fabric

porosity: 0.5

thickness: 0.005 m
boundary condition :

ID: 1

type: pressure

pressure value: 3.10° Pa
boundary condition:

ID: 2

type: vent

pressure value: 0 Pa

state:

Finally, save the PAM-RTM document before starting the simulation. Since a compute
local permeability was done, some files will be automatically generated in the same
directory as the x.dtf file: x_k1.sf, x k2.sf, x porosity.sf. These are the files
read by the PAM-RTM™ solver to initialize local permeability and porosity. When
saving the files, PAM-RTM™ detects that the span of the injection mesh is very large,
which could mean that it is defined in millimeters, so it asks whether you want to

automatically convert it to meters. Select Yes.

Launch the simulation. When it is done, load the results files. You should have the

following segmented filling patterns. Filling time is about 692 seconds.
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Filling_Times

692

623

554

484

115

346

277

208

138

69.2

0.00177

TUTORIALS
Local Permeability from Draping Results



USER’S GUIDE & TUTORIALS 426 PAM-RTM 2014
(released: Apr-14) © 2014 ESI Group

LOCAL PERMEABILITY FROM DRAPING
RESULTS (ADVANCED)

The following files are used in this example.

drape2.dsy (4 plies laminate file)

drape2_start.unv (injection mesh file)

drape2_K1.srf (sheared permeability K1 kriged function data file)
drape2_K2.srf (sheared permeability K2 kriged function data file)
drape2_beta.srf (sheared rotation angle kriged function data file)

Objectives

This document presents an advanced tutorial on local permeability calculation from
draping results, complementary to the previous tutorial — Local permeability from
draping results. The advanced features include

how to assign materials to a more complex laminate made of many plies,

how to use kriged functions to describe the fabric sheared permeability as a function
of shear angle and fiber content.

The same bathtub-like geometry used in the previous tutorial is investigated again in
this tutorial with the draping results of a 4 plies laminate obtained with PAM-
FORM™, and the geometry is shown below.

TUTORIALS

)% 100 mm %‘

150mm / 38mm

y
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Side View

Top View
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Map Draping Results

Create a new RTM simulation with File->New. Import the mesh file
drape2 start.unv. Then select File->Import->Draping Results->PAM-FORM to import
the draping results file drape?2.dsy.

There are four plies in the draping file. They are listed in Draping Results folder of the
explorer after importation.

- Untitled
Simulation type : RTM
+ Process
+- Numerical
- Materials
+- Resins
+- Reinforcements
Solids
+ Laminates
--Zones
+ Zone_2
Boundary Conditions
Senso

Right-click on the Draping Results item and choose View Multiple to allow
visualization of many layers in the same window.

Boundary Conditions
Sensors

=8 Draping Resylts

Layer4 Hide Al

IEVETSCONN ~ View Multiple
Layer2 k

Layer 1 Scale Meshes...

Then right-click on the first layer and choose View Layer.

Boundary Conditions
Sensors
-- Draping Results
Layer4
Layer3
Layer2

MNew Window k
MNew Window (Flat Pattern)
View Log File
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Do the same for the fourth layer. This leads to the following picture, where we can see
clearly that there is an offset between the first and fourth ply. This will be important for
the transverse tolerance when mapping draping results.

All the four plies in this PAM-FORM™ file have a zero degree orientation, so all the
plies have similar local deformations, but not exactly the same because of the thickness
of the part. The figure below shows the shear angle distribution for ply 2.

Shear_Angle

52.6

47.3

42

4.7¢-5

Go back to the injection mesh window. Select Mesh->Orientations->Map Draping
Results to perform the mapping calculation from the imported draped plies to the
injection mesh. In the Mapping Parameters dialog box, enter 4.0 (mm) as normal max
distance.
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Mapping Parameters

Mormal max distance |4

corel_|

When the mapping calculation is done, the mapped shearing angle distribution from the
first laminate ply on the injection mesh is shown as below.

Shear_Angle

52.3

471
1.8

36.6

15.7 -
105 .

0.0201

Select Nb_Plies in the scalar field roll-down list to view the number of laminate plies
mapped to each element of the injection mesh. Since in this example, four plies that
cover completely the injection mesh were mapped, Nb_Plies must be equal to four
everywhere.
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Nb_Plies

I4
4

Local Permeability Calculation

Before we can launch the local permeability calculation, we have to specify material
properties for each of the imported draped plies. To do so, we first create a laminate
material made of four layers, to match the four imported draped plies. Right-click the
first layer of the Default Laminate, then choose Insert Above to add a layer above the
selected one. Repeat this procedure until you have four layers.

- Untitled
Simulation type : RTM
+-Process
+- Numerical
- Materials
+-Resins
+- Reinforcements
Solids
--Laminates
- Default Laminate
+
--Zones Edit
+ Fone_2
BoundaryCond
Sensors Insert E-Ek)w
-1-Draping Results
Layerd Copy Above
Layer3 Copy Below
Layer2
Layer 1 Delete
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All four layers reference the Default Fabric. Double-click Default Fabric to open the
fabric editor. In the Advanced tab, we will specify a sheared permeability model with
the fields Sheared Permeability K1, Sheared Permeability K2, Sheared Permeability
K3, and Sheared Rotation Angle, where sheared permeability K1, K2, and K3 are 1%,
2" and 3 principal direction of the permeability tensor, respectively.

Fabric Properties

General] Compressibility] Thermal Advanced l

Sheared permeability K1 J
Sheared permeability K2 J
Sheared permeability K3 1.000E-009] J
Sheared rotation angle J

oK | Cancel | |

Click on the ... button to the right of the Sheared Permeability K1 field to open the
Function Editor dialog box. Select Import from file and in the Import dialog box, choose
in the Type roll-down list PAM-RTM (*.srf) and browse to drape2 k1.srf. By the
same way, set the fields Sheared permeability K2 and Sheared rotation angle. Before
closing the Function Editor dialog box, don’t forget to select the imported function.
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Awvailable functions

Copy to Function Paol...

Constant
user_defined

Get from Function Foaol...

Import from File...

Exportto File...

Function parameters

i shearangle. v fibercontent f(xy): Permeahility K1. f(x v) = kriged_field

x y [focy) F- View |

0.000000E+000 4.600000E-001  1.300000E-0...

1.000000E+001 4.600000E-001  1.000000E-0... |

2.000000E+001 4.600000E-001  5.500000E-0... Insert Before |
|
|

New

3.000000E+001 4.600000E-001  3.100000E-0...
5.000000E+001 4.600000E-001  1.000000E-0...
0.000000E+000  5.700000E-001  3.000000E-0... Delete
1.000000E+001  5.700000E-001  2.000000E-0...

2.000000E+001 | 5.700000E-001 | 1.100000E-0... B ¥

Insert After

oK | Cancel |

The user could also enter the data points manually. The x column is the shear angle (in
degree), y is the fiber content (a decimal value between 0 to /), and z is the sheared
permeability (unit: m°).

The sheared rotation angle designates the angular position of 1% principal direction of
the permeability tensor (K1) with respect to the warp direction of the laminate fabric
(f1), as shown in the following figure.

K2

2
A K1
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Note

If you select View->Orientations->K1 Only (or K2 Only) when the active window
is a draped ply, the K1 direction represents the warp direction of a fabric, and
K2 represents the weft direction. However if you visualize K1 on the injection
mesh after Compute Local Permeability, the K1 direction is the 1* principal
direction of the permeability tensor. So the same command View->Orientations-
>K1 is used to visualize fiber directions or principal permeability directions,
depending on the context.

The sheared permeability K1, sheared permeability K2 and sheared rotation angle
functions used in this example are displayed below.

H Curve Plotter &|

x107" Permeability K1

f=005m

f=0188 =

4o0r 11=0325 =
f=0462 m
=06
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15F

Ax e ——CwodooT

] 5 10 15 20 25 30

shear angle
OK Close
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For 3D simulations, the Sheared Permeability K3 could also be defined as a function of
the fiber content and shear angle, if such experimental data is available. In this example,

we set Sheared Permeability K3 to a constant value.

To perform the local permeability calculation, select Mesh->Orientations->Compute

Local Permeability.
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The Compute Local Permeability dialog box pops up. Check use imported plies and
select Woven Fabric in the permeability model roll-down list, which means that the
sheared permeability functions we’ve just defined will be used.

Compute Local Permeability

[v Useimported plies

Laminate IDefauIt Laminate LI

Fermeahility model for sheared fabrics

Ok | Cancel |

The figure below shows the 1% principal direction of the permeability tensor after local
permeability calculation.
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The following figures show the local porosity and local K1 value after mapping
calculation.
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Porosity

0.5

0.468

0.436

0.404 r ‘
0.372 Y
0.341
0.309
0.277
0.245
0.213

0.181

9.19e-11
I 8.3e-11
7.4e-11

6.5e-11
5.6e-11
4.7e-11
3.8e-11
2.91e-11

2.07e-11

1.11e-11
2.11e-12

The rest of the procedure is the same as described in the tutorial Local permeability
from draping results. The following figure shows the filling pattern at a constant
pressure injection, whose injection and vent conditions are the same as in the previous
tutorial.
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Filling_Times

414

373

N

290

248

207

166

124

82.8

41.4

0.000316
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PAM-QUIKFORM

The following files are used in this example.
- quikform_start.ps (starting mesh)
- quikform.dtf + quikform.ps (solution)

Objectives

The goal of this tutorial is to show how to perform a draping simulation using the
PAM-QUIKFORM™ user interface available in PAM-RTM™. The geometry used is
a double hemisphere. We will drape a laminate made of two plies of fabric and two
plies of unidirectional. The contact point is the top of the big hemisphere and the
laminate reference axis (zero degree) is the global X axis.

Process and Numerical Parameters

Create a new PAM-QUIKFORM simulation with File->New->PAM-QUIKFORM. Import
the mesh file quikform start.ps with File->Import->Mesh. Make sure to set the file
filter to PAM-SYSTEM, as shown below.
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Import Mesh @

Look in: I@tutorials LI & B B
[ quikform_start.ps

File name: IquikForm_staers
Files oftype: IPAM-SYSTEM (.ps.pc) LI Cancel |

First we create a draping referential (also called axis in PAM-RTM™) on top of the big
hemisphere. The default PAM-QUIKFORM document contains an axis located at the
origin. It is unlikely that this axis is what you want, so double-click the default axis to
open the Axis Definition dialog box.

= Untitled

- Simulation type : QUIK-FORM
= Axis
= Default Axis

- Origin: {0.0.0)

= Materials

- Reinforcements
- Laminates
+-Process

- Numerical

- Draping Results

Axis Definition 8]

~Ongin————  DirectionVector
X |0 X |1
Y |El Y |El
z |15El z |El

1 Pick | Pick | |1Point v
Name |De1auItAxis
0K | Cancel |
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Push the Pick button [1] and pick a point near the top of the big hemisphere, or enter the
coordinates of the origin manually (0, 0, 150). The direction vector is the local X axis of
the draping referential, i.e. the axis on which zero degree plies will be aligned. The local
Y and Z axis are set automatically by PAM-RTM™. The local Z axis is the normal
vector on the picked point and the local Y axis is calculated to have a right-hand
coordinate system. If you want the opposite local Z direction, use the command Reverse
Z, available in the explorer when right-clicking an axis. In this tutorial, we keep the
default direction vector (1, 0, 0), then we reverse the local Z axis to have it in the global
Z+ direction, as shown below.

NG

Now we have to define the following laminate:
- layer 4: 90 degrees fabric

- layer 3: -45 degrees unidirectional

- layer 2: +45 degrees unidirectional

- layer 1: zero degree fabric
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= Untitled
Simulation type : QUIK-FORM
- Axis
- Default Axis
Qrigin : (2.954E-005, 0.0002308, 150)
X000
¥ 0 (0.0.9999, 0.01536)
Z:(-0.001963. -0.01536. 0.9999)
- Materials
+- Reinforcements
—- Laminates
-- Default Laminate
-
Mz Edit
Ang
+- Process
+- Mumerical Insert Below
Draping Results
Copy Above

Copy Below

Delete

Right-click Layer 1 in the Default Laminate and insert three layers above. Edit each
layer by double-clicking it, then set the material and angle as specified above.

Layer &|

katerial |Default (§]n] ﬂ

Angle 45|

Thickness 0.0m
Forosity 0.5
Shearangle |0

(0]:8 | Cancel

Finally you should have the following laminate in the explorer.
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= Untitled
Simulation type : QUIK-FORM
- Axis
- Default Axis
Qrigin : (2.954E-005, 0.0002308, 150)
X100
Y - (0, 0.9999, 0.01536)
Z:(-0.001963, -0.01536, 0.9999)
--Materials
—- Reinforcements
+- Default Fabric
+- Default UD
—- Laminates
- Default Laminate
- Layer4
Material : Default Fabric
Angle : 90
--Layer3
Material - Default UD
Angle : -45
--Layer2
Material - Default UD
Angle : 45
- Layer 1
Material : Default Fabric
Angle: 0
--Process
-1- Operation 1
Laminate : Default Laminate
Axis - Default Axis
Support: no
+- Numerical
Draping Results

After having specified a draping referential and laminate, we would normally have to
specify operations in the Process folder. Operations are used in the PAM-QUIKFORM
interface of PAM-RTM™ to associate a laminate to a draping referential, and also
optionally to select a group of elements on which draping is to be done. In this tutorial,
we just use the Default Operation, which refers to Default Axis and Default Laminate.
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Quik-Form Numerical Parameters W|

Comrmon

Grid size u 5 heasure
5 feasure

[ Project [v Extrapolate [ Flat curve

Grid size v

Special Application
[ PHF [ MER [ CBY

(0] | Cancel

Finally, before launching the PAM-QUIKFORM simulation, we have to set some
numerical parameters, the most important ones being grid size u and grid size v. These
are the size of the elements of the draped plies meshes. The default size is zero, which
means that it is unspecified and that PAM-QUIKFORM will calculate a size to get a
reasonable mesh. In this example, we force the element size to 5 mm in the u and v
directions.

Launching the Simulation and Post-Processing

Before the simulation can be launched, the PAM-QUIKFORM document must be saved
with File->Save.

To launch the simulation, use the green arrow button in the toolbar [1].

[l PAM-RTM - [quikform.dtf]
[C] Fle Selecton Groups Mesh Simulaton View Window Help

AEEHEMN®R? == RO¢Y EREEREEE b @Sk &2
|Defau|t_CDIcur ﬂ IDisc ﬂ [Node ﬂ N[ EVMF Yy | 1 ' il [ A

When the simulation is done, PAM-RTM™ Joads automatically all the draped plies
meshes and lists them in the Draping Results folder of the explorer. Right-click one of
the layers and choose View Layer to visualize the mesh of the layer on top of the tool
mesh. It is possible to visualize many layers in the same window with the command
View Multiple of the Draping Results popup menu.
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=1- quikform.dif
Simulation type : QUIK-FORM
+- Axis
—I- Materials
+- Reinforcements
+- Laminates
+- Process
+- Mumerical
-- Draping Results
Layer4.14
Layer3.1.3
Layer2.1.2
m
Mew Window
MNew Window (Flat Pattern)
View Log File

Using this approach for visualization of layers, here is what you should have for layers
1 to 3 (since layer 4 is a 90 degrees fabric, and since it is not possible to display warp
and weft with different colors, there is no difference with layer 1).
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Layer 1 (zero degree fabric)
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When a layer is visualized with View Layer, the tool mesh is forced to default color and
the variables available in the scalar field combo box control coloring of the layer mesh
edges. Choosing Shear Angle [1] leads to the figure below.

l5l PAM-RTM - [quikform.dtf]

[ Fle Selection Groups Mesh Simulation
AFEHBEDN®R?| | +=="0 K
J Shear_Angle _vr!r IDisc LI INnde LI

|Default_Color Y
1 HE
Simulation type : QUIK-FORM

[+ Axis
[=- Materials
+ Reinforcements
[+ Laminates
[+ Process
[+ Numerical
= Draping Results
Layer4.14
Layer3.1.3
Layer21.2
Layer1.1.1

Shear_angle

32.2

29

0.00157

Edges colored with shear angle
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The New Window command, available when right-clicking a layer in the Draping
Results folder, is used to visualize the mesh of a layer in its own 3D window. This gives
access to more post-processing options. For example, it is possible to generate contours
of the shear angle, as shown below, which is not possible when the layer is visualized in
the tool window.

Shear_aAngle

319

28.7
25.6
22.4

19.2

12.8

9.59

3.21

0.0124

Shear angle contours

Finally, it is possible to visualize the mesh of the 2D flat pattern of a layer by choosing
the command New Window (Flat Pattern). To get a more accurate representation of the
boundary of the flat pattern, you can activate the Flat curve option in the numerical
parameters. This option calculates the green curve shown below.
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=1 quikform.dif
Simulation type : QUIK-FORM
+- Axis
- Materials
+- Reinforcements
+- Laminates
+- Process
+- Numerical
Draping Results
Layer4.14
Layer3.1.3
Layer212

View Layer
New Window

New Window (Flat Pattern) k

View Log File

2D flat pattern of layer 1
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2D flat pattern of layer 1 with flat curve option

Credits

Twente University, Netherlands, for the tool geometry.

Cranfield University, UK, for the mesh.
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