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ABSTRACT 

 

PERMEABILITY OF FIBER REINFORCEMENTS FOR LIQUID COMPOSITE MOLDING: 

SEQUENTIAL MULTI-SCALE INVESTIGATIONS INTO NUMERICAL FLOW 

MODELING ON THE MICRO- AND MESO-SCALE  

 

By 

 

Timothy John Franklin Luchini 

 

Composites are complex material mixtures, known to have high amounts of variability, 

with unique properties at the micro-, meso-, and macro-scales.  In the context of advanced textile 

composite reinforcements, micro-scale refers to aligned fibers and toughening agents in a 

disordered arrangement; meso-scale is the woven, braided, or stitched fabric geometry (which 

compacts to various volume fractions); and macro-scale is the component or sub-component 

being produced for a mechanical application.  

The Darcy-based permeability is an important parameter for modeling and understanding 

the flow profile and fill times for liquid composite molding. Permeability of composite materials 

can vary widely from the micro- to macro-scales. For example, geometric factors like 

compaction and ply layup affect the component permeability at the meso- and macro-scales. On 

the micro-scale the permeability will be affected by the packing arrangement of the fibers and 

fiber volume fraction. On any scale, simplifications to the geometry can be made to treat the 

fiber reinforcement as a porous media. Permeability has been widely studied in both 

experimental and analytical frameworks, but less attention has focused on the ability of 

numerical tools to predict the permeability of reinforced composite materials.  

This work aims at (1) predicting permeability at various scales of interest and (2) 

developing a sequential, multi-scale, numerical modeling approach on the micro- and meso-

scales.  First, a micro-scale modeling approach is developed, including a geometry generation 
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tool and a fluids-based numerical permeability solver. This micro-scale model included all 

physical fibers and derived the empirical permeability constant directly though numerical 

simulation.  This numerical approach was compared with literature results for perfect packing 

arrangements, and the results were shown to be comparable with previous work. The numerical 

simulations described here also extended these previous investigations by including the ability to 

study binary mixtures of commingled fibers, random packing, particulate loadings, and 

permeability variation at a single volume fraction as a function of the mean inter-fiber spacing.   

Extending this approach from the micro-scale to the meso-scale creates an opportunity to 

quantify the effect of dual-scale porous media. More specifically, direct numerical simulations of 

carbon fiber reinforcement on the micro-scale were compared to measurements of unidirectional 

carbon fabrics on the meso-scale. The results showed a quantifiable effect of dual-scale porous 

media in composite processing, with generally higher permeability on the meso-scale.  

Next, a three-dimensional meso-scale analysis of a plain weave composite fabric was 

performed using the homogenized micro-scale permeability. Comparisons were made between 

the numerical modeling approaches developed in this dissertation with the available permeability 

measurement techniques for validation. The meso-scale permeability calculations compared well 

with experimental permeability measurements. The effect of fabric variability is seen in all scales 

of interest. Finally, this work included a meso-scale, two-phase, transient simulation to 

investigate tow saturation and the formation of meso-scale voids. The results qualitatively show 

the nature of the advancing fluid front and the lagging tow saturation, which is seen though 

experimental analysis.   
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1. INTRODUCTION 

 

1.1 Background 

 

Material characterization is an important step in the processing of high-performance composite 

parts with liquid composite molding and computational tools are increasingly able to help with 

the characterization process. Through a better understanding of composite manufacturing and 

increasing computer power, high-quality finished composites can be produced. Without material 

characterization for fibrous reinforcements in composite processing, accurate process models 

cannot be created, resulting in poor part quality or on-the-fly corrections in a manufacturing 

environment. In this section, a reason for research in composites will be discussed focusing on 

two aerospace applications. The basic application of Darcy’s law will be discussed and methods 

for permeability measurement will be introduced. The first references to micro-scale and meso-

scale permeability will be presented and discussed. This section will conclude with a statement 

of need. 

 

1.1.1 Reasons for Research in Composites 

 

Composites are designed materials that combine two or more material ingredients to achieve 

desirable properties for various industrial applications. For example, the GEnx (General Electric 

Next Generation) engine incorporates materials that are a composite of carbon fiber and 

thermosetting epoxy resin, giving high structural efficiency at low weight [1]. This makes the 

composite valuable for applications in aerospace that have traditionally relied on lightweight 
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metal materials like aluminum and titanium [2]. In addition to designing composites to meet 

specific weight and strength requirements, composite materials can be designed to resist the 

fatigue and corrosion issues sometimes seen with specific metals [3]. Furthermore, composites 

allow for lighter vehicles and higher performance in an economic environment that is 

consistently shifting towards better fuel economy, lower cost, and higher efficiency. 

 

Boeing’s 787 “Dreamliner” is a great example of the importance of composites research. 

Composed of 50% by weight composite content, the “Dreamliner” was designed to be 17% more 

fuel efficient than the aluminum 767 [4]. This weight reduction was achieved in part by 

redesigning the fuselage, wings, empennage, fin, and nacelles using carbon and epoxy 

composites. Creating a composite fuselage on the scale of the 787 “Dreamliner” required 

extensive research and development. Many of the composite material problems Boeing tackled 

and solved in this design were industry firsts. Constructing the “Dreamliner” required 

understanding and addressing challenges such as using composite materials to develop a 

pressurized airline cabin and understanding the behavior of these composites after lightning 

strikes, impact damage, delamination and fatigue. This includes having a somewhat electrically 

conductive airframe and the ability to control thermal conductivity. In addition to designing a 

new airplane, Boeing had to create new manufacturing processes as well as the service and repair 

procedures for defect detection. 

 

The results of this research are impressive: for instance, the composite fuselage saved 50,000 

fasteners versus traditional designs. The overall “Dreamliner” design consumed one-fifth less 

fuel per passenger mile than the older 767, equating to more savings for passengers and more 
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profits for the airliners [2], and the company boasted that the composite cabin could be 

pressurized to a more comfortable level during flight. The final design leverages composites 

within a highly advanced material structure to safely and efficiently transport people and goods 

to their final destinations. 

 

The Boeing “Dreamliner” also offers two engine variants: the traditional Rolls-Royce Trent 

1000, and the highly advanced GEnx [1]. The GEnx is the next step in the GE90 engine 

technological innovations, designed with carbon fiber fan blades on the compressor and a 

composite fan case [4]. The GEnx composite blades are made using fiber preforms composed of 

up to 1000 plies of unidirectional pre-preg tape; these plies are cut ultrasonically and the preform 

is placed into an resin transfer mold (RTM) where resin is injected [1]. For composite 

manufacturing this approach to preforming is not uncommon and the consistent layup process is 

extremely important to the final composite properties.  

 

The composite fan blades on the GEnx give significant weight reductions, reduced fuel 

consumption and enhanced durability; the dynamics of the fan rotation can multiply this weight 

savings. More specifically, the composite blades and case combine to save 350 lbs. per GEnx 

engine [1]. This weight savings has a domino effect: a lighter engine means less robust fixturing 

is needed and weight is reduced in other parts of the aircraft, which allows for increased payload 

on the aircraft and reduced fuel consumption [5]. 

 

Creating the “Dreamliner” required a diverse, international team of suppliers and technical 

experts: of the more than 50 suppliers, 28 are international companies. Japan provided $6 billion 
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worth of carbon; Italy contributed the horizontal stabilizer; the tail fin was made in the USA; 

Australia developed the ailerons and flaps; Canada provided the fairings; the aircraft doors came 

from France; and the floor beams came from India [6]. The next leap for composite vehicle 

components is in the automotive sector to meet new government mandated fuel economy 

standards. As the popularity of composite materials continues to grow, international 

collaborations will be critical to achieving further advances in the areas of manufacturing, 

modeling, new material development, and ultimately lead to ongoing changes in the composite 

vehicle market. 

 

1.1.2 Background Equation Formulations 

 

The work described in this dissertation focuses primarily on the manufacture of fiber reinforced 

epoxy resin composite materials. This generally encompasses a number of liquid composite 

molding techniques where a liquid resin is infused into a fiber preform and then processed 

through a cure cycle. This section and Appendix B outlines the basic fluids equations that are 

useful in modeling these flow scenarios. The background equations described here are also 

important for understanding flow through porous media, which is applicable because the 

geometrical nature of the fiber preform allows them to be treated as a porous media. On the 

micro-scale the Navier-Stokes equations are solved directly for the flow around fibers and 

particles. The meso-scale couples the Navier-Stokes equations in the fluid region with a modified 

form of the Navier-Stokes equations in the tows. The boundaries of the tows have a conservation 

of mass and momentum assumption applied. The component level uses the modified Navier-
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Stokes equations for porous zones and can couple the traditional Navier-Stokes models to 

account for resin runners, flow channels, and other non-porous zones.  

 

Darcy’s Law governs the flow of fluid through porous media on a quantitative basis, and is used 

to describe a variety of similar processes in disciplines such as hydrology, hydrogeology, soil 

science, civil engineering, petroleum engineering, chemical engineering, and composite 

manufacturing [7]. In composite manufacturing, Darcy’s Law is used to predict the flow through 

a fiber network, where the critical empirical parameter is geometrical permeability [8].  

 

Darcy’s Law was first described by Henry Philibert Gaspard Darcy, an engineer in Dijon, France 

[9]. Darcy originally developed this law to describe behaviors within sand columns, and included 

the law in an appendix of his book, “The Public Fountains of the City of Dijon” [10]–[12]. The 

structure of Darcy’s Law is very similar to that of Fourier’s law of heat conduction [13] or Fick’s 

law of mass diffusion [14], all of which describe diffusion of some parameter (heat, mass, 

pressure). 

 

Darcy’s Law can be extended to simplify complex flow scenarios of a resin flow through a fiber 

preform. Flow through fiber preforms and porous media is often modeled using Darcy’s Law in 

the following form: 

 
�̅� =  −

𝑆̿

µ
𝛻𝑃 (1) 

 Eq. 1 Darcy’s Law 
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In this formulation, S is the permeability tensor encompassing the internal directional fiber 

properties, the superficial pressure is represented by P, and q is the Darcy flux. Additionally, µ 

represents the absolute or dynamic viscosity of the resin or fluid considered. Permeability is 

described as a tensor in three-dimensional space based on another extension from Darcy’s 

original law: for a random fiber composite mat, the permeability is often taken as isotropic; for a 

directional fiber preform, the permeability tensor is orthotropic and there is a principal 

coordinate system that can be found, similar to the concept of principal stresses. Physically, the 

equation states that the discharged volume of fluid running through a porous media is 

proportional to the pressure loss.  

 

An alternative expression is shown in Eq. 2, which gives Darcy’s Law for the total fluid 

discharge. Here,  is the total volumetric fluid discharge, A is the area, and L is the characteristic 

length in the flow direction. This model assumes that the fluid is Newtonian and that inertial and 

capillary effects can be neglected.  

 
𝑄 = 

𝑆̿𝐴

µ

∆𝑃

𝐿
 (2) 

 Eq. 2 Darcy’s Law for Total Discharge 

 

Darcy’s Law relates the velocity vector to the pressure gradient, and uses the permeability tensor 

as a proportionality tool. Darcy’s Law is a one-phase flow model, where the single-phase in 

liquid composite molding is resin [15]. Two-phase models have also been formulated to describe 

the motion of resin and air in an enclosed region, and some of these Darcy two-phase models can 

be generalized into multi-phase flow models [16].  The velocity in Darcy’s Law is the apparent 
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fluid velocity [17], [18], which is the actual fluid velocity accounting for the porosity of the 

reinforcement and the fact that part of the mold cavity is occupied by fibers. Another important 

factor on permeability is the volume fraction, which is equal to one minus the porosity [8]. 

 

1.1.3 Permeability Calculation and Measurement 

 

In order to simulate flow in component-level composite manufacturing, it is important to obtain 

accurate permeability data for any fabric preforms. These fiber preforms can vary significantly in 

geometry including fabric architecture, fiber tow size, and fiber orientation. Permeability is the 

measure of the resistance to flow through a porous media and is generally considered as a 

geometrical parameter that relies heavily on Darcy’s Law in order to predict a flow scenario. 

Without accurate experimental data for permeability, attempts to numerically calculate resulting 

flow scenarios are often problematic. The ability to accurately predict permeability would also 

enable more accurate models of this flow, which could significantly reduce experimental effort. 

 

Boundary conditions are important in this type of flow scenario, and models that attempt to 

predict permeability while neglecting the permeable nature of tows have been shown to 

underestimate the permeability of macroscopic and microscopic porous media [19]. Considering 

boundary effects at the interfaces of the porous tows and macro-voids in the stitching has been 

the topic of a few important areas of research [15], [20]–[22]. For instance, one system for 

modeling the flow in a fiber tow uses Darcy’s Law coupled with the Navier-Stokes flow 

equations to describe the open regions between tows of stitched fabrics [23].  Other attempts to 
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model the flow at an interface have used a slip condition at the boundary of the porous media to 

mate the Darcy flow with the Navier-Stokes flow [24]. 

 

There are is a large body of literature on various approaches to permeability measurement and no 

standard approach. The principles are the same but various texting fixtures and methods have 

been implemented. There have been attempts to standardize methods for measurement studies 

where consistency and reduction in variation was focused on [25]–[28]. In another attempt, a 

group attempted to make a database of permeability [29]. Still further, there was a proposal for a 

three-dimensional woven fabric to be used for referencing the results from various fixtures [30]. 

An epoxy-based reference specimen of non-fibrous architecture was proposed for test validation 

as well [31].  Li et al. [32] described a fixture that could be used in transverse permeability 

measurements of fibrous reinforcements. The fixture allowed a fiber bed to be compressed in a 

cavity under constant compaction pressure while micrometers with dial indicators measured the 

fiber volume fraction based on the thickness and fiber areal weight.   

 

Measurement of reinforcement permeability is known to be notoriously variable in results where 

variation has been found to be up to an order of magnitude between test methods for the same 

material [27]. From a fundamental perspective, the various permeability measurement techniques 

generally fall in either a one-dimensional channel flow or two-dimensional radial measurement 

method. One-dimensional methods involve linearly injecting a test fluid into a preform placed in 

a rectangular cavity where measurements can be made along warp and weft directions as well as 

off axis directions based on the ply layup. Two-dimensional measurements are often conducted 

radially by centrally injecting a test fluid in a preform and observing the resulting propagation of 
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the flow front ellipse in the in-plane directions. There have been reported differences between 

the two-dimensional unsaturated and one dimensional saturated experiments [33].  As a less 

common approach, there are also methods to measure the three-dimensional permeability tensor 

of a preform [34]–[38]. There is also a small body of literature on a capillary rise technique to 

find tow or fiber bundle permeability [39]–[41]. 

 

1.1.4  Micro-scale vs. Macro-scale Modeling 

 

Producing repeatable, experimental permeability values is difficult even for simple flat 

geometries and flows through sand. This difficulty arises because of variations in experimental 

setup and user interactions that reflect directly on the processes taking place. For composites, in 

a manufacturing environment, the variation is a known factor that must be understood as 

completely as possible [42]. In some cases fibers or porous media can move or compact, 

requiring a compaction parameter to be implemented. Evidence also shows that the randomness 

in fibers at the same volume fraction accounts for some of the difference in measured 

permeability but this has not often been completely investigated or quantified [43], [44]. The 

inherently variable nature of textiles requires a relatively large number of measurements to 

eliminate those influences, as well as effects like race tracking on the data results.  Modeling of 

woven fabrics is also different than directly modeling porous media because weaves have both 

open regions between the tows and porous regions inside the tows. Another way to consider this 

is as a dual-scale porous media where micro-scale porosity is coupled with meso-scale porosity. 

There are a number of common approaches to model woven fabrics and fiber composite 

preforms [45].  
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Looking at traditional materials in composite fabrication, the dual-scale porosity can be seen. 

Figure 1 shows a traditional four harness satin carbon fiber material on the left and a plain weave 

glass fiber reinforcement on the right. The individual carbon or glass fibers are arranged into 

tows or yarns. These yarns are then braided or woven into a fabric. The fabric combines regions 

of meso-scale porosity with regions of micro-scale porosity inside of the tows. This creates a 

fabric with a dual-scale porous nature. The scale bars in Figure 1 are in millimeters and 

emphasizes the size of the yarns and the gaps between them. The carbon fabric on the left 

appears to be more loosely woven than the glass fiber material on the right. Additionally, the 

uniformity of the fabric can be seen where the glass fiber appears to be more dimensionally 

consistent than the more variable tow spacing and dimensions seen in the carbon fiber material. 

 

Figure 1: Two traditional forms of fibrous reinforcement for composite manufacturing. Left is a 

four harness satin carbon fiber material. Right is a plain weave glass fiber reinforcement. 
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1.1.5 Kinetic Theory 

 

Kinetic theory is a microscopic model of the fluid flow where the fundamental laws of nature are 

applied directly to the atoms and molecules [46]. This modeling approach is accurate, but far too 

computationally intensive to be practical at the scales of interest for composite manufacturing. 

Using molecular simulation tools to examine resin flow in fiber preforms would only account for 

small-scale properties, which would still need to be extended dramatically to reach the 

dimensions of interest for manufacturing processes. The Lattice Boltzmann method is one 

approach to do this. 

 

1.1.6 Application of Darcy’s Law in Two-Phase Transport 

 

This section will discuss two-phase flow through porous media. This is motivated by resin 

transfer molding (RTM) and two-phase flow through composite fiber preforms. Darcy’s flow 

through porous media can be described as being governed by the equations of motion and 

continuity. These equations are the smoothed continuity equation and the Darcy equation of 

momentum described by Bird et al. [47] in transport phenomena. Darcy’s equation was initially 

proposed empirically to describe seepage of fluids through granular media at low Reynolds 

numbers. Simplified Darcy’s Law expresses flow through porous media proportionally to the 

difference between pressures over a prescribed length applied to the outside surfaces. The 

surfaces are described as the entry and exit of the bulk porous medium [48].  
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Kuan and El-Gizaway [49] applied Darcy’s flow to a two-phase flow through porous media to 

model the resin flow process through fiber mats in composite manufacturing for a two-

dimensional simulation. They utilized a fraction volume of fluid approach to describe the free 

boundary at the interface between resin and air during the resin transfer molding infiltration 

process. They located the interface between the phases of resin and air by the solution of a 

continuity equation for the volume fraction of the resin phase.  

 

This section starts with a model of the equation of motion for porous media using an approach 

with Darcy’s Law. Next, an equation for two-phase momentum is developed for the resin 

transfer molding process to describe what takes place detailing the equations used for solutions. 

Finally, an application is developed for two-phase transport to resin/air permeation.  

 

The general equation of continuity is shown in Eq. 66 and the equation of motion is shown in Eq. 

75. Darcy’s equation is also important and can be seen in Eq. 1. The derivation of two-phase 

momentum transport for resin transfer molding is not necessarily a trivial process, and it is 

important to understand. Next, the mass balance of phase α is shown for the macroscopic 

equation of continuity. 

 

 
(3) 

 Eq. 3 Mass Balance of Phase Alpha α 

 

In this equation, α is the phase of fluid,  is the porosity as the ratio of pore volume to total 

volume,  is porosity as a function, and  is the density of the phase in units of mass per 
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volume. Also,  is the volumetric flux of a given phase,  is the coefficient of the hydraulic 

dispersion due to spatial variations in the porous media,  is the mass rate of phase lost, and  

is the resin saturation in the porous media. When Eq. 3 is summed over all α phases, the total 

mass balance equations can be written (Eq. 4). 

 

 
(4) 

 Eq. 4 Total Mass Balance for Alpha Phases 

 

Where the following average quantities are used 

 

 
(5) 

 Eq. 5 Average Quantities Used 

 

For incompressible fluids, a volumetric balance equation is 

 

 
(6) 

 Eq. 6 Incompressible Fluids Volumetric Balance 

 

The two-phase transport concept can then be easily extended to a resin and air flow case. First, 

the mass balance of phase α or the macroscopic equation of continuity is shown.  

 

 

 

(7) 

 Eq. 7 Mass Balance for Resin and Air Phase 

 

The volumetric fluxes through the porous media can be given by  
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(8) 

 Eq. 8 Volumetric Fluxes through Porous Media for Air and Resin 

 

If it is important, a capillary pressure can be input. Where a capillary pressure can be defined by 

 and utilized and the total volumetric flux can be written as . 

When the volumetric fluxes, Eq. 8, are combined they yield 

 

 
(9) 

 Eq. 9 Volumetric Flux Combination 

 

Following a rearrangement of terms,  can be removed and produce 

 

 
(10) 

 Eq. 10 Resin Volumetric Flux 

 

The boundary value problem above is developed with consistent use of simplifying assumptions. 

Some of those assumptions include: constant viscosity and permeability, incompressible liquid, 

gravity is negligible, rigid mold cavity with no deformation, no curing of resin takes place during 

the isothermal filing process, low Reynolds number flow, and negligible surface tension [49]. 

These assumptions are reasonable given the time scale and flow dimensions of interest. The 

pressure drop in a one-dimensional flow problem can be done to quickly calculate an exact 

solution to a simple problem involving any type of porous media flow with the above 

assumptions held valid. The pressure drop and velocity profile are common points of interest in 
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engineering design and analysis. The equations of motion and continuity are shown to be valid 

with Darcy’s Law to formulate solutions to boundary value problems.  

 

Derivation of two-phase momentum transport equations for the resin transfer molding process is 

a much more specific application to a manufacturing process. The system of equations here 

would be of interest in visualizing flow patterns of resin as it permeates a mold and calculating 

the velocity profiles. These flow patterns could be used to identify areas of high void probability 

and resin dense areas. Park and Woo [50] stated that mechanical air entrapment is the main 

reason for void creation in the resin transfer molding process.  Further, they stated that the flow 

front is not uniform and air can be entrapped to form air bubbles. Therefore, the interface 

between resin and air during the resin transfer molding infiltration process is a significant cause 

of air pockets or voids in the final manufactured part.  

 

The method of integrating simplified equations of motion and continuity for analytical solutions 

is appropriate for many simple problems in transport phenomena. As the problems increase in 

complexity and geometries are less consistent, analytical solutions developed for specific 

experimental cases become less useful. Specific real world cases may diverge from the well-

known solutions to simplified boundary value equations. Here, a numerical solution technique 

can be applied to account for complex geometries. However, this does not take the place of the 

boundary value problem, and only acts to extend it based on the complexity of the problem. 

These fundamentals must be understood in order to produce useful results. 
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1.2 Conclusion and Statement of Need  

 

Composite manufacturing is a complicated subset of composite engineering with a number of 

unique problems that are left unsolved. In seeking to implement theory into applied 

manufacturing of composite materials, some of the art in manufacturing can be understood by 

increasing the boundaries of applied science. By knowing the processes used in composite 

manufacturing, engineering research can give insight into the physical process taking place and 

refine the tools used to set up production. The advances in high fiber content, high strength and 

high stiffness composite materials are a product of engineering research. This research is 

ultimately driven by the economic value anticipated by the application of scientific tools to 

composite manufacturing.   

 

In applying these tools to the study of composite processing methods, there are a number of 

useful areas to study. In this research document, numerical tools will be used to study composite 

fiber reinforcement permeability and the effect it has on the processing parameters inside of a 

closed mold process. The ability to predict permeability could help to reduce the need for 

numerous measurement techniques and experimentation in the lab through an automated 

numerical process. The micro- and meso-scale numerical approaches outlined in this document 

will help to meet an industry inspired need to understand the fiber reinforcements used when 

creating high performance structural parts. The governing fluids equations during a resin 

infusion into a fiber preform are based on natural phenomena, but they can be applied to reduce 

cost, increase repeatability, emphasize safety, and optimize composite part production.  
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Translating the problems that are traditionally solved by trial and error to a solvable set of 

empirical, intuitive, and numerical tools is an instructive advancement. 
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2. LITERATURE REVIEW 

 

2.1 Composite Manufacturing Processes  

 

Liquid Composite Molding (LCM) is a robust class of manufacturing processes that can be used 

to create composite parts with good reliability and desirable performance properties. Finished 

composite parts can be made in many sizes and geometries through closed molding processes. 

The LCM class can be divided into a number of similar but distinct manufacturing techniques 

such as resin transfer molding (RTM) and vacuum assisted resin transfer molding (VARTM) 

[51]–[53]. Similar processes, such as Resin Film Infusion (RFI) [54]–[56] and Structural 

injection Molding (SRIM) [57]–[59], have been developed for specific manufacturing 

applications. Additionally, many of the commercial processes have been patented or made into 

trade secret variations [55], [60], [61]. The underlying goal of these variations is to create 

reliability and repeatability in the manufacturing process. 

 

Controlling design variables is a difficult but necessary component in producing a quality 

finished part. There are many manufacturing inconsistencies that are challenging to control, 

creating a relatively large statistical variation in material properties [62], and even identically-

designed processes do not always result in identical finished products.  Ongoing research is 

exploring many processing variables, including draping, compaction, impregnation, location of 

injection ports, resin kinetics, gel time, viscosity change with temperature or cure, and textile 

weave – all of which are known to affect manufacturing results and permeability [63]. Given the 
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complexity of the individual variables and their interaction effects, it can be particularly difficult 

to develop accurate simulations and models for component manufacturing processes. 

 

Thermosetting resins and thermoplastics are the two main forms of matrix material used in LCM. 

The resin is chosen based on the viscosity, gel time, glass transition temperature, cure time, 

mechanical properties, physical characteristics, and the component to be produced [64]. The 

most common thermosetting resins are polyester and epoxy based. Composite materials are 

designed for specific applications and therefore they can be customized for various uses. This 

involves a designed matrix material which is produced to optimize performance and 

manufacturability.  

 

 

Figure 2: Illustration of the general Resin Transfer Molding Process with a Constant Injection 

 

Resin transfer molding is a manufacturing process that uses a rigid, two-sided, closed mold 

containing a fiber preform, which is then injected with resin as shown in Figure 2. The matrix 
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material in this process is most commonly thermosetting, with pressure pots or flow rate pumps 

used for injection [65]. Both injection methods are used to inject resin under pressure in an effort 

to completely impregnate the preform. Following an infusion, the composite can be cured in the 

mold to create a finished product. The process produces complex geometries with good 

tolerances and surface finish. A strong understanding of the process is necessary in order to 

create the desired finished part [66], and such understanding is even more critical in the 

modeling phases of design. Generally, there is a constant pressure outlet condition but a negative 

vacuum pressure can also be applied.  

 

Competition for composites on a performance basis is as important as competition on a cost 

basis. Composites are high performance materials and Resin Transfer Molding is popular for 

many low-volume applications where the cost basis gives it some advantages over metal stamped 

parts [67]. The process is also popular where a number of components need to be integrated into 

one part with reduced assembly manpower. There is a need to further the understanding of the 

manufacturing processes discussed above and to be able to control the material variations that 

result in scrap, waste, and added expenses. Scientific modeling tools will help in this 

understanding and ultimately lead to increased reliability and lower production costs. 

 

2.1.1 Fiber or Inter-tow Permeability Modeling  

 

For a given fiber volume fraction, the differences in experimentally-measured permeabilities 

from test to test are generally large. Permeability Benchmark II [68] showed about 20% 

variability in permeability when different groups used the same methods to measure. Variability 
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on the order of 10-50% is common, and variability of over 100% is not unheard of [69].  This 

variability makes it extremely difficult to identify the correct permeability value without 

numerous tests being run in order to identify a reasonable average value and statistical variation. 

The variability also makes the prediction of permeability using analytical and numerical methods 

more attractive, but just as difficult to accomplish robustly. There are a number of efforts to 

develop numerical solutions that correlate well with experimental measurements that show 

promise [70], [71].  Furthermore, there is an even larger basis of empirical equations that have 

been created to fit specific data sets [72], [73].  

 

Permeability is ideally a geometric property that should be attainable based on analytical 

considerations if a strong understanding of that geometry is known [74]. Flow scenarios based on 

Darcy’s Law can be used to obtain average permeability for a sample preform on the 

macroscopic scale, while the tow-scale permeability has a number of models that are accepted 

[63], [75]–[77]. These models attempt to quantify the effects of geometry on the resulting flow in 

an analytical manner. Numerical approaches have been applied to consistent geometries but less 

time and effort has been spent to create realistic microstructures. 

 

The Kozeny-Carman equation is a common starting place for many other permeability models 

where a known volume fraction is used with empirical parameters to represent porous media 

[78]. Various channel cross sections with specific lengths can be combined and solved based on 

the fluids equations. The equation uses a relation of the permeability to the porosity through the 

Kozeny constants, fiber volume fraction, and surface area [79]. The specific surface of the 

porous medium is used to express the permeability that was deduced from the hydraulic radius of 
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the channels. The original equation is derived from the lubrication approach for granular beds 

and treats the fluid resin flow like capillary flow. 

 

The adapted Kozeny-Carman equation for the permeability of unidirectional reinforcement is as 

follows: 

 

 

(11) 

 Eq. 11 Kozeny-Carman Equation 

 

Where R is the fiber radius,  is the fiber volume fraction, and C is an empirical constant. Some 

authors have used 0.5 for flow parallel to fibers and 10 perpendicular to the fibers [80]. Another 

case used 1.78 and 1.66 for quadratic and hexagonal packing assumptions, respectively [76]. 

Many papers have been written using this model to describe isotropic media, and there have been 

extensions of the model made to anisotropic preforms [77], [81]–[83]. The Kozeny-Carman 

equation has been shown to fit a number of cases that benefit from the use of this model. In most 

cases a fit is derived. 

 

Limitations of this model include that it is a strictly one dimensional capillary model that works 

best in isotropic porous media and has difficulty extending to directional fabrics [84]. The 

Kozeny-Carman equation does not have a direct application to parallel or transverse flow 

through fiber preforms because it does not account for the inter-laminar porosity, dual-scale 

porosity, or fibrous geometries [79]. When used to calculate transverse permeability, the values 

produced are not always realistic but have been shown to effectively model a complete block of 
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the transverse flow in unidirectional reinforcements [76], [80].  Additionally, the Kozeny 

constant is an experimentally-obtained factor and is of heuristic origin. The results of applying 

this equation consistently show that flow is less resisted along the fibers than transverse to them. 

This result is intuitive but can also be non-physical and fiber volume fractions beyond complete 

blockages of flow or where a region is porous but that porosity is not interconnected.  

 

It was indicated from one application of the Kozeny-Carman equation that around 50% volume 

fraction, a 1% increase in fiber volume fraction causes a 10% decrease in permeability [85]. This 

can help to explain another confounding factor in the experimental results, because 

measurements will be affected by mold deflections and preform compression including local 

nesting. If small changes in local volume fraction cause large changes in permeability that effect 

could drastically influence measurements. Understanding this variation at a constant fiber 

volume fraction is difficult with the Kozeny-Carman equation because the information about the 

fiber dispersion and how that affects permeability at a single volume fraction is lost. 

 

There are a number of other models including one by Gutowski et al. [77], which is an empirical 

model that agreed with the Kozeny-Carman equation at a maximum theoretical fiber volume 

fraction. One specific drawback of this method is that the resulting permeability value diverges 

to a lower value than experimentally shown when the volume fraction drops.  Additionally, 

models built on empirical basis need empirical parameters that can be more difficult to obtain 

than simply measuring the fibers or fabric for permeability directly.  
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Bruschke et al. [86] invented a hybrid model, for flow transverse to the fiber direction, that 

approaches the values given by other models at low porosities and approaches an analytical cell 

model solution at high porosities. Strong correlations were shown between the model and 

numerical results of flow in arrays of aligned fibers for a number of test cases. The porous media 

was represented by a geometry of perfectly aligned cylinders. This model used the drag 

resistance across the cylinders, but it is not useful in predicting permeability for flow parallel to 

an aligned group of fibers. Additionally, this equation is quite large but is largely parameterized 

to only require fiber radius and total fiber volume fraction as inputs. 

 

Another strategy is the unit cell model. This makes the assumption that the fibers are spaced 

widely enough and that the flow scale is small enough to neglect the interaction of drag on each 

fiber from another fiber [87]. A number of unit cells can be geometrically created to predict 

permeability based on what relates to the real world geometry. The permeability is then predicted 

based on the resulting flow field solutions. This solution is suitable for widely spaced fibers with 

high porosity [63].  

 

Gebart et al. [76], [85] was interested in modeling quadratic, hexagonal, and periodic arrays of 

fibers. This approach used lubrication theory and extended the Kozeny-Carman equations, where 

the flow of fluids in one dimension is much smaller than the flow in another direction. This was 

done to solve for the flow rate and pressure drop relationship analytically and obtain an 

expression for the permeability both parallel to and perpendicular to aligned fiber tows. Stokes 

flow was used to derive different expressions to fit the permeability of flow along and 
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perpendicular to the fibers arranged in a geometric array. In the model, the fibers are arranged in 

perfectly packed, aligned, bundles with channels between them.  

 

A number of constants were defined for various packing arrangements including C1 depending 

on the packing arrangement, c depending on cross section shape, and the theoretical maximum 

volume fraction Vf max. These values were determined analytically based on the packing 

arrangement geometry for square (Eq. 12) and hexagonal packing (Eq. 13). Of additional 

importance, this equation set allows for the transverse flow to stop when a maximum fiber 

volume fraction is met, which is not always accounted for in other models. The equation for flow 

parallel to the fibers is theoretically the same as the Kozeny-Carman equation with a different 

scaling factor and approach to the derivation. Reports have been made fitting analytical models 

based on the Gebart equations and experiments for unidirectional reinforcement and 

unidirectional fiber tows [76], [85]. This is also generally done by scaling a parameter like 

effective fiber radius to fit the data set.  

 

 

(12) 

 Eq. 12 Gebart's Square Packing 

 

 

 

(13) 

 Eq. 13 Gebart's Hexagonal Packing 
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2.1.2 Woven Textile Permeability Modeling 

 

Textiles are made up of random mat, woven, braided, or aligned fibers that are often bundled 

together into fiber tows. These fiber materials can vary in composition, such as fiberglass, carbon 

fiber, or aramid fibers to name a few. There can be 6,000-12,000 fibers per tow and modeling 

each fiber on this scale is prohibitive. Specific textiles are designed for their desired structural 

properties in the finished product. Generally, processing the composite and manufacturing 

considerations come second to the structural design.  Currently, the most effective way to 

generate accurate permeability values is to conduct numerous measurements. This is reasonable 

for a small set of sample materials over a small range of fiber volume fraction, but becomes 

costly and labor intensive if a large array of different fabrics needs to be characterized. These 

measurements are further confounded when a large geometry change or fabric shear is expected 

in the composite mold because this is often not accounted for in the in-plane experimental 

measurement. Additionally, because of the variability in fiber preforms and experiment layups, a 

large range of permeability values are seen for a single textile [88]. This permeability variation 

can also be seen because of testing procedures [68], [69]. Permeability Benchmark II cut 

variability to 20% by comparing similar testing procedures. When comparing various testing 

procedures on the same fabric, an order of magnitude difference in permeability is not 

uncommon. When comparing measured results of the same material between research groups 

and various fixture designs, even more variation can be seen. There is no ASTM standard for 

measuring composite fiber reinforcement permeability so researchers are often using very 

different approaches developed by their lab.  
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In textile modeling, there are generally three agreed-upon length scales. This starts at the micro-

scale with individual fibers; followed by the mesoscopic length scale, which is the length 

between tows; and the macroscopic or component scale that describes the whole fabric preform 

[89]. Models can be run at a length scale of interest, where the resulting data can be used to 

create model data at the next larger length scale in a sequential modeling approach. Figure 3 

shows an infographic where the length scales of interest are illustrated. The micro-scale is 

composed of individual fibers aligned into yarns in the order of micrometers. The meso-scale is 

composed of yarns braided or woven into a fabric on the order of millimeters. The macro-scale is 

composed of a near net shape component or sub-component on the order of meters. 

 

             

 

Figure 3: Length Scales of Interest in Composite Manufacturing. The micro-scale is composed of 

individual fibers aligned into yarns in the order of micrometers. The meso-scale is composed of 

yarns braided or woven into a fabric on the order of millimeters. The macro-scale is composed 

of a near net shape component or sub-component on the order of meters. 

 

A numerical prediction of permeability should be possible because, on its most basic level, 

permeability is a geometrical consideration. On a macroscopic and component level, flow 

through porous media describes the process of resin injection composite molding. The fiber 

preform has a number of scales, starting at the micro-fiber level, continuing to a meso-scale of 

Micro-scale Meso-scale Macro-scale 
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fiber bundles, and up to the full-scale woven textile [90]. The creation of a robust predictive 

model would allow for the rapid characterization of a large number of fabrics, while creating 

variables for easy modification of fiber volume fraction, compaction including nesting, lay up, 

and in-plane shear.  

 

Relatively strong analytical solutions exist for simplified cases of fiber orientation and packing, 

but these approaches tend to break down for complicated woven or braided structures. 

Additionally, it is difficult to account for the effect of random fiber orientation and spacing when 

a rectangular or hexagonal packing arrangement cannot be identified or justified. A numerical 

approach can combine a more complicated geometry with analytical or numerical descriptions of 

tow properties. This can allow for complex modeling of fiber preforms while accounting for 

factors such as porosity, nesting, tow profile, and these geometrical models can be solved for the 

resulting flow scenarios. Further, macroscopic permeabilities can be calculated based on Darcy’s 

Law. This approach requires good material property data and an understanding of effects volume 

fraction plays.  Direct applications of the Navier-Stokes and Darcy’s equations to numerically 

model flow in the inter-tow and intra-tow regions should apply and be valid [19], [91]–[94]. Ngo 

et al. [95], [96] used the finite element method to solve for flow through a three-dimensional unit 

cell of a plain weave fabric and obtained good correlations between the predicted permeability 

values and published data. 

 

Studies have been conducted into the effect of intra-tow and inter-tow porosities on the effective 

transverse permeability of a square array of permeable tows [97]. The boundary element method 

in this example used the Navier-Stokes equations for flow through all regions to avoid 
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representing the flow at the fluid / tow interface. An empirical power law function was used to 

describe the dependence of the effective permeability on the intra-tow and inter-tow porosities.  

 

Further research efforts [98] use a homogenization method to formulate the governing equations 

for a dual porosity media based on the Navier-Stokes equations. This approach solved flow in a 

single ply, as well as a three ply three-dimensional model of a woven fabric; however, no 

quantitative agreement with experimental values was demonstrated for the calculated 

permeability.  

 

Amico et al. [99] used a model to predict the permeability of an assembly of unidirectional tows.  

This flow scenario modeled the spaces between the tows as channels with rectangular cross 

sections and used Darcy’s flow through the elliptical porous tows. Experimental results were 

able to validate the modeled transient flow front.  In these experiments, a unidirectional fabric at 

low injection pressures was used. Often cited, they found that at high injection pressures the 

difference between the flow fronts in the porous tows and free channels is negligible. This is 

used as a justification for not considering capillary effects separately from the total pressure. 

Specifically, this assumption applies at high pressure injections over one atmosphere. 

 

A number of optical methods have been used to investigate the geometry of the fiber preform 

accurately. When creating models of a unit cell fiber preform, the predicted permeability values 

will be highly dependent on the quality of the measurements and the acquisition of tow shape 

and fiber packing arrangements. Dunkers et al. [92] used a non-destructive technique called 
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optical coherence tomography to image the microstructure of a composite. This approach was 

able to slice the domain and obtain data for geometrical modeling.  

 

Furthermore, digital measurement methods have been used to find the dimensions of the fiber 

tows, channels between tows and thickness [99], [100]. This appears to be a powerful method to 

accurately and quickly obtain large amounts of data for unit cell construction. This unit cell can 

then be used in mechanics or fluids based problems. Woven fiber preforms have been imaged 

using X-ray analysis [101] to create a representative model of the preform layers and calculate 

the permeability of the reinforcement. The predicted permeability value can be in the same order 

of magnitude as experimental values.  

 

Endruweit and Long [102], [103] created an open source project and a set of python scripts and 

identified that that variation in the tow properties caused changes in the modeled results. The 

Gebart equations were used to predict local permeability values, and then injection simulations 

were simulated for a fabric over a range of variations in permeability. These models have also 

been adapted to look at physical properties and effects that take place in forming through 

coupling them with Abaqus [104].  The results have occasionally been presented without 

experimental results. 

 

A number of papers have been written using TexGen for mechanics and fluids [105]–[109], 

which is an open source general purpose textile generator written in the Python coding language. 

TexGen works by defining vectors that describe the path taken by a tow within a textile unit. 
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Bezier curves are then used to create mathematically-smoothed path lines integrating the user-

defined cross sections. These user-defined geometric properties are input parameters that have 

been taken from a characterized fabric. The dimensional parameters are then iterated in order to 

follow each vector path line to form the tow or yarn volumes. Next, an assumed geometry 

domain is generated for the fluid flow case. This fluid volume makes up the matrix material not 

composed of fibers and tows. Furthermore, the geometries can be defined manually for special 

flow scenarios. A number of cross sections can be implemented in TexGen including circles, 

ellipses, and lenticular shapes using the generalized ellipse equation.  

 

The originators of WISETEX, Lomov et al. [110], [111], also developed a general textile 

geometry software that can be used to construct models for various woven and knitted fabrics. 

Currently a commercially available package, WISETEX has many of the same geometry 

generation tools but couples proprietary flow and mechanics solver packages as add-ons. These 

geometry models can be fed into permeability models and mechanical models to predict flow and 

mechanical behavior. The software is widely used in literature [110]–[112]. Occasionally these 

results have been compared to experimental data. Generally, the results have been mixed and 

largely dependent on the material characterized. Furthermore, this tool also uses analytical 

approximations for the micro-scale flow variables based on the Gebart equations.  

 

In one case of permeability prediction from a group at the University of Auckland, the 

researchers do not account for the microstructural porosity of the tows [113]–[115]. Some 

modeling approaches have fit specific data sets while assuming that the tows are solid bodies that 

are impermeable to fluid flow. In these simulations the boundary conditions are set as pressure 
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inlet and pressure outlet conditions with solid tow bodies. The geometries are unit cells and the 

data they are generated from is made using image analysis techniques. The geometries are made 

into voxel based meshes and flow simulations are conducted on these meshed geometries. In this 

series of papers data is compared with previous results from literature and shown to fit well.  

 

The unit cell approach to preform permeability using the geometrical makeup of a fabric or 

reinforcement has been successful in some cases [116]–[121]. Using the unit cell approach 

allows for the dual-scale porosity of intra-tow and inter-tow domains to be modeled. Generally, 

this involves modeling the inter-tow regions with the Navier-Stokes equations and the intra-tow 

regions with Darcy based flow [120]. Permeability prediction with a unit cell aims to reduce or 

eliminate the time consuming experimental characterization step of this numerical modeling 

process. Tan et al. [118] created permeability models of small and large representative unit cells 

for biaxial stitched mat. Gebart’s [76] analytical permeability for tow permeability and applied 

an finite element method (FEM) approach to solve the fluid equations. It was found that the large 

unit cells over predicted permeability, while the small unit cells under predicted the permeability 

compared to the experimental results. Chen et al. [120] also used a similar unit cell method and 

found acceptable agreement between numerical and published experimental permeability results 

for several plain weave fabrics.  

 

Robust methods for numerically predicting permeability would be useful to quickly characterize 

a large array of fabric types. The basic procedure includes modeling the fiber preform structure, 

which is closely related to the real fabric from measurements taken of the real architecture at 

compaction. The smallest repeating unit cell of geometry is modelled and computational fluid 
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dynamics is used to compute the resin flow through the structure. The permeability is back-

calculated from Darcy’s Law and the flow through this structure by the pressure profile, length, 

viscosity, and velocity.  

 

2.1.2.1 Permeability Measurements  

 

Permeability measurements can be taken in a rectangular cavity that forces unidirectional flow 

by injecting resin through a constant flow rate line in and releasing resin through a constant 

discharge line out. This is a measurement using saturated flow where two pressure sensors are 

placed a known length apart. Since the pressure difference can be calculated, viscosity is known, 

and because the flow rate is a prescribed condition, the permeability can be calculated directly. 

The fiber preform is thin so that the flow can be assumed one dimensional, with little to no 

through thickness change, and Darcy’s Law can be used to calculate the permeability in a given 

direction. Radial flow experiments can also be done to predict permeability [70], [90], [122]–

[127]. The results gained from in-plane permeability experiments and radial experiments usually 

agree well with each other but there is no guarantee because the results are heavily preform 

dependent. Additionally, a modified form of Darcy’s Law should be applied if pressure boundary 

conditions are used. 

 

Permeability will vary with orientation angle and layup. The apparent permeability is usually 

different than the principal value unless it coincides with one of the principle directions in the 

reinforcement or model. This is where transformation tensors become important.  In order to find 

the principle permeabilities and create a tensor, three tests must be run. Starting with an x, y, z 
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coordinate system (which often aligns with the warp, weft, and transverse directions for 

convenience), samples must be tested at the directions corresponding to 0⁰, 45⁰, and 90⁰. From 

this information, the principle permeabilities can be found; Weitzenbock et al. [128] provide a 

good reference on the transformation.  

 

2.2 Component Process Modeling  

 

Once permeability is characterized, it is important to know how to apply that information about 

the flow to a model of manufacturing interest. The component scale cannot account for all of the 

geometry changes from the micro- and meso-scale and so a homogenized permeability is used to 

represent the resistance to resin infiltration. Computational fluid dynamics (CFD) is a useful tool 

in a number of manufacturing processes where direct visualization of time-dependent processes 

is not possible due to considerations such as a closed mold, heat, and pressure. One example is 

during the heated composites manufacturing cure cycle in resin transfer molding. This is a time-

dependent process often conducted at high temperatures where the finished component is also of 

interest. Without simulation tools, the processes taking place within a complex mold could not be 

fully understood or predicted. Since the governing equations are known and researchers have 

developed an understanding of the physical properties, it is possible to create a complex 

simulation that discretizes the domain of interest and lets the computer run an experiment to 

show what takes place inside of the filling mold. This process allows researchers to move inlet 

and outlet injection port locations to discover how various streams of fluid may impinge or 

enhance the final component.  
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The functionality of computational fluid dynamics can be further extended to the realm of 

invisible physics. It is likely that without computer simulations the effect of nanoparticles and 

macro-scale material interactions would remain a mystery. With the use of simulations, the 

physics provide a way to visualize how a small particle flows through a porous substrate. As a 

research tool, computational fluid dynamics can provide information for direct application in 

manufacturing.  

 

To understand the complicated flows taking place in composite component processing, the 

manufacturing procedure must be clear. Resin Transfer Molding (RTM) takes place with two 

matching machined tools, where the fiber preform is placed in the cavity and the mold is closed 

[129], [130]. Following the closure of the mold, resin is injected and the part is run through a 

heated cure cycle. The final step is to remove the part from the mold and do any necessary 

trimming and finishing. This whole process takes place above atmospheric pressure. The mold 

shape in RTM can be relatively complex and the fiber preform is expected to fit the complex 

shape of the mold. This can often require significant changes to the fiber orientations and tow 

shearing, which will affect the flow of resin later in the injection stage. Thus, realistic models are 

needed to select and locate injection ports and vents. The injection pressures and flow rates 

reduce the expected voids in the composite part. The ultimate goal is to fill the entire mold cavity 

before the resin gels and to create parts that reduce waste. When modeling the filling of a RTM 

mold, the fill time is often short in relation to the gel time of the resin.  

 

A variant of resin transfer molding is Vacuum Assisted Resin Transfer Molding (VARTM) 

where the key difference is that this process takes place under a vacuum [5]. This means that the 
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maximum pressure seen is the value of the local atmospheric pressure. This is also a one-sided 

mold with a vacuum bag where a vacuum pump draws the resin into the mold. There are variants 

of this process that use two solid tools or a solid tool plate and a vacuum bag with distribution 

media. Other variations of this process are called Resin Infusion under Flexible Tooling (RIFT)  

and the patented Seamann Composites Resin Infusion Molding Process (SCRIMP) [131], both of 

which use a hard tool on one side and a vacuum bag on the other. Pultrusion and Structural 

Reaction Injection Molding (SRIM) are further processes where resin flows through a fiber 

preform [132].  

 

A slightly different Liquid Composite Molding (LCM) process is called Compression Resin 

Transfer Molding (CRTM), which has a few stages [133]. First, during the injection stage a 

quantity of resin is injected into a mold that is not completely compacted. This allows the fiber 

preform to begin to wet out and removes some voids. Second, the mold is closed completely, 

allowing the resin to be forced into the fiber preform and ideally replace all of the remaining air 

left in the mold. Third, this process can then pump more resin into the mold or begin the cure 

cycle immediately.  

 

The cure cycle used in component processing will have a significant effect on the mechanical 

properties of the finished part and therefore it is necessary to consider separately when it is not 

considered in the injection step. The curing reaction depends on temperature but the 

polymerization of the thermosetting class of matrix material is also a heat-generating process in 

itself, which directly affects the temperature [134].  In a perfect situation, the preform is fully 

saturated with resin and then the RTM mold is heated in a resin specific cure cycle. Resin curing 



37 

is usually designed to be minimal during infusion stage in order to maintain a low resin viscosity. 

This allows for a fast fiber reinforcement saturation before the resin gels [135].  With and 

isothermal fluid flow assumption the mold fill time is shorter than the time required for the cure 

to affect viscosity of the resin [136]. This is often the case and will be a basis assumption for the 

work in this dissertation. Although resin cure and kinetics are an important aspects of the RTM 

process, this is outside the scope of this study.  If the resin is significantly curing and changing 

during the infusion, a coupled solution and a cure kinetic model can be introduced. This is 

implemented as an additional term in the heat and mass balance equations, as well as relating to 

the flow model by through the variable resin viscosity [137]. A specific example of this method  

and implementation has been done in literature [137].  

 

The traditional method for modeling composite infusion is to model flow through a fabric 

reinforcement that obeys a macroscopic model such as Darcy’s Law [63]. This approach does 

not consider the details of the reinforcement on the nano-, micro-, or meso-scales. The 

reinforcement is treated as having a permeability tensor that applies to its principle coordinate 

directions. The tensor will account for the fact that the resistance to flow is not the same in all 

directions.  

 

The intricate fiber microstructure cannot currently be modeled for the entire preform geometry 

because of limitations in computational resources, so it is necessary to create efficient methods 

of computation with the most important effects accounted for in the model. As computational 

power continues to increase, computer modeling is an increasingly important component in 

design and waste reduction through digital prototyping. There are a number of commercial 
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software packages available specifically for the composites marketplace as well as general 

physics solvers that can be applied. Flow models can be used to simulate manufacturing 

processes if there are accurate data and a strong understanding of the governing mathematical 

tools that characterize the flow during resin impregnation [63].  

 

Many two-dimensional flow scenarios in composite modeling are valid because most composite 

parts have much smaller thicknesses than other part dimensions. In this case, the transverse, 

through thickness flow can be neglected and a two-dimensional problem can be solved [49]. As 

more complex geometries are modelled with significant through thickness components, a three-

dimensional case is necessary in order to produce accurate results [138]. Also, non-isothermal 

simulations are necessary when temperature and degree of cure vary through the part.  

 

In many practical situations fiber volume fraction will vary across different parts of a preform, 

thus the resulting permeability will also vary in the preform. Using Darcy’s Law calculation for 

the fluid flow, a pressure drop is created across length, the appropriate flow equations are solved, 

and the permeability is calculated using the resulting pressure and velocity fields. Lekakou et al. 

[139] described the flow through the intra-tow and inter-tow regions in a textile reinforcement 

using a model that incorporated the effects of viscous and capillary forces on the flow. Their 

computational studies on a woven fabric model showed that it is only important to separately 

incorporate capillary flows at very low injection pressures (below half of an atmosphere). The 

pressure that is important is also a function of tow diameter and volume fraction. At pressures 

below 50kPa, this capillary flow is more significant within the tows and would influence the 

predicted global permeability. Since in practice most resin infusion processes use high injection 
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pressures, it is reasonable to not specially treat the capillary forces for modeling purposes. 

Additionally, in very low injection pressures, vacuum pumps are often attached to the outlet 

which again would reduce the need for capillary effect considerations. 

 

2.2.1 PAM-RTM Modeling 

 

PAM-RTM is a software code owned by the ESI group and originally was based on a non-

conforming finite element method developed by Gauvin and Trochu [140].  In this paper, the 

code is called RTM-FLOT and it is used to solve the RTM mold filling problem based on 

Darcy’s Law. The code defines a fill factor for each element and no further control volume is 

constructed for each node. The method used by Gauvin and Trochu ensures the flow rate across 

inter-element boundaries is conserved. The first applications of PAM-RTM looked at flow 

through multi-layer preforms and edge effects where the resin racetracks along the mold. They 

were able to deduce flows based on poor preform fit and obtained good agreement with 

experimental observations. Along the physics, only a simplified form of Darcy’s transient 

equation is being solved; this reduces the computation time but also reduces the level of 

complexity that can be solved without special considerations.  
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2.2.2 FLUENT Modeling 

 

Isoldi et al. [138] used Fluent to model the RTM manufacturing process. The method they 

implemented used a volume of fluid method for the transient filling solution to produce a total 

fill time. In this solution, they neglected any heat effects or time sensitive resins but they were 

able to implement edge effects seen by resin runners inducing race tracking. Preliminary 

examples were presented to compare analytical, experimental, and numerical solutions. A final 

problem was solved without experimental validation as an extension of previous validated 

solutions. This solution looked at light resin transfer molding and verified the ability to combine 

porous media regions with open regions. For these simulations the Navier-Stokes equations are 

directly applied with a sink term for momentum, which accounts for the Darcy permeability.    
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3. MODELING TO PREDICT MICRO-SCALE PERMEABILITY FOR FIBER 

REINFORCEMENT IN LIQUID COMPOSITE MOLDING 

 

3.1 ABSTRACT 

 

In liquid composite manufacturing, permeability is the driving process parameter for mold fills 

and is critical for understanding the infusion flow and pressure distribution that results. 

Permeability has been identified as a complex variable which can vary significantly in magnitude 

for similar test cases. Permeability has also been isolated at different levels because of the multi-

scale nature of composite fiber reinforcement. In the micro-scale, fibers are formed into 

randomly aligned tows composed of thousands of fibers. A second scale, the meso-scale, 

considers the tow dimensions and weave parameters, but inputs a Darcy based permeability to 

make up for physical geometry variations. On the micro-scale, fibers are generally considered as 

ordered in some kind of idealized packing arrangement, for example hexagonal or square 

packing. This is not always realistic and defining permeability as a function of porosity alone 

may not be enough to achieve an accurate permeability prediction on the micro-scale. Here, we 

isolate the micro-scale structures of unidirectional fiber reinforcements and investigate flows 

across aligned fiber geometries and infusion characteristics during manufacturing. Reduced 

geometries are utilized to represent the fiber and matrix interactions during a liquid infusion. The 

overarching goal of this research is to use numerical tools to create better understanding of 

composite manufacturing processes. A systematic computational approach is utilized to 

understand how material packing changes the fluid flow regime during composite 

manufacturing, helping to select appropriate infusion parameters to produce a part. This 
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approach incorporates a numerical modelling procedure to predict unidirectional permeability on 

the micro-scale. The results set up a baseline that compares well with analytical models as a 

function of fiber diameter and volume fraction. Results show that variations due to fiber packing 

can be identified independently of fiber volume fraction.  
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3.2 Introduction 

 

Liquid composite molding (LCM) is a class of composite manufacturing procedures composed 

of many commercial composite manufacturing techniques. Specific LCM processes that are 

commonly used include resin transfer molding (RTM) and vacuum assisted resin transfer 

molding (VARTM). These manufacturing techniques are able to produce high performance 

composite parts with good finished properties [4]. These processes have been critical to the 

aerospace industry for a number of years, are often used in nautical and marine applications, and 

are of growing importance in the automotive industry to meet new fuel economy standards [141]. 

LCM processes are extremely important to creating lightweight parts that have high performance 

density.  

 

The general LCM process injects a thermosetting or thermoplastic resin into a fiber preform. 

This fiber preform is composed of individual fibers that can be woven, braided, knitted, stitched, 

or randomly placed in mats to create the fibrous reinforcement. When a composite component is 

designed, modeling techniques are necessary to predict what will take place in this closed mold 

process. These models for the injection processing rely heavily on the properties of 

reinforcement permeability that act as a proportionality constant in Darcy’s Law. Neglecting 

accurate values for permeability, the design and placement of injection ports, flow rates, resin 

runners, and resin outlets cannot be confidently conducted on the component scale. Without this 

modeling step, the designed mold could unintentionally promote the formation of voids or dry 

spotting in the finished composite part.  
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Unidirectional permeability has been shown in the past to agree well with Darcy’s Law for 

porous media but it is important to note that this permeability value is heavily dependent on the 

total fiber volume fraction of the part. As fiber volume fraction increases, permeability rapidly 

drops. Darcy’s Law is dependent on the flow rate through a volume, the characteristic length, the 

pressure drop over that length, the fluid viscosity, and the permeability of the medium [68]. 

Darcy’s one dimensional formulation is  

 
𝑄 =

𝑆̿𝐴

𝜇

(𝑃𝐼𝑁 − 𝑃𝑂𝑈𝑇)

𝐿
 (14) 

 Eq. 14: Empirical Form of Darcy’s Law 
 

Where, Q is the total fluid discharge in units of volume per time. Permeability S, with units of 

length squared, is multiplied by the cross sectional area A, and the total pressure drop (𝑃𝐼𝑁 −

𝑃𝑂𝑈𝑇) over the length perpendicular to flow. The viscosity is accounted for and the fluid flows 

from high pressure to low pressure. The equation can be expanded to three-dimensional by 

removing the cross sectional area and perpendicular length giving,  

 
�̅� = −

𝑆̿

𝜇
𝛻𝑃 (15) 

 Eq. 15: Darcy Flux Formulation 
 

Where q is not the velocity but is the Darcy Flux, known as the discharge per unit area and is 

related to the velocity times porosity. Also, the pressure gradients are used to replace the 

pressure drop across length. The in-plane directions are often denoted as Sxx or Syy in the x- and 

y-directions and Szz in the transverse z-direction [98].  
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 Eq. 16: Tensor Form of Darcy’s Law 
 

The principal permeabilities are often denoted as S11, S22, and S33. In anisotropic media, a second 

order tensor is generated noting the pressure drop in three dimensions across an element of 

porous media. The tensor is symmetric and diagonalizable where the eigenvectors denote the 

principal directions of flow and the eigenvalues are the principal permeabilities. The most 

common way to obtain these values is experimentally through tests that prescribe the boundary 

conditions of Darcy’s Law to calculate permeability. These tests require the preform to be 

measured in principle directions as well as at all fiber volume fractions of interest. Furthermore, 

the accuracy of permeability values is critical to infusion process simulations, but the 

permeability measurement techniques are known to be subject to large variations that may be due 

to structural variations, non-uniformity, and deformation of the preform during measurement 

[76], [80], [82], [86], [142]. 

 

A number of analytical models have been posed for permeability. For example, the Kozeny-

Carman equations were originally developed for granular beds and have been adapted for 

permeability of aligned fiber beds. The equation was proposed as an option for predicting 

permeability in terms of geometrical properties in fiber beds [77]. The equation is  
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𝑆 =

(1 − 𝑉𝑓)
3

4𝑘𝑉𝑓
2 𝑟2 (17) 

 Eq. 17: Kozeny-Carman Equation  
 

Where, Vf is the fiber volume fraction, r is the fiber radius, and k is the empirically derived 

Kozeny-Carman constant, typically in the 0.35-1.78 range.  Unfortunately, in the original 

equations, the permeability is larger than zero at volume fractions that go above the theoretical 

maximum packing arrangement. Also, the Kozeny-Carman equation does not specifically 

account for the interconnected nature of the porous tow. At the theoretical maximum packing, 

transverse flow should be completely restricted because the fibers are blocking all possible flow 

channels. Furthermore, discrepancies can arise in the Kozeny-Carman constants when moving 

from idealized and ordered fiber arrays to the much more random and less structured 

arrangements seen in composite cross sections [82], [86], [143], [144].  

 

Another attempt by Gebart [76], specific to unidirectional composite preforms, set up analytical 

models for the flow parallel to and transverse to the fiber orientations. Good results were shown 

for fitting these equations to experimental results for a medium range of volume fractions, and a 

parameterized set of equations were created based on the fiber radius. An effective fiber radius 

about four times larger than the real fiber radius was used. Additionally, the equations are 

developed for ideal hexagonal and quadratic packing arrangements that are much more organized 

than what is traditionally seen in micrographs of composite samples. The Gebart analytical 

models for permeability of unidirectional reinforcements may not represent very high and very 

low volume fractions and are unable to account for outside effects such as stochastic fiber 

packing, fiber diameter variation, and particulate effects. Also, studies on unidirectional fibers 

and unidirectional fabrics are not interchangeable [95], [145], [146]. Unidirectional fabrics are 
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composed of tows often bound together with another material and still have a dual-scale nature 

with larger, meso-scale, spacing combined with micrometer spacing on the fiber intra-tow level. 

This is important to note because if you want to extend the Gebart formulas to simulations of 

woven structures, the equations may or may not be appropriate for meso-scale inputs [147].  

 

The Gebart equations for unidirectional fibers are derived analytically and can be expressed for 

flow perpendicular or parallel to the fiber direction. Tow permeabilities are computed using the 

hexagonal and quadratic packing arrangement.  The theoretical maximum volume fraction for a 

hexagonal packing assumption is π/ (2√3) or 90.69% and is necessary for the analytical 

equations. Eq. 18 describes the hexagonal packing for the Gebart analytical permeability in flow 

perpendicular to the fibers and shows the result for the input parameters used. The term 16/(9 

𝜋√6) or 0.2310 comes from the fiber arrangement and varies for hexagonal and square packing. 

 

𝑆𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 =
16

9𝛱√2
(√

𝑉𝑓𝑚𝑎𝑥

𝑉𝑓
− 1)

5/2

𝑅2 (18) 

 Eq. 18: Gebart’s Analytical Permeability in Perpendicular Direction 
 

Eq. 19 describes the hexagonal packing for Gebart’s analytical permeability in flow along the 

fibers.  Of further note, c is equal to the Kozeny constant of 53 for a hexagonal packing case. 

Looking back at Eq. 17 and comparing to Eq. 19, the relationship on formulation can be seen 

between the Gebart’s and Kozeny-Carman equations. The two equations come from the same 

source and the empirical formulations are slightly different with equation Eq. 19 considering the 

square of the fiber volume fraction in the denominator and 8 in the numerator.  
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𝑆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
8𝑅2

𝑐

(1 − 𝑉𝑓)

𝑉𝑓
2

3

 (19) 

 Eq. 19: Gebart’s Analytical Permeability in Parallel Direction 

 

Using a numerical method, Happel [87] solved for the longitudinal permeability of fiber 

alignments using the unit cell approach. The unit cell was reduced to a circle and an approximate 

solution to the Stokes equation was found. A zero shear stress boundary condition was applied 

on the surface of the circle. From there, additional attempts were made, fixing the boundary 

conditions at the unit cell [148]–[151]. Further, increasingly complex flow simulations can be 

considered based on the unit cell approach, because of increasing computer power. In these 

simulations, Darcy’s Law can be used to back-calculate a permeability from the unit cell 

simulation. Of current interest is the effect of fiber variations on the realized permeability. 

 

It has been stated that uniform arrangements yield lower permeability than non-uniform arrays of 

fibers [148]–[151]. However, the opposite result has also been reported. Bechtold and Ye [152] 

studied the numerical transverse permeability of random fiber arrangements and applied the 

Morishita number to quantify the randomness. The Morishita number measured the variation of 

fiber spatial distribution. With a larger Morishita number the regularity of the fiber arrangement 

decreases and so does the permeability.  

 

Chen and Papathanasiou [43], [44], [153] produced a set of papers looking at the transverse and 

parallel permeability of aligned fiber beds, respectively. They adopted a Monte Carlo procedure 

to generate random fiber arrays up to 571 fibers noting the mean inter-fiber distance and a 

variation of permeability at the same fiber volume fraction. The range of volume fractions 
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investigated in [44] was from 10-55%. They concluded that the inter-fiber spacing can have a 

large effect on the permeability at the same porosity.  

 

The review of literature shows that unidirectional fiber permeability is of interest and an accurate 

description of resin flow in composite manufacturing relies on it. The correlation of fiber volume 

fraction and fiber randomness affects permeability but how remains unclear. In this study, a 

numerical method of permeability prediction is developed that allows for the effects of various 

fiber diameters and volume fractions to be accounted for in parallel and transverse flow 

scenarios. The geometries are generated based on an algorithm described by [154] and then used 

as an input for a macro program that reads the file and extrudes a geometry. Then this geometry 

is solved using computational fluid dynamics and the Navier-Stokes equations. The results are 

compared with literature for flows through unidirectional fiber preforms as well as compared to 

the Gebart's and Kozeny-Carman analytical equations. The numerical results have the potential 

to be used in component level simulations where permeability is needed as a definition for a 

preform layup. Furthermore, these results can be used on the meso-scale for simulations of a 

woven fabric and its repeating unit cell 

 

3.3 Fiber Modeling 

 

An algorithm by Desmond and Weeks [154] was adapted for this numerical study. The original 

algorithm was used to study random close packing of spheres and disks in confined geometries 

to advance the understanding of how random packing orientations affect the maximum packing 
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volume fraction. Here, this algorithm is adapted to create random cylindrical geometries for 

numerical permeability experiments.  

 

In two dimensions, a mixture of disks is inserted into a 1x1 square dimensionless domain. Each 

configuration is implemented by building on the method by Xu et al. [155], Clarke and Wiley 

[156], and Desmond and Weeks [154]. At the beginning, a set of infinitesimal particles are 

placed in the system using the Pseudorandom Mersenne Twister Algorithm to randomize the 

starting points. These points are gradually given volume and location by being expanded and 

moved. They are translated in two dimensions to prevent the overlapping of fiber ends. At time 

zero, infinitesimal particles are injected into the system and gradually expanded and moved at 

each step. When a final state is found where the disks can no longer be expanded without 

overlapping, this step of the packing process ends.  

 

The algorithm alternates between treating the disks as hard particles, where overlapping is not 

allowed, and as soft particles where overlapping is allowed. This is done by using a soft potential 

described by  

 
𝑉(𝑟𝑖𝑗) =

𝜖

2
(1 −

𝑟𝑖𝑗

𝑑𝑖𝑗
)

2

𝛩 (1 −
𝑟𝑖𝑗

𝑑𝑖𝑗
) (20) 

 Eq. 20: Soft Potential 
 

Where 𝑟𝑖𝑗 is the center to center distance between two disks i and j, 𝜖 is a characteristic energy 

scale, 𝑑𝑖𝑗 =(𝑑𝑖+𝑑𝑗)/2 and the Heaviside step function is used Θ(1 −
𝑟𝑖𝑗

𝑑𝑖𝑗
) making V nonzero for 

𝑟𝑖𝑗<𝑑𝑖𝑗. Particles are prevented from overlapping based on a user defined threshold. After each 

expansion step, the disks are checked for any overlapping by checking the condition 1-
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𝑟𝑖𝑗/𝑑𝑖𝑗> 𝜖𝑟 =10
-5

 for every particle. This limit is set by choosing a point where overlap is 

negligible. If disks are found to be overlapping, the nonlinear conjugate gradient method [157] is 

used to move the centers in order to make them no longer overlap. Physically, the average force  

per particle is minimized in order to ensure fiber ends are not overlapping.  

 

The algorithm handles up to a binary mixture of disks of a desired ratio. For each configuration, 

disks are packed into a box of prescribed unit less dimensions. The boundaries of the box are 

prescribed as fixed and a final configuration is generated from the algorithm [155], [156]. A 1x1 

unit square is generated where the number of fibers desired is input. A starting volume fraction is 

selected and a starting volume fraction step size is prescribed. The algorithm packs a volume 

fraction of fiber ends into the square. The wall boundaries are treated as mirrors where, as a plate 

moves closer to a boundary, it is reflected back by its own projection. Up to this point, all 

calculations are dimensionless.  

 

Dimensions are added by selecting a fiber radius and goal volume fraction. The dimensions of all 

other parameters are driven by the dimensions of the nominal fiber radius. This fiber radius 

defines the fiber end area, which can be used to calculate the total area of fibers within a square. 

The total area of fibers is divided by the target volume fraction and this gives a new area of the 

square unit cell. The new area is used to define the lengths of the bounding box sides that make 

up the fluid region that is solved for permeability. This square fluid length is also used to create 

the cubic volume in three dimensions. Before this step, the previous x-, y-, and z-coordinates 

were values from 0 to 1. After this step, the new x-, y-, and z-coordinates are generated by taking 

the cube length in any dimension and multiplying the dimensionless coordinates by that length. 
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The new coordinates are saved as a text file and read automatically to generate a STEP geometry 

file. This section of the code creates an outer cube, the fluid volume, with a set of fibers 

approximated as randomly placed, perfect cylinders.  Particle size ratios of 1 are investigated in 

this paper. The model adopted also limited the maximum achievable packing arrangement 

because of wall induced structure, small fiber counts, and the maximum theoretical packing 

arrangements are not possible here.  
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3.4 Flow Modeling 

 

Here, models are created for the longitudinal and transverse flow through fiber beds. The 

solution for the permeability of flow perpendicular and parallel to the fibers has been conducted 

in three-dimensions with the finite volume code FLUENT. The computations are done at low 

flow rates so that the creeping flow assumption is valid. This implies that inertial forces are 

neglected and the results for permeability should result in linear pressure gradients.  

 

The simulations have been repeated for volume fractions of 10-60% in increments of 10% 

volume fraction. The simulations have been run at fiber counts of 10 and 100 as well as a several 

random packing arrangements at each fiber count. A characteristic geometry for 10 and 100 

fibers can be seen in Figure 4. In the volume cell, the fiber surfaces are assumed to have a 

standard no slip, wall boundary condition. The boundaries of the volume are assumed to be 

translationally periodic and are matched to opposing faces. The inlet condition is a velocity inlet 

and an atmospheric pressure outlet is assumed. The results output the inlet and outlet pressures, 

as well as the interstitial velocity. Periodic boundary conditions are used on boundaries not 

prescribed as pressure inlets or outlets. The steady state laminar flow conditions are assumed to 

accurately represent the flow that takes place under experimental permeability measurements. A 

tetrahedral mesh is generated for the unit cell. Currently, a new and unique mesh is required for 

each volume of fibers and is a limiting factor in the number of random packing arrangements that 

can be realistically investigated. 
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The fluid used in the numerical simulation was motor oil, often used in experimental 

investigations of permeability (Viscosity 0.24Pa*s, Density 709 kg/m
3
). The bulk, macroscopic, 

component level permeability is a function of the micro- and meso-scale permeabilities. The 

component level permeability is of manufacturing interest because it is used in modeling the 

impregnating resin during infusion in the most computationally efficient manner. 

 

3.5 Results  

 

Two generated geometries generated with the process described above are shown in Figure 4, 

with 10 and 100 fibers. They are characteristic geometries generated using the adapted 

algorithm, and the corresponding boundary conditions are reasonably representative of the 

results of the geometry generation tool. The velocity inlet and pressure outlet are prescribed 

along with the periodic boundary conditions. The fibers are treated as walls with no slip 

boundary conditions along their surfaces. The fluid region is shown as green in Figure 4a and the 

fibers are approximated as perfect cylinders which can more clearly be seen in Figure 4b where 

the fiber walls are in green and the fluid is transparent.  

 



55 

 

Figure 4: Characteristic Geometries Generated for Flow Simulations a) 100 Fibers at 70% 

Fiber Vf b) 10 Fibers at 60% Fiber Vf 

 

 

 

 

 

 

Figure 5: Meshed Geometries at 60% Fiber Vf Comparing a) Random Packing, b) Square 

Packing, and c) Hexagonal Packing 

 

Figure 5 shows a characteristic example of a “random” geometry at 60% fiber volume fraction, 

as well as, a perfect square packing and hexagonal packing case at 60% fiber volume fraction.  

The effects of the flow channels that form in the packing arrangements can be seen and directly 
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affect the computed pressure distribution in the transverse and parallel flow and the 

correspondingly computed permeability.  

 

Figure 6 shows the numerical results of parallel permeability for square, hexagonal, 10 fiber, and 

100 fiber with corresponding results from literature. The literature results are Gebart (GebHex, 

GebQuad) and Kozeny-Carman [76] for flows along the fibers. Occasionally, in literature the 

results have been non-dimensionalized with the square of the fiber radius in order to remove 

fiber diameters. The results show that with the geometry of 10 fibers or 100 fibers, considered at 

high volume fractions, the permeability prediction tends to converge towards the rest of the 

analytically computed results. The numerical results for a hexagonal and square case compare 

well. With a 100 fiber geometry considered, the numerical model diverges at the two extremes of 

volume fraction plotted. There is a clear effect of fiber count and packing seen on the 

permeability results. Comparing the numerical results of ten fibers versus 100 random fibers 

packed shows a percent difference of 71% in permeability at 60% fiber volume fraction. This 

drops to a difference of 39% at 10% fiber volume fraction.  
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Figure 6: Inter-fiber Parallel Numerical Permeability Results  
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Figure 7: Inter-fiber Perpendicular Numerical Permeability Results  

 

Figure 7 shows the plots of perpendicular permeability numerical results for square, hexagonal, 

and ten fibers with comparisons to literature. The plots of the Gebart (GebHex, GebQuad) [76] 

and Bruschke et al.(B&A) [86] equations are extremely close to the numerical square packing 

and 10 fiber results. The ten fiber solution seems to converge towards the GebHex formulation 

for higher fiber volume fractions. The data tend to scatter more at high and low volume fractions. 

Comparing the numerical results of square packing versus random packing shows a difference of 

62% in permeability at 60% fiber volume fraction. This drops to a difference of 4% at 10% fiber 
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volume fraction. The numerical results conducted here for a square packing and hexagonal 

packing case tend to compare well with each other. 

 

Figure 8 and Figure 9 shows a linear relationship between pressure and flow rate. This shows 

that in the simulated results that there is not a significant variation in permeability based on flow 

rate accounted for. Experimental results tend to validate this assumption. This was investigated 

for the Newtonian creeping flow assumptions and the neglecting of inertial effects as a 

significant source of pressure build up in a closed mold process.  
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Figure 8: Investigation on Dependence of Pressure on Flow Rate – Parallel Flow. 

 

 

 

 

 

 

Figure 9: Investigation on Dependence of Pressure on Flow Rate – Perpendicular Flow. 
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Figure 10: Unit Cell and Local Volume Fraction a) Global Volume Fraction is 70%, b) High 

Local Vf, c) Lower Local Vf 

 

 
Figure 11: Two geometries generated at 20% fiber volume fraction and Investigated for the 

effects of interstitial fiber spacing on composite fiber reinforcement permeability. The 

permeability result for these two packing arrangements varies by 11% in the transverse 

direction. 

 

 

Figure 10 shows a large unit cell with 1000 fibers and local fiber variations. Using the algorithm 

developed, Figure 11 shows how averages and standard deviations could be found within the 

same global fiber volume fraction. This indicates that additional parameters such as the mean 

nearest fiber spacing could be used to help quantify the microstructure and the level of local 

heterogeneity. The effects of interstitial fiber spacing are apparent on permeability and the results 

in this figure vary by 11% from each other. For 7 random geometries at 20% fiber volume 

a) b) c) 
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fraction with 100 fibers, the average non-dimensionalized permeability was 1.47E-01 with a 

standard deviation of 8.03E-3. 

 

3.6 Discussion 

 

In modeling micro-scale permeability, the random packing does have an effect on permeability. 

It is hypothesized that this is due to local permeability variations that differ from the global unit 

cell average. For example, in Figure 11, a global unit cell of 100 fibers, there will be pockets of 

higher volume fraction and lower volume fraction in the unit cell. This is emphasized in Figure 

6. These pockets will have higher and lower permeabilities respective to their local volume 

fractions. The local variations will affect the global average and this will effectively raise or 

lower the computed global average. The higher volume fraction regions within the domain will 

allow flow blockage near the pressure inlet and corresponding pressure build ups.  

 

Additionally, in these results, confining the boundaries of the unit cells to square walls will have 

the effect of artificially inducing order into the arrangements because periodic boundaries are not 

used in the generation of the geometries and partial fibers are not allowed to cross the walls of 

the representative volume element. This will also reduce the total fiber volume fraction that can 

be achieved because perfect hexagonal packing is necessary for a maximum packing. This would 

require a hexagonal shaped unit cell or periodic boundary conditions in the geometry generation 

step. While permeability is a function of a large number of fibers, the real systems with fixed 

size may have boundaries that influence the flow characteristics.  
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The fiber distribution is able to generate variability in the computed permeability at the same 

fiber volume fraction. The average permeability as well as the standard deviation is of particular 

interest. The reported permeability is an ensemble average of the entire domain. This should take 

into account the well dispersed and agglomerated fibers in the domain and average them out over 

a large enough ensemble. At high volume fractions, flow channels can become blocked and the 

permeability will be low in these areas as the porosity becomes less interconnected. This is 

because the pressure will be allowed to build up in areas restrictive to flow and that will have an 

upstream effect on the rest of the computational domain.  

 

In practice, variation exists between the experimental, numerical, and analytical results coming 

from a number of places. First, the experimental setup occasionally sees high pressures that 

cause the mold sides to displace from one another and the assumed volume fraction could lose 

some validity. Second, temperature variation in the experimental setup could cause unseen 

variations of viscosity and therefore an error in the computation of permeability could propagate. 

Along this same line, small amounts of sizing or fiber content could change the effective 

viscosity of the fluid and cause a change in the permeability calculated. Third, an ideal fiber 

preform for this comparison would consist of only parallel fibers -- but this is impractical. Some 

binder stitching is necessary to keep the fibers oriented together in the correct direction and this 

can clearly affect the results of permeability. Furthermore, injection pressures could cause fiber 

distortions and shift the fibers so that they displace and violate the perfectly aligned assumption. 

All of these effects can compound to create some variability in measured permeability. In 

computations, we have the unique ability to control for these factors and incrementally modify 
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them.  For these reasons, if intra-tow permeability is of interest, numerical tools may be the only 

way to investigate fully them and the various effects of parameters like the level of randomness.  

 

3.7 Conclusions 

 

Liquid composite molding is a process with low investment costs with a wide range of possible 

resins and reinforcements. When trying to create a part with good finished properties, a strong 

understanding of the flow properties is required across a number of scales of interest. Using a 

numerical approach, like the one outlined above, allows for a strong understanding of the micro-

scale flows and a solution that can be coupled into the other scales of interest. Taking advantage 

of this approach will simplify the modeling of components with complex geometries and allow 

for the design of better molds.  

 

In modeling micro-scale or pore scale permeability, the random packing does have an effect on 

permeability. It is hypothesized that this is due to local permeability variations that differ from 

the global unit cell average. For example, in a global unit cell of 100 fibers, there will be pockets 

of lower volume fraction and higher volume fraction in the unit cell. These pockets will have 

higher and lower permeabilities respective to their local volume fractions. The local variations 

will affect the global average and this will effectively raise or lower the computed global 

average.  

 

In future work, the ability to characterize multiple fiber diameters at various volume fractions 

would be interesting. A quick tool for numerical permeability simulations on the micro-scale 
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could be coupled into the meso-scale to predict bulk permeability values as the randomness of 

the micro-scale is allowed to vary. This should create a statistical variation in permeability 

predictions on the meso-scale. Moving away from packing assumptions allows us to progress 

towards more realistic geometries and correspondingly more realistic permeability values. The 

ability to investigate the importance of flow rate and pressure drop is also interesting.  

 

3.8 Acknowledgements 

 

This work is sponsored by General Electric Aviation, Cincinnati, OH 

 

Computational work in support of this research was performed at Michigan State University’s 

High Performance Computing Center. 

 

  



66 

4. ANALYTICAL MODEL COMPARISIONS WITH EXPERIMENTAL 

MEASUREMENTS AND DIRECT NUMERICAL SIMULATIONS FOR 

UNIDIRECTIONAL FIBERS AND FABRICS 

 

4.1 ABSTRACT 

 

In liquid composite manufacturing, permeability of the fiber preform generally drives the results 

of an infusion. A strong characterization of permeability is used for process modeling, which can 

save time and money before resources are spent in fabrication. Governing the resin flow, fiber 

reinforcement permeability has been modeled analytically and numerically in the past. These 

models have attempted to account for architecture and preform geometry. Modeling accurate 

permeability has proven to be difficult because of variable porosity coupled with dual-scale 

micro- and meso-flow channels, nesting, and complex textile architectures. Accurately obtaining 

permeability is important on all scales of interest, whether that value is from measurement or 

modeling. In this study, a unidirectional carbon fabric is measured for permeability. 

Experimental measurements are obtained in a custom test fixture and are compared with 

analytical and numerical results. Second, a direct numerical simulation of fiber geometries is run 

to isolate the micro-scale.  Steady state, single phase permeability simulations are conducted on 

all models to obtain unidirectional permeability. Direct numerical simulations provide a set of 

statistical results given a fiber volume fraction over multiple random fiber packing arrangements. 

Third, available permeability models from literature are benchmarked for their ability to fit a 

direct numerical simulation and a measured unidirectional fabric. The unidirectional fabric 

chosen possesses a dual-scale porosity that proved to be important. The formation of inter-tow 
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channels allows for preferential flow paths to form in the measured unidirectional fabric results. 

The intra-tow permeabilities are significantly lower than the meso-scale permeability. Bulk 

permeability of a unidirectional fabric cannot be treated directly as a micro-scale or meso-scale 

material because it incorporates elements of both. Further, analytical models can be modified to 

fit experimental results but this leads to semi-analytical or empirical models. The results justify 

continued effort in measuring permeability and attempting to generate a comprehensive, multi-

scale, modeling approach for liquid composite molding.  
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4.2 Introduction 

 

Composite manufacturing with liquid resins can be a complicated process, with the complexity 

determined in part by fiber reinforcement permeability. It is important to have a strong 

understanding of permeability and its stochastic variation in order to develop process models, as 

these parameters govern the resulting mold velocities and pressure gradients. Liquid composite 

molding (LCM) processes present a number of manufacturing challenges, some of which can be 

addressed through simulations of the mold filling process. These types of simulation require 

accurate permeability inputs to get realistic mold fill outputs, and the permeability inputs are 

often produced through numerous in-plane and transverse experiments at various volume 

fractions expected in the mold.  

 

In measuring and modeling the flow of resin through fiber reinforcement, the general approach is 

to consider the resin as a Newtonian fluid propagating through a porous medium [158]. The 

micro-scale (also called the pore scale in porous media) considers the physical fiber geometry of 

a unit cell, which allows users to model the physical effects of fibers in the domain and produce 

a unidirectional permeability. The meso-scale considers bundles of fibers, often 6-12k in a tow, 

with a tensor permeability that can be input in two transverse directions and a parallel direction. 

This meso-scale is also referred to as the Darcy scale in porous media literature, where the 

individual pores or fibers are no longer modeled. Instead, they are replaced by a permeability 

value representing the resistance to flow. The component-scale represents the desired composite 

part and can be represented by a bulk permeability value. Component-scales no longer consider 

physical fibers or tow geometries due to numerical modeling limitations; instead, the component-
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scale has an effective permeability that can be different from the micro- and meso-scales through 

its domain.  

 

Characterization of fiber reinforcement permeability has been done by a number of authors for 

complex fabrics [110], [147], in plane unidirectional materials [76], [85], and on a micro-scale 

basis [43], [63]. Along these lines, many attempts have been made to extrapolate measured 

permeability into strong analytical models [76], [77], [86], [159]. These models have been shown 

to strongly fit the measured data, but these models have not been extended to general materials 

and they have not been benchmarked against each other because they often give different 

predictions. Some of the difficulty in making accurate predictions stems from the level of 

variability of the fabrics. 

 

The Kozeny-Carman equation used the capillary model from soil mechanics to define a simple 

expression for the permeability as a function of volume fraction and an empirically derived 

constant based on the fiber or porous network [159]. This approach does not capture all of the 

physics because permeability is greater than zero at fiber volume fractions that should be greater 

than the theoretical maximum packing. The Kozeny-Carman equation is shown in Eq. 21, where 

R is the fiber radius, k is the Kozeny constant, and Vf is the fiber volume fraction. Here, 

permeability will be denoted as S with units of m
2
. 

 
𝑆 =  

𝑅2

4𝑘

(1 − 𝑉𝑓)
3

𝑉𝑓
2  (21) 

 Eq. 21: Kozeny Equation  
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One of the most common analytical models for permeability is the Gebart [76] unidirectional 

permeability. It is a useful model to understand the necessary parameters in unidirectional 

fabrics, and is popular for modeling the permeability of fibers parallel and transversely oriented 

in the flow field as a function of fiber volume fraction. Gebart’s equations for unidirectional 

fibers are derived analytically based on the fiber direction in reference to the flow direction. Eq. 

22 describes the hexagonal packing for Gebart’s analytical permeability in flow perpendicular to 

the fibers and shows the result for the input parameters used. The term 16/(9 Π√𝟔) or 0.2310 

comes from the fiber arrangement. 

 

𝑆𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 =
16

9𝛱√2
(√

𝑉𝑓𝑚𝑎𝑥

𝑉𝑓
− 1)

5/2

𝑅2 (22) 

 Eq. 22: Gebart’s Formulation for Perpendicular Permeability 
 

 

Eq. 23 describes the hexagonal packing for Gebart’s analytical permeability in flow along the 

fibers for the input parameters used in a hexagonal case. Of further note, c is equal to the Kozeny 

constant of 53 for a hexagonal and 57 for a square packing case. The values for radius, fiber 

volume fraction, and theoretical maximum fiber volume fraction are added to calculate the fiber 

permeabilities. 

 

𝑆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
8𝑅2

𝑐

(1 − 𝑉𝑓)
3

𝑉𝑓
2  (23) 

 Eq. 23: Kozeny Formula 
 

Bruschke and Advani [86] used lubrication theory and a cell model to describe permeability 

across an array of fibers as a function of fiber volume fraction. The equation they implement is 

shown in Eq. 24. The value of R is the radius, S is the permeability, and L
2
 is equal to 4Vf/π.  
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𝑆

𝑅2
=

1

3

(1 − 𝐿2)2

𝐿3

(

 
3𝐿 𝑡𝑎𝑛−1 √1 + 𝐿

1 − 𝐿

√1 − 𝐿2
+

𝐿2

2
+ 1

)

 

−1

 (24) 

 Eq. 24: Bruschke Formula for Perpendicular Fiber Permeability 
 

 

Gutowski [77] modified the Kozeny-Carman equations for unidirectional reinforcements by 

using different values of the Kozeny constant in different directions. Empirical parameters were 

implemented for k
’
 and Va’, as shown in Eq. 25. 

 

𝑆 =
𝑅2

4𝑘′

(√
𝑉𝑎

′

𝑉𝑓
− 1)

3

(
𝑉𝑎

′

𝑉𝑓
+ 1)

 
(25) 

 Eq. 25: Gutowski Equation for Unidirectional Materials 
 

In general, analytical models show that the permeability of a preform decreases as fiber volume 

fraction increases because of reduced flow channels between fibers. It is difficult to identify a 

single formula relating the permeability and fiber volume fraction because fiber packing can 

greatly affect local permeability [43]. It has also been shown that permeability at the same 

volume fraction is affected by fabric type because of the nominal fiber radius and fiber diameter 

variation at a single volume fraction. Figure 12 shows the meso-scale tows and the micro-scale 

fibers for a unidirectional fabric. Some of the difficulty in finding an analytical model stems 

from the fact that, in micrographs of fibers, the fibers are packed in a random manner. For an 

analytical model, the assumption is often made to assume a quadratic or hexagonal packing is 

reasonable. This may account for some difficulty in fitting unidirectional fiber and unidirectional 

fabric data when looking at very disordered micrographs. 
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Figure 12: Unidirectional Fabric Tows Shown with Representative Volume Elements of Random, 

Square, and Hexagonal Fibers. Fabrics and tows are represented by the empirical value for 

permeability because the number of tows time’s approximately 6,000 fibers per tow is too 

numerically intensive to account for.  

 

The measurement of permeability often involves a setup consisting of a mold loaded with a fiber 

preform or chopped fiber filler. The resistance to flow is characterized by the permeability tensor 

and there are a number of devised experimental techniques available to obtain this parameter. 

They generally fall into saturated or unsaturated measurements [69], [79], [128], [160]. There is 

disagreement on a standard testing procedure and this has been shown to cause variation when 

comparing the same fabric characterized by different methods [68], [69]. Experimental 

procedures vary widely and the testing method can be important. Additional human factors, such 

as layup, may affect the result of experimental permeability values [161], and experimentalists 

have found permeability scatter of up to one order of magnitude for the same material [69]. 
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Modeling permeability could aid in refining the variations between experimental results, help 

identify acceptable experimental methods, or ultimately eliminate experimental characterization 

entirely. Further, numerical and analytical meso-scale models cannot model an entire volume of 

fibers currently and measurements are still often required. 

 

Geometric variability directly affects the variability seen in permeability. Previous researchers 

found that at around 50% fiber volume fraction, a 1% increase in fiber volume fraction would 

cause a 10% decrease in permeability [85].  Other researchers [43], [44], [162], [163] have 

shown that permeability variation can be seen by changing the reinforcement dimensions at the 

same volume fraction. These results are critical to understanding how to create a quality finished 

part with LCM. Additionally, the local variation of complex reinforcements from the continuous 

fiber reinforcement manufacturing approach will have large effects on the resulting models of 

composite materials. Some fabrics are very uniform and others have non-uniform tow 

dimensions and spacing. 

 

Prediction of permeability requires fluid models on the micro-scale and the consideration of a 

number of factors relying heavily on geometry. In relating measured permeabilities to predicted 

permeabilities, factors such as edge effects, preform deformation, micro-flow, temperature, and 

steady state vs. advancing front permeability all combine to cause variability in the data.  

Frequently, the creation of geometrical models for fiber preforms involves the use of statistically 

averaged dimensions within the unit cell [103]. This is done to give an average representation of 

the preform geometry. Later, the statistical variation can be accounted for by implementing the 

standard deviations of the preform variability. 
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In this study, a permeability benchmark of various analytical models is compared to DNS of the 

microstructure and measurements of a unidirectional carbon fiber fabric. First, unidirectional 

carbon fabrics are measured. Experimental measurements are obtained in saturated, steady state, 

single phase experiments.  Scaled analytical model results are compared with measured results 

yielding moderate fits. Second, a direct numerical simulation of fiber geometries is run to isolate 

the micro-scale.  Third, available permeability models from literature are benchmarked for their 

ability to fit a direct numerical simulation and a measured unidirectional fabric. The dual-scale 

nature of the unidirectional fabric chosen proves to be important and is discussed. The intra-tow 

permeabilities are significantly lower than the meso-scale permeability. Further, analytical 

models are modified to fit experimental results but this leads to semi-analytical or empirical 

models. The results justify continued effort in measuring permeability and attempting to generate 

a comprehensive modeling approach for composite fiber reinforcement.  

 

4.3 In-Plane Permeability Measurement 

 

The composite fiber reinforcement chosen for this analysis was a unidirectional IM7 carbon 

fabric made by Sigmatex. It has 6,000 IM7 carbon fiber tows and a loose e-glass stitching. 

Saturated permeability values were obtained for the unidirectional carbon fabric through in-plane 

measurements along and perpendicular to the tows. The fixture implemented a line-source to 

line-sink channel flow measurement. This fixture is shown in Figure 13, where a constant flow 

rate pump is used to advance the flow. The fixture consists of a cavity to hold fabrics of 15.24 

cm in width by 15.32 cm in length.  The compaction and volume fraction are controlled by the 
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testing frame. A compaction plunger is guided to close the cavity and the thickness is controlled. 

The preform thickness is set by the operator and allowed to reach steady state before pressure 

measurements are taken.  Two linear voltage differential transducers (LVDTs) are used to track 

the thickness. Using a saturated permeability value removes the effects of tow saturation, surface 

tension, and capillary effects that may be seen in two-phase flow scenarios.  

 

Figure 13: Experimental In-plane Saturated Permeability Fixture Schematic 

The carbon fiber volume fraction is calculated from the LVDT location using the definition of 

fiber volume fraction in Eq. 26, where Vf is the fiber volume fraction, n is the number of plies, Aw 

is the fiber areal weight, ρf is the fiber density, and t is the preform thickness. 

 
𝑉𝑓 = 

𝑛𝐴𝑤 

𝜌𝑓  𝑡
 (26) 

 Eq. 26: Volume Fraction Calculation 
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Since the measurements of permeability are saturated instead of unsaturated, the fixture allows 

for in-plane permeability measurements to be obtained at multiple fiber volume fractions from a 

single preform. This is not possible with unsaturated tests. A Parker Zenith
®
 Precision Gear 

Metering Pump injects fluid at a constant flow rate into the cavity, while pressure transducers at 

the fixture inlet and outlet monitor the pressure drop across the perform. The steady-state, 

saturated permeability is governed by Darcy’s Law  [10] shown in Eq. 27, where Q  is 

volumetric flow rate, S is preform permeability, µ is fluid viscosity, ∆𝑃 is the recorded pressure 

drop across the preform, A is the area normal to flow, and L is the preform length in the flow 

direction. 

 
𝑄 = 𝑆̿

𝐴

µ

∆𝑃

𝐿
 (27) 

 Eq. 27: Darcy’s Law 
 

The test fluid used was NAPA SAE 40 oil at room temperature (viscosity of 0.24 Pa*s, density 

709kg/m
3
). For carbon fiber layup preparation, six plies of the unidirectional carbon fabric were 

cut to 15.24 cm in width by 15.32 cm in length and stacked with the yarn direction of each ply 

aligned. The in plane permeability was measured in each of two directions. The permeability 

values were found by preparing preforms so that the fluid flow progressed along the yarn 

direction, while flow across the yarn direction produced the second set of values. Three tests 

were run in both the in plane and transverse fabric directions. Volume fractions of manufacturing 

interest were selected at 50%, 55%, 60% and 65%.  
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4.4 Transverse Permeability Measurement 

 

In a separate testing procedure, the transverse or through thickness permeability was also 

measured. The fiber volume fraction was varied from 30-50% fiber volume fraction in 

increments of 5% fiber volume fraction. The 50% fiber volume fraction limit was required due to 

the extremely low permeabilities and the limitations of the pressure transducers.  

 

Desired fabric volume fraction for tests was then obtained by the relation seen in Eq. 26. For the 

tests conducted in this study, 6 plies of unidirectional carbon fiber fabric were cut to exact mold 

cavity dimensions and stacked with the warp direction of each ply aligned. Again, NAPA SAE 

40 oil was used as the test fluid. 

 

4.5 Direct Numerical Simulation of Unidirectional Permeability  

 

Analytical models are useful because they are quick and have varying degrees of validation but 

they lack the ability to investigate natural variability of tows and fabrics. The analytical results 

sometimes are found to lead to errors because many of these results were derived from 

unidirectional fabrics which are not the same as unidirectional fibers regarding their effects on 

fluid flow. They are often derived with empirical parameters to fit specific data sets.  

 

The approach used a micro-scale simulation of an array of 1000 fibers to predict the intra-tow 

permeability in the same way meso-scale permeability is obtained. Five random packing 
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simulations of unidirectional fibers were generated at each fiber volume fraction and the 

corresponding fluid permeability was calculated.  

 

An algorithm by Desmond and Weeks [154] was adapted for the unidirectional fibers in this 

numerical study. Here, this algorithm is adapted to create random cylindrical geometries for 

numerical permeability experiments. In two dimensions, a mixture of disks is inserted into a 1x1 

square dimensionless domain. Each configuration is implemented by building on the method by 

Xu et al. [155], Clarke and Wiley [156], and Desmond and Weeks [154]. At the beginning, a set 

of infinitesimal points are placed in the system using the Pseudorandom Mersenne Twister 

Algorithm to randomize the starting locations. These points are gradually given volume and 

location by being expanded and moved. They are translated in two dimensions to prevent the 

overlapping of fiber ends. At time zero, infinitesimal particles are injected into the system and 

gradually expanded and moved at each step. When a final state is found where the disks can no 

longer be expanded without overlapping, this step of the packing process ends.  

 

Dimensions are added by selecting a fiber radius and target volume fraction. The dimensions of 

all other parameters are driven by the dimensions of the nominal fiber radius. This fiber radius 

defines the fiber end area, which can be used to calculate the total area of fibers within a square. 

The total area of fibers is divided by the target volume fraction and this gives a new area of the 

square unit cell. The new area is used to drive square lengths which make up the fluid region that 

is solved for permeability. This square fluid length is also used to create the cubic volume in 

three dimensions. Before this step, the previous x-, y-, and z-coordinates were values from 0 to 1. 

After this step, the new x-, y-, and z-coordinates are generated by taking the cube length in any 
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dimension and multiplying the dimensionless coordinates by that length. The new coordinates 

are saved as a text file and read automatically to generate a STEP geometry file. This section of 

the code creates an outer cube, the fluid volume, with a set of fibers approximated as randomly 

placed, perfect cylinders.  The geometry is then solved for the fluid flow and permeability results 

[163]. 

 

The fluid used in the numerical simulation was modeled after the fluid used in the experimental 

permeability measurement. Microscopic permeabilities were calculated in the parallel and 

perpendicular directions depending on the flow directions based on Darcy’s Law in Equation 2 

and the flow rate, pressure drop, and length in the simulation. The total flux of fluid is 

represented by Q, the permeability S, the area is A, the viscosity is µ, the change in pressure is 

∆𝑃, and L is the length parallel to the flow direction.  

 

4.6 Results and Discussion  

 

Figure 14 shows a characteristic representation of what was found when comparting measured 

fabrics to simulated fibers. The top trend is the meso-scale contributions to the bulk permeability 

and the bottom trend is the contributions to the flow from the micro-scale or intra-tow flows. In 

this figure the measured meso-scale permeability is higher than the direct numerical simulations 

of permeability at the same fiber volume fraction. The difference is the contributions of dual-

scale scale flow.  The meso-scale unidirectional fabrics generally measured higher permeability 

than the direct numerical simulations of unidirectional fibers. This figure emphasizes the dual-

scale nature of the fabric versus the unidirectional fibers. The difference between the 



80 

permeabilities is attributed to the large meso-scale flow channels that can form and the scale of 

this difference shows how susceptible a fabric is to dual-scale flows.  

 

This effect is coupled flow between the micro- and meso-scale and can be quantified based on 

the contributions of the dual-scale flow effect. Additionally, the dual-scale nature of this material 

is quantified for the material across fiber volume fraction as shown in Figure 14. The generally  

higher meso-scale permeability is attributed to the large meso-scale flow channels allowing for a 

smaller pressure build up inside of the measurement fixture. 

 

 

Figure 14: Infographic of the Dual-Scale Porous Media and the Permeability Variation 

 

The results of comparing various analytical models to direct numerical simulations and 

experimental measurement are shown in Figure 15 to Figure 23. The effect of dual-scale flow 
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between measurement of unidirectional fabrics and simulations of unidirectional fibers is plotted 

over a range of volume fractions from 50-65% for parallel and perpendicular flows. This range 

was selected because it is a fiber volume fraction set of practical interest in composite 

manufacturing for aerospace composites in a resin transfer molding scenario. The percent 

difference is used to quantify the dual-scale effect. This appears relatively large but is partially 

justified by the variation expected in permeability measurements and the large flow channels that 

can form in a fabric.   

 

The transverse case in Figure 17 is plotted on a range from 30-50% fiber volume fraction 

because of limitations on the pressure transducers used in the transverse flow fixture. 

Permeability was seen to more rapidly decrease in the transverse direction than the perpendicular 

direction as a function of fiber volume fraction. This may be attributed to a lack of flow channels 

as layers of the fabric nest inside of the closed mold. For the discussion, the models from Gebart 

[76] are used for hexagonal and quadratic cases and denoted by GebHex and GebQuad 

respectively. The Kozeny-Carman [159] models used are denoted by KCHex and KCQuad for 

hexagonal and quadratic parameters. The model by Bruschke et al. [8] only applies for flow 

across cylinders and is denoted by Bruschke.  The model from Gutowski et al. [77] is denoted 

based on empirical parameters used by Gutowski 0.82 and Gutowski 0.76. The direct numerical 

simulations are denoted as DNS in the figures.  
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Figure 15: Parallel Permeability Models Plotting Fiber Volume Fraction vs. Effect of Dual-

Scale Flow Compared to Measurement 

 

Figure 15 shows the parallel permeability models plotted against fiber volume fraction and effect 

of dual-scale flow from measurement. Analytical parallel permeability models are expected to 

vary widely when comparing to direct numerical simulations and measurement because the 

fundamental basis for the Kozeny-Carman equations is for flow around granular beds and not 

along aligned fibers. The Gebart and Gutowski relationships come as extensions directly from 

the Kozeny-Carman formulations. The direct numerical simulations are shown converging 

towards the measured result as volume fraction is increased but there is still a large difference 

present at 65% fiber volume fraction. This indicates that as the fiber volume fraction increases 

there is a decreasing effect of dual-scale flow. Ideally, the DNS would directly fit an analytical 

model. This has proven to be difficult though because there is no direct analytical solution for 

flow along fiber reinforcements in composites that has been shown to fit a large range of material 

cases. The model by Bruschke et al. [86] and Gutowski et al. [77] are the least accurate at 50% 
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fiber volume fraction and slightly diverge as volume fraction increases. This is interesting 

because the analytical model by Bruschke et al. [86] [86] and Gutowski et al. [77] are only 

designed for transverse flows. The results from Gebart [76] for quadratic packing and the 

Kozeny-Carman [159] hexagonal case fit nearly identically to each other, which is reasonable 

since one is a derivative of the other. It should be pointed out that only the models from Gebart 

[76] and the DNS results are designed to be used in a parallel flow scenario. The model by 

Gutowski et al. [77] and Kozeny-Carman [76] can be extended to parallel cases through the use 

of empirical constants.  

 

It is hypothesized that the DNS results appear to converge because as the unidirectional fiber 

volume fraction increases, the inter-tow spacing is forced to diminish, as the tows nest closer and 

closer together. This begins to reduce the dual-scale nature of the material and simplifies it as a 

closer approximation of unidirectional fibers. In the unidirectional DNS simulations it is seen 

that the more evenly dispersed the fibers are at a given volume fraction, the lower the 

permeability, in comparison to a less uniform packing arrangement. Agglomerates of fibers lead 

to higher permeabilities at a given volume fraction because larger channels form and allow for 

preferential, uninterrupted, flow channels. This reduces the magnitude of the total pressure drop, 

correspondingly creating a higher permeability. Since the DNS does not directly fit, the “effect 

of dual-scale flow” is a quantification of how significant the unidirectional fabric is affected by 

dual-scale flow. When comparing measurement to simulation, 185% dual-scale nature is seen at 

50% fiber volume fraction and this drops slightly to 165% dual-scale nature at 65% fiber volume 

fraction. This shows that as fiber volume fraction increases, the larger gaps between the tows are 

diminishing. This is emphasizing the compaction as the dual-scale material is compressed. 
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Figure 16: Perpendicular Permeability Models Plotting Fiber Volume Fraction vs. Effect of 

Dual-Scale Flow Compared to Measurement 

 

Figure 16 shows perpendicular permeability models plotted against fiber volume fraction and 

effect of dual-scale flow compared to measurement. Analytical perpendicular results give a 

larger scatter in the comparison to unidirectional measurement results than was expected. 

Additionally, the analytical models investigated generally lower permeabilities than the DNS 

results. The results from Gutowski et al. [77] and Gebart [76] are showing large amounts of dual-

scale nature. This is because the two formulations under predict permeability by a fair amount. 

Further, the models all trend in very similar directions seeming to diverge from the measured 

result. This is interesting because the DNS results appear to slightly converge towards the 

measured results as the effect of dual-scale porosity decreases with increasing fiber volume 

fraction.   
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Figure 17: Transverse Permeability Models Plotting Fiber Volume Fraction vs. Effect of Dual-

Scale Flow Compared to Measurement 

 

Figure 17 shows the transverse permeability results plotting fiber volume fraction and effect of 

dual-scale flow from measurement. On a unidirectional fiber basis, the transverse analytical and 

DNS results are the same as the perpendicular results. Additionally, the available analytical 

models do not have special treatments for transverse versus perpendicular permeabilities. In 

practice, the unidirectional fabrics measured are not the same in the transverse and perpendicular 

directions. This is because the fabrics are very thin in the transverse directions and the fabrics 

tend to compact rapidly in the through thickness direction. Since analytical unidirectional models 

over predict permeability in the transverse direction and under predict it in the parallel direction. 

It was thought that the transverse measurements may be closer to the analytical models, however 

this was not the finding for all analytical models. The dual-scale flow for the analytical models is 

fairly consistent for the DNS and Kozeny-Carman results and creates a 20% error band from 

170-190%. The transverse measurements are much lower than the perpendicular measurements 
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and the Gutowski models appear to be converging towards measured results at higher fiber 

volume fractions.   

 

 

Figure 18: Parallel Permeability Models Plotting Fiber Volume Fraction vs. Permeability 

 

Figure 18 gives the permeability value for parallel models, measurement, and DNS plotted 

against fiber volume fraction.  The results for measured permeability and fiber volume fraction 

are plotted in corresponding permeability units of m
2
 in Figure 18. Here, the trends for measured, 

DNS, and analytical models can all be clearly seen. This meso-scale measurement data can also 

be directly taken for other component level simulations. The various models have various levels 

of agreement with each other but generally show some variation from DNS and measurement. 

The models by Gebart [76] and Kozeny-Carman [159] are reasonably close to DNS but 

permeabilities are low for comparisons to measurement. It is somewhat surprising how well 

these models can fit parallel flow DNS trends because they all are fundamentally designed from 
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flow around spheres or across circular fiber ends. However, the scatter is still large and the 

analytical models appear to diverge from DNS simulations as fiber volume fraction increases. 

This is seen as the DNS results tend to converge towards the measured result. The models by 

Bruschke et al. [86] and Gutowski et al. [77] do not compare particularly well but they are not 

expected to since they are designed to model perpendicular flows. 

 

For the measured results in Figure 18, the coefficients of variation (COV) are 28.25 at 50% fiber 

volume fraction, 19.90 at 55% fiber volume fraction, 12.15 at 60% fiber volume fraction, and 

4.96 at 65% fiber volume fraction. The coefficients of variation correspond to an observation that 

the measured permeabilities of the materials are less variable as fiber volume fraction increases. 

This is assumed to be because the materials are again being forced to minimize the effect of 

dual-scale porosity. The measured data is consistently found to have a higher permeability at a 

given volume fraction because the material has meso-scale inter-tow flow channels that allow for 

local preferential flow channels and lower pressure build ups in the mold.  
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Figure 19: Perpendicular Permeability Models Plotting Fiber Volume Fraction vs. Permeability 

 

Figure 19 shows a plot of the perpendicular permeability analytical models, measurement, and 

DNS, for fiber volume fraction versus permeability. Perpendicular permeability models predict 

results that are less than unidirectional fabric measurement. The results for the DNS and Kozeny-

Carman [159] formulations are fairly good matches to each other. This is important because they 

may be useful inputs into meso-scale simulations that couple the micro- and meso-scale effects. 

The models by Bruschke et al. [86] and Gebart [76]  look to be in good agreement each other for 

this case.  

 

For the perpendicular measurement results the coefficients of variation (COV) are 7.58 at 50% 

fiber volume fraction, 2.49 at 55% fiber volume fraction, 2.16 at 60% fiber volume fraction, and 

6.43 at 65% fiber volume fraction. The coefficients of variation for the perpendicular 

permeabilities appear to show that the fabric measurements in this case are less variable than for 
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the parallel case. This may be because there are less preferential flow channels that can form if 

the tows are nesting in the perpendicular direction. Again, it might be reasonable to say the 

measured permeabilities of the material are less variable as fiber volume fraction increases.  

 

The analytical models are consistently under-predicting permeability in these cases because 

attempts are being made to model meso-scale features in a fabric with models that only account 

for micro-scale spacing effects. The micro-scale analytical models do not account for the physics 

of geometry features that have such large differences between micro- and meso-scales. The 

physical geometrical features of the unidirectional fabric cause clear discrepancies in the 

analytical model predictions.   

 

 

 

Figure 20: Transverse Permeability Models Plotting Fiber Volume Fraction vs. Permeability 
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Figure 20 shows the transverse, through thickness, analytical permeability models, DNS, and 

measurement, plotting fiber volume fraction against permeability. These results are done for a 

smaller fiber volume fraction range of 30-50%. Transverse permeability says that permeability is 

higher than measured but the models fit reasonably well with DNS results for, Kozeny-Carman 

[159] cases. The permeabilities of these models at 50% fiber volume fraction are particularly 

comparable. The models by Gutowski et al. [77] seem to fit the measurement data closer than the 

rest of the analytical models for this case. This is interesting because the transverse 

permeabilities are so much lower than the perpendicular permeabilities and this model has been 

less effective at predicting the parallel and perpendicular flow.  

 

The measured results are significantly lower than the modeled results here. This is a reversal of 

the trend that was seen for parallel and perpendicular flows. The coefficients of variation (COV) 

are 7.56 at 30% fiber volume fraction, 3.30 at 35% fiber volume fraction, 4.40 at 40% fiber 

volume fraction, 3.66 at 45% fiber volume fraction, and 6.58 at 50% fiber volume fraction.  
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Figure 21: Parallel Permeability Results Modified by Effective Radius Multiplier 

 

Figure 21 shows the parallel permeability results using an effective radius multiplier. The 

measured results have been shown in a solid red line to clarify them from the various scaled 

models. In the work by Gebart [76], an effective fiber radius was used in order to fit measured 

data. This was generated as approximately eight times larger for perpendicular flows. For the 

results in Figure 21-Figure 23, the actual fiber radius was modified by a multiplier for parallel, 

perpendicular, and transverse flows. In order to identify if this approach was repeatable it was 

implemented here for all of the models used in this work. The values for the parallel flow cases 

with an effective fiber radius multiplier were  6 for Kozeny-Carman [159], 4 for DNS, 20 for 

Gutowski et al. [77], 20 for Bruschke et al. [86], and 8 for Gebart [76]. The average effective 

radius here is 11.5 and 6.4 neglecting Bruschke et al. [86] and Gutowski et al. [77]. Gebart used 

and effective radius that was about 8 times and this appears to be somewhat repeatable since this 

value works here for the parallel flow case.  
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In Gebart’s work, increasing the effective fiber radius was essentially shifting the analytical 

model from a micro-scale basis to a meso-scale basis. In this sense, the effects of inter-tow gaps 

on the macro-scale measured permeability could be captured. This makes the analytical model 

into a semi-analytical meso-scale model. This is what is happening here as the analytical models 

are modified to reduce the amount that permeability is under predicted by.  

 

 

Figure 22: Perpendicular Permeability Results Modified by Effective Radius Multiplier 

 

Figure 22 shows the perpendicular permeability results with an effective radius multiplier. The 

values for the perpendicular flow cases with an effective fiber radius multiplier were  4 for 

Kozeny-Carman [159], 4 for DNS, 10 for Gutowski et al. [77], 8 for Bruschke et al. [86], 8 for 

Gebart’s hexagonal equations and 8 for Gebart’s quadratic equations [76]. The average effective 

radius here is 7.5 and 6  neglecting Gutowski et al. [77]. Large scatter in the data is seen, while 

reasonable matches to measurement are possible.  
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Figure 23: Transverse Permeability Results Modified by Effective Radius Multiplier 

 

Figure 23 gives the results for the transverse permeability with an effective fiber radius 

multiplier. The ability to match this data set would be useful when translating this data into a 

processing simulation. The values for the transverse flow cases with an effective fiber radius 

multiplier were  1/5 for Kozeny-Carman [159], 1/4 for DNS, 1/2 and 3/5 for Gutowksi et al. 

[77], 2/5 for Bruschke et al.[86], and 2/5 and 2/5 for Gebart's hexagonal and quadratic 

respectively [76].  The average effective radius here is 0.37 and 0.31 neglecting Gutowski et al. 

The fits are relatively good and obtainable for the trend seen in the measurements. However, this 

is a semi-analytical approach and the repeatability is not known. This may be largely fabric 

dependent. The fabric measured here is similar to those measured by Gebart [76] and the 

effective radius is also similar, indicating that there may be a fabric or material specific 

multiplier to use. For reference, an image and scale bar of the fabric used in this study is shown 

in Figure 24. The scale bar is in millimeters.  
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Figure 24: Unidirectional Carbon Fabric Measured in This Study 

 

There have been a number of efforts to create analytical permeability models to simplify 

composite fiber reinforcement. Lundström et al. [25] commented that the theoretical expressions 

that have been derived for permeability are based on some specific and simplified fiber 

arrangement and do not apply to a general case. This comment helps show the need for 

continuing permeability work in both terms of measurement and modeling efforts. The 

identification of a general, robust, and adaptive permeability modeling tool has not been 

definitively described. Of the general models investigated here the empirical, analytical, and 

numerical nature of them does not completely satisfy the need for repeated and time consuming 

measurements.  
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4.7 Conclusions 

 

The multi-scale nature of unidirectional fabrics is created by fibers and tows and is apparently 

important to consider, even on a unidirectional basis. The micro- and meso-scales are coupled 

and the effects of the micro-scale propagate to the meso-scale. These coupled scales combine 

with the millimeter flow channels that are present to locally increase the permeability and reduce 

resistance to flow. In fabrics, the transverse and perpendicular flows are significantly different 

because the materials are extremely thin and appear to effectively block flow channels in the 

transverse direction. DNS results are useful for making comparisons to analytical results and 

investigating their fit on the varying microstructure.  

 

Ideally, there would be a simple analytical model that could be used to predict permeability of a 

fabric because analytical models are efficient. However, this study shows that there is continued 

justification for ongoing research in permeability as well for as continuing to use measurement as 

a fundamental basis for obtaining permeability for component level flow simulations. Here, an 

effect of dual-scale flow was quantified as the difference between a measured fabric and a 

simulated collection of fibers. The idealized analytical models may be useful for rapid 

calculations, but it is likely that a DNS result, accounting for randomness in the material, may be 

more realistic inside of the tow since in practice perfect hexagonal and quadratic packing 

arrangement are rarely seen. However, these models may be useful as a way to match 

experimental data without defaulting to a power law or Kozeny-Carman fit for measured results. 

By finding a reasonable fit for scaling the effective fiber radius, it could be concluded that a 

meso-scale model can be extrapolated from micro-scale effects. 
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5. MODELING UP TO A BINARY MIXTURE OF FIBERS TO PREDICT MICRO-

SCALE PERMEABLITY FOR FIBER REINFORCEMENT IN LIQUID 

COMPOSITE MOLDING 

 

5.1 ABSTRACT 

 

Permeability is the driving process parameter for mold fills in liquid composite manufacturing. It 

is critical for understanding the infusion flow and pressure distribution that results from closed 

mold infusions. A complex variable, permeability can vary significantly in magnitude for similar 

test cases and a number of reasons have been given for this variability. Permeability has also 

been isolated at different scales because of the multi-scale nature of composite fiber 

reinforcements. In the micro-scale, fibers are formed into randomly aligned tows composed of 

thousands of fibers. A second scale, the meso-scale, considers the tow dimensions and weave 

parameters, but often inputs a Darcy based permeability to make up for physical geometry 

variations. On the micro-scale, analytical models generally consider fibers as ordered in some 

kind of idealized packing arrangement, for example, hexagonal or square packing. This is not 

always realistic and defining permeability as a function of porosity alone may not be enough to 

achieve an accurate permeability prediction on the micro-scale. The overarching goal of this 

research is to use numerical tools to create a better understanding of composite manufacturing 

processes, developing a numerical modeling approach for the permeability of fiber 

reinforcement. Representative volume elements are utilized to recreate the fiber and matrix 

interactions during a liquid infusion. Here, we isolate the micro-scale structures of unidirectional 

fiber reinforcements and investigate flows across aligned fiber geometries and infusion 
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characteristics with applied periodic boundary conditions. A novel numerical approach is utilized 

to model three-dimensional randomly aligned fiber placements of up to 1000 fibers. This 

includes numerical modelling to predict unidirectional permeability on the micro-scale up to a 

binary mixture of fibers. The full Navier-Stokes equations are solved for the pressure drop and 

volumetric flow rate. Simulations are run for parallel and transverse cases.  Material packing 

changes on the fluid flow regime during composite manufacturing are investigated. The results 

set up a baseline that compares well with analytical models as a function of fiber diameter and 

volume fraction. The ability of this numerical procedure goes above current analytical models 

because it can predict permeability variation based on the level of randomness in the domain. It 

can also handle various fiber diameters, fiber count, random packing arrangements, and flow 

rates. Specific areas that analytical models lack, like the effects of a fabric that incorporates a 

binary mixture of both carbon fiber and polymer or glass elements, is investigated. Results show 

that variations due to fiber packing can be identified independently of fiber volume fraction. 

Furthermore, the results show that permeability is higher as a function of volume fraction for an 

identical packing case with 9µm fibers as compared with 5.2µm fibers.  
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5.2 Introduction 

 

The manufacturing of composite materials with liquid composite molding (LCM) methods is a 

popular approach for creating high fiber volume fraction and high performance composites. 

Specific LCM processes that are commonly used include resin transfer molding (RTM) and 

vacuum assisted resin transfer molding (VARTM). These manufacturing techniques are able to 

produce high performance composite parts with complex net shape geometries and attractive 

mechanical properties [4]. The advantage of part consolidation over metal assembly is that 

multiple components can be consolidated into one composite part. LCM composite 

manufacturing processes have a long history in the aerospace field and are often used in nautical 

and marine applications. Furthermore, LCM processes that were once used to produce low 

volume or high cost parts are growing in importance for the automotive industry to meet new 

fuel economy standards [141]. LCM processes are extremely important for creating complex, 

lightweight, and high fiber volume fraction parts.  

 

The general LCM process injects a thermosetting resin into a fiber preform. The thermosetting 

resin is often treated as a Newtonian fluid because it is relatively insensitive to shear rates and 

has a viscosity of 50 to 500 times that of water [63]. Fiber preforms are composed of individual 

fibers that can be woven, braided, knitted, stitched, or randomly placed in mats to create the 

fibrous reinforcement. When a composite component is designed to be manufactured by LCM 

processes, modeling techniques are often used to understand resin infiltration and cure. Because 

of all of these conditions, models for the injection processing rely heavily on the properties of 

reinforcement, which are often simplified and treated as porous media. Without accurate 
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properties for the simplified porous region, the design and optimization of injection ports, flow 

rates, resin runners, and resin outlets cannot be confidently conducted on the component scale. 

Detailed design simulations can help avoid the formation of voids or dry spotting in the finished 

part. Understanding the flow phenomena taking place in the fiber reinforcement is important on 

all scales of this multi-scale problem. The design of the fiber bundles on the micro-length scale is 

important and coupled to the design of the tow, weave, and macro-scale properties.  

  

In order to approximate the resistance of the porous media to resin infusion, permeability and 

Darcy’s law can be used. Permeability acts as proportionality constant in Darcy’s Law to relate 

flow rate to pressure drop as shown in Equation 30. Darcy’s Law relates the flow rate through a 

volume (Q) in units of volume per time, the characteristic length (L), the pressure drop over that 

length (𝑃𝐼𝑁 − 𝑃𝑂𝑈𝑇) , the fluid viscosity 𝜇, and the permeability of the medium (𝑆̿) [68]. 

Dividing the volumetric flow rate (Q) by the cross sectional area (A) gives (�̅�) and a replacement 

of the pressure drop over length can be made by the negative pressure gradient.  

 

 
�̅� =

−𝑆̿

𝜇
𝛻𝑃 (28) 

 Eq. 28: Darcy’s Law 
 

Furthermore, �̅� is called the Darcy Flux, known as the discharge per unit area and is related to 

the interstitial velocity times porosity. Also, the pressure gradients are generally linear across 

length.  

 

When measuring permeability it is common to measure the in-plane directions of the fabric, 

often denoted as Sxx or Syy in the x- and y-directions and Szz in the transverse z-direction [98].  
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These directions are arbitrary but are often selected with the warp and weft directions of the 

reinforcement. Permeability can then be measured based on the flow rate and pressure drop in a 

fixture and a tensor of permeability values can be found. The most common way to obtain these 

values is experimentally through tests that prescribe the boundary conditions of Darcy’s Law to 

calculate permeability. The tensor of permeability values is symmetric and diagonalizable where 

the eigenvectors denote the principle directions of flow and the eigenvalues are the principal 

permeabilities. These tests require permeability of the preform to be measured in each direction 

as well as at all fiber volume fractions of interest. Furthermore, the accuracy of permeability 

values is critical to infusion process simulations, but the measurement techniques result in large 

variations in permeability that may be due to structural variations, non-uniformity, and 

deformation of the preform during measurement [76], [80], [82], [86], [142]. 

 

Permeability measurements are standard for macro-scale flows but can be prohibitively difficult 

on the micro-scale. For example, unidirectional fibers and unidirectional fabrics differ because 

fabrics are composed of dual-scale porous zones. The composite continuous fiber reinforcements 

are aligned into tows with both micro- and macro- flow channels. A number of permeability 

measurement approaches have been developed for fibrous media and composites research [68], 

[69], [164].  The permeability of unidirectional fibers has been shown in the past to agree well 

with Darcy’s Law for porous media but it is important to note that this permeability value is 

heavily dependent on the total fiber volume fraction of the part and stochastic packing. As fiber 

volume fraction increases, permeability rapidly drops. 
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A number of analytical models have been posed for calculating permeability in an effort to 

reduce the measurements needed. For example, the Kozeny-Carman equations were originally 

developed for calculating the permeabilities of granular beds and have been adapted for 

permeability of fibrous reinforcement. The equation was proposed as an option for predicting 

permeability in terms of geometrical properties in fiber beds for flows transverse and parallel to 

the fiber axis [77]. The equation is  

 
𝑆 =

(1 − 𝑉𝑓)
3

4𝑘𝑉𝑓
2 𝑟2 (29) 

 Eq. 29: Kozeny-Carman Formulation 
 

where, Vf is the fiber volume fraction, r is the fiber radius, and k is the empirically derived 

Kozeny-Carman constant, typically in the 0.35-1.78 range.  Unfortunately, in the original 

equations the permeability is larger than zero at volume fractions that are above the theoretical 

maximum packing arrangement. This means that at the theoretical maximum packing 

permeability is higher than zero. In this case, transverse flow should be completely restricted 

because the fibers are blocking all possible flow channels and the porosity is no longer 

interconnected. Furthermore, discrepancies can arise in the Kozeny-Carman constants when 

moving from idealized and ordered fiber arrays to the much more random and less structured 

arrangements seen in composite cross sections [82], [86], [143], [144]. The quality of prediction 

from this equation is material dependent and heavily relies on the value of the Kozeny-Carman 

constant.  

 

Another attempt by Gebart [76], specific to unidirectional composite preforms, set up analytical 

models for the flow parallel to and transverse to the fiber orientations. Gebart’s equations for 

unidirectional fibers are derived analytically and can used to predict permeability based on the 
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parallel or perpendicular fiber direction in reference to the flow direction. Tow permeabilities are 

computed using assumptions about the hexagonal and quadratic fiber packing arrangement. The 

theoretical maximum volume fraction for a hexagonal packing assumption is π/(2√3) or 90.69% 

and is used in the analytical equations. Equation 30 describes Gebart’s hexagonal packing 

analytical permeability in flow perpendicular to the fibers. The term 16/(9π√6) comes from the 

fiber arrangement and is distinct for hexagonal and square packing. 

 

𝑆𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 =
16

9𝜋√2
(√

𝑉𝑓𝑚𝑎𝑥

𝑉𝑓
− 1)

5/2

𝑅2 (30) 

 Eq. 30: Perpendicular Hexagonal Gebart’s Law 
 

Equation 31 describes Gebart’s analytical permeability in flow along the hexagonally packed 

fibers. The relationship between this equation and the Kozeny-Carman equation can be clearly 

seen and c in Equation 31 is equal to the Kozeny constant of 53 for a hexagonal packing case. 

 

 

𝑆𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =
8𝑅2

𝑐

(1 − 𝑉𝑓)

𝑉𝑓
2

3

 (31) 

 Eq. 31: Parallel Hexagonal Packing Gebart’s Equation 
 

Good results were shown for fitting these equations to experimental results for a medium range 

of volume fractions, and parameterized equations were created based on the fiber radius and 

fiber volume fraction. An effective fiber radius was used to fit experimental data for a dual-scale 

unidirectional fabric. Additionally, the equations were developed for ideal hexagonal and 

quadratic packing arrangements that are much more organized than what is traditionally seen in 

micrographs of composite samples. The Gebart analytical models for permeability of 

unidirectional reinforcements do not account for outside effects such as stochastic fiber packing, 
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fiber diameter variation, and particulate effects. Also, studies on unidirectional fibers and 

unidirectional fabrics denote that dual-scale flows can become important [95], [145], [146]. 

Unidirectional fabrics are composed of tows often bound together with another material and still 

have a dual-scale nature with larger, meso-scale tow spacing combined with micrometer spacing 

on the fiber or intra-tow level. This is important to note if the Gebart’s formulas are going to be 

extended to fluids simulations of woven structures [147]. Most researchers simply apply an 

analytical model for the yarns or tows of woven structure without worrying about the stochastic 

packing of fibers which may influence the results. There may be a more robust method of 

accomplishing this goal. 

 

Happel [87] predicted the longitudinal permeability of aligned fibers using the unit cell approach. 

The unit cell was reduced to a circle and the Stokes equation was used to find an approximate 

solution for the pressure gradient and interstitial velocity. A zero shear stress boundary condition 

was applied on the surface of the circle. Other researchers have made various models where the 

boundary conditions at the unit cell were varied [148]–[151]. It is clear from the numerical 

approached implemented that increasingly complex flow simulations can be considered based on 

the unit cell approach. This is partially because of increasing computational power. In many of 

these simulations, Darcy’s Law can be used to calculate a numerically calculated permeability 

from the unit cell or representative volume element used in the simulation.  

 

Past investigations have shown that uniform fiber arrangements yield lower permeability than 

non-uniform arrays of fibers at the same fiber volume fraction [148]–[151]. However, the 

opposite result has also been reported. Bechtold and Ye [152] numerically predicted the 
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transverse permeability of various fiber arrangements and applied the Morishita number to 

quantify the distribution. The Morishita number measured the variation of fiber spatial 

distribution. With a larger Morishita number, the regularity of the fiber arrangement decreases 

and so did the permeability.  

 

Chen and Papathanasiou [43], [44], [153] produced a set of papers looking at the transverse and 

parallel permeability of aligned fiber beds. They adopted a Monte Carlo procedure to generate 

fiber arrays up to 571 fibers. They noted that a variation in permeability could be detected at the 

same fiber volume fraction. They also noted that 571 fibers were enough to minimize the effect 

of fiber count variations on the flow field. The range of fiber volume fractions investigated in 

[44] was from 10-55%. They concluded that the inter-fiber spacing can have a large effect on the 

permeability at the same porosity.  

 

Multiple fiber diameters in a domain with large variations in diameter have not been investigated 

for fully three-dimensional domains and could directly affect permeability. A binary mixture of 

fibers could be composed of different materials with different nominal fiber diameters. For 

example, in some cases a carbon fiber has been commingled with polymer fibers occupying 

space between reinforcing fibers [63], [165]. In another case, a carbon could be comingled with 

glass fibers because carbon is light but still relatively expensive. Glass is inexpensive and has 

properties that could be advantageous in certain applications.   Additionally, glass is often used 

as stitching in carbon fabrics. 
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The review of literature shows that the permeabilities of unidirectional fibers are an important 

parameter for an accurate description of resin flow in composite manufacturing. Fiber volume 

fraction and fiber randomness have both been shown to affect permeability but how remains 

unclear. Further, how the statistical variation in fiber diameters around the average value changes 

permeability is unknown. In this study, a numerical method of permeability prediction is 

developed that allows for the effects of various fiber diameters, volume fractions, and realistic 

random fiber placement to be accounted for in parallel and transverse flow scenarios. The 

unidirectional fibers are generated based on an algorithm described by Desmond and Weeks 

[154] and then input into a code that reads the file and extrudes a set of fibers. Then, 

permeability is calculated for this set of fibers using computational fluid dynamics and the direct 

application of the Navier-Stokes equations. Simulations are run with 5 cases of random packing 

at each fiber volume fraction for parallel flows and 10 cases are investigated for transverse flows. 

Fiber volume fractions are varied from 0.20 to 0.80 in increments of 0.10. A binary mixture of 

fibers is also investigated with a fiber diameter ratio of 1.73 and it is found that as the fraction of 

small fibers increases the corresponding permeability drops on a corresponding volume fraction. 

The mean nearest inter-fiber spacing is utilized to help quantify the heterogeneity of the fiber 

distribution. Results are compared with literature for a number of analytical equations for 

unidirectional permeability. Furthermore, these computed permeabilities could be used for the 

meso-scale simulations of a woven fabric and its repeating unit cell as yarn or town inputs. The 

ability to quantify microstructure variations and investigate it in a controlled model is useful. 

This study is a step in meeting that quantification.  
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5.3 Fiber Modeling 

 

For geometry generation, fiber arrays are treated as cylinders with their axes aligned transverse 

or parallel to flow. The permeability can be directly solved for with the Navier-Stokes equations 

as discussed in the introduction. An algorithm by Desmond and Weeks [154] was adapted for 

this numerical study. The original algorithm was used to study random close packing of three-

dimensional spheres and two-dimensional disks in confined geometries to advance the 

understanding of how packing properties can change with random packing orientations in 

realistic scenarios that deviate from perfect packing. Here, this algorithm is adapted to create 

three-dimensional random cylindrical geometries for numerical permeability predictions.  

 

In two dimensions, a mixture of fiber ends is inserted into a 1x1 square dimensionless domain. 

Each configuration is implemented by building on the method by Xu et al. [155], Clarke and 

Wiley [156], and Desmond and Weeks [154]. At time zero, infinitesimal points are randomly 

dispersed in the system and are gradually expanded and moved at each step. The infinitesimal 

points are initialized in the system using the Mersenne Twister Algorithm to randomize the 

starting points. These points are gradually given area and position by being expanded and 

moved. They are translated in two dimensions to prevent the overlapping of fiber ends. When a 

final state is found where the fiber ends can no longer be expanded without overlapping, this step 

of the packing process ends.   
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The algorithm alternates between treating the fiber ends as hard surfaces, where overlapping is 

not allowed, and as soft surfaces where overlapping is allowed. This is done by using a soft 

potential described by  

 
𝑉(𝑟𝑖𝑗) =

𝜖

2
(1 −

𝑟𝑖𝑗

𝑑𝑖𝑗
)

2

𝛩 (1 −
𝑟𝑖𝑗

𝑑𝑖𝑗
) (32) 

 Eq. 32: Soft Potential 
 

where  𝑟𝑖𝑗 is the center to center distance between two fibers i and j. Further, 𝜖 is a characteristic 

energy scale, 𝑑𝑖𝑗 =(𝑑𝑖+𝑑𝑗)/2 and the Heaviside step function is used Θ(1 −
𝑟𝑖𝑗

𝑑𝑖𝑗
) making V 

nonzero for 𝑟𝑖𝑗<𝑑𝑖𝑗. Fiber ends are prevented from overlapping based on a user defined 

threshold. After each expansion step, the fiber ends are checked for any overlapping thorough the 

condition 1-𝑟𝑖𝑗/𝑑𝑖𝑗> 𝜖 =10
-5

 for every fiber end. This limit is set by choosing a point where 

overlap is negligible. If fiber ends are found to be overlapping, the nonlinear conjugate gradient 

method is used to move the centers in order to make them no longer overlap [157]. Physically, 

the average force per fiber end is minimized in order to ensure fibers are not overlapping.  

 

The algorithm handles up to a binary mixture of fibers of a desired ratio. For each configuration, 

fiber ends are packed into a box of prescribed unitless dimension. The boundaries of the box are 

prescribed as fixed and a final configuration is generated from the algorithm [155], [156]. A 1x1 

unit square is generated where the number of fibers desired is input. A starting volume fraction is 

selected and a starting volume fraction step size is prescribed. The algorithm packs the maximum 

volume fraction of fiber ends into the square. The wall boundaries are treated as mirrors where, 

as a fiber moves closer to a boundary, it is reflected back by its own projection. Up to this point, 

all calculations are dimensionless.  
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Dimensions are added by selecting a fiber radius and goal fiber volume fraction. The dimensions 

of all other parameters are driven by the dimensions of the nominal fiber radius. This fiber radius 

defines the fiber end area, which can be used to calculate the total area of fibers within a square. 

The total area of fibers is divided by the target area fraction and this gives a new area of the 

square unit cell. The square root of this area is the length of the square which is used to control 

the dimensions and make up the fluid region that is solved for permeability. This square fluid 

length is also used to create the cubic volume in three dimensions. Before this step, the previous 

x-,y-, and z-coordinates were values from 0 to 1. After this step, the new x-, y-, and z-

coordinates are generated by taking the square length in any dimension and multiplying the 

dimensionless coordinates by that length. The new coordinates are saved as a text file and read 

automatically to generate an international standard STEP geometry file. This section of the code 

creates an outer cube, the fluid volume, with a set of fibers approximated as randomly placed, 

aligned, perfect cylinders.  Fiber size ratios of 1 and 1.73 were investigated in this paper. The 

model adopted also limited the maximum achievable packing arrangement because of wall 

induced structure and the maximum theoretical packing is not possible here.  In each parallel 

case, 5 random geometries were created for each investigated fiber volume fraction. The random 

geometry was held constant when changing fiber volume fractions through scaling to see the 

effects of volume fraction with a consistent random packing. In the transverse cases, 10 random 

geometries were created in the same way. The ensemble average permeability for the entire 1000 

fiber domain was calculated but an average for a smaller intra-tow region could also be sampled 

and computed for sub-regions consisting of smaller amounts of fibers. For example 20 fibers 

could be computed for permeability instead of 1000.   
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Chen et  al [44] chose the minimum inter-fiber spacing to be one tenth of a fiber radius. This has 

been chosen by other authors as well, due to numerical meshing considerations, but was not 

selected as a consideration here. The required discretization time does dramatically increase 

however when the distance between two fiber boundaries diminishes. 

 

5.4 Flow Modeling 

 

Here, models are created for the longitudinal and transverse saturated flow through fiber beds. 

Flow is driven by a flow rate in a three-dimensional representative volume element. The fibers 

are treated as impermeable solids possessing no slip boundaries.  The size of the representative 

volume element was selected in order to reduce the fiber count effects. In other words, to get a 

sufficiently random domain, a certain threshold of fibers is needed. This threshold is discussed 

by Chen et al. [43].  The solution for the permeability of flow perpendicular and parallel to the 

fibers has been conducted in three dimensions for the complete Navier-Stokes equations with the 

finite volume code Fluent. The computations are done at low flow rates so that the single phase 

creeping flow assumption is valid. This implies that inertial forces are neglected and the results 

for permeability should result in linear pressure gradients. The permeability results from Fluent 

simulations were validated by comparing with previous published analytical and numerical 

models.  

 

The simulations were performed for fiber volume fractions of 20-80% in increments of 10%. The 

simulations have been run at fiber counts of 1000 as well as five random packing arrangements 

at volume fraction. A characteristic geometry for 1000 fibers can be seen in Figure 25. The 
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boundaries of the volume are assumed to be translationally periodic and are matched to opposing 

faces. A specified velocity inlet condition is applied and an atmospheric pressure outlet is 

assumed. The results output the area weighted average inlet and outlet pressures, as well as, the 

interstitial in plane average velocity. The stead- state laminar flow conditions are assumed to 

accurately represent the flow that takes place under experimental saturated permeability 

measurements. A tetrahedral mesh is generated for the unit cell. Currently, a new and unique 

mesh is required for each fiber volume fraction and is a limiting factor in the number of random 

packing arrangements that can be realistically investigated.  

 

The viscosity of the fluid used in the numerical simulations was the same as the viscosity of the 

fluid used in experimental investigations of permeability measurements (Oil, Viscosity 0.24Pa*s, 

Density 709 kg/m
3
). The local fiber reinforcement permeability is of manufacturing interest 

because the impregnating resin can be modeled without accounting for all of the fibers in a mold 

individually. This is useful for simulating the LCM infusion in the most computationally 

efficient manner.  

 

5.5 Results  

 

To obtain the results in this section, the velocity inlet and pressure outlet are prescribed along 

with the periodic boundary conditions. For parallel cases, the velocity is applied along the fiber 

direction. For transverse or perpendicular cases, the velocity is applied across the fiber surfaces. 

The fibers are treated as walls with no slip boundary conditions along their surfaces and 
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compaction due to the force of the fluid is assumed to be negligible. The fluid region is the area 

not made up of fibers and is solved for the interstitial in plane velocity.  

 

A representative volume element generated with the process described in the modeling section is 

shown in Figure 25 with 1000 fibers at a high fiber volume fraction of 70%. Within this region, 

the geometry shows selected sub-areas of high and low local fiber volume fraction in a) and b). It 

is interesting to note that the areas of high and low volume fraction will affect the permeability 

locally. It is also worth noting that as the fiber volume fraction increases there is less space for 

the random fiber packing to occupy and the reinforcing fibers will trend towards an idealized 

fiber packing arrangement.  
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Figure 25: Unit cell and corresponding volume fraction, global volume fraction is 70%, a) sub 

region with high local Vf, b) sub region with lower local Vf 

 

Figure 26 gives two characteristic geometries generated using the adapted algorithm for 100 

fibers emphasizing fiber packing variability. All the simulations in the presented results were run 

with 1000 fibers but these geometries were selected because they clearly emphasize the 

differences in the random packing possible. The transverse permeability varies by 11% for the 

two cases shown at 20% fiber volume fraction and the permeability is higher in a) than in b) due 

to uninterrupted flow channels. 

 

b) a) 
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Figure 26: Two geometries generated at 0.20 fiber volume fraction and investigated for the 

effects of interstitial fiber spacing on composite fiber reinforcement permeability a) less uniform 

geometry generation with increasing randomness, and b) more uniform geometry generation 

with decreasing randomness. The permeability result for these two packing arrangements varies 

by 11%. 

 

Figure 27 shows a geometrical representation of a binary mixture of fibers at 60% fiber volume 

fraction. In each simulation, the fiber count was held fixed at 1000.  The total volume of each 

representative volume element varies. Figure 27 a) 70% 9µm fibers with 30% 5.2µm, b) 50% 

9µm fibers with 50% 5.2µm, and c) 30% 9µm fibers with 70% 5.2µm. Inside these regions, 

locally high and low fiber volume fractions can be seen differing from the global average. 

Additionally, the smaller fibers can be seen nesing between the larger fibers which allows for 

small fibers to fill gaps between large fibers. 

 

 

b) a) 
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Figure 27: Three representative binary mixtures at 60% fiber volume fraction. Fiber count it 

1000 in each case so the total volume of each representative volume element varies. a) 70% 9µm 

fibers with 30% 5.2µm b) 50% 9µm fibers with 50% 5.2µm c) 30% 9µm fibers with 70% 5.2µm 

 

Figure 28 and Figure 29 show the numerical results for the average inter-fiber parallel and 

perpendicular permeabilities versus fiber volume fraction computed with 1000 fibers. 

Simulations were run with two different fiber diameters set at 5.2µm and 9µm. These fiber 

diameters would closely represent a carbon fiber material and a glass fiber material, respectively. 

The simulations shown here were an average of 5 simulations in the parallel direction and 10 

simulations in the perpendicular direction for each fiber volume fraction. Twice as many 

transverse simulations can be run without requiring twice as many meshes because there are two 

transverse directions for each meshed representative volume element. The computed 

permeabilities are not necessarily the same in each transverse direction for the same 

representative volume element. The trend shows a rapid drop in permeability as fiber volume 

fraction increases. Also, the smaller fiber diameter has an apparent effect on the computed 

permeability because it is effectively creating a finer filter in the volume element.  

 

 

a) b) c) 
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Figure 28: Average parallel numerical permeability results vs. fiber volume fraction for 1000 

fiber count simulations 
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Figure 29: Average perpendicular numerical permeability results vs. fiber volume fraction for 

1000 fiber count simulations 

 

Figure 30 and Figure 31 show the numerical results of parallel and perpendicular permeability 

plotted against the fiber volume fraction and mean nearest inter-fiber spacing, respectively.  In 

order to quantify the microstructure with a parameter of the microstructure other than the fiber 

volume fraction, the mean inter-fiber spacing was adopted. The mean nearest neighbor is a 

common metric used to determine the degree of local heterogeneity [166]. A search algorithm 

was written to calculate the center to center distances of all fibers from one another. This gave an 

array of values with zero along the axis where the search algorithm calculated the distance of the 

search fiber from itself. Infinity was then added along the axis of the matrix and the minimum 
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find the mean nearest neighbor in the generated volume. From this, the fiber diameter (or mean 
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of the fiber radius. The results show that as the mean spacing between fibers increases the 

permeability also rapidly increases. This corresponds with an increase in fiber volume fraction. 

 

 

Figure 30: Average parallel numerical permeability results vs. mean inter-fiber spacing for 1000 

fiber count simulations 

 

  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 2 4 6 8

N
o

n
-D

im
e

n
si

o
n

al
 P

e
rm

e
ab

ili
ty

 

Mean Inter-fiber Spacing (µm) 
 

Parallel Permeability Results  

Average
Permeability
9µm Fiber
Diameter

Average
Permeabilty
5.2µm Fiber
Diameter



119 

 

Figure 31: Average perpendicular numerical permeability results vs. mean inter-fiber spacing 

for 1000 fiber count simulations 

 

Figure 32 shows a sample of the variation seen for 1000 fibers, 9um in diameter, at 60% fiber 

volume fraction in a transverse flow scenario. Figure 33 shows a sample of the variation seen at 

50% fiber volume fraction for the same set of cases. These figures are plotted against the mean 

inter-fiber spacing to show the variability more clearly than plotting it across a range of volume 

fractions. Generally, as the mean inter-fiber spacing grows, the permeability increases. However, 

this is not always the case if the flow inlet has a large collection of conglomerated fibers, 

allowing the pressure at the inlet to rise and the computed permeability to drop.  The results here 

show a 10-13% difference between values.  
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Figure 32: Transverse Flow Sample of Variation at 60% Fiber Volume Fraction, 9µm Fibers 

 

 

Figure 33: Transverse Flow Sample of Variation at 50% Fiber Volume Fraction, 9µm Fibers 
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Figure 34 shows a sample of the variation seen for 1000 fibers, 9um in diameter, at 60% fiber 

volume fraction in a parallel flow scenario. Figure 35 shows a sample of the variation seen at 

50% fiber volume fraction for the same set of cases. These figures are plotted against the mean 

inter-fiber spacing to show the variability more clearly than plotting it across a range of volume 

fractions. In the parallel flow scenario there is less variation (4-9% difference) in permeability as 

the inter-fiber spacing changes. This appears to indicate that parallel flows are less susceptible to 

aligned fiber packing variation. However, this is not always the case there is a large collection of 

agglomerated fibers creating other areas of preferential flow.  

 

 

Figure 34: Parallel Flow Sample of Variation at 60% Fiber Volume Fraction, 9µm Fibers 
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Figure 35: Parallel Flow Sample of Variation at 50% Fiber Volume Fraction, 9µm Fibers 

 

Figure 36 and Figure 37 show all the simulated cases of permeability with 1000 fibers. Figure 36 

shows the plots of parallel permeability for non-dimensionalized permeability and mean inter-

fiber spacing. Figure 37 shows the plots of parallel permeability for non-dimensionalized 

permeability fiber volume fraction. Each point on the graph is a separate numerical simulation 

and the random data is colored by the same data point icon on the graph. The data tends to scatter 

more at low fiber volume fractions where there is more space between fibers. The variability is 

also not necessarily negligible as can be seen when investigating the plot of inter-fiber spacing.  
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Figure 39 is the perpendicular permeability cases with non-dimensionalized permeability and 

fiber volume fraction simulated with 1000 fibers. Variation is seen in the plots of permeability 

with fiber volume fraction meaning that there are fiber packing dependences. This is where 

mean-inter-fiber spacing is applied in an attempt to rectify this. However, if permeability is 

plotted with the non-dimensionalized average permeability vs inter-fiber spacing the data is still 

scattered.  It is also worth pointing out that a significant variation in permeability was not seen 

based on flow rate. This was investigated for validation of the Newtonian creeping flow 

assumptions and the neglecting of inertial effects as a significant source of pressure build up in 

the simulations.   

 

 

Figure 36: Parallel permeability cases with non-dimensionalized permeability and mean inter-

fiber spacing simulated with 1000 fibers 
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Figure 37: Parallel permeability cases with non-dimensionalized permeability and volume 

fraction simulated with 1000 fibers  

 

 

Figure 38: Perpendicular permeability cases with non-dimensionalized permeability and mean 

inter-fiber spacing simulated with 1000 fibers 
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Figure 39: Perpendicular Permeability cases with non-dimensionalized permeability and fiber 

volume fraction simulated with 1000 fibers 

 

Figure 40 shows a characteristic pressure contour plot of a transverse flow case with a relatively 

uniformly packed case. This case is a 0.60 fiber volume fraction and has a fairly smooth pressure 

gradient transition. For a Darcy’s law assumption to be applicable there should be a relatively 

linear pressure gradient present and there should not be flow rate dependence. If there is flow 

rate dependence then a formulation based on the Forchheimer equation would need to be applied.  
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Figure 40: Pressure contours of a transverse flow through 60% fiber volume fraction in Pascal’s 

(Pa) 

 

Figure 41 and Figure 42 show the numerical results for the average inter-fiber parallel and 

perpendicular permeabilities of 1000 fibers. Figure 41 shows the average parallel numerical 

permeability results versus fiber volume fraction for 1000 fiber count simulations across fiber 

diameters ranging from 9μm to 5.2μm.  Figure 42 shows the average perpendicular numerical 

permeability results versus fiber volume fraction for 1000 fiber count simulations across fiber 

diameters ranging from 9μm to 5.2μm.  These fiber diameters would closely represent a carbon 

fiber material and a glass fiber material, respectively. The simulations shown here were an 

average of 5 simulations in the parallel direction and 10 simulations in the perpendicular 

direction for each fiber volume fraction. Twice as many transverse simulations can be run 

without requiring twice as many meshes because there are two transverse directions for each 
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meshed representative volume element. The computed permeabilities are not necessarily the 

same in each transverse direction for the same representative volume element. The trend shows a 

rapid drop in permeability as fiber volume fraction increases. Also, the smaller fiber diameter has 

an apparent effect on the computed permeability because it is effectively creating a finer filter in 

the volume element. It is interesting to note how a binary mixture of fibers will affect the 

computed permeability if multiple fiber types will be used in a composite or if there is a large 

range in the nominal fiber diameter of the composite. The effect of binary mixtures on the flow 

can be seen by increasing concentration of smaller fiber diameters with constant fiber counts of 

1000. The total volume of each representative volume element varies shown in Figure 27 a) 70% 

9µm fibers with 30% 5.2µm, b) 50% 9µm fibers with 50% 5.2µm, and c) 30% 9µm fibers with 

70% 5.2µm. Figure 41 and Figure 42 show a clear trend where, with decreasing fiber volume 

fraction, permeability decreases as expected for parallel and transverse flows. However, it also 

shows that as the fiber diameter decreases, the permeability decreases at a constant fiber volume 

fraction. This correlates with experimental measurements of glass and carbon fiber fabrics where 

smaller carbon fibers often lead to lower permeabilities at the same fiber volume fraction. The 

trend clearly shows that if a larger percentage of smaller fibers are incorporated then the 

permeability drops. 

 

The results tend to show ~100% difference between fiber diameters at the same fiber volume 

fractions and ~4-15% difference between cases of random packing at the same volume fraction. 

These results compare reasonably well to the variation seen from various literature results. As 

results trend towards 90.93% fiber volume fraction, permeability should trend towards zero as 

the fiber randomness is forced to become increasingly hexagonally structured, and eventually the 
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porous media is no longer interconnected. At lower fiber volume fractions, more variability in 

permeability is expected because there is more space for random packing to occupy. At higher 

fiber volume fractions, there is expected to be less variation because there is less space for fibers 

to occupy. Also, there is less space for stochastic randomness. 

 

 

Figure 41: Average parallel numerical permeability results vs. fiber volume fraction for 1000 

fiber count simulations 
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Figure 42: Average perpendicular numerical permeability results vs. fiber volume fraction for 

1000 fiber count simulations 

 

Figure 43 and Figure 44 plot previous results from literature are compared with current 

simulations. The abbreviations denote: Gebart et al [76] ( Gebart Hexagonal, Gebart Quadratic), 

Kozeny-Carman [76] (Kozeny-Carman Hexagonal, Kozeny-Carman Quadratic), Bruschke et al. 

[63] (Bruschke), Gutowksi et al. [77] (Gutowski 0.82, Gutowksi 0.76), Chen et al. [44] (Chen 

Hexagonal, Chen Quadratic, Chen Random)  Drummond et al. [72] (Drummond Hexagonal, 

Drummond Quadratic). The difference has been plotted versus current averaged numerical 

results to the corresponding numerical or analytical results for 5.2 µm diameter fibers.   
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Figure 43: Comparisons for parallel permeability with results from literature at 5.2 µm fibers 
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Figure 44: Comparisons for perpendicular permeability with results from literature at 5.2 µm 

fibers 
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derived to fit experimental data with empirical parameters, which may make certain models 

semi-analytical.  

 

5.6 Discussion 

 

The results show that when isolating micro-scale permeability, the random packing and fiber size 

does have an effect on permeability. It is hypothesized that this is due to local permeability 

variations that differ from the global unit cell average. For example, there will be pockets of 

higher fiber volume fraction and lower fiber volume fraction in the unit cell. These pockets will 

have higher and lower permeabilities respective to their local volume fractions. The local 

variations will affect the global average and this will effectively raise or lower the computed 

global average. The higher volume fraction regions within the domain will create flow blockage 

near the pressure inlet and corresponding pressure build ups. The fiber distribution is able to 

generate variability in the computed permeability. The average permeability, as well as, the 

standard deviation is of particular interest. The reported permeability is an ensemble average of 

the entire domain. This should take into account the well dispersed and agglomerated fibers in 

the domain and average them out over a large enough ensemble. At high volume fractions, flow 

channels can become blocked and the permeability will be low in these areas. This is because the 

pressure will be allowed to build up in areas restrictive to flow and that will have an upstream 

effect on the rest of the computational domain.  

 

In these results, confining the boundaries of the unit cells to square walls during geometry 

generation will artificially induce order into the arrangements. This is because periodic 
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boundaries are not used in the generation of the geometries and partial fibers are not allowed to 

cross the walls. During the fluid simulations however, translationally periodic boundary 

conditions are applied. Wall induced structure will also reduce the total fiber volume fraction 

that can be achieved if the goal was to reach a perfect hexagonal packing arrangement. To 

achieve maximum packing would require a hexagonal shaped unit cell or periodic boundary 

conditions in the geometry generation. While permeability is a function of a large number of 

fibers, boundary conditions will influence the flow characteristics.  

 

Furthermore, injection pressures could cause fiber distortions and shift the fibers so that they 

displace and violate the perfectly aligned assumption. This displacement would also affect the 

local porosity. Simulations assume perfectly fixed fibers that can sometimes be seen to washout 

in high pressure RTM molds. All of these effects can compound to create variability in the 

measured permeability. In computations, we have the unique ability to control for these factors 

and incrementally modify them.  For these reasons, if microstructural permeability is of interest, 

numerical tools may be the only way to investigate parameters like the level of randomness. 

Even at high fiber volume fractions, a 4-15% variation in permeability is seen with constant fiber 

diameters. More variability is seen when fiber diameters are varied in size. Additionally, fiber 

packing disorder and fiber size variation is normal in fiber reinforcement and a method has been 

shown to model the resulting permeability with those effects. 
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5.7 Conclusions 

 

In this paper a novel modeling approach has been applied to investigate the permeability of fiber 

reinforcement for liquid composite molding. Simulating the process on the micro-scale can help 

reduce investment costs and investigate a possible range of resins and reinforcements. When 

manufacturing a composite, a strong understanding of the flow properties across a number of 

scales of interest is required. Using a numerical approach, like the one outlined above, allows for 

a strong understanding of the micro-scale flows and a solution that can be coupled into the other 

scales of interest.  In modeling micro-scale or pore scale permeability, the random packing does 

have an effect on permeability even at a constant fiber volume fraction. It is hypothesized that 

this is due to local permeability variations that differ from the global unit cell average. For 

example, in a global unit cell of 1000 fibers, there will be pockets of lower volume fraction and 

higher volume fraction in the unit cell. These pockets will have higher and lower permeabilities 

respective to their local volume fractions. The local variations will affect the global average and 

this will effectively raise or lower the computed global average. Furthermore, fiber diameter 

affects permeability when only considering permeability as a function of volume fraction. Larger 

fibers have a larger permeability and a binary mixture of fibers has permeability between the 

maximum and minimum permeabilities. This is a function of the percentage of fibers at each 

fiber diameter. It is hypothesized that the variability in the permeability at a single volume 

fraction could be used to induce variability into meso-scale permeability models without 

requiring dimensional variability in the tows. The numerical results have the potential to be used 

in component level simulations where permeability is needed as a tool to simplify the porous 

structure.  
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6. EFFECTS OF DISORDERED TOUGHENING PARTICLES ON UNIDIRECTIONAL 

FIBER REINFORCEMENT PERMEABILITY 

 

6.1 ABSTRACT 

 

Compared to traditional metal materials, composites are generally brittle and have a low 

resistance to crack initiation and propagation. Researchers have addressed this issue by 

incorporating particulate based fillers to increase material properties like fracture toughness. 

However, additives can be detrimental to processing variables like permeability and the 

consistency of parts. This limits more widespread applications because liquid composite molding 

processes can become prohibitively difficult.  During the manufacture of particle and fiber 

composites, the infiltrating fluid can experience particle filtration causing pressure build-ups. 

Hence, a robust body of research investigating particle effects on resin infiltration is needed. 

Generally, it is difficult to distinguish the effects of particles from other processing variables; for 

instance measured permeability can vary by an order of magnitude. Here, an effort is made to 

numerically predict the effects of incorporating particles and toughening agents on the steady 

state, single phase permeability, of randomly aligned composite reinforcement fibers. 

Specifically, variations in filler particle size and concentration were studied. Over 500 

simulations were conducted on three-dimensional geometries, with particle volume fractions 

between 0-10.5%, and fiber volume fractions of 60-64%. The particles were randomly inserted 

into the domain, fixed in space, and solved for as part of the mesh. These particles have mass and 

occupy physical volume in the computational domain. Baseline permeability results of fiber 

geometries without particles compared well with analytical and numerical results. The findings 
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of this study include permeability as a function of particle volume fraction, independence over a 

small range of particle sizes, and independence from various drag laws numerically implemented 

on fixed particles. The results also indicate that this is an area of interest for future work. 
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6.2 Introduction 

 

Processing of composites is complicated and varies significantly from processing traditional 

metal based materials. Liquid composite molding (LCM) is a class of composite manufacturing 

techniques that is commonly used to manufacture finished composite parts. This class of 

methods includes resin transfer molding (RTM) and vacuum assisted resin transfer molding 

(VARTM). Variations to these methods have been created for trade secret and specific 

commercial applications. Particulates can be composed of a number of toughening and 

strengthening particles and have been used to advance composite mechanical properties [167]–

[170], but these inclusions can add a layer of difficulty to the manufacturing process.  

The critical processing parameter in LCM simulations is permeability, which drives the mold 

filling time and pressure distribution. Permeability is a function of the fiber reinforcement 

geometry, fiber volume fraction, and fiber type. If the fiber preform and boundary conditions are 

not well designed, then the mold will be filled slowly or incompletely. Additionally, effects like 

fiber washout can occur where the fiber arrays are deformed and the designed mechanical 

properties will not be achieved in the manufactured composite. Fiber reinforcement can have a 

filtration effect when particles are flowing along with a fluid [171]. The particles can cause 

complete flow blockages if the particulate sizes are inappropriate or tend to agglomerate 

reducing the interconnected nature of the porous material.  

 

The flow resistance with fiber reinforcement increases rapidly with increasing fiber volume 

fraction, while the particulate incorporation can have a large effect on infusions creating added 

resistance to flow. If the production of parts by liquid composite molding processes is desired, it 
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is important to understand the effects that particles will have on the infusion parameters. In mold 

design, it can be difficult to identify what the final flow properties will be like before a tool is 

built because there are so many coupled parameters. Poor mold design will lead to poorly 

finished parts with large quantities of air entrapment.  

 

Composite manufacturers started to incorporate particulate additives in production for special 

purposes such as electrical conductivity [167], thermal conduction [168], flame resistance [169], 

and cost reduction[170]. To achieve these ends, it is important to distinguish between micro- and 

nano-particles. Nano-particles (1E-9m) generally require a lower filler percentage than micro-

particles (1E-6m) to achieve a designed effect like mechanical property improvement [172]. 

Some particles incorporated into a composite may bridge the gap between the standard particle 

sizes, encompassing features of both scales. For example, exfoliated graphene is generally 3-5nm 

thick but can easily have an effective diameter of 5-15µm.  

 

Two main methods exist for incorporating particles into laminated composites. One uses liquid 

composite molding where the particles are dispersed into a resin system and then the resin is 

infused into the fiber reinforcement. In some cases, the high surface area of particles and the 

large aspect ratio of some particles leads to significant increases in resin viscosity [173]. 

Additionally, this approach can cause filtration of the particles by the fiber reinforcement and 

result in gradient dispersion of the particles. A second approach coats the particles directly onto 

the fiber surfaces in a sizing approach [174]. This approach can reduce the issue of gradient 

material properties but permeability reductions still exist. However, in one case the investigation 
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of transient permeability of a plain weave S-glass fabric with graphene nano-platelets found that 

permeability increased due to an inter-ply spacing effect [175].  

 

Particle filled resins and particle coated or filled preforms are different. Particle filled resins with 

particles in suspension can have viscosity increases as well as thixotropic properties. The issue of 

filtration leads to gradient mechanical properties and is also a design parameter that must be 

understood. All this combines to change the resin flow and can lead to dry spots, poor saturation, 

and changed cure times [170]. Well dispersed particles in the preform may have smaller effects 

on filtration but may still have important effects on permeability. The effect on permeability 

would also be a function of particle size.  

 

This investigation is a first attempt at discovering the effects of spherical particles on a flow field 

in composite manufacturing and their effect on permeability.  Numerical tools are utilized to 

predict the effects of incorporating particles and toughening agents on the steady state, single 

phase, permeability of unidirectional, randomly aligned composite reinforcement fibers. 

Specifically, variations in filler particle size and concentration at a single fiber volume fraction 

are simulated. The study was designed to simulate and model fixed particles with a future work 

to include transient particles and agglomeration. Over 500 simulations were conducted on three-

dimensional geometries, with particle volume fractions between 0-10.5% and fixed fiber volume 

fractions of 60-64%. The particles were randomly inserted into the domain, fixed in space, and 

solved for as part of the mesh. These particles have mass as well as occupying physical volume 

in the computational domain. Permeability of just the fiber geometries were taken as a baseline 

for permeability. Those results were then compared with results from including particles and 
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showed reasonable decreases in permeability. The findings of this study include permeability 

driven by particle volume fraction and independence from various drag laws numerically 

implemented. Results show an independence from particle size over a small range of particle 

diameters and no effects due to the randomness of the well distributed particle dispersion. The 

results also indicate that this is an area of interest for continued work. 

 

6.3 Fiber Reinforcement Modeling 

 

The fiber reinforcement modeling approach has been described in another paper [163]. For this 

study, the micro-scale is isolated for direct numerical simulations. One characteristic fiber 

geometry and packing at volume fractions of 60-64% are studied. This fiber volume fraction 

range was selected based on what is commonly seen in unidirectional tows. The fiber packing 

arrangement is forced to be identical at each volume fraction in order to remove the effects of 

packing arrangements on the results. Packing arrangement has been shown to affect the resulting 

permeability because of the blockage of preferential flow channels. 

 

6.4 Flow Modeling 

 

Here, models for the longitudinal and transverse flow through fiber beds with incorporated 

particles are created. The solution for the permeability of flow perpendicular and parallel to the 

fibers has been conducted in three dimensions with the finite volume code FLUENT. The 

computations are done at low flow rates so that the creeping flow assumption is valid. This 

implies that inertial forces are neglected and the results for permeability should result in linear 
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pressure gradients. The single phase, saturated flow, is simulated to simplify the case. The solid 

phases are solved for but only one fluid phase is considered. Two-phase fluid flow disturbances 

like capillary effects and saturation are often present in manufacturing mold fills but will not be 

considered here.  

 

The simulations were performed for fiber volume fractions of 60-64% in increments of 1% 

volume fraction. In each simulation there were 10 fibers in the computational domain using a 

geometry generation code from previous research [163]. A characteristic geometry for 10 fibers 

can be seen in Figure 45. In the volume cell, the fiber surfaces are assumed to have a standard no 

slip, wall boundary condition. The boundaries of the volume are assumed to be translationally 

periodic and are matched to opposing faces. The inlet condition is a velocity inlet and an 

atmospheric pressure outlet is assumed. The steady state laminar flow conditions are assumed to 

accurately represent the flow that takes place under experimental permeability measurements. 

The model results output are the inlet and outlet pressures as well as the interstitial average 

velocity. A tetrahedral mesh is generated for the unit cell. Currently, this approach allows for a 

consistent mesh between particle volume and packing. However, a new mesh is required for each 

fiber volume fraction and the particles must occupy a minimum number of mesh elements in the 

domain. This requires that the mesh be fine enough to incorporate the particle size of interest. As 

the particles become smaller, an increasingly fine mesh is required, and corresponding 

computation times increase. 
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Figure 45: The fiber geometry for the majority of simulations with a set of parallel flow 

boundary conditions. The fluid region is gray and the fibers are green. The fiber volume fraction 

here is 60%. 

 

The properties of the fluid used in the numerical simulation were motor oil, often used in 

experimental investigations of permeability (Motor Oil, Viscosity 0.24Pa*s, Density 709 kg/m
3
) 

[164]. It is envisioned that, the micro-scale permeability with particulate incorporation could be 

used to aid in the prediction of the macroscopic, component level permeability. This would be 

done using the results of these simulations as averaged permeability inputs for tow geometries on 

meso-scale permeability simulations. The component level permeability is of manufacturing 

interest because it models the impregnating resin in liquid composite molding without having to 

account for every individual fiber and tow leading to a more computationally efficient solution.  
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6.5 Macroscopic Particle Model 

 

Typical particle tracking methods assume that particles are point masses that do not interact 

[176]. When trying to consider relatively large particles in a flow field, large meaning larger than 

multiple discretized cells, special considerations have to be made. Factors such as a blockage of 

fluid volume, which directly affect permeability because of its effect on porosity, have to be 

taken into account. Further, the proper evolution of the drag force, particle-particle collisions, 

particle-wall collisions, torque, and friction dynamics can be significant for large moving 

particles [177]. In the macroscopic phase model, particles are treated in the Lagrangian frame of 

reference and each particle spans several computational grid points. 

 

In modeling fibrous preforms for composite manufacturing, a porous media assumption is often 

valid.  If the domain of interest is the micro-scale, the interactions between a well dispersed 

micro-particle phase and the computational domain has to be considered.  Two critical problems 

that evolve during composite manufacturing with toughening particles include gradients in 

material properties caused by a filtering effect from the fiber preform and uneven particle 

dispersion caused by the flow and inter-particle forces. Here, it is assumed that we have a well 

dispersed particle inclusion in our domain as in Figure 46. In order to simplify this first 

investigation and reduce computation time, particles are fixed in the domain to investigate their 

effect on the pressure distribution. 
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Figure 46: An isometric (A) and parallel flow (B) view are shown as a characteristic example of 

random particle incorporation at 1µm particle size and 1% particle volume fraction  An 

isometric (C) and parallel flow (D) view are shown as a characteristic example of random 

particle incorporation at 3µm particle size and 5% volume fraction. These particles are assumed 

to be fixed in space and not allowed to flow with the resin or affect the resin viscosity. The flow 

is treated as a single phase fluid and particles are allowed to partially exit the computational 

domain. 

 

 

The Discrete Phase Model (DPM) works for some domains, but this treats a particle as a point 

mass and these point masses have the properties of the fluid as the particles move [176]. In this 

investigation of particulate incorporation, 1, 3, and 5μm particles are inserted with 9µm fibers. In 

the general use of the DPM model, the particles of interest are considered to be much smaller 

than the computational grid cell in the discretization. The modeling of particles that have mass 

and volume requires a different and unique approach. If properties such as permeability are of 

interest, this approach must also account for effects such as a change in geometry and a blockage 

of fluid volume. 

A) 

C) 

B) 

D) 
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The Macroscopic Phase Model (MPM) developed by Agrawal et al. [177] meets many of the 

needs stated for composite interactions with a dispersed particle phase. The model accounts 

for effects such as drag forces, particle torque, friction dynamics, particle-particle and particle-

wall interactions. The model is designed for finite volume computational fluid dynamics solvers 

where direct numerical simulations (DNS) are avoided because of a large number of particles of 

interest.  Furthermore, this model assumes that the particles of interest fill multiple 

computational mesh cells. 

 

This model in the transient case, has the ability to track any particle through a volume, the most 

common way to do this is to use a Lagrangian frame of reference. Each particle is assumed to 

span several computational cells.  Cells that contain at least one node within the region occupied 

by the particle are affected by the particle. Six degrees of freedom are assigned to each particle to 

account for the translational and rotational motions. However, in this first investigation the 

particles are forced to be fixed because of the time consuming transient simulations required for 

moving and interacting particles. At every computational time-step, the particle motion is 

described by a solid body velocity and patched to the computational domain. This adds the 

momentum of the particle to the momentum of the fluid. In the future the effects of moving 

particles should be investigated more fully. 

 

Body forces are included in the model natively. Drag forces and torque in a particle are 

expressed as the integral of linear and angular momentum respectively. When these forces are 

solved for they are then applied to iterate the new velocities and particle locations at the next 
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time step. The drag and torque calculations for the particle can be seen in Agrawal et al. [177], 

[178]. 

 
𝐷𝑟𝑎𝑔 =  ( ∑ 𝑚𝑓

𝑡𝑜𝑢𝑐ℎ𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

(�̅�𝑓 − �̅�𝑃) 𝛼𝑃)
1

∆𝑡
 (33) 

 Eq. 33: Drag Law Equation 
 

 

 
𝑇𝑜𝑟𝑞𝑢𝑒 =  ( ∑ 𝑚𝑓

𝑡𝑜𝑢𝑐ℎ𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

(�̅�𝑓 − �̅�𝑃) ∙ �̅� 𝛼𝑃)
1

∆𝑡
 (34) 

 Eq. 34: Torque Applied to Particle 

 

 

 

Here, mf denotes the mass of the fluid, Vf is the fluid velocity, Vp is the particle velocity, r is the 

radius vector from the fluid center to the particle center, αP is the particle volume fraction in the 

domain. A particle volume fraction of one is assigned to fluid cells that are completely within the 

particle volume. 

 

Partially filled computational cells are treated differently. The volume fraction for the particle in 

those cells is calculated by accounting for the effective cell nodes inside of the particle volume. 

The model has the ability to account for a continuous particle injection inlet as well and maintain 

an overall mass balance. When particles are continuously injected, a mass source term based on 

the displaced fluid per unit time is included in the model. 

 

Particle collisions between walls and other particles are also accounted for in a model by purely 

kinematic and geometric considerations. The surface of walls and particles are identified and if a 

second particle comes in contact with the first wall or particle in a previous time step, a collision 
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is registered. When this collision takes place, the particle velocity is projected onto the normal 

and tangential components of the reflected particle velocity. Within a time step, the minimum 

separation distance becomes less than or equal to the sum of their radii and is detected. The 

coefficient of restitution and friction factor are applied when appropriate. When particles come in 

contact with other particles, then the principle of conservation of momentum is applied to obtain 

the final velocity of both particles. 

 

The model accounts for field forces and body forces like electrostatic or magnetic forces by a 

potential force model [177]. Inter-particle forces are described with: 

 
𝐹𝑖 = ∑

𝐺𝑃𝑀𝑖
𝑛1𝑀𝑗

𝑛2

𝑅𝑖−𝑗
𝑛3

𝑖

 (35) 

 Eq. 35: Inter-particle force equation 
 

Where, Fi is the force on particle i, Mi is the particle mass, Ri-j is the interparticle-distance. 

Model constants are defined for each particle describing the system as Gp, n1, n2 and n3. Many 

of these constants come from empirical or analytical models for the reaction of a single particle. 

The sign of the model constants decides whether the field force is attractive or repulsive. 

 

Written in the SCHEME programing language, a set of user defined functions (UDF) are used to 

implement the MPM model. Initial properties for a particle or set of particles are implemented by 

prescribing the initial position, velocity, density, and radius. Particles can be inserted into a 

domain as a point, line, or surface injection. Those particles can also be a continuous particle 

injection in both cylindrical and rectilinear coordinates. Further, particles can be injected into a 

domain randomly. To date, results on steady-state particles are all that will be presented and 

transient results will be presented in the future.  
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6.6 Results  

 

The results given below are computationally intensive and a large set of data was generated in 

order to obtain the figures.  

Figure 45 shows the characteristic geometry at 60% fiber volume fraction. This was meshed in 

order to run the fluids simulation and the mesh had to be correspondingly refined to reduce the 

nominal mesh size to have at least five fluid volumes inside of each particle. The periodic 

boundary conditions are used to help make up for the reduced domain. Pressure inlets and outlets 

were applied here and the volume average velocity was calculated.  

 

Figure 46 shows isometric (A, C) and parallel flow (B, D) views as a characteristic example of 

random particle incorporation. Additionally, A and B show 1µm particle size and 1% particle 

volume fraction inside of 60% fiber volume fraction geometry. Here, the small particles each 

incorporate multiple mesh volume elements and the particle velocity is fixed at zero.  

Figure 46 C and D shows a characteristic example of random particle incorporation at 3µm 

particle size and 5% volume fraction. The particles only partially fill the computational domain 

due to their size in reference to the inter-fiber flow channels. Particles are assumed to be well 

dispersed, fixed in space, and not allowed to flow with the resin. Comparisons were made 

between allowing partial particles and only complete spheres in a computational domain. Little 

difference was seen between partial and complete particles in the domain.  
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Figure 47: The Effects of Drag Law Selection on Fixed Particles for Perpendicular 

Permeability. The particle volume fraction adds to the fiber volume fraction (60%) to become the 

global volume fraction. 

 

Figure 47 shows drag law effects on perpendicular permeability for 5µm particles. It can be seen 

that fixed particles in the domain are not largely different in their effect on the pressure drop 

through the domains from various drag laws. This was expected given that the particles have no 

momentum, for that reason the momentum deficit drag law has little effect. All permeabilities 

calculated for the same particle volume fraction, at the same boundary conditions, are nearly 

identical. Figure 48 reinforces the same results as in Figure 47 for a set of parallel flow cases. 

These results are the same trend seen with particles ranging in size from 0.5, 1, 3, and 5 μm.  
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Figure 48: The effects of Drag Law Selection on Fixed Particles for Parallel Permeability. The 

particle volume fraction adds to the fiber volume fraction (60%) to become the global volume 

fraction. 

 

Figure 49 shows the non-dimensional perpendicular permeability vs. global volume fraction with 

particles sizes varied from 500 nm to 5 μm. The global volume fraction is the combination of the 

fiber volume fraction and particle volume fraction. The results are non-dimensionalized by the 

square of the fiber radius. The particle size was selected in order to investigate a small range of 

size variations, while the corresponding mesh was refined to meet the requirements for 

investigating the smallest particle and maintaining the minimum number of elements in that 

particle.  Additionally, decreasing the particle size requires a further refined mesh and an 

increasing computation time. Figure 50 shows the fiber volume fraction fixed at 60% and the 

particles added in increasing global volume fractions up to 70%. The volume fractions studied 

were increased to see if any non-linearity could be identified. Results show an independence 

from particle size over a small range of particle diameters and no effects due to the randomness 

of the particle dispersion.  

 

3.7000E-13

3.8000E-13

3.9000E-13

4.0000E-13

4.1000E-13

4.2000E-13

4.3000E-13

4.4000E-13

 -  0.020  0.040  0.060

P
e

rm
e

ab
ili

ty
 [

m
2
] 

Particle Volume Fraction 

5µm Particle 

Momentu
m Deficit
Drag

Morsi Drag
Law



152 

 
 

Figure 49: Perpendicular Permeability vs Global Volume Fraction. This case starts at 60% 

Fiber Volume Fraction and Increases in Volume Fraction by Increasing the Number of Particles 

Incorporated. The results of 150 perpendicular permeability simulations are plotted against 

volume fraction and colored by particle size. 

 

 
 

Figure 50: Parallel Permeability vs Global Volume Fraction. This case starts at 60% Fiber 

Volume Fraction and Increases in Volume Fraction by Increasing the Number of Particles 

Incorporated. The results of 150 parallel permeability simulations are plotted against volume 

fraction and colored by particle size. 
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Figure 51: Perpendicular Permeability vs Global Volume Fraction. This case starts at 60, 61, 

62, 63, and 64% Fiber Volume Fraction and Increases in Volume Fraction by Increasing the 

Number of Particles Incorporated. Particle size is a constant 3µm here. 

 
 

Figure 52: Parallel Permeability vs Global Volume Fraction. This case starts at 60, 61, 62, 63, 

and 64% Fiber Volume Fraction and Increases in Volume Fraction by Increasing the Number of 

Particles Incorporated. Particle size is a constant 3µm here. 
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Figure 51 gives the perpendicular permeability versus fiber volume fraction by particle volume 

fraction. Figure 52 shows the parallel permeability versus the fiber volume fraction. The results 

here are also non-dimensionalized by the square of the fiber radius. The initial fiber volume 

fraction is varied from 60-64% and then increasing particle volume fractions are added. These 

results are interesting because it seems that the fiber volume fraction has a larger effect on 

decreasing permeability than well dispersed particles. This may be partially because the 

permeability will not monotonically approach zero at higher volume fractions as long as the pore 

network is interconnected.  

 

6.7 Discussion and Conclusions  

 

The effect of particle drag on fixed particles has been shown to have little effect on the results of 

permeability simulations because particles are fixed in steady-state simulations. Steady-state 

simulations are much faster to conduct and therefore a large number of steady-state results can 

be computed where the same number of transient results would require exponentially more 

resources. These steady state results could be useful for inputs into meso-scale permeability 

models for tow inputs already containing particles. 

 

It is assumed that fiber volume fraction increases cause a more drastic decrease in permeability  

than increasing the volume fraction of particles because increased fiber volume fraction reduces 

flow channels, while well dispersed particles allow for more flow around them at the same 

volume fraction. Furthermore, the current simulations look at the effect of particles on the flow 

but is neglecting their ability to flow and change resin viscosity. This assumption has not been 
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validated for a wide variety of cases and the applicability of this approach will only apply to a 

very select case of processing conditions. There will be a particle size threshold where the 

particles are too small to be treated as a part of the mesh and this approach will break down when 

the corresponding mesh is not sufficiently fine. This threshold is a function of the mesh element 

size and the particle size and maintains a minimum relative ratio of about 5 computational 

volumes contained in each particle.   

 

The results are limited to predicting permeability on scales comparable to mesh element size 

because of the semi-direct numerical approach and the computational resources required. 

Important processing variables can be obtained in this manner including the velocity and 

pressure distribution. The permeability of unidirectional fibers, woven fabrics, and fiber 

preforms has been well studied, but permeability becomes more complicated when considering 

the effects of particulate incorporation into the fiber preform or resin system. For this reason, 

modeling research on the subject has been limited. During the manufacture of particle and fiber 

composites, the infiltrating fluid can experience high pressures, and permeability can be difficult 

to find. This is one attempt to distinguish the particle effects from the many other processing 

variables. This is one explanation for how preform permeability could vary due to local particle 

concentrations or by a lack of saturation.  

 

Inclusions are another processing parameter that could be modeled in the approach given here. 

These inclusions could be made up of micro-scale voids, entrapped air bubbles, or other defects. 

As a tow or yarn is initially beginning to saturate, the advancing resin flow front tends to only 

partially saturate the volume as a function of time and pressure [15]. At any instant in time, this 
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modeling approach could be used to approximate the volume fraction of resin saturation with the 

particles being treated as air bubbles. This would approximate the effect of partial saturation on 

permeability and could be used as a function of increasing permeability with increasing 

saturation as the fluid zone modeled trends towards complete saturation. Hence, incorporating 

partial saturation on the steady state, single phase, permeability of unidirectional, randomly 

aligned, composite reinforcement fibers could be achieved.  

 

The variations in filler particle size and concentration at a fiber volume fraction trended down as 

was expected but did not directly follow the trend of the fiber volume fraction increases. The 

cause of this is assumed to be because the interconnected flow network is larger with spherical 

particles at a certain fiber volume fraction than the network is with cylindrical fibers at the same 

fiber volume fraction.  

 

The results increase our understanding of particulate effects on manufacturing properties that are 

critical during liquid composite molding. Over 500 simulations were conducted on three-

dimensional geometries. Particle volume fractions were varied between 0-10.5% in order to 

investigate how increasing particle concentrations affect permeability. This was applied to 60, 

61, 62, 63, and 64% fiber volume fractions in a 10-fiber, micro-scale domain.  

 

Randomness of particles insertions seemed to have little effect because they were well dispersed 

in the domain. The fact that the simulations incorporated the particle mass as well as physical 

volume is unique in computational approaches. The findings of this study include permeability 
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effects from particle volume fraction. Results show an independence from particle size over a 

small range of particle diameters. 

 

6.8 Future Work  

 

The results of these simulations show a consistent drop in permeability with the incorporation of 

increasing numbers and volume fraction of particles. This is an appropriate first step in 

attempting to predict the permeability. The future work with this approach will investigate the 

effects of transient particles that are allowed to interact with each other as well as fiber 

reinforcement. Further, the corresponding drag laws investigated are expected to play a more 

important role once particles are moving. The transient clogging of flow channels by particle 

agglomeration will have an effect on permeability and quantifying that effect is a goal of future 

work. A more fully characterized set of materials with the effects of toughening particles on 

composite permeability would be useful. These models could be used a precursors to 

micromechanical models where the final properties and manufacturing effects of particulate 

incorporation could be more fully investigated. For instance, when particles are mechanically 

designed to be well dispersed but the liquid molding process does not accomplish this. 

Additionally, an in-house direct numerical simulation approach is being developed to repeat 

these results. 
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7. MODELING MESO-SCALE PERMEABILITY AND ADVANCING FLOW FRONTS 

IN LIQUID COMPOSITE MOLDING 

 

7.1 ABSTRACT 

 

In liquid composite manufacturing, reinforcement permeability drives the resin infusion. 

Permeability can be modeled using a unit cell and flow front propagation is subject to the dual-

scale architecture. Here, a plain weave fabric is modeled and a permeability prediction is 

presented. The dual-scale porosity of the preform is considered, solving the fluid flow in the 

inter-tow and the Darcy flow in the intra-tow. The micro-scale permeabilities are generated from 

a stochastic set of numerical models. Steady state simulations are conducted to predict in-plane 

permeability. A multiphase simulation is then conducted to investigate the unsaturated infusion. 

Two cases of transient infiltrations are made: one with the fiber tows as solid boundaries, and 

one with the tows as porous. The in-plane permeability and advancing front simulations are 

validated with measurements from two test fixtures. Multiphase simulations are then shown to 

account for the air to resin phase transition seen in mold fills.  

 

  



160 

7.2 Introduction 

 

Liquid composite molding (LCM) processes present a number of manufacturing challenges, 

some of which can be addressed through a strong characterization of fiber preform permeability 

and simulations of the mold filling process. Flow front modeling and prediction of the mold 

filling phase can help anticipate manufacturing problems such as the formation of voids or dry 

spots, where no fluid impregnates the preform. Once the flow front profile is known, it is 

possible to optimize parameters such as pressure, flow rates, placement of gates, and preform 

layup [158]. In order to model LCM processes effectively, it is important to start with the 

characterization of the fiber reinforcement including the permeability. These permeability results 

are often produced through numerous and time consuming in-plane and transverse experiments 

at various volume fractions.  

 

Previous research has characterized the permeability of aligned fibers, unidirectional fabrics, and 

intra-tow regions composed of fibers with microscale dimensions within unidirectional tows 

[43], [44], [75], [76], [86].  Many of these characterizations focus on an analytical basis for 

permeability. However, there is a gap in research exploring the extension of analytical 

permeability results (predicted using geometric parameters and analytical results like Gebart’s 

[76] unidirectional permeability) to understand the necessary parameters in complex, three-

dimensional, woven fabrics. The level of variability in permeability and the geometric causes are 

difficult to account for in simulations. This may partially be caused in the level of inconsistency 

in woven fabrics on this scale and difficulties dealing with a homogenized domain where fluid 

acceleration is no longer modeled.  
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In modeling the flow of resin through a fiber reinforcement, the general approach is to consider 

the resin as a fluid propagating through a porous medium [158]. The way the porous media is 

treated depends on the scale of interest in the simulation.  Figure 53 shows three commonly 

discussed scales when considering composite fiber reinforcement. The micro-scale is also often 

called the pore scale in porous media and considers the physical fiber geometry of a unit cell 

under consideration. This scale can model the physical effects of fibers in the domain and 

produce a unidirectional permeability. The meso-scale considers bundles of fibers, often 6-12k in 

a tow, with a tensor permeability that can be input in two transverse directions and a parallel 

direction. This scale is also referred to as the Darcy scale in porous media literature where the 

individual pores or fibers are no longer modeled. Instead, they are replaced by a permeability 

value representing the resistance to flow. The component-scale represents the desired composite 

part and can be represented by a bulk permeability value. Component scales no longer consider 

physical fibers or tow geometries and instead have an effective permeability through its domain.  
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Figure 53: Representative Geometries for the Micro-scale, Meso-scale, and Component or 

Macro-scale 

 

Defining accurate resin flow fronts for complex fabrics is challenging, as the permeating fluid 

often progresses unevenly due to variable porosity and flow channels created by statistical 

variation in the textile geometry. The dual-scale nature of woven fiber reinforcement often leads 

to a global resin front passing ahead of a lagging tow saturation in pressure based injections [16]. 

Constant flow rate injections often have a more even flow front. Accurately modeling the 

advancing flow fronts in LCM is an important tool for designing to avoid air entrapment and 

void formation due to resin and air phase interaction. Modeling of void formation at the fiber or 

tow level requires consideration of real geometry, while the global resin flow can be treated as an 

averaged flow front through an anisotropic or orthotropic porous media. These are important 

considerations for mold design, prediction of voids, and finished part evaluation, and all of these 

interests can be modeled in transient flow scenarios. 
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The LCM manufacturing setup often consists of a mold, die cavity, or vacuum bag with a tool 

plate, populated with a fiber preform or chopped fiber filler. The resistance to flow is 

characterized by the permeability tensor and there are a number of devised analytical, numerical, 

and experimental techniques available to obtain this parameter [69], [79], [128], [160]. 

Experimental procedures for permeability vary widely, and the testing method itself can account 

for some of the statistical variation seen in permeability. Additional human factors, such as 

layup, may affect the result of experimental permeability values [161], and experimentalists have 

found permeability scatter of up to one order of magnitude for the same material at the same 

volume fraction [69]. Modeling permeability could aid in refining the variations between 

experimental results, help identify acceptable experimental methods, or ultimately eliminate 

experimental characterization entirely. 

 

There has been some question as to whether a difference exists in steady state vs. advancing 

front permeability results. This is because of the partially saturated zones and variable 

infiltration, as well as capillary and surface tension effects present in two-phase flow.  

Furthermore, the reinforcement type can have an effect on how significant the two-phase flow 

permeability differs from the saturated permeability. Fiber preform characterization experiments 

and models are often done under both saturated and unsaturated conditions. Shojaei et al. [33] 

saw a variation of around 10% between saturated and unsaturated experiments with a woven 

glass fabric. The general consensus is that transient and saturated permeability results will be 

different but depends heavily on the architecture.  
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In two-phase flow cases, the fluid used to find permeability may be more important. A number of 

measurements and methods have been used to monitor the progression of the flow front for 

various fluids. Corn syrup [179]–[181] is commonly used to visualize advancing flow fronts, as 

are mixtures of corn syrup, water, and dye [51], [182], [183]. Previous research has also justified 

the use of corn oil [184], hydraulic fluid [125], [127] silicon oil [185], [186], and motor oil [187] 

in various experimental scenarios. An extensive study by Hammond and Loos [164] concluded 

that fluid type had very little effect on properties like permeability, which was expected given the 

steady state cases and well-studied physics associated with geometrical permeability. The fluid 

type may affect flow however, causing an effect on the apparent permeability. The type of fluid 

would have larger influence on transient, two-phase flow, because of surface tensions, capillary 

effects, and wettability of the fibers involved. 

 

In tightly woven fabrics, the tows are much less permeable than the spaces left between the 

yarns. Thus, resin flowing through fiber reinforcements during composite manufacturing tends to 

fill these large voids first, before later filling the tows. Some previous researchers have 

accounted for the delay in tow filling by including a sink term in the continuity equation and 

having a lagging fill time within the tow [16]. These results showed a good model for the 

scenario of having two different flow scales in such close proximity to each other. 

 

Often in mold filling situations, full preform saturation is completed before a temperature change 

or curing takes place. Consequently, simulations of this process may neglect the curing kinetics 

and temperature change – even though the behavior of the flowing fluid is dependent on its 

viscosity, which for resins, depends on the temperature and degree of cure. The viscosity and 
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density of the resin is often assumed as constant [49], [138] so that the mold filling process can 

be solved without considering the cure cycle or non-isothermal conditions. If this assumption can 

be justified, it significantly reduces the computational needs of the problem at hand. There are 

cases where the mold and the preform are heated during the injection stage in order to reduce the 

cycle time and to control curing. In these cases, the resin flow and curing heat transfer problems 

have to be solved simultaneously. 

 

Most of the difficulties and defects associated with LCM processes occur around the filling 

stage, when the fiber preform must be completely impregnated with resin while avoiding race 

tracking and dry spots. This fluid flow scenario is controlled by the underlying fluid dynamics, 

and computational fluid dynamics (CFD) is an important tool to simulate large sets of similar 

flows with various boundary conditions [188]. This type of CFD modeling is also a rapid, 

economical approach to minimizing the risk of producing defective parts. 

 

The inclusions of geometrical variations have corresponding effects on the permeability 

variations. Previous researchers found that at around 50% fiber volume fraction, a 1% increase in 

fiber volume fraction would cause a 10% decrease in permeability [85].  Other researchers [43], 

[44], [162], [163] have shown that permeability variation can be seen by changing the 

randomness of the reinforcement at the same volume fraction. These results are critical to 

understanding how to create a quality finished part in LCM, and is valuable information when 

designing a complex mold. Additionally, the local variation of woven reinforcements from their 

own manufacturing will have large effects on the resulting models of composite materials. 
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Prediction of permeability requires fluid models on the micro-scale and the consideration of a 

number of factors relying heavily on geometry. In relating measured permeabilities to predicted 

permeabilities, factors such as edge effects, preform deformation, micro-flow, temperature, and 

steady state vs. advancing front permeability all combine to cause variability in the data.  

Frequently, the creation of geometrical models for fiber preforms involves the use of statistically 

averaged dimensions within the unit cell [103]. This is done to give an average representation of 

the preform geometry. Later, the statistical variation can be accounted for by implementing the 

standard deviations of the preform variability for the data of interest like mechanical testing. 

 

In this study, optical micrographs are used to compute the geometry of composite fiber 

reinforcement. An image analysis approach is implemented in Python and MATLAB codes to 

quantify a large number of images rapidly. Once the images are analyzed for geometry, the intra-

tow permeabilities of a plain weave Shield Strand S fabric are predicted numerically using an 

unique approach to incorporate the stochastic variability in the micro-scale packing arrangements 

[163].  Permeability for flow parallel and transverse to the fiber orientation is input into the 

model tows. These are analyzed for their effects on predicted permeability. Additionally, the 

image results are used to construct fabric unit cells using an open source software package from 

the University of Nottingham called TexGen [103], [104], [189]. The next step was to run a 

computational fluid dynamics simulation to solve for the macroscopic or bulk permeability 

results, with the intra-tow permeability prescribed as a tensor based on the corresponding weave 

direction. The analysis shows reasonable agreement between experimental and simulated results 

as well as the ability to produce standard deviations and an average permeability at the macro-

scale from variability seen at the intra-tow or micro-scale level. Finally, the paper couples a 
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numerical advancing front simulation procedure with experimental validation. The CFD 

simulations described here use the control volume technique with a volume of fluid (VOF) solver 

to model the transient flow front advancement. The VOF method tracks the flow front interface 

between air and simulated resin [190]. A procedure is outlined demonstrating the match between 

numerical and experimental results for the flow front advancement at characteristic unit cells 

representing areas of the manufacturing mold. 

 

7.3 Composite Characterization 

 

The composite fiber reinforcement chosen for this analysis was a plain weave Shield Strand S 

(9µm 360 TEX 1378 Y Glass Fabric) made by Owens Corning OCV Composite Reinforcements, 

Toledo, OH. To characterize the reinforcement at the meso- and micro-scale, composite 

laminates of the fabric were first produced. The matrix used was composed of a toughened 

commercial SC-15 thermosetting epoxy resin system produced by Applied Poleramic, Inc. (API), 

Benicia, CA. An 8-ply, plain weave preform was infused with the SC-15 resin in a vacuum 

assisted resin transfer molding process to a cured, final part, fiber volume fraction of 53%. No 

large variations were seen in volume fraction through the thickness of the composite part. The 

manufactured composite panel was cut into one inch square samples and cast into sample holders 

for optical microscopy. These composite samples were polished for 8 hours in a Struers Abramin 

Polishing Machine using four increasingly fine sandpaper grits (320, 600, 1200, and 4000 Wet or 

Dry Silicon Carbide) sold by Leco Corporation, St. Joseph, MI. Then, a final step polished the 

samples with 0.5 µm alumina for 17 hours in a Vibromet Polisher made by Buehler, Lake Buff, 

IL. 
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TABLE I: FIBER PREFORM PARAMETERS 

Parameter  

Fabric Weave 0/90 Plain Weave 

Fabric Areal Weight 832 g/m
2 

Fabric Bulk Density 2.45 g/cm
3 

Impregnated Tensile Strength 479-589 ksi 

Impregnated Tensile Modulus 92 GPa 

Warp Tow (0
0
) Weight 394 g/m

2
  +/- 5% 

Weft Tow (90
0
) Weight 437 g/m

2
  +/- 5% 

Nominal Filament Diameter 9 µm 

Fiber Bulk Density 2.45 g/m
3 
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TABLE II: FIBER PREFORM MEASUREMENTS 

 

Location 

 

Measurements 

Tow Width 

(mm) 

Tow 

Height 

(mm) 

Shape of 

Region 

Yarn Gap 

(mm) 

Warp Tow 321 4.214 0.4749 Ellipse 0.380 

Weft Tow 384 4.255 0.4129 Ellipse 0.421 

 

 

Location Number of 

Measurements 

Fiber Radius 

(mm) 

 Shape of 

Region 

 

Inter-tow 

Weft 

1675 4.5E-3  Circular  

Inter-tow 

Warp 

1675 4.5E-3  Circular  

 

 

TABLE I shows the Owens Corning data for the plain weave used in this study.   
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TABLE II shows the measurements resulting from the image processing procedure implemented 

in Python and MATLAB. It is worth noting that the image processing procedure measured 

average fiber diameters nearly identical to the manufacturer’s nominal specifications. 

Furthermore, glass fibers seem to have a fair amount of variability in their diameter.  
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Figure 54: Optical Image Processing Procedure, A) optical micrograph digital output, B) image 

processing results 

 

 

Figure 55: Histogram of Measured Diameters 
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Figure 54 is composed of two parts: image a) is a typical optical micrograph taken at 1000x and 

image b) is the results of an image processing code (written in-house using Python) that utilizes 

circular Hough transforms. Image b) highlights the fibers that are identified by the image 

processing code and marks their calculated centers to validate the output of the code. The image 

processing code was able to identify and measure about 78% of the fibers present in the cross-

sections. Part of the incomplete detection of fibers was due to poor image contrast between the 

glass fibers and epoxy resin. The results of the image processing data provide the statistical 

variation of the fiber diameters. Manual input was needed to calculate the local fiber volume 

fractions and to attempt to quantify the statistical variation of the inter-tow region because of low 

image contrast. The average fiber diameter obtained here after 1,675 automatic measurements 

were 9µm in the warp and weft directions. Figure 55 gives a visual representation of the fiber 

distribution observed; the calculated standard deviation was 0.618.  

 

7.4 Experimental Permeability Measurement 

 

In-plane saturated permeability values for the Shield Strand S material were measured using a 

line-source to line-sink channel flow test fixture. A schematic of this fixture can be seen in 

Figure 56, where a constant flow rate injection is used to drive the flow. The fixture consists of a 

bottom cavity designed to accommodate performs 15.24 cm in width by 15.32 cm in length, and 

a testing frame–controlled compaction plunger that is guided down to close the cavity. The 

guided plunger allowed for user control of the perform thickness and was outfitted with two 

linear voltage differential transducers (LVDTs). A recess was machined on the plunger to 

accommodate for a rubber O-ring to seal fluid flow in the cavity. A screw-driven mechanical 
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testing frame houses the fixture and controls the location of the plunger. Using a saturated 

permeability value removes the effects of surface tension and capillary effects seen in two-phase 

flow scenarios.  

 

 

 

Figure 56: In-plane Saturated Permeability Fixture Schematic 

 

The fiber volume fraction of the material was derived from the LVDT displacements using the 

definition of fiber volume fraction in Eq. 36, where Vf is the fiber volume fraction, n is the 

number of plies, Aw is the fiber areal weight, ρf is the fiber density, and t is the preform 

thickness. 

 

 
𝑉𝑓 = 

𝑛𝐴𝑤 

𝜌𝑓  𝑡
 (36) 

 Eq. 36: Volume Fraction Calculation 
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The controlled plunger design of the fixture allows for in-plane permeability measurements to be 

obtained at multiple fiber volume fractions from a single preform.  A Parker Zenith
®
 Precision 

Gear Metering Pump was used to inject fluid at constant flow rates into the cavity, while 

transducers at the fixture inlet and outlet monitored the pressure drop across the perform induced 

from the fluid flow.  The pressure drops were recorded at four constant flow rates (5, 7, 10, and 

12 cubic centimeters per minute) for each desired fiber volume fraction measurement level.  The 

steady-state, saturated permeability is governed by Darcy’s Law  [10] shown in Eq. 37, where Q  

is volumetric flow rate, S is preform permeability, µ  is fluid viscosity, ∆𝑃  is the recorded 

pressure drop across the preform, A is the cross-sectional area normal to flow, and L is the 

preform length in the flow direction. 

 
𝑄 = 𝑆̿

𝐴

µ

∆𝑃

𝐿
 (37) 

 Eq. 37: Steady State Saturated Permeability Darcy Equation 

 

 

The slope of the four constant flow rates vs. recorded pressure drop was found for each volume 

fraction level and is denoted m, so that in-plane permeability could be expressed by the modified 

form of Darcy’s Law in Eq. 38. 

 
𝑆̿ = µ 𝑚

𝐿

𝐴
 (38) 

 Eq. 38: Modified Darcy’s Law 
 

 

The test fluid used was NAPA SAE 40 motor oil, possessing a viscosity of 0.24 Pa*s at room 

temperature. For preform preparation, four plies of the plain weave Shield Strand S were 

carefully cut to the width of the fixture cavity and stacked with the warp direction of each ply 

aligned. The permeability was measured in two directions. The Sxx permeability values were 
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found by preparing preforms so that the fluid flow progressed along the warp direction, while 

flow along the weft direction produced Syy values. Three tests were run in both the warp and weft 

fabric directions. Each preform was also tested at four different global fiber volume fractions: 

45%, 50%, 55%, and 60%. The volume fractions on the global scale are different than the 

volume fractions on the intra-tow basis because of the dual-scale nature of the weave with large 

gaps where the fluid can preferentially flow. Average permeability at these fiber volume 

fractions was fit using a power law model for permeability seen in Eq. 39, which describes the 

permeability in terms of preform fiber volume fraction and model constants a and b. This 

approach allowed experimental Shield Strand S permeability to be estimated at any fiber volume 

fraction between 45% and 60%. Several other researchers [119], [191]–[195] have found an 

appropriate fit using a power law regression over a range of fiber reinforcements. 

 𝑆̿ = 𝑎 𝑉𝑓
𝑏 (39) 

 Eq. 39: Power Law Model  

 

7.5 Experimental Advancing Front Setup 

 

Experimental advancing flow fronts were produced with an aluminum mold of fixed cavity depth 

featuring a clear Plexiglas® visualization window. Test fluid was injected at constant pressure by 

a regulated pressure pot in a line-source to line-sink flow profile. A pressure transducer was 

instrumented at the mold inlet. The mold cavity was designed to accommodate fabric preforms 

15.13 cm in width by 17.11 cm in length, while the fixed cavity depth was 0.635 cm. The mold 

top was fitted with an O-ring to seal the fluid flow inside the mold, while 0.9525 cm diameter 

securing bolts firmly fastened the mold top over the cavity. Figure 57 displays a simple, 

exploded view of the advancing flow front fixture. 
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Figure 57: Exploded View Representation of the Linearly Injected Mold used for Experimental 

Flow Front Visualizations 

 

 

Desired fabric volume fraction for tests was then obtained by the relation seen in Equation 1. For 

the tests conducted in this study, 10 plies of Owens Corning Shield Strand S plain weave fabric 

were cut to exact mold cavity dimensions and stacked with the warp direction of each ply 

aligned. This produced a Shield Strand S preform at 53.5% fiber volume fraction; NAPA SAE 

40 motor oil was also used as the test fluid here. All measured flow front tests were conducted 

while infusing the preform along the fabric’s warp direction. The visualization window allowed 

for top-view, flow front videos to be recorded while a fabric area 6 tows in width and 15.25 cm 

in length was captured. A target of 69 kPa (10 psi) was used for the constant inlet pressure 

injection level. 
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Infusion images were post-processed by tracing the experimental flow front to retain the uneven 

flow characteristics produced from the fabric’s variable porosity. This was possible as the 

saturated Shield Strand S material took on a darker color as the oil permeated the tows and gaps 

between the weave. Also, this approach allowed for observation of areas that had lagging tow 

saturation, which has been cited as possible locations for void formation [50], [196]. These flow 

front images could then be used as comparisons to numerical results. 

 

7.6 Fiber Preform Modeling 

 

Nottingham University has created an open source project for an automated three-dimensional 

geometry textile modeler (TexGen) that takes geometrical parameters as inputs and can handle 

customized composites for a number of two-dimensional weaves, as well as three-dimensional 

orthogonal, angle interlock, offset angle interlock, and layer to layer weaves [103], [104], [189]. 

The software is based on a number of Python scripts and the width, height, spacing, and cross-

sectional shape can be specified for each set of yarns or tows. The software generates the weave 

pattern by generating yarn paths based on nodes. 

 

The desired weave pattern is specified in TexGen using automatically generated scripts. These 

scripts give a cross section that iterates between the tow height, requested compaction, and total 

height in order to achieve a realistic final geometry based on the user specified inputs. Zeng et al. 

[189] report that TexGen is capable of realistically modelling volume fractions up to 55%, while 

at higher levels of compaction, deviations between real geometry and the TexGen model occur. 
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In some cases, the tow geometries were modeled as solid to visualize the flow effects on the 

resulting infusion at very small time scales [16]. 

 

Finite volume pore scale simulations were obtained with an in-house numerical code for 

predicting the statistical variability in unidirectional fibers and input into the tow geometries as 

permeability. This allows for fiber variability to be included in the domain. The approach used a 

micro-scale simulation of an array of 1000 fibers to predict the intra-tow permeability in the 

same way meso-scale permeability is obtained. Five random packing simulations of 

unidirectional fibers were generated and the corresponding fluid permeability was calculated. 

Once the unidirectional permeability was known, it was used as inputs into the meso-scale unit 

cell tows for flows perpendicular and parallel to their orientations.  

 

An algorithm by Desmond and Weeks [154] was adapted for the unidirectional fibers in this 

numerical study. Here, this algorithm is adapted to create random cylindrical geometries for 

numerical permeability experiments. In two dimensions, a mixture of disks is inserted into a 1x1 

square dimensionless domain. Each configuration is implemented by building on the method by 

Xu et al. [155], Clarke and Wiley [156], and Desmond and Weeks [154]. At the beginning, a set 

of infinitesimal particles are placed in the system using the Mersenne Twister Algorithm to 

randomize the starting points. These points are gradually given volume and location by being 

expanded and moved. They are translated in two dimensions to prevent the overlapping of disks. 

When a final state is found where the disks can no longer be expanded without overlapping, this 

step of the packing process ends.  
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Dimensions are added by selecting a fiber radius and target volume fraction. The dimensions of 

all other parameters are driven by the dimensions of the nominal fiber radius. This fiber radius 

defines the fiber end area, which can be used to calculate the total area of fibers within a square. 

The total area of fibers is divided by the target volume fraction and this gives a new area of the 

square unit cell. The new area is used to drive the length of the fluid region that is solved for 

permeability. This square fluid length is also used to create the cubic volume in three 

dimensions. Before this step, the previous x-, y-, and z-coordinates were values from 0 to 1. 

After this step, the new x-, y-, and z-coordinates are generated by taking the cube length in any 

dimension and multiplying the dimensionless coordinates by that length. The new coordinates 

are saved as a text file and read automatically to generate a STEP geometry file. This section of 

the code creates an outer cube, the fluid volume, with a set of fibers approximated as randomly 

placed, perfect cylinders.  The geometry is then solved for the fluid flow and permeability results 

[163]. 

 

7.7 Flow Modeling 

 

The fluid used in the numerical simulation was modeled after the fluid used in the experimental 

permeability measurement (NAPA SAE 40 Motor Oil, Viscosity 0.24Pa*s, Density 709 kg/m
3
). 

The macroscopic component level or bulk permeability can be predicted from the micro- and 

meso-scale permeabilities. The component level permeability is of interest because it models the 

impregnating resin in the most computationally efficient manner. However, this approach is 

limited in that it does not capture local deformations in architecture where a simulated part 

composed of a statistically varying geometry could.  
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The unit cell can be used as an input in a computational fluid dynamics solver that can handle 

porous media. In this case, the fluids solver is Fluent and a laminar flow model is used in 

conjunction with the boundary conditions. The intra-tow permeability is directionally input based 

on available results for flow parallel and perpendicular to the fibers. The Darcy flux is used in 

the porous zones to account for the fluid acceleration that take place due to the reduction in area 

inside the tows. The gaps between tows are modeled with the Navier-Stokes equations. The 

interface between the tow and matrix is modeled by assuming conservation of mass and 

momentum. 

 

A velocity input is set and a pressure outlet is assumed to be atmospheric gage pressure. The 

pressure drop and in plane interstitial velocity based on the Darcy flux are calculated in the flow 

domain. The steady state laminar flow conditions are assumed to accurately represent the flow 

that takes place under experimental permeability measurements. Symmetric boundaries are 

applied on the boundaries of the representative volume element not prescribes as inlets or outlets 

for the fabric weave. A tetrahedral mesh is generated for the unit cell. 

 

Macroscopic permeabilities were calculated in the warp and weft directions depending on the 

flow directions based on Darcy’s Law in Equation 2 and the flow rate, pressure drop, and length 

in the simulation. The total flux of fluid is represented by Q, the permeability S, the area is A, the 

viscosity is µ, the change in pressure is ∆𝑃, and L is the length parallel to the flow direction.  

For two-phase transient simulations, the volume of fluid (VOF) method simultaneously solves 

the momentum, continuity, and volume fraction transport equations. A single set of momentum 

equations is applied to all fluids and the volume fraction of each fluid in every computational cell 
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is tracked throughout the domain [23]. The conservative forms of these equations are solved 

using a finite volume technique. 

 

The model is composed of the continuity equation given by Eq. 40, where ρ is density, t is the 

time and V is the local velocity. 

 𝐷𝜌

𝐷𝑡
+ 𝜌𝛻 ∙ (𝑽) = 0 (40) 

 Eq. 40: Continuity Equation  

 

The resin volume fraction is given by Eq. 41, where f is the volume fraction. 

 

 𝜕𝑓

𝜕𝑡
+ 𝛻 ∙ (𝑓𝑽) = 0 (41) 

 Eq. 41: Resin Volume Fraction Equation 
 

The momentum equation for each volume is given by Eq. 42, where τij is the stress tensor, g is 

the gravity, and F is an external source vector where Darcy’s Law is added as a momentum sink. 

 𝜌𝐷(𝑽)

𝐷𝑡
= 𝛻 ∙ (𝝉) + 𝜌𝑔 + 𝐹 (42) 

 Eq. 42: Momentum Equation With Darcy Momentum Sink 
 

The Darcy flux is defines as the porosity times velocity as shown below (Eq. 43) where q is the 

Darcy flux, ∅ is the porosity, and 𝑽 is the velocity 

 𝑞 = ∅ ∗ 𝑽 (43) 

 Eq. 43: Definition of Darcy Flux 
 

 

In this model, simulated resin is injected into a three-dimensional mold where the geometry 

consists of a woven fabric. Two cases were studied based on a transient, advancing front 

infusion: one that looks at the global flow front with tows defined as impermeable solids, and 

one that attempts to look at the lagging tow saturation with porous tow bodies. Solid tows are 
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modeled for verifying that the global flow front progresses much faster than the tow saturation in 

the experiment. The porous tows are modeled to investigate how long a tow takes to saturate 

after the global flow front has passed. The lagging tow saturation effect seen in woven fabrics is 

still expected to be present in numerical solutions under these conditions. 

 

7.8 Results 

 

Results of the flow modeling and experimental permeability measurements agree well at 53% 

fiber volume fraction for a woven Shield Strand S reinforcement. A mesh of 3.99 million 

elements was created and was shown to have good mesh independence in the solution results. 

Symmetric boundary conditions were applied along the weft and warp tows and along the top 

and bottom surface. The simulation results are plotted with the experimental measurements in 

Figure 58 and shows how permeability prediction fits measured data.  

 

Shield Strand S permeability data were fit for the fiber volume fractions between 45% and 60% 

based on the power law model in Equation 4. The standard deviation of permeability over the 

fiber volume fraction range fit well with a power law model. Permeability results are displayed 

graphically in Figure 58, while power law model constants are seen in TABLE III including 

quality of fit. Figure 59 shows the numerical simulations and the corresponding experimental 

results. The error bars on the experiments are from three test replicates and the error bars on the 

numerical results are from three cases of varied meso-scale geometries near the average values 

for the same fiber volume fraction. The shield strand S material was measured to have 

permeability of 6.83E-11± 6.315E-12m
2
 in the warp (Sxx) direction. The measurement in the 
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weft (Syy) was 5.26E-11 ± 1.108E-11 m
2

.  The model predicted a permeability of 6.31E-11 m
2
 in 

the warp (Sxx) direction and 6.14E-11 m
2
 in the weft (Syy) direction. The error between the 

numerical and measured results in the warp direction was 7.97% and the error in the weft 

direction was 10.27%.  

 

Figure 58: Shield Strand S In-plane Permeability vs. Fiber Volume Fraction, Numerical Results 

are Shown at 53% Fiber Volume Fraction 
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Figure 59: Experimental and Numerical Permeability at 53% Fiber Volume Fraction 

 

TABLE III: POWER LAW MODELS FOR EXPERIMENTAL IN-PLANE PERMEABILITY 

Permeability 

Component 

a b R
2 

Sxx 2.793E-13 -8.662 0.9984 

Syy 2.127E-13 -8.679 0.9997 

Stdev Sxx 8.794E-15 -10.359 0.9788 

Stdev Syy 3.643E-14 -9.006 0.9949 

 

 

 

The transient results investigated two types of cases. Fluent’s native VOF solver is incorporated 

in order to produce the transient results. First, numerical advancing flow front through a unit cell 

of Shield Strand S fabric and comparable experimental flow fronts are displayed in Figure 60. 
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This particular case has solid tows and only a consideration of the global resin flow front in the 

domain. Figure 60 (A) shows the advancement of fluid along the warp tows before the advancing 

flow front has made contact with any of the weft tows. Figure 60 (B) shows the advancement of 

fluid as the fluid preferentially takes the path of least resistance and flows between the tows. 

Figure 60 (C) captures the entrapment of air rich regions in the resin as the main flow front has 

past. These flow patterns can also be seen in the experimental infusion for a selected unit cell at 

progressing time steps. 

  



186 

 

Figure 60: Numerical Advancing Flow Front Results for the Unit Cell of Shield Strand S. From 

left to right: Contours of Oil (red) Volume Fraction Displacing Air (blue) in the Porous Zones of 

the Fabric at Increasing Selected Time Steps from (A) Through (C) 

 

An experimental and numerical fluid flow front at a region impregnating the plain weave Shield 

Strand S fabric clearly shows the fingering flow characteristics that can result in air entrapment. 

These are short time scales and are investigated with solid tows to see the flow front at a time 

when the resin is just beginning to flow past the fiber reinforcement. This significantly reduces 
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the computation time and model complexity. Furthermore, three filling cases are often discussed 

in literature: one where the global flow passes, one where the tows begin to saturate, and one 

with full saturation [16].  

 

The second case considers the lagging tow saturation and looks for complete saturation of the 

tows in relation to the saturation of the inter-tow region. Figure 61 and Figure 62 show the 

results from this set of cases with porous tows and lagging saturation. Computational 

requirements here are higher than case one and data intensive. Two unit cells are mated together 

in order to see more downstream effects in the flow domain. A total of two warp tows and four 

weft tows are modeled. In Figure 61 D), when the fluid domain looks fully saturated, the net 

average saturation is only about 60%. Additionally, sliced domains can be easily produced to 

visualize the partially saturating tows.  

 

 

Figure 61: Plot of Global Flow Front with Transient Porous Tow Simulations with 

Corresponding Time Steps, Resin in Red, Displaced Air in Blue. Pressure Inlet is 275.3 kPa and 

Pressure Outlet is 246.1 kPa A) 2.78e-3s  B) 4.78e-3s C) 9.78e-3s D) 2.33e-2s E) Comparable 

TexGen Geometry Model 
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Figure 62: Plot of Saturation by Region and Time 

 

Figure 62 shows how the inter-tow spacing saturates rapidly because there is very little resistance 

to flow. The warp tows are saturating next because the inlet conditions are such that flow is in 

the same direction as the warp direction. This allows the flow through the warp tows to be 

governed by parallel permeability which is much higher than perpendicular permeability. Weft 

tows are saturating so slowly because the yarns are purely showing transverse permeability in 

relation to the flow direction and this is lower than the parallel permeability. There are no 

boundary conditions which are forcing flow into them and this allows the bulk of the fluid 

volume to flow around them. This saturation case would be different based on the flow scenario. 

For example, a radial infusion is going to saturate differently than this in-line flow case. Further 

model development is needed on these transient models in order to increase the computational 

efficiency and characterize points of interest. The fully coupled Navier-Stokes equations are time 

consuming to run and produce large case files. For this reason transient simulations are often 

solved with a simplified form of Darcy’s Law accounting for time dependence. This simulation 
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was stopped once the warp saturation reached 80% due to computation time and data storage 

requirements. Figure 63 shows a reference figure for the Shield Strand S fabric used in this study 

with the scale bar in millimeters. 

 

 

Figure 63: Reference figure of the Shield Strand S Fiberglass Fabric. The Scale Bar at the Top is 

in Millimeters. 

 

  



190 

7.9 Discussion 

 

The results presented show a rapid and robust method to quickly quantify and visualize the types 

of flow expected on the meso-scale during a mold infusion. Figure 54 showed how optical 

micrographs can be measured digitally using computer software to reduce the time consuming 

process of hand measurement and create a large, statistically relevant database of measurements 

for unidirectional tow inputs. The specific mathematical tool implemented was circular Hough 

transforms after thresholding the images. This process is important for the production of intra-

tow permeability values for analytical results. TABLE III and Figure 58 provide a realistic 

baseline for permeability that can be used to compare numerical predictions. The results in 

Figure 59 indicate that there is a reasonable agreement between the experimental trend and 

computational fluid dynamics simulation based on the knowledge of the variability seen in 

experimental measurements of permeability.  The differences in the measured and predicted 

permeabilities compare well and within the 10-20% experimental variation. This agreement was 

conducted at a fiber volume fraction of 53%, which is close to reported levels where geometrical 

deviations from TexGen are expected to occur [189]. In the experimental results, effects such as 

fiber nesting / inter-layer interactions and edge effects are present, whereas the numerical 

simulation neglects these effects.  It can be a benefit to accurately numerically predict 

permeability while being able to control for edge effects, nesting, and shear which often populate 

an experiment unintentionally. The ability to produce accurate geometric data allows us to model 

permeability using common tools that give reasonable numerical permeability values. These 

results can be used in conjunction with experimentation, or can be predictive by themselves. 
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Although, faster characterization tools like computed tomography are necessary if an entire 

fabric system is to be investigated across volume fraction.  

 

As seen in the experimental flow front, the fiber architecture of the plain weave Shield Strand S 

produces regions of unsaturated fabric behind the global flow front.  Depending on the location 

of these air rich regions and the total infusion time, these could become initial sites for void 

formation. Regions with lagging air pockets will need extra time to saturate after the global flow 

front has passed. Without proper treatment during an infusion, these will become initial locations 

of micro-void formation within the fiber tows or macro-void formation on the component level 

[50]. By selecting characteristic points, the approximate infusion time for a unit cell can be found 

and used to design a mold fill infusion time. As global flow fronts progress, the lagging tow 

saturation cannot be rapidly visualized or found without simulation tools. Since there is a desire 

to reduce any void inclusions in a finished composite part, simulation tools are necessary to 

understand what is happening inside a closed mold. 

 

It should be noted that a race-tracking effect was observed in the experimental results as present 

in the bottom edges of A B and C in Figure 60. This was due to a loss of edge tows during 

preform preparation and placement, which created the preferential flow path and faster 

propagation seen in that area. This was visible because the bottom edge of the visualization 

window was close to the edge of the preform. These effects were not accommodated for in the 

numerical model. 
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Obtaining realistic flow front solutions using a numerical method with tow regions designated as 

solid bodies (modeling the only the macro-pores) can reduce computation time compared to 

numerical models using variable porosity parameters, while still displaying lagging tow 

saturation characteristics on very small time scales. Accurately defining fiber packing 

arrangements and fiber diameters also increases the time of the preform characterization step of 

the modeling process, which was bypassed in solid-body tow method. 

 

One potential use of this kind of simulation is employing numerical results to predict if the mold 

infusion is stopped short of a complete fill. Further, void spaces created by residual air in the 

preform can migrate through the preform, and air bubble transport should dictate one aspect of 

final void location. Air entrapment will generally take on a spherical shape in a finished 

composite when the outside forces are removed as the surface of the bubble will try to minimize 

its surface energy. This happens once the flow driving forces are removed. If the resin is 

sufficiently cured when the driving forces are removed, then the flow forces can create shapes 

that are lenticular or tear dropped as the entrapped air is transported to the flow front [50].  

 

The numerical method implemented here does not include nesting effects or local fabric 

deformations, which can contribute to flow front differences in more complex molds. In future 

work, these effects may be accommodated most effectively by statistical averaging techniques. 

The viewed region was selected at the top because this is an easily visualized area that also 

displays some edge effects that are often of importance in mold filling scenarios. An added 

benefit of a numerical solution is that the interior flow propagation can be visualized in a way 

that is not experimentally approachable. It is also important to note that steady-state tow 
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permeabilities were used for transient simulations. Justifications for this have been made since 

commonly, steady-state measurements are used for transient mold fill simulations. Measured 

transient permeabilities are generally lower but trend towards the saturated permeability results 

as they become saturated. The transient permeability is generally lower because of incomplete 

saturation at the flow front, which locally changes the apparent porosity.  

 

7.10 Conclusion 

 

The use of geometrical modelling tools, coupled with computational fluid dynamics, can be used 

to reasonably predict the meso-scale permeability of composite fiber preforms. The motivation 

for this approach is to be able to quickly characterize composite preforms at various volume 

fractions without needing to conduct numerous experiments with specialized equipment, which 

is subject to variations in design and testing procedures. The research presented here 

demonstrates a clear connection between geometry and permeability that can be taken advantage 

of for computational simulations. This approach could also minimize the influence of human 

error, which has been shown to account for some experimental variation in results. The most 

time consuming portion of this process is the measurement of input parameters, but this can be 

automated with the use of image processing tools. In the future, local tow geometrical variations 

could be taken advantage of to create a statistical average of permeability as a function of 

volume fraction coupled between intra-tow and inter-tow variations, creating a more robust 

model. 
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Using CFD modeling, the prediction of a transient simulation could be used to indicate locations 

where voids and defects may form in a component level infusion. This defect location would be 

useful in closed mold processes where the flow front is not visible. Numerical tools are also able 

to define the type of flow front expected through the component level part. This understanding 

should allow various flow rates, pressures, and boundary conditions to be applied to minimize 

potential defects, which can result from an unfavorable flow front. More development is needed 

to investigate this feasibility. In the future, numerical results can be run first to target 

experimental validation at the pressures and flow rates of interest because of the ability to 

quickly generate large numbers of numerical results in comparison to the time and equipment 

needed for one laboratory experiment. Further, this method could be used to predict a numerical 

advancing flow front permeability to compliment experimentally measured values. 
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8. CONTRIBUTIONS AND FUTURE WORK 

 

8.1 Contributions 

 

This dissertation work was conducted at the Composite Vehicle Research Center in Lansing, 

Michigan with industry funding from General Electric Aviation in Cincinnati, Ohio. The goal of 

the research was to address the fundamental physical understanding of resin flow in composite 

manufacturing through the processing variable, permeability. Toward this end, the work 

presented and the conclusions derived have led to several contributions in the field of composites 

processing and permeability characterization.  A multi-dimensional flow analysis isolating the 

micro-scale, meso-scale, and component level scales has been produced. The characterization of 

fiber preforms has been conducted to numerically simulate permeability on the micro-scale and 

meso-scale. Additionally, the meso-scale permeability can be extended to the component level 

simulations based on Darcy’s Law in a direct manner.  

 

First, a new method for analyzing micro-scale composite permeability has been developed and 

the effects of variation on this scale have been investigated. The simulated microstructure can be 

controlled and the effects of random fiber packing are now better understood. This micro-scale 

simulation approach can be a useful component in multi-scale analysis of composite permeability 

as well as be adopted for micro-mechanics simulations in the future. The direct numerical 

simulation approach allows for more understanding and control over the processing variables 

that often propagate through an experimental measurement in an undetected and often 

uncontrollable way.  
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Second, a stronger understanding of modeling meso-scale textile preforms and the resulting 

flows has been built. The ability to obtain accurately predicted permeability data for meso- and 

macro-scale component processing is a useful technical contribution.  Furthermore, discovering 

validated flow behavior in closed molds allows for the modeling and simulation of closed mold 

processes.  

 

The effect of dual-scale porous media has been quantified for the difference between micro-scale 

and meso-scale permeability. A fluids based simulation of the Resin Transfer Molding process 

for the fabrication of fiber composites has been outlined. Additionally, research on the effect of 

fixed particles on flow properties has shown a good first step for future work where transient 

models can be built to track the effects of moving and interacting particles. 

 

Leading up to this, an investigation of commercially available software packages that can 

simulate liquid molding infusion flow and consolidation processes was conducted. Each software 

tool was evaluated based on its ability to handle a number of simulation scenarios including: 1) 

multi-dimensional (two-dimensional and three-dimensional) flow analyses, 2) macroscopic flow 

simulations based on a Darcy’s Law approach, 3) incorporation of preform compaction, either 

internally within the code or through user-defined subprograms, 4) the ability to handle non-

isothermal analysis, and 5) microscopic flow analyses to simulate the impact of toughening 

agents and nanoparticles on resin infiltration. The main section of this research focused on the 

fundamental ability to characterize baseline advanced textile architecture preforms to obtain data 

for use in liquid molding simulations.  
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8.2 Future Work 

 

Since good research often creates as many or more questions as it answers, the results presented 

in this dissertation provide several opportunities for future work and further study. The effect of 

multi-scale coupled or concurrent simulations could be studied. This would ideally iterate local 

deformation and changes in geometry on the micro-scale and simulate their effects as they 

propagate though to the meso-scale.  Coupled simulations could look at specific points of interest 

in a mold, for example, resin injection ports, pressure outlets, mold walls, and locations of high 

fabric shear.  This would help to isolate and clearly understand those fundamental effects on 

processing parameters like permeability. The effects of the micro-, meso-, and macro-scale 

changes are all coupled together in actual manufacturing cases, so being able to dynamically 

simulate the influence of one scale on the other would greatly expand understanding of the 

combined effect on part quality and manufacturing. Even creating generalized processing maps 

for parts manufactured under a certain set of conditions would be a large step.  

 

In micro- and meso-scale flows, the effect of off-axis, 45 degree, or misaligned fiber angles in a 

flow field would be a useful extension of this micro-scale and meso-scale modeling approach. 

This would help to further the modeling tools above and beyond current transverse and parallel 

permeability models. These features may impact local pressure gradients and produce results that 

are unique from the simulated effects shown in this dissertation.  

 

Transient micro-particle flows could be simulated and process models could be created to 

account for particle inclusions. Particle agglomeration and particle interactions on permeability 
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in the mold could be more fully investigated. Finding a design threshold where the particles are 

small enough, while incorporating surface energies that allow for them to be well distributed in 

the fiber preform without considering filtration or particle gradient effects would be useful. This 

would involve the utilization of available tools to simulate the effects of toughening agents on 

the resin and fiber preform. 

 

Further models looking at the transient saturation models could be applied to look at the 

variation of micro-scale and meso-scale saturation as boundary conditions are modified. These 

models are time consuming but as computational resources continue to grow this should be 

easier to study. Future studies could include model verification studies or the numerical 

repetition of experimental results from prior literature. Specific studies could include flow 

visualization studies and instrumented tool studies to obtain pressure and thickness 

measurements. Flow visualization could also be completed for large scale production parts that 

are currently designed though practice of the art as opposed to simulation. A prediction of resin 

flow characteristics and fill time are useful in design. 

 

The modeling of melt processing of comingled fibers would be an interesting investigation that 

could take the micro-scale geometry generation tool and input a temperature and time dependent 

viscosity for the fiber reinforcement before a secondary infusion. The tools developed should 

allow modeling of high temperature melt processing composites.  A range of non-isothermal 

conditions are of interest in a heated mold and these parameters all warrant further study.  

In an application away from fluid based process models, micro-mechanical models could build 

upon the geometry generation tool to investigate the fiber and matrix interface. The addition of a 
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module that investigates the interface mechanics as well as the processing permeability would be 

useful in composite design. This would allow for simulations of processing as well as the final 

part behavior. 
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Appendix A: COMMANDS AND PROCEDURE FOR RUNNING A FLUENT MODEL 

 

A.I Fluent Model for Composite Processing Set Up Through GUI 

 

Setting up job through the GUI is appropriate for simple cases and cases that will only be run 

once but it is recommended that the TUI commands are learned if many jobs will be set up. 

Below is an example of the GUI commands to set up a model and corresponding comments to 

define what each line item is. Any unanswered questions can be answered by the FLUENT 

documentation or on “www.cfd-online.com”. 

 

Prior to setting up a model in FLUENT the geometry has to be created in the geometry or CAD 

tool of choice. Second, the geometry has to be meshed and the appropriate boundary conditions 

defined before the model is input into FLUENT.  
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Figure 64: Fluent Launcher 

 

The FLUENT launcher is used to setup the dimensions of the problem, either two-dimensional or 

three-dimensional. The precision of the problem is set, the number of processors, and the 

working directory. From this screen a journal file can also be read directly.  
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Figure 65: Home Screen 

 

The home screen looks like this where you can immediately input text user interface or TUI 

commands next to the “>” in the white space at the bottom of the screen.  

The first step is to load the mesh by going to file>>read>>mesh>>”_.msh” 

A case file can be read in the same manner. It is always to get the mesh statistics and check your 

mesh for any quality issues. The solver will be set to Transient and a pressure-based solver.  
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Figure 66: Multiphase Model 

 

The multiphase model used here will be the VOF model. This stands for the volume of fluid 

model. You will define 2 phases.   
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Figure 67: Create/Edit Materials 

 

A second material will be added by modifying air or by importing a material from the fluent 

database. A good name for the material is “resin” and a reasonable density and viscosity are 709 

kg/m3 and 0.24 kg/m-s respectively.  If you change or import the material, do not overwrite air.  

 

A second approach is to copy a fluid from the FLUENT database. For example the fluid engine-

oil can be copied and modified to the appropriate viscosity and density that you desire.  

Furthermore, if a heated simulation is being conducted then a power law or polymer can be input 

as a function of how viscosity changes with temperature for the rheology of the fluid.  
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Figure 68: Phase Selection Dialogue 

 

Use the phase selection box by going to phases >> phase-1 >> edit. Define phase-1 as air and 

rename it air. Define phase-2 as resin and define it resin.  

 

 

Figure 69: Cell Zone Conditions 

 

The cell zone conditions must be set for the mixture, phase-1, and phase-2. All cell zones should 

be defined as fluid. Select your porous zone in the zone window and choose phase mixture. Then 
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select edit and check the porous zone box. Next choose the porous zone tab and define the fluid 

porosity. A good porosity for an example is 0.50. Additionally, for pressure inlets where the 

velocity of the resin will be decreasing throughout the porous media the physical velocity 

formulation is recommended.  

 

 
Figure 70: Fluid Porous Cell Zone Conditions 

 

Next, select the phase for air or phase-1 and select edit.  
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Figure 71: Porous Media for Air 

 

Define the boundary conditions for the fluid in your porous media defined as phase-1 or air. 

Input the viscous resistance, which is one over the permeability. An example input for direction 

1-3 would be 8.44e9, 1.08e10, and 1.46e12 respectively. If the porous media does not have a 

linear relationship between flow rate and pressure drop than the inertial resistance can also be 

added. Input the volume fraction here, an example is 0.50. 
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The same procedure is done for the phase-2 or resin region of your porous media. Define the 

boundary conditions of your fluid in the porous media as resin. The same viscous resistance 

coefficients from the previous phase can be used and are unlikely to be different for a different 

fluid.  

 

In the boundary conditions menu you will have an interior zone, a pressure or velocity inlet, and 

a pressure or velocity outlet. Additionally, you will have walls that can be treated as no slip 

boundary conditions. Select the appropriate boundary condition parameters for each zone and 

each phase.  

 

 

Figure 72: Velocity Inlet Volume Fraction 

 

For your inlet condition, it is important to define the multiphase resin inlet. Here it is set at 1, 

which means that all of the fluid entering the solution through the velocity inlet boundary 

condition is resin. This displaces the air that we define in the porous zone later. Some example 

boundary conditions here are shown next. Define boundary conditions for the pressure outlet as a 

pressure outlet for the mixture as atmospheric. Define the boundary conditions for the velocity 
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inlet of the mixture as 0.005 m/s. Define the boundary conditions of the walls as no slip. Again 

remember that it is important to define the velocity inlet of the resin as a volume fraction of one.  

 

It is now time to configure the solver. For most cases, the SIMPLE solver will work well with a 

pressure based model. This may have to be modified as the model and physics changes.  

 

 

Figure 73: Solution Methods 

 

Standard under relaxation factors are fine to start with and judgement has to be used if they 

should be modified. Monitoring residuals is recommended and confirming they are converging is 

important.  
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Figure 74: Solution Controls 

 

The under relaxation factors are set from the solution controls window. An example set of 

parameters is: under-relaxation pressure 0.3, under-relaxation density 1, under-relaxation body-

force 1, under-relaxation mom 0.7, and under-relaxation temperature 1. 
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Figure 75: Residual Monitors 

  

The default residual monitors are fine to start with and they can be modified as needed if the 

solution is not computing correctly. Other monitors can be created, for example, a surface 

monitor can be created by selecting create >> "Integral" >> resin pressure_outlet. The name and 

surface can be anything of interest. Additionally, a volume monitor can be created to track the 

saturation of your porous zones with time.  
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Figure 76: Solution Initialization 

 

The solution can be initialized to specific values or it can be set to the default values. Default 

values are as follows: pressure 0, x-velocity 0, y-velocity 0, z-velocity 0, temperature 300, and 

resin volume fraction 0. The next step is to select initialize. Once the solver is initialized you 

have to patch your porous zones.  
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Figure 77: Patch Porous Zones 

 

Porous zones are patched by selecting >> Patch…>> resin >> Volume Fraction >> porous media 

>> and entering the value for that zone. What you are doing is saying that at time zero, the value 

of resin in your computational domain is 0. This defaults the entire area to the other phase which 

is air for this setup. Then as your solution progresses the air is displaced by the resin.  
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Figure 78: Execute Commands for Image Taking or Other Operations 

 

Two commands are necessary to save images in each time step as your solution progresses 

without stopping the simulation at points of interest. They are as follows:  

 

solve execute-commands add-edit command-2 1 "time-step" "/display/contour resin vof 0 1" 

solve execute-commands add-edit command-3 1 "time-step" "/display/save-picture 0000%t.png" 

Additional commands can be defines as needed and the reader is referred to the FLUENT 

documentation for any specific commands they may want.  

 

Calculation activities can be set up to create saved files at certain time steps. This is useful for 

investigating saturation at later times.  For example, setting up an auto save with and auto save 

data frequency of 50 if the case is modified is a good idea.  
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Figure 79: Run Calculations 

 

When the solution has completed, the results can be post processed. Save the case and data files 

before exiting FLUENT. 
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A.II Fluent Model Set Up Through Journal File 

 

Submitting jobs through the HPCC or DECS Compute servers can be efficiently and 

autonomously done by the use of .qsub and .jou files. Below is an example of a .jou file with 

corresponding comments to define what each line item is. Comments are shown with “;” before 

them. A file that can be copied into a text file and saved with the “.jou” extension with the 

comments directly in it is provided. The HPCC uses the Linux operating system and is fully 

supported. Journal files can also be read through a GUI by selecting, file >> read >> journal. 

Any unanswered questions can be answered by the FLUENT documentation or on “www.cfd-

online.com”. 

 

; Load the Mesh generated from whatever meshing tool of choice, ensure that it is saved in the 

“.msh” format with the correct boundary conditions already defined in the mesh. Case and data 

files can also be read in this same way and modified through journal file commands.  

file read-case H_FloRat_P.msh 

; 

; Get mesh statistics, always ensure that your mesh is high quality, there are no negative 

volumes, and no other issues exist.  

mesh check 

mesh quality 

mesh size-info 

; 

; Configure solver define the model and solver that you are interested in  
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define models solver pressure-based yes 

define models unsteady-1st-order yes 

define models multiphase model vof 

; 

; Configure VOF model for a two-phase flow where one-phase is resin and one is defined as air 

or a displaced fluid. 

define models multiphase number-of-phases 2 

define models multiphase volume-fraction-parameters explicit 0.25 no 1e-06 

define models multiphase options no no no 

define models multiphase body-force-formulation no 

define models multiphase coupled-level-set no 

; 

; Create and define materials and give the properties of your resin system to another material. 

Here we start by importing the properties of motor oil and modifying them.  

define materials copy fluid engine-oil 

define materials change-create air air no no no no no no no 

define materials change-create engine-oil engine-oil yes constant 709 no no yes power-law two-

coefficient-method 24.149 -1.465 no no no 

; 

;Change phases make sure you have identified which phase is air and which phase is resin 

define phases phase-domain phase-1 air no 

define phases phase-domain phase-2 resin yes engine-oil 

; 
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;Cell zone conditions define the region that will be porous media. The porous media is a region 

where your Darcy based permeability of Forchheimer inertial resistance can be input. Fluent uses 

viscous resistance which is equal to 1/permeability. 

define boundary-conditions fluid porousmedia mixture no no no no 0 no 0 no 0 no 0 no 0 no 1 no 

no yes no .505 yes no 

define boundary-conditions fluid porousmedia air no no no 0 no 0 no 0 no 0 no 0 no 1 no yes no 

no 1 no 0 no 0 no 0 no 1 no 0 yes no 8.44e9 no 1.08e10 no 1.46e12 no no 0 no 0 no 0 0 0 no .505 

no 

define boundary-conditions fluid porousmedia resin no no no 0 no 0 no 0 no 0 no 0 no 1 no yes 

no no 1 no 0 no 0 no 0 no 1 no 0 yes no 8.44e9 no 1.08e10 no 1.46e12 no no 0 no 0 no 0 0 0 no 

.505 no 

; 

;Set Boundary Conditions for pressure or velocity inlets and outlets. Define wall boundaries. 

Define Volume fractions of fluid at each boundary. The inlet will have 1 for the volume fraction 

of resin entering at the boundary.   

define boundary-conditions pressure-outlet pressure_outlet mixture no 0 no 449.817 no yes no 

define boundary-conditions velocity-inlet velocity_inlet mixture no no yes yes no 8.628e-5 no 0 

no 297 

define boundary-conditions velocity-inlet velocity_inlet resin no 1 

define boundary-conditions wall wall mixture 0 no 0 no yes temperature no 449.817 no no no no 

1 

; 

;Set solution methods (20=SIMPLE 21=SIMPLEC 22=PISO 24=Coupled) 
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solve set p-v-coupling 20 

; 

;Under-Relaxation Factors 

solve set under-relaxation pressure 0.3 

solve set under-relaxation density 1 

solve set under-relaxation body-force 1 

solve set under-relaxation mom 0.7 

solve set under-relaxation temperature 1 

; 

;Residual monitors 

solve monitors residual criterion-type 1 

; 

;Surface Monitor 

solve monitors surface set-monitor phasefrac "Integral" resin pressure_outlet () no no yes 

phasefrac.out 50 yes flow-time 

; 

;Initialize 

solve initialize set-defaults mixture pressure 0 

solve initialize set-defaults mixture x-velocity 0 

solve initialize set-defaults mixture y-velocity 0 

solve initialize set-defaults mixture z-velocity 0 

solve initialize set-defaults mixture temperature 300 

solve initialize initialize-flow 
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; 

;Patch, after initialization you mush patch the whole body to have no resin at time zero when the 

simulation starts. If you skip this step your solution volume will be randomly initialized and will 

not give you a good solution 

solve patch resin porousmedia () mp 0 

; 

;Create image file for ffmpeg, this step generates images at defined time steps that can later be 

stitched together into a video. 

display set contours filled-contours yes 

display set picture driver png 

display set picture landscape yes 

display set picture x-resolution 960 

display set picture y-resolution 720 

display set picture color-mode color 

display set contours surfaces interior-porousmedia pressure_outlet velocity_inlet wall () 

display contour resin vof 0 1 

display views auto-scale 

display views restore-view front 

display save-picture 0000%t.png 

; 

;Create commands to save images every N time steps, you can take them as frequently or 

infrequently as makes sense for your simulation, you can also track the volume fraction of fluid 

as it progresses throughout your domain to tell you when your solution volume is solved.  
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solve execute-commands add-edit command-2 1 "time-step" "/display/contour resin vof 0 1" 

solve execute-commands add-edit command-3 1 "time-step" " /display/save-picture 

0000%t.png" 

; 

;Set up auto-save, save the file every so many time steps in case your solution crashes 

file auto-save data-frequency 50 

file auto-save case-frequency if-case-is-modified 

file auto-save append-file-name-with time-step 6 

; 

;Start simulation, begin solving 

solve set time-step 1 

solve dual-time-iterate 7200 50 

; This line will write your final data and exit the simulation. You can solve for other points of 

interest including pressure build up at the inlet, etc. This can be printed to a file before exiting.  

file write-data finaldata.dat 

 

exit y 
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A.III Executable Version  

 

The information below this statement can be copied directly and saved with a “.jou” extension 

for use on the HPCC. Updates will be likely needed for anything after FLUENT ANSYS/14.5. 

 

;Load the Mesh 

file read-case H_FloRat_P.msh 

; 

;Get mesh statistics 

mesh check 

mesh quality 

mesh size-info 

; 

;Configure solver 

define models solver pressure-based yes 

define models unsteady-1st-order yes 

define models multiphase model vof 

; 

;Configure VOF model 

define models multiphase number-of-phases 2 

define models multiphase volume-fraction-parameters explicit 0.25 no 1e-06 

define models multiphase options no no no 

define models multiphase body-force-formulation no 



224 

define models multiphase coupled-level-set no 

; 

;Create and define materials 

define materials copy fluid engine-oil 

define materials change-create air air no no no no no no no 

define materials change-create engine-oil engine-oil yes constant 709 no no yes power-law two-

coefficient-method 24.149 -1.465 no no no 

; 

;Change phases 

define phases phase-domain phase-1 air no 

define phases phase-domain phase-2 resin yes engine-oil 

; 

;Cell zone conditions 

define boundary-conditions fluid porousmedia mixture no no no no 0 no 0 no 0 no 0 no 0 no 1 no 

no yes no .505 yes no 

define boundary-conditions fluid porousmedia air no no no 0 no 0 no 0 no 0 no 0 no 1 no yes no 

no 1 no 0 no 0 no 0 no 1 no 0 yes no 8.44e9 no 1.08e10 no 1.46e12 no no 0 no 0 no 0 0 0 no .505 

no 

define boundary-conditions fluid porousmedia resin no no no 0 no 0 no 0 no 0 no 0 no 1 no yes 

no no 1 no 0 no 0 no 0 no 1 no 0 yes no 8.44e9 no 1.08e10 no 1.46e12 no no 0 no 0 no 0 0 0 no 

.505 no 

; 

;Set Boundary Conditions 
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define boundary-conditions pressure-outlet pressure_outlet mixture no 0 no 449.817 no yes no 

define boundary-conditions velocity-inlet velocity_inlet mixture no no yes yes no 8.628e-5 no 0 

no 297 

define boundary-conditions velocity-inlet velocity_inlet resin no 1 

define boundary-conditions wall wall mixture 0 no 0 no yes temperature no 449.817 no no no no 

1 

; 

;Set solution methods (20=SIMPLE 21=SIMPLEC 22=PISO 24=Coupled) 

solve set p-v-coupling 20 

; 

;Under-Relaxation Factors 

solve set under-relaxation pressure 0.3 

solve set under-relaxation density 1 

solve set under-relaxation body-force 1 

solve set under-relaxation mom 0.7 

solve set under-relaxation temperature 1 

; 

;Residual monitors 

solve monitors residual criterion-type 3 

; 

;Surface Monitor 

solve monitors surface set-monitor phasefrac "Integral" resin pressure_outlet () no no yes 

phasefrac.out 50 yes flow-time 
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; 

;Initialize 

solve initialize set-defaults mixture pressure 0 

solve initialize set-defaults mixture x-velocity 0 

solve initialize set-defaults mixture y-velocity 0 

solve initialize set-defaults mixture z-velocity 0 

solve initialize set-defaults mixture temperature 300 

solve initialize initialize-flow 

; 

;Patch 

solve patch resin porousmedia () mp 0 

; 

;Create image file for ffmpeg 

display set contours filled-contours yes 

display set picture driver png 

display set picture landscape yes 

display set picture x-resolution 960 

display set picture y-resolution 720 

display set picture color-mode color 

display set contours surfaces interior-porousmedia pressure_outlet velocity_inlet wall () 

display contour resin vof 0 1 

display views auto-scale 

display views restore-view front 
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display save-picture 0000%t.png 

; 

;Create commands to save images every N time steps 

solve execute-commands add-edit command-2 1 "time-step" "/display/contour resin vof 0 1" 

solve execute-commands add-edit command-3 1 "time-step" "/display/save-picture 0000%t.png" 

; 

;Set up auto-save 

file auto-save data-frequency 50 

file auto-save case-frequency if-case-is-modified 

file auto-save append-file-name-with time-step 6 

; 

;Start simulation 

solve set time-step 1 

solve dual-time-iterate 7200 50 

; 

file write-data finaldata.dat 

exit y 
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A.IV Fluent Model QSUB File for HPCC 

 

Submitting jobs through the HPCC or DECS Compute servers can be efficiently and 

autonomously done by the use of .qsub and .jou files. Below is an example of a .qsub file with 

corresponding comments to define what each line item is. Comments are shown with “;” before 

them. A file that can be copied into a text file and saved with the “.qsub” extension is shown 

after the comments section. The HPCC uses the linux operating system and is fully supported. 

Any unanswered questions can be answered on their web site or though the HPCC support team.  

 

#!/bin/sh –login 

; This makes output and error files the same file 

#PBS -j oe 

; This sends an email when the job begins, ends, or is aborted.  

#PBS -m abe 

; This line requests and email be sent when the job starts with job information 

#PBS -M email@msu.edu 

; This line requests the number of compute nodes and processes per node. It is necessary to 

correctly specify the number of shared memory nodes required and the number of processors per 

node. 

#PBS -l nodes=8:ppn=1 

; The estimated compute time (walltime) and memory (mem) is specified here, if your job goes 

over this specification it will be canceled. Time job will take to execute (HH:MM:SS format) 

#PBS -l walltime=04:00:00,mem=32gb 
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; This line requests the appropriate license for Fluent and cfd solvers. The first liscense requested 

gives you 4 compute nodes and then 4 hpc licenses are needed to generate the 8 nodes requested. 

Change the processor number by changing the number after “hpc:” 

#PBS -W x=gres:aa_r_cfd:1%aa_r_hpc:4 

; This line is simply a name for the file, whatever follows the –N will be the job name 

#PBS -N HeatedRTM 

 

; Changes the working directory to the original working directory where the job was submitted 

from 

cd ${PBS_O_WORKDIR} 

; Outputs the contents of the PBS nodefile 

cat ${PBS_NODEFILE} 

; Loads the ANSYS module for FLUENT and the corresponding license permissions. The loader 

defaults to the most recent release of ANSYS but in each version of ANSYS the commands 

change so you can default to an older version of ANSYS or FLUENT by requesting the 

ANSYS/”releasenumber”, i.e. ANSYS/14.0 

module load ANSYS 

 

Gives the three-dimensional double precision solver, also could use any other solver for example 

2d or 3d 

#Set variables for script 

# What version of the solver to use 

FLUENTSOLVER=3ddp 
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;This gives the number of cpus and calculates the licenses 

#Automatically calculate the number of cpus required 

CPUCOUNT=`cat $PBS_NODEFILE | wc -l` 

 

; You must specify the name of the previously generated journal file here. Previously called 

“HFloRatP.jou” but the name is not important, only the extension. 

#Which input journal file to use to give fluent? 

INPUT=HFloRatP.jou 

 

; This directs the output directory to be the same as the working directory. 

#Where do we want to put output at? 

OUTPUT=${PBS_O_WORKDIR}/${PBS_JOBID}.out 

 

; These are additional commands that can be implemented.  

# Run Fluent with: 

# -t$CPUCOUNT use $CPUCOUNT CPUs total 

# -p use the default ethernet interconnect 

# -mpi=net use socket protocol 

# -cnf=$PBS_NODEFILE get the list of machines PBS is running on from the server 

# -g no graphics, batch mode 

# -i read the file in $INPUT 

# > $OUTPUT 2>$1 Redirect program output to a file in your home directory.u 
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; The variables are passed here 

fluent $FLUENTSOLVER -t$CPUCOUNT -mpi=pcmpi -cnf=$PBS_NODEFILE -ssh -gu -i 

$INPUT > $OUTPUT 2>&1 

; Prints final statistics about the job and resources used before the job exits. 

qstat -f ${PBS_JOBID} 
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The information below this statement can be copied directly and saved with a “.qsub” extension 

for use on the HPCC. Updates will be likely needed for anything after FLUENT ANSYS/15.0. 

 

#!/bin/sh --login 

#PBS -j oe 

#PBS -m abe 

#PBS -M luchinit@egr.msu.edu 

#PBS -l nodes=8:ppn=1 

#PBS -l walltime=04:00:00,mem=32gb 

#PBS -W x=gres:aa_r_cfd:1%aa_r_hpc:4 

#PBS -N HeatedRTM 

 

cd ${PBS_O_WORKDIR} 

cat ${PBS_NODEFILE} 

 

module load ANSYS 

 

#Set variables for script 

# What version of the solver to use 

FLUENTSOLVER=3ddp 

 

#Automatically calculate the number of cpus required 

CPUCOUNT=`cat $PBS_NODEFILE | wc -l` 
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#Which input journal file to use to give fluent? 

INPUT=HFloRatP.jou 

 

#Where do we want to put output at? 

OUTPUT=${PBS_O_WORKDIR}/${PBS_JOBID}.out 

 

# Run Fluent with: 

# -t$CPUCOUNT use $CPUCOUNT CPUs total 

# -p use the default ethernet interconnect 

# -mpi=net use socket protocol 

# -cnf=$PBS_NODEFILE get the list of machines PBS is running on from the server 

# -g no graphics, batch mode 

# -i read the file in $INPUT 

# > $OUTPUT 2>$1 Redirect program output to a file in your home directory.u 

 

fluent $FLUENTSOLVER -t$CPUCOUNT -mpi=pcmpi -cnf=$PBS_NODEFILE -ssh -gu -i 

$INPUT > $OUTPUT 2>&1 

 

qstat -f ${PBS_JOBID} 
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Appendix B: GOVERNING EQUATIONS AND DERRIVATIONS 

 

B.I Derivation of the Governing Equations 

 

The governing equations for the research described in this dissertation are derived using the 

substantial derivative form based on lectures on transport phenomena by Petty [197] and the 

corresponding text by Bird et al. [47]. The substantial derivative is that of an infinitesimally 

small fluid element moving with the fluid flow. This substantial derivative form is then 

converted into the conservative form used in most computational fluid dynamics codes:  

  (44) 

 Eq. 44 Vector Velocity Field 
 

 

 

Figure 80: Fluid Element moving in the fluid flow, an illustration of the substantial derivative. 

 

 

x 

y 

z 

i 

j 

k 

Time 2 

Time 1 

Fluid Element at  

Time 1 and Velocity 1 

Fluid Element at  

Time 2 and Velocity 2 



235 

The vector velocity field is described in Cartesian space (Eq. 44). The x, y, and z components of 

velocity are given by Eq. 45, Eq. 46, and Eq. 47. By default, an unsteady flow is considered 

where u, v, and w are functions of position and time. Figure 80 is a reference sketch for the 

following discussion.  

 
 (45) 

 Eq. 45 x-component of velocity 

 

 

  (46) 

 Eq. 46 y-component of velocity 

 

 

  (47) 

 Eq. 47 z-component of velocity 

 

 

Additionally, density is not considered constant here and can vary with position (as a function of 

space) and time as well.  

  (48) 

 Eq. 48 Density as a function of space and time 
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For example, when the particle body is at point 1 and time 1 in Figure 80, the density could be 

different than when the particle body is at point 2 and time 2. In order to emphasize that density 

does not have to remain constant, Eq. 49and Eq. 50define the density at point 1 and 2. 

 

  (49) 

 Eq. 49 Density at point 1 
 

 

  (50) 

 Eq. 50 Density at point 2 

 

 

Using the known properties of the Taylor series, Eq. 48 can be expanded for density about point 

one, resulting in Eq. 51.  

 

 

(51) 

 Eq. 51 Taylor Series Density Expansion 
 

 

Truncating higher order terms and dividing by the change in time   gives the expression:  

 

 

 
(52) 

 Eq. 52 Time Rate of Change of Density 
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The left side of Eq. 52 is the average time rate of change in the density of the fluid as it moves 

from point 1 to 2. Taking the limit as  goes to  gives: 

 

 
(53) 

 Eq. 53 Substantial Derivative 

 

 

In this form, Eq. 53 gives the substantial derivative (on the right hand side) for the instantaneous 

time rate of change of density of the fluid element as it moves through point 1. Thus, the view is 

fixed on the particle as the particle moves through space and the density changes. The expression 

 in Eq. 52 is physically different in that it refers to time rate of change of density at the 

fixed point 1, and with the viewpoint fixed on the stationary point it is possible to watch the 

density change due to transient fluctuations in the flow field. Partial derivative (local derivative) 

and substantial derivative forms are physically different, but they can be converted from one 

form to another through shared relationships. 

 

Following the same procedure and recognizing that the velocities being used are the average 

velocities, they are written in the limit forms as follows in Eq. 54. After this, the limit as  goes 

to  can be taken to get the substantial derivative in Cartesian coordinates (Eq. 55).  

 

 

 

(54) 
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 Eq. 54 Cartesian Velocity Components 

 

 

 

 
(55) 

 Eq. 55 Defined Substantial Derivative in Cartesian Coordinates 

 

 

The form of the equation on the right can also be expressed as the total differential using calculus 

in the x, y, z, and t dimensions. In Cartesian coordinates, the equation can be converted to Gibb’s 

notation using the Del Operator, . 

 

 
(56) 

 Eq. 56 Del Operator 

 

 

Eq. 56 allows the substantial derivative to be rewritten in a more compact way not related to the 

coordinate system known as vector or Gibb’s notation (Eq. 57), which makes it possible to easily 

extend to cylindrical and spherical coordinate systems.   

 

 
(57) 

 Eq. 57 Substantial Derivative in Gibb's Form 

 

 

This form of the substantial derivative can apply to any flow variable, such as the static pressure 

p and the temperature T. Here, the new term    is the convective derivative, which is the 
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time rate of change due to the movement of the fluid element from one location to another in the 

flow field. Physically, the fluid element is moving to another position in the flow field where the 

properties are different. With this form, it is assumed that the physical flow properties are not 

necessarily the same throughout space. Applied to a variable such as pressure, the substantial 

derivative physically states that the pressure of the fluid is changing as the particle moves past a 

point in the flow. This is true because, at that point, the pressure may be changing with time and 

the particle is moving to another point in the flow field where the pressure is different.  

 

B.II Physical Derivation of the Divergence of Velocity 

 

The divergence of velocity ( ) is used frequently in fluid dynamics and is a useful tool, so it 

will be derived here. Physically, the divergence of velocity is the time rate of change of a volume 

of a moving fluid element, per unit volume. Considering the same control volume made up of the 

same fluid particles (constant mass) as it moves with the flow, the volume and surface can 

change with time as it moves. Therefore, the control volume is increasing or decreasing in 

volume and changing shape as the flow progresses. Looking at an infinitesimal element of the 

surface at a point in time, there is a normal that can be described from the surface with a local 

velocity. The change in volume of the control volume due to the change in the surface over a 

change in time is Eq. 58, where the total change in volume  is the summation of all the changes 

over the control surface: 

  (58) 

 Eq. 58 Change in Volume of the Control Volume 
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Taking the limit as dS goes to zero, the sum can be expressed as a surface integral.  

 

 

 

(59) 

 Eq. 59 Surface Integral 
 

 

If this integral is divided by the change in time, the result is the time rate of change of the control 

volume:  

 

 

 

(59) 

  
 

 

Then, using the Gauss-Ostragradsky divergence theorem Eq. 69 from vector calculus, it is 

possible to obtain Eq. 60. 

 

 

(60) 

 Eq. 60 Change from a Surface to Volume Integral 
 

 

Following this, the control volume is imagined to be a small infinitesimal differential volume in 

Eq. 61.  
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(61) 

 Eq. 61 Control Volume is Infinitesimal 
 

 

Next, it is assumed that the differential volume is small enough that the divergence of velocity is 

the same value throughout the differential volume in the integral. As the limit goes to zero, one 

of the following two forms can result in Eq. 62. 

 

 

 

(62) 

 Eq. 62 Expression for Integral as Limit goes to Zero 

 

 

B.III The Continuity Equation (Constant Position Assumption) 

 

The physical principle of the continuity equation is that mass is conserved. When the 

conservation of mass principle is applied to a fluid element and derived, the continuity equation 

results. This means that the net mass flow out of the control volume through a surface is equal to 

the time rate of decreasing mass inside the control volume. The mass flow of a moving fluid 

across any surface is equal to the product of density multiplied by area multiplied by the normal 

component of velocity to the surface. By convention, it is assumed that the normal of the 

differential surface points out of the volume.  
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(63) 

 Eq. 63 Continuity Balance 

 

 

The time rate of increase of mass inside the volume can then be written as Eq. 64. 

 

 

(64) 

 Eq. 64 Time Rate of Mass Increase 

 

 

Knowing the time rate of mass increase in Cartesian coordinates, it is possible to write one of the 

three forms in Eq. 65. 

 

 

 

 

(65) 

 Eq. 65 Three forms for the Rate of Mass Increase 

 

 

In the third form of Eq. 65, the bracketed terms are the divergence of density multiplied by 

velocity. The equation is obtained in partial derivative form because of the infinitesimally small 

element assumption. The conservation form is derived for continuity because the model was 

fixed in space, but it does not have to be. The non-conservative form could be derived in a 

similar fashion by assuming that the particle is not fixed in space but is instead fixed in mass.  
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This derivation would give the substantial derivative (non-conservative) form of continuity (Eq. 

66).  

 

 
(66) 

 Eq. 66 Substantial Derivative for Continuity 

 

 

The partial differential equation form can be obtained from the integral equation (Eq. 67) 

through the following manipulations, starting with the integral form. 

 

 

(67) 

 Eq. 67 Integral Form 

 

 

The control volume is chosen fixed in space, so that the limits of integration are constant and the 

time derivative can be put inside the integral.  

 

 

 

(68) 

 Eq. 68 Limits of Integration are Constant 
 

 

Next, the divergence theorem (Gauss-Ostrogradsky) of vector calculus can change the surface 

integral into a volume integral to simplify the problem.  
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(69) 

 Eq. 69 Gauss-Ostrogradsky Theorem 

 

 

 

The Gauss-Ostrogradsky Theorem is then substituted to make the following simplification in Eq. 

70. 

 

 

 

(70) 

 Eq. 70 Simplified Continuity 

 

 

Then, the equation is reduced further by taking the volume integral outside of the other collected 

terms (Eq. 71).  

 

 

 

(71) 

 Eq. 71 Taking the Volume Integral Outside 

 

 

Next, because the control volume is of arbitrary origin in space the integrand has to be zero at 

every point in the control volume.  
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(72) 

 Eq. 72 The Integrand is shown to be Zero 

 

 

This completes the manipulation from the integral form to the differential form. Next, vector 

identities can be used to convert from a conservative form to a non-conservative form. 

 

  (73) 

 Eq. 73 Vector Identity 

 

 

By taking an identity that uses the divergence of a scalar times a vector and setting it equal the 

scalar times the divergence of the vector plus the vector dotted into the gradient of the scalar, Eq. 

74 is obtained:  

 

 
(74) 

 Eq. 74 Applied Vector Identity 

 

 

Here, recognizing that the left most term and the last term are the substantial derivative allows it 

to be rewritten in the substantial derivative (non-conservative) form.  

 

 
(66) 

 Eq. 66 Substantial Derivative for  
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B.IV The Momentum Equation 

Newton’s second law of motion can be applied to result in a new equation called the momentum 

equation. Here, a moving fluid element will be used for simplicity. The momentum of a moving 

fluid element says that the net force on an element is equal to the mass times the acceleration of 

the element. There are two sources of forces on an element: body forces and surface forces. The 

body forces act directly on the volumetric mass of the fluid element, which could consist of 

gravity, electric forces, or magnetic forces for example. Surface forces act on the surface of the 

element and are due to the pressure distribution on the surface and the shear and normal stresses.  

 

The momentum equation can be written in conservative form as follows in Eq. 75.  

 

 
(75) 

 Eq. 75 Momentum Equation in Conservative Form 

 
 

Expanding the following derivative gives Eq. 76. 

 

 
(76) 

 Eq. 76 Expansion Identity 
 

 

Using the vector identity for the divergence of the product of a scalar times a vector gives Eq. 77. 

  (77) 

 Eq. 77 Vector Identity 
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Substituting the equations above in Eq. 75 and simplifying gives Eq. 78. 

 

 
(78) 

 Eq. 78 Simplification of the Combined Equation 
 

 

Recognizing that the term in brackets is the continuity equation and is equal to zero makes that 

term drop out, and reduces to the following form of the momentum equation (Eq. 79).  

 

 
(79) 

 Eq. 79 Momentum Equation in u Velocity 
 

 

B.V The Energy Equation  

 

The energy equation is based on the physical principle that energy is conserved. Additionally, the 

assumption is made that an infinitesimally small fluid element exists. Physically, the rate of 

change of energy inside the fluid element is equal to the net flux of heat into the element, plus 

the rate of work done on the element due to body and surface forces.  

 

The non-conservative form of the energy equation is shown below (Eq. 80) in expanded form for 

Cartesian coordinates as a sum of both the internal and kinetic energies.   
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(80) 

 Eq. 80 Expanded Energy Equation 
 

 

The linearized Navier-Stokes equation can be used to model porous regions of the preform, as 

shown in the following equation: 

 
 (81) 

 Eq. 81 Linearized Navier-Stokes 

 

 

Additionally, the Brinkman equation is useful in the fiber tows to account for the transition 

between boundaries. In 1949, Brinkman developed a modified form of Darcy’s Law that 

includes a viscous term, which allows the continuity of velocity to be applied as well as stress 

boundary conditions [198]. In composite manufacturing, the continuity and momentum equations 

can be used to satisfy the boundary conditions at the interface between the fluid and tow by 

assuming the conservation of mass and momentum. Furthermore, shear stress boundary 

conditions can be applied. This can be done based on a generalization of Darcy’s Law called the 

Brinkman’s Equation: 

 
P 

(82) 

 Eq. 82 Brinkman Equation in Fiber Tows 

 



249 

Where,  is the permeability tensor of the fiber bundles and  is the effective viscosity. 

Brinkman’s Equation is found repeatedly in literature about heterogeneous porous media [199], 

[200] with some limitations noted [201]. 
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Appendix C: GLOSSARY 

 

C.I Terms 

 

 Basis weight: nominal weight of mat for a certain area 

 Biaxial material: fibers oriented in two directions, the warp (0 degree) and weft (90 

degree) direction. 

 Binder: glass mat or preforms to bind the fibers prior to laminating or molding 

 Bundle: a collection of essentially parallel filaments or fibers 

 Capillary Effect: Ability of a liquid to flow without the assistance of or against and 

external force 

 Chop length: length to which fibers have been cut 

 Composite: two or more materials combined with reinforcing elements and matrix 

acting together but being distinct 

 Count: number of warp and weft yarns per cm/ inch of fabrics, indicates tightness of 

weave 

 Cure: in a thermosetting resin it is the process of setting by chemical reaction 

 Curing of Resin: A chemical cross linking reaction that creates the composite matrix 

 Darcy’s Law: An relationship useful for relating velocity with pressure drop in porous 

media 

 Directional Preform: A fiber reinforcement with direction dependent properties 

 Fabric, woven: interlaced yarns, fibers or filaments 

 Fiber: filaments that make up a tow or chopped mat 

 Fiber Bundle: A collection of fibers creating a tow or yarn 
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 Filament: smallest unit of fibrous material in a composite preform 

 Fill: also known as weft, fibers running perpendicular to the warp, if on a roll 

generally the tows aligned with the roll tube 

 Flow Channel: an area of no fiber reinforcement that can be either designed or an 

artifact of an imperfect preform in the mold  

 Flow Rate Pump: A constant flow rate injection for resin transfer molding 

 Granular Media: Porous media with flow that can be described as grains or soil 

 Heterogeneous Porous Media: Material properties vary by direction  

 Hexagonal Packing: An ordered packing arrangement that has six fibers surrounding 

a single center fiber 

 Incompressible Liquid: A fluid that follows the assumptions of a Newtonian fluid 

 Inertial Effect: Non-linear relationship between pressure drop and flow rate 

 Isothermal Filling: Resin injection under constant temperature conditions 

 Isotropic: The same value measured in different directions  

 Laminate: successive layers of plies or lamina and resin bonded together 

 Layup: layers of plies creating the preform 

 Liquid Composite Molding: a process of injecting liquid thermosetting resin systems 

into a preform through a closed mold process 

 Macro-scale: the scale of a finished composite part  

 Macro-void: A void or defect on the scale of the component or a dry spot in the mold 

 Matrix Material: The material the makes up the compressive strength for the 

composite material 

 Meso-scale: the scale of yarns or tows 
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 Micro-scale: the scale of fibers  

 Mold Cavity: A tooling piece that contains a composite to be manufactured 

 Orthotropic: Material properties vary based on direction 

 Parallel: Flow along an axis 

 Perpendicular: At an angle of 90 degrees to an axis or surface 

 Permeability: the resistance to flow from the fiber reinforcement acting as a porous 

media 

 Ply: A single layer of reinforcement generally cut to the shape of the mold 

 Polymer: an organic compound with a repeated small unit structure, such as 

polyethylene, rubber, polyester and cellulose  

 Porous Media: the fiber or fabric reinforcement through which resin flows 

 Porous Tow: A collection of fibers approximated as porous media 

 Preform: a material that has undergone a preliminary shaping operation 

 Pre-preg: reinforcement fibers that are pre-impregnated with resin and ready for 

placement in the mold 

 Pressure Pot: A pressure based injection source of resin for constant pressure 

infusions 

 Profile: cross-section used in reference to tows for most of the paper 

 Quadratic Packing: A square packing arrangement 

 Race tracking: A undersigned scenario where resin runs around the fiber 

reinforcement instead of saturating it 

 Random Packing: A disordered packing arrangement 
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 Resin: thermoplastic or thermosetting organic material flows under stress before 

being cured and binds the fiber preform, generally the only matrix material 

 Resin Runner: a designed area of no fiber reinforcement where resin is allowed to 

preferentially flow in order to more rapidly infuse a mold and create a composite 

 S-glass: A magnesia-alumina-silicate glass, especially designed to provide very high 

tensile strength glass filaments 

 Shear Stress: Layers flowing against each other in opposite directions 

 Sizing: a coating consisting of starch, gelatin, oil, wax or other suitable ingredient that 

is applied to yarn or fibers to aid the process of handling and fabrication 

 Square Packing: An ordered packing arrangement that looks square with fibers at four 

corners and the axis being able to connect and create a square 

 Tensor: a mathematical object represented by a matrix of components that are 

functions of coordinates and direction 

 Thermoplastic: a composite matrix which responds to a physical change in 

temperature rather than a chemical reaction 

 Thermoset: cured by application of heat or chemical means and cannot be reversed 

 Thermosetting: A chemical crosslinking polymer resin  

 Tow: a bundle of fibers also referred to as a yarn  

 Transverse: Flow at a perpendicular angle to an axis or surface 

 Viscosity: A quantity describing the state of a fluids internal resistance 

 Volume Fraction: The volume of a constituent like fiber reinforcement divided by the 

total volume of all constituents  

 Warp: yarns that run lengthwise and parallel generally perpendicular to the weft 
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 Weave: pattern of intersecting warp and filling yarns 

 Weft: fibers running perpendicular to the warp, if on a roll generally the tows aligned 

with the roll tube 

 Woven fabric: fabric that consists of a warp and a weft  

 Yarn size: Weight, thickness and coverage of the fabric 
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