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ABSTRACT 

 

Composites, though used in a variety of applications from chairs and office supplies to 

structures of U.S. Navy ships and aircrafts, are not all designed to hold up to extreme heat flux 

and high temperature.  Fiber-reinforced polymeric composites (FRPC) have been proven to 

provide the much needed physical and mechanical properties under fire exposure.  FRPC notable 

features are its combination of high specific tensile strength, low weight, along with good 

corrosion and fatigue resistance.  However FRPC are susceptible to thermal degradation and 

decomposition, which yields flammable gas, and are thus highly combustible.  This property 

restricts polymeric material usage. 

This study developed a numerical model that simulated the degradation rate and temperature 

profiles of a fiber-reinforced polyester resin composite exposed to a constant heat flux and 

hydrocarbon fire in a cone calorimeter.  A numerical model is an essential tool because it gives 

the composite designer the ability to predict results in a time and cost efficient manner.  The goal 

of this thesis is to develop a numerical model to simulate a zonal-layer polyester resin and fiber-

glass mat composite and then validate the model with experimental results from a cone 

calorimeter.  By inputting the thermal properties of the layered composite of alternating polymer 

and polymer-infused glass fiber mat layers, the numerical model is one step closer to 

representing the experimental data from the cone calorimeter test.  The final results are achieved 

through adding a simulated heat flux from the pilot ignition of the degraded gas of the polyester 

resin.  The results can be coupled into a mechanical model, which may be separately constructed 

for future study on the mechanical strength of composites under fire conditions. 
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CHAPTER ONE: INTRODUCTION 

Composite Laminates 

When designing structures, engineers have an obsessive need to make their designs lighter, 

stronger, faster and better.  Driven by this need, the idea of composite laminates was developed.  

What exactly are composites?  A composite laminate is made out of several different materials 

that retain their own characteristics but work together to make a better defined product.  

Composites can be found in every day scenarios like the plastic fiberglass chair, fiberglass 

bathtubs, and many wood products can also be composites with a mixture of waste wood and 

resin.  These materials are popping up everywhere, an example driving factor in the development 

of composites, specifically natural fiber composites, is the implementation in 2006 by the 

European Union legislation that 80% vehicles must be reused or recycled, by 2015 this 

percentage is raised to 85% [1].  Another example is shown in Figure 1, Boeing’s 777 and 

Airbus’s A380 are a major source of fiber-reinforced polymer composites [2].  

 

Figure 1: Composite usage on an Airbus A380 taken from reference [2] 
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Today, engineers have a never before seen ability to customize their material with the usage of 

composite laminates.  Fiber-reinforce composite material consists of any sort of load bearing 

fibers that are embedded into a matrix of any type, which makes the combination almost endless. 

Figure 2 demonstrates the basic building blocks of composite design. The fibers provide the 

majority of the tensile strength characteristic of the overall material; they can be made of glass, 

carbon, boron, ceramic or natural fibers like hemp or flax.  The matrix of the laminate holds the 

fibers together and provides the major compression characteristics of the overall composite.  

Common matrix designs are made out of polymer, metal or ceramic.  Additives and fiber 

treatment can be implemented into the fabrication of the composite laminate to improve its 

properties.  It is safe to say that the engineer’s imagination is the limit when designing and 

fabricating composite laminates. 

The matrix of the composite can be categorized as ceramic, metallic or polymeric.  Ceramic 

matrices are ideal for their high temperature and thermal shock resistance as well as their high 

modulus, high hardness, high corrosion resistance and low density.  Unfortunately a ceramic 

matrix is highly brittle and can easily fracture.  Metal matrices have an advantage in its long-

term resistance to harsh environments, higher yield strength and modulus.  However, high 

density, high melting temperature and the tendency of corrosion at the fiber-matrix interface 

make the usage of this matrix material a disadvantageous against polymeric matrices [2].  

Polymeric matrix composites are the most widely used composite.  Yet, they do have limitations 

in those polymers have a tendency to degrade when subjected to high temperatures and produce 

highly toxic by-products. 
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Figure 2: Basic design of a composite laminate taken from reference [2] 

 

Combustion 

To understand the variables involved in a degrading and eventually ignited polymer 

composite, a brief review of combustion phenomena is given.  The formation of flames is the 

process of a self-sustained overall exothermic reaction from a form of gaseous fuel and oxidizer.  

There are many types of flames, hydrogen, silane, hydrazine, magnesium, hydrocarbon and 

more.  The most common type is a hydrocarbon flame, which means a flame fueled by hydrogen 
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and carbon molecules.  Butane, propane, ethane, methane, and all organic material like polymers 

are considered to be hydrocarbons, thus creating a hydrocarbon flame if set ablaze.   

Flames can be defined into two categories, premixed flames or diffusion flames.  A premixed 

flame is defined when the oxidizer and fuel are mixed at specific quantities before reaching the 

flame front.  Examples are acetylene, propane and butane torches.  Diffusion flames are 

controlled by the diffusion of fuel into the oxidizer until a specific fuel to oxidizer ratio is 

achieved for the flame.  This can be represented by a candle, were the melted candle is the fuel 

and the surrounding air is the oxidizer.  The idea of a diffusion flame can be applied to the 

characteristic of a burning fiber reinforced polymeric composite (FRPC).  However, because the 

combustion of FRPC is a diffusion flame, the characteristic of this flame will depending highly 

on the rate of diffusion of the fuel.  In this case, it will be the degradation rate of the polymeric 

material caused by an external source of high heat flux. 

An important property that engineers design to know about flames is its temperature and 

emissivity.  By knowing the temperature and heat flux of the hydrocarbon flame, the behavior of 

flame spread and degradation rate of adjacent polymeric composites can be effectively predicted.  

There are many variables that affect the flame temperature.  One immediate variable is the fuel 

to oxidizer ratio in a flame, also known as the equivalence ratio.  The equivalence ratio, φ, is 

defined as the fuel to oxidizer ratio of the current flame divided by the fuel to oxidizer ratio if the 

flame is under stoichiometric condition.  The stoichiometric fuel to oxidizer ratio defines a 

complete reaction were the CO and H2 molecules are complete consumed, if this is the case for 

the current flame, then equivalence ratio will equal to 1.  This is the most ideal condition thus 
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producing the highest flame temperature that can be achieved.  An equivalence ratio greater than 

1 is defined as a fuel-rich flame and a flame with equivalence ratio less than 1 is defined as fuel-

lean.  As seen in Figure 3, due to the incomplete reaction both case of fuel-rich and fuel-lean 

reaction produces a lower flame temperature is achieved when compared to the stoichiometric 

fuel to oxidizer reaction.   

Figure 4 shows the structure of a flame is made up of several zones.  First zone encountered is 

the preheat zone, this leads into the reaction zone were the majority of the chemical reaction 

takes place.  The structure of the reaction zone is made up of pyrolysis reaction and a zone where 

CO and H2 are consumed.  The luminous zone is the part of the reaction zone where the majority 

of the heat release and reaction takes place [3].  

The emissivity of the flame is another parameter that will help predicting the heat flux from a 

flame.  The radiation from a flame is estimated as a translucent medium with self-absorption 

from soot particles.  The self-absorption is a result of soot particles with their own unavoidable 

radiation absorption coefficient.  This result in an effective emissivity related to κ, also known as 

the absorption or emission coefficient [4].  Unfortunately the absorption coefficient is highly 

dependent on the soot formation, which is found to be also dependent on the geometry and 

surrounding environmental conditions of the flame. 
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Figure 3: Equivalence ratio effect on flame temperature taken from reference [3] 

 

Figure 4: Temperature zone in a laminar flame taken from reference [3] 

 

The usage of polymer in the materials industry is well established but there is still a need for a 

push on flame retardant research specifically for polymers.  Halogen based flame-retardants were 

the earliest form of fire retardants [5]. This type of retardant is based on the concept of trapping 

radicals that sustains the combustion process through various chemical reactions to produce a 

more stable resultant molecule.  This limits the amount of self-sustained molecular reactions and 

eventually the flame decays in strength.  Unfortunately in present day the usage of halogen based 
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flame retardant has been limited due to the significant health and environmental issues its usage 

has caused. 

Another interesting method of flame retardant is the development of intumescent flame 

retardant.  When Intumescent materials are exposed to significant heat, the material will swell 

and foam up while creating a carbon based char layer.  This expanded char layer inhibits heat 

and mass flux because of its porous structure and results in the protection of the material from 

further degradation.  Unfortunately this method is too costly and not ideal in composites 

laminates. 

The most ideal method of improving the flammability characteristic of a composite is 

intrinsically improving the polymer properties.  By synthesizing polymers with high bonding 

energy the critical temperature defining its degradation will be increased thus delaying the time it 

takes for combustion to begin.  In order to maximize bonding energy in a polymer it is ideal to 

make aromatic polymer rings that are resonance stabilized.  All bond angles should be 

perpendicular and should have multiple bonding to several centers and cross-links, as seen in 

Figure 5, to ensure that there are no bond strains and weakness that may degrade earlier than the 

rest of the structure.  Many fire retardant polymers incorporate aromatic cycles or hetero-cycles 

for the exact purpose of increasing bonding energy.  Kelvar, polyether imides, PEEK and Teflon 

are notable and most feasible fire retardant polymers that are used widely today and can be 

incorporated into composites for an added advantage in delaying combustion.  These types of 

polymer structures tend to decompose into char and provide significant protection from high 

intensity heat flux. 
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Figure 5: Schematic representation of polymer with (a) no cross-links and (b) cross-links taken from reference [2] 

 

Cone Calorimeter 

A cone calorimeter is a measurement apparatus that exposes a user defined material to a 

focused radiation heater.  The applied heat flux can vary between 0 and 100 kW/m
2
, in a fire 

simulation 35 or 50 kW/m2 are widely used.  However the applied radiation flux from the heater 

does not define the total heat flux into the material.  Re-radiation, absorptivity of the material and 

heat flux from ignited flame define the total heat flux into the material.   

Cone calorimeters are essential in understanding the parameters of a material’s fire properties.   

The apparatus is capable of measuring parameters like mass loss, heat release rate (HHR), total 

heat release (THR), smoke production, and carbon-monoxide production.  For materials that 

have a constant effective heat of combustion the rate of mass loss controls the HRR.  The same 

can be said for the total mass loss controlling the THR.  Oxygen consumption calorimetry is used 
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to determine the HRR, different material characteristics can be interpreted from the HRR curve 

as seen in Figure 6 [6].  

 

Figure 6: Typical HRR curves taken from reference [6] 

 

Numerical Model 

The wide usage of fiber reinforced polymeric composite material mainly as a construction 

material for buildings, aircrafts and marine structures has prompted the desire for the material to 

withstand exposure to fire.  With these many applications it is necessary to obtain accurate 

knowledge of the thermal response of polymeric material.  Examples of thermal responses are 

the rate of temperature increase on the front and back surface and within the material and the 

mass flux of the degrading polymer resulting from the temperature increase. 

When polymeric material is exposed to elevated temperature, usually around 200 to 300 °C, 

they experience a chemical reaction which the polymeric material degrades into gas products and 



10 

 

a form of porous carbon char, the variable r, the charring ratio, will be used to define the 

percentage of char produced while remaining percentage defines the amount of gas produced.  

This process is called pyrolysis and the porous layer of char residue that is left behind helps 

protect the rest of the material underneath from exposure to high temperature by creating a layer 

of low thermal diffusivity about the polymeric material, but because part of the material has 

degraded to gas, this char layer has no structural strength.  As time progresses and temperature 

increases, the char and polymeric material interface will penetrate further into the material 

creating a thicker and thicker layer of char as the rest of the polymeric material degrades. 

Bamford, Crank and Malan [7], were considered the first to study the degradation of 

materials, specifically the combustion of wood.  They used first order kinetic rate equation and 

used constant thermal properties in order to create a model.  Henderson, Wiebelt and Tant [8], 

following in Bamford’s research, also developed a mathematical model, this time on the 

degrading polymeric matrices.  Henderson’s model incorporated the diffusion of the decomposed 

gases through the char structure, used a n
th

 order kinetic rate (Arrhenius) equation and included 

the temperature and mass dependent thermal and transport properties.  This numerical model 

proved to be a significant improvement from the model presented by Henderson’s predecessor.  

The material in question by Henderson was a phenol-formaldehyde resin with glass and talc.  

The numerical model was found to reproduce their experimental data with little deviation in 

results shown in Figure 7.  Figure 7 shows experimental and calculated result of temperature 

profiles at 0.1, 0.5, 1.0, and 2.9 cm into the depth of the material from the hot surface.  The 

maximum deviation of the numerical calculation to the experimental is no greater than 6%.  
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Figure 7: Comparison of calculated and experimental surface temperature taken from reference [8] 

 

Staggs [9] built his numerical model off of the previous research done by Henderson [8] but 

further explain in detail the derivation of the heat transport governing equations coupled with 

mass transport through Darcy’s law.  In this case, the Arrhenius equation was not used in Staggs’ 

derivation of the governing equations, instead the definition of latent heat was used in its place.  

In the process of deriving the governing equations, the strong assumption that the developed char 

offers negligible resistance to the flow of gases out and away from the composite structure 

meaning the pressure gradient along the thickness of the material will be constant in the 

developing char.  With the assumption that there is no resistance to the flow, a superficial 

velocity can be assumed for Darcy’s Law.  It is also assumed that the char structure stays intact 

during the degradation process and not blow off the composite from the mass flux. Figure 8 and 

9 displays the hot surface temperature, meaning the surface closest to the heat source, and mass 

flux results of Staggs’ numerical calculation with varying charring ratio, represented by the 

variable, r. [9]  Notice that the maximum hot surface temperature is inversely related to the 
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amount of char produced as seen in Figure 8.  The more char produced in the charring process, 

the lower the hot surface temperature.  An obvious conclusion can also be made that the amount 

of char produced has no effect on the surface temperature before critical charring temperature is 

reached.  The critical temperature is defined as the temperature when charring begins for a 

material, in Staggs’ case, this temperature is defined as 600 K.  Figure 9 shows the results of the 

mass flux from various charring ratio; it is reasonable to see a shorter time to total degradation 

and a lower mass flux as the charring ratio increases. 

 

Figure 8: Comparison of calculated hot surface temperature taken from reference [9] 

 

 

Figure 9: Comparison of calculated mass flux taken from reference [9] 
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Combustion 

Quintiere [11] provides an in depth review on the theoretical basis for flammability properties 

of a material.  An important example of these properties is the burning rate per unit area with 

convection and flame radiation boundary conditions.  By interpreting experimental data, many 

essential parameters in understanding the flammability properties of certain material can be 

found.  It is show that material properties play a significant role in the ignition, rate of burning 

per area, energy release rate and flame spread characteristic of the material.   

Radiant heating is an important factor in the burning and fire growth on a material.  This heat 

flux can come from any sources like a nearby heater, heated surface, fire or smoke.  Flame 

radiation can be represented by a homogeneous translucent medium of grey gas flame with a 

mean beam length and an extinction/absorption coefficient [11].  In a cone calorimeter where the 

sample is oriented horizontally and the flame height is larger than the sample diameter, the mean 

beam length can be estimated as 0.65 times the sample diameter [10].   

In Jiang’s paper [12], the importance of fire ventilation on flame emissivity was examined.  If 

the flame is under-ventilated, meaning a less than 0 equivalence ratio, then the excess soot will 

cause the flame radiation and temperature to be highly dependent on the ventilation.  If the 

equivalence ratio is at the other extreme, φ > 1, for a well-ventilated then the heat flux and 

temperature of the flame is independent of ventilation.  The presence of soot particles strongly 

affects the emissivity of the flame.  In order to calculate the heat flux of a flame, the amount of 

soot needs to be known to calculate the self-absorption effect on the total emissivity of the flame 
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[12]. Brian T. Rhodes [13] analyses PMMA in a cone calorimeter assembly and found that the 

emissivity of the flame is approximately constant at 0.09, giving an extinction coefficient of 

about 1.4 m
-1 

[13].   But the size and amount of soot affect the extinction coefficient.  The more 

soot a flame produces the higher the extinction coefficient and thus increases the amount of heat 

flux produced by the flame.  
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 CHAPTER TWO: METHODOLOGY 

Homogeneous single layer material 

The physics of degrading polymeric material is presented in order to effectively produce a 

numerical model for simulation. This one-dimensional homogeneous single layer model closely 

represents Staggs’ simulation that was presented [9].  Figure 10 shows the schematic of the 

degrading polymer.  The top boundary is exposed to a radiant heat flux and convective heat 

transfer.  An issue with this model is knowing when the material begins to degrade, producing 

char and combustible vapor.  The critical temperature, Tc, was used as the criteria to define the 

conditions for charring, although in real conditions, this is not the case. 

 

Figure 10: Schematic of degrading polymer taken from reference [9] 

 

The char layer plays a significant role in fire-retardant because of its porous structure.  As the 

virgin polymer degrades, a fraction, defined in this simulation as r, of polymer is turned into char 

while the rest, 1-r, is degraded into gas and flows upwards and out of the char structure.  This 

porous char structure provides a thermal insulation because of its significantly lower effective 
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thermal conductivity, keff.  It is estimated that the keff of the char and gas structure is bounded 

within a range given as [15] 

𝑟 
𝑘𝑔𝑘𝑐

(1−𝑟)+𝑟 
𝑘𝑔𝑘𝑐 ≤ 𝑘𝑒𝑓𝑓−𝑘𝑔𝑘𝑐−𝑘𝑔 ≤ 𝑟.                   (1) 

For the purpose of this analysis, a bold assumption that the thermal conductivity will be atht e 

upper range of Equation (1) and that the properties of char are the same as the properties of the 

polymer, where 𝑘𝑐 = 𝑘𝑝 and 𝜌𝑐 =  𝜌𝑝  is used and the gas generated by the charring process 

has similar properties as air. 

The governing equation for the physics within the charring layer is  

�(1− 𝑟)𝜌𝑔𝑐𝑔 + 𝑟𝜌𝑐𝑐𝑐� 𝑑𝑇�𝑑𝑡 + 𝜌𝑔𝑐𝑔𝑣𝑜 𝑑𝑇�𝑑𝑦 =
𝜕𝜕𝑦 �𝑘𝑒𝑓𝑓 𝑑𝑇�𝑑𝑦�  (2) 

and the equation for solid virgin polymer with no charring is given as 

𝑑𝑇�𝑑𝑡 = 𝛼𝑝 𝜕2𝑇�𝜕𝑦2.     (3) 

Where 𝛼𝑝 =
𝑘𝑝𝜌𝑝𝑐𝑝, dimensionless Temperature is defined as  𝑇� =

𝑇𝑇𝑎.  The energy loss from the 

gas flowing through the charred layer and out of the material is expressed in the 2
nd

 term of 

Equation (2).  In order to solve the superficial velocity term, the Darcy expression,  

𝑣𝑜����⃗ = − 𝐵𝜇 ∇𝑃,      (4) 
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and mass conservation for the exiting gas,  

(1− 𝑟) �𝑑𝜌𝑔𝑑𝑡 �+ ∇. �𝜌𝑔𝑣𝑜����⃗ � = 0,               (5) 

are utilized. Darcy’s expression, conservation of mass for the gas and ideal gas law are 

combined together to create  

𝜕𝜕𝑡 �𝑃�𝑇�� =
𝐵𝑃𝑎

(1−𝑟)𝜇 ∇. �𝑃�𝑇� ∇𝑃��.     (6) 

Where 𝑃� =
𝑃𝑃𝑎 and 𝛼𝑐 =

𝐵𝑃𝑎
(1−𝑟)𝜇 are the definitions of dimensionless pressure and pressure 

diffusivity, respectively. 

The surface or top boundary condition is defined as 

𝜀�̇�0"𝑇𝑎 + ℎ1�1− 𝑇�� + 𝜀𝜎𝑇𝑎3�1− 𝑇�4� − 𝜌𝑔𝑐𝑔𝑣𝑜 𝑑𝑇�𝑑𝑦 + 𝑘𝑒𝑓𝑓 𝑑𝑇�𝑑𝑦 = �(1− 𝑟)𝜌𝑔𝑐𝑔 + 𝑟𝜌𝑝𝑐𝑝� 𝑑𝑇�𝑑𝑡 ,   (7) 

which takes into account the external heat flux from the heater, convective heat transfer and re-

radiation from the material.  The char and polymer interface was fixed at a constant temperature 

at the defined critical temperature.  The boundary condition of the backside, or bottom, is 

governed by only convective heat transfer, 

−𝑘𝑝 𝑑𝑇�𝑑𝑦 + ℎ2�1− 𝑇�� = 𝜌𝑝𝑐𝑝 𝑑𝑇�𝑑𝑡 .     (8) 
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In order to simplify the numerical model, a Landau transformation [16] is used and all 

variables are non-dimensionalized with   𝜏 =
𝛼𝑝𝑙2 𝑡, for dimensionless time, 𝛿 = 1− 𝑠(𝑡)𝑙  for 

dimensionless char and polymer interface positions and diffusivity ratio, 𝜆 =
𝛼𝑐𝛼𝑝. 

𝑥 =
𝑦−𝑠(𝑡)𝑙−𝑠(𝑡)

, 𝑠(𝑡) <  𝑦 ≤ 𝑙,        (9) 

𝑥 =
𝑦−𝑠(𝑡)𝑠(𝑡)

, 0 ≤ 𝑦 < 𝑠(𝑡),    (10) 

describes the Landau transformation.  The coordinate transformation will be beneficial because 

the char and polymer interface will always be at x = 0 while the top and bottom surface will be x 

= 1 and x = -1 respectively.   

By applying the non-dimensionalization to the coupled Darcy’s and continuity equation,  

𝛿2 𝜕𝜕𝜏 �𝑃�𝑇��+ (1− 𝑥)𝛿 𝑑𝛿𝑑𝜏 𝜕𝜕𝑥 �𝑃�𝑇�� = 𝜆 𝜕𝜕𝑥 �𝑃�𝑇� 𝜕𝑃�𝜕𝑥�              (11) 

 is achieved.  A typical value for the pressure diffusivity, αc, is in the order of 0.001 m
2
/s, and 

typical thermal diffusivity of polymer resin, αp, is approximately 1.33e-7 W/m-K. Thus the 

diffusivity ratio, λ, can be reasoned to be of a significantly large number.  In order to prevent 

the pressure gradient from diverging to an unreasonable number, from Equation (11), the 

right hand side of should equal to zero, as seen in  

𝜕𝜕𝑥 �𝑃�𝑇� 𝜕𝑃�𝜕𝑥� = 0.      (12) 
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This equation dictates the pressure gradient within the charring layer.  By integrating this 

term the dimensionless pressure is  

𝑃� ≈ 1 +
𝜌𝑝𝜆𝜌𝑔,𝑎 𝛿 𝑑𝛿𝑑𝜏 ∫ 𝑇�𝑑𝑥1𝑥 .    (13) 

By combining Equation (2) with Equation (4) and using the redefined dimensionless mass 

flux,  

−𝜌�𝑔 𝜕𝑃�𝜕𝑥 ≈ 𝜌𝑝𝜆𝜌𝑔,𝑎 𝛿 𝑑𝛿𝑑𝜏 ,           (14) 

along with the definition of dimensionless density, 𝜌�𝑔 =
𝜌𝑔𝜌𝑔,𝑎 =

𝑃�𝑇�  the final equation for the 

charring layer is 

�(1− 𝑟)
𝜌𝑔,𝑎𝑐𝑔𝜌𝑝𝑐𝑝 𝜌�𝑔 + 𝑟� �𝛿2 𝜕𝑇�𝜕𝜏 + (1− 𝑥)𝛿 𝑑𝛿𝑑𝜏 𝜕𝑇�𝜕𝑥�+ (1− 𝑟) �𝑐𝑔𝑐𝑝� 𝛿 𝑑𝛿𝑑𝜏 𝜕𝑇�𝜕𝑥 =

�(1− 𝑟) �𝑘𝑔𝑘𝑝�+ 𝑟� 𝜕2𝑇�𝜕𝑥2.     (15) 

While the dimensionless equation for the layer with no presence of char and only polymer is 

expressed using 

𝜕𝑇�𝜕𝜏 +
(1+𝑥)

(1−𝛿)

𝑑𝛿𝑑𝜏 𝜕𝑇�𝜕𝑥 =
1

(1−𝛿)2 𝜕𝑇�2𝜕2𝑥.   (16) 
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The top boundary layer with an imposed radiation heat flux is 

𝜀𝑞0"𝑇𝑎 + ℎ1�1− 𝑇�� + 𝜀𝜎𝑇𝑎3�1 − 𝑇�4� +
𝑘𝑒𝑓𝑓𝑙 𝛿 𝜕𝑇�𝜕𝑥 +

𝑐𝑔𝑘𝑝𝑐𝑝 𝑙 (1 − 𝑟)
𝑑𝛿𝑑𝜏 𝑑𝑥 =

𝑘𝑝𝑙 𝛿 𝑑𝑥2 𝜕𝑇�𝜕𝜏                                                   (17) 

and for the lower boundary layer with only convective heat transfer is  

𝑘𝑝𝑙(1−𝛿)

𝜕𝑇�𝜕𝑥 + ℎ2�1− 𝑇�� =
(1−𝛿)2 �𝑘𝑝𝑙 � (

𝜕𝑇�𝜕𝜏 +
1−𝑥𝛿 𝑑𝛿𝑑𝜏 𝜕𝑇�𝜕𝑥).  (18) 

In order to solve the system of equations defined by the presented governing equation, a few 

variable definitions are absent.  The variable for the dimensionless charring rate  
𝑑𝛿𝑑𝜏 can be found 

by conservation of energy at the char and polymer interface.  Latent heat of gasification of the 

polymer is taken into consideration in 

 𝑘𝑒𝑓𝑓 𝑑𝑇�𝑑𝑦�𝑦=𝑠+ − 𝑘𝑝 𝑑𝑇�𝑑𝑦�𝑦=𝑠− = − 𝜌𝑝𝐿𝑇𝑎 𝑑𝑠𝑑𝑡      (19) 

to define the rate of polymer degradation.  Solving for 
𝑑𝛿𝑑𝜏 is an iterative process where a 

reasonable 
𝑑𝛿𝑑𝜏 is first assumed, then the governing equations are solved.  The resulting 

temperature profile is then used in solving the left hand side of Equation (19).  The right hand 

side is solved using the material properties and the assumed 
𝑑𝛿𝑑𝜏 and then compared to the left 

hand side of the equation.  A new assumption of 
𝑑𝛿𝑑𝜏 is then made until Equation (19) is satisfied.  
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After finding the 
𝑑𝛿𝑑𝜏, 𝛿 for the next time step is found by integration.  

𝑑𝛿𝑑𝜏 can then be converted to 

mass flux with the units of 
𝑔𝑠 𝑚2 by  

�̇�" =(1000)
𝛼𝑝𝑙 (𝜌𝑝 − 𝜌𝑔)(1− 𝑟)

𝑑𝛿𝑑𝜏  .        (20) 

At time is at 0 second, the model is composed of only virgin polyester resin with no charring.  

When exposed to a heat flux, the surface temperature rises.  In this model, charring will not start 

until the critical temperature is reached.  Right when the critical temperature is reached, the 

system of governing equations is modified to satisfy the charring and degrading layer.  The 

model is solved until the char and polymer interface reaches the bottom of the material.   

The zonal model is developed exactly the same as the single homogeneous layer model 

discussed in the previous section, the only difference lie in the amount of nodes and the change 

in material property as seen in Figure 14.  When incorporating the glass fiber mats,  

𝑘𝑣𝑘𝑝 = 1 +
2𝑉𝑓�𝑘𝑝+𝑘𝑓𝑘𝑓−𝑘𝑝�−𝑉𝑓+�𝑘𝑝−𝑘𝑓𝑘𝑝+𝑘𝑓��0.3058𝑉𝑓4�    (21) 

 is used to calculate the effective thermal conductivity of a layer with glass fiber mat and 

polyester resin, kv, with no charring [10].  Where Vf  is the volume fraction of only the glass fiber 

and polymer layer, kp and kf are the individual through thickness thermal conductivity of polymer 

resin and fiber glass mat respectively. 
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The addition of a hydrocarbon flame to the numerical model can be beneficial in the analysis 

because the combustible gas from the degrading polymer can ignite.  Radiation heat flux from a 

flame is 

𝑞𝑓" = 𝜀𝑓𝜎�𝑇𝑓4 − 𝑇𝑠4�,            (22) 

where εf is the emissivity of the flame, Tf  is the flame temperature and Ts is the composite’s 

surface temperature.   𝜀𝑓 = 1 − 𝑒(−𝜅𝐿𝑒)
               (23) 

defines the emissivity of a translucent medium, in this case, of the combustion gas in the flame.  

The extinction coefficient, κ, and the mean beam length, 

𝐿𝑒 = 0.65𝐷,              (24) 

is needed to solve for the total heat flux from the flame in Equation (19).  Even though the flame 

temperature is highly dependent on many variables, it can be assumed that under a cone 

calorimeter experiment, the flame temperature is around 1300 K to 1600 K. 

Figure 11 represents the spatial discretization along the thickness of the material of virgin 

polymer, while Figure 12 represents the discretization of a charring model and Figure 13 

represent the zonal-layer model for multiple material which will be used to model a glass fiber 

reinforced polyester resin composite.  The positions of the nodes are spaced equally throughout 

the char layer or polymer layer, but not spaced evenly through the overall material as seen in 

Figure 12.  A node will coincide with each boundary.  The nodes are assigned governing 
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equations in implicit backwards difference style.  After assembling the set of governing 

equations, the fsolve function in MATLAB is used to solve them at constant time step interval of 

0.1 second.  This function uses the Levenberg-Marquardt algorithm with convergence criteria of 

10
-5 

K to solve the finite difference problem.  The mass flux and top, middle and bottom 

temperatures are all recorded and used for experimental comparison. 

 

Figure 11: Discretization of single-layer homogeneous polymer model prior to degradation 

 

Figure 12: Discretization of single-layer homogeneous polymer model during degradation 



24 

 

 

Figure 13: Discretization of zonal-layer model prior to degradation 

 

 
 

Figure 14: Zonal-layer model schematic 
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CHAPTER THREE: RESULTS AND DISCUSSION 

Homogeneous single layer material 

In order to validate the methodology for the presented numerical model, the results are 

compared to known literature.  This numerical model was developed from the same methodology 

as Staggs’ model, therefore Staggs’ results were used as a validation criteria.  Staggs models a 

single layer homogeneous polymeric material, Table 1, with an overall thickness of 10 mm, 

exposed to a constant radiation heat source.  Other than the defined external heat flux, the upper 

boundary of the material will re-radiate energy and the gas flow out of the material from the 

charring process will also remove energy from the composite.  The lower boundary is subjected 

an insulated boundary condition were h2 = 0 and since the temperature at the lower boundary is 

close to the ambient temperature, the re-radiation condition is assumed to be negligible as seen in 

Figure 15.  The following parameters in Table 1 were used to solve the model. 

 

Figure 15: 1-dimensional schematic of boundary conditions 
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Table 1: Material Property of polyester resin and glass-fiber mat composite 

ε 0.9 

thickness 0.01 m 𝑞0"  50 kW/m
2
 

r 0.3, 0.5, 0.7 or 0.9 

h1 10 W/m
2-

K 

h2 0 W/m
2-

K 

Ta 293 K 

Tc 600 K 

λ 10
4
 

kp 0.3 W/m-K 

kg 0.01 W/mK 

ρp 900 kg/m
3
 

ρg,a 1.16 kg/m
3
 

cp 2500 J/kgK 

cg 1000 J/kgK 

L 10
6
 J/kg 

 

Figure 16 and 17 presents these results from this numerical calculation compared with Staggs’ 

results.  For the simplicity for calculation, it is assumed in this numerical model that 𝜌�𝑔, the 

dimensionless density of the gas from charring, is incompressible, therefore equal to 1.  After 

calculating the results an immediate conclusion can be seen that the lower the charring ratio, r, 
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the more the numerical model in this paper closely represents Staggs’ results.  Significant 

deviation can be seen with r = 0.7 and 0.9, even though at r = 0.3, the results matches almost 

exactly.   

There are a few interesting notes to point out in the presented results.  Notice that the mass 

flux graph, Figure 16, has a two peak characteristic where the first peak has the maximum mass 

flux value within the first 100 seconds of charring and the second peak is significantly lower in 

value when compared to the first.  Also in Figure 16, it can be reasoned that as the charring ratio 

increases, the less gas were produced therefore decreasing the maximum mass flux (
𝑔𝑠 𝑚2).  When 

examining, Figure 17, the results of the surface temperature for all cases seem to match nearly 

perfectly.  It was found that the higher the charring ratio, the lower the surface temperature.   

To justify that 𝜌�𝑔 is indeed equal to 1, the term to calculate the dimensionless density, derived 

from Equation (13), was added into the model and the results for mass flux and surface 

temperature were calculated and compared with the results were 𝜌�𝑔 was set equal to 1.  Figure 18 

and 19 shows these results and they are indeed identical, thus it is a safe assumption that the gas 

expelled from the charring process is incompressible for this scenario.   
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Figure 16: Comparison of mass flux predicted by the single-layer homogeneous model with Staggs’ mass flux results 

 

Figure 17: Comparison of surface temperature predicted by the single-layer homogeneous model with Staggs’ mass flux 
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Figure 18: Effect of incompressibility assumption on mass flux results predicted by single-layer homogeneous model  

 

Figure 19: Effect of incompressibility assumption on surface temperature results predicted by single-layer homogeneous 

model  
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Homogeneous material zonal model 

The zonal-layer numerical model or multiple-layer model is structured like Figure 14 to 

represent a polyester laminate.  In order to validate the zonal-layer model, Staggs’ results are 

utilized again for comparison.  To replicate a single layer homogeneous material in the form of a 

zonal-layer, properties of each layer was kept the same, instead of alternating polyester resin and 

fiber-glass mat layers, this model has “alternating” polyester resin and polyester resin layers.  

Staggs’ material properties for polyester resin were used to validate the zonal code from Table 1.  

Due to its excellent accuracy, the results from r = 0.3 were used to see the deviations between all 

three models, Staggs’, single-layer, and the zonal-layer. 

Results from the zonal-layer model very nearly replicates Staggs’ and the single layer code as 

seen in Figure 20 and 21.  There was a slight deviation in the zonal-layer model when compared 

to the single layer model mainly in maximum value of the first peak.  It is also noted that the 

zonal-layer model finishes its degradation slightly faster than the single layer model.  When 

comparing the surface temperature, the plots match perfectly with almost no noticeable deviation 

other than the time the degradation ends. 
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Figure 20: Zonal-layer code validation of mass flux compared with single-layer model and Staggs’ model 

 

Figure 21: Zonal-layer code validation of surface temperature compared with single-layer model and Staggs’ model 
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Zonal-layer with experimental validation 

After validating the zonal-layer model and code, it was desired to see if this numerical model 

can be applied to experimental data.  Figure 22 and 23 displays mass flux and temperature data 

from two fiberglass reinforced polyester resin laminates with an average thickness of 3.5 mm 

that were subjected to a cone calorimeter experiment.  The two samples are designated C25A and 

C25B, ‘C’ for sample of pure polyester resin and fiberglass mats without any additives or fillers.  

‘25’ for an external heat flux of 25 kW/m
2
, and ‘A’ and ‘B’ represents the first and second 

sample, respectively.  Each composite have 4 layers of fiber-glass mat, making a total of 9 layers 

of alternating polyester resin and fiber-glass mat, it is assumed that each layer have the same 

thickness, although, in reality this was not the case.  I would have been ideal to acquire an 

microscopic measurement of the thickness in each layer.  Figure 24 shows the sample after being 

exposed to 25kW/m
2
 in the cone calorimeter, note that some char residue is consumed thus 

showing clean white fiber-glass mat.  There were several points that can be made about this 

experiment and its data.  First, in the cone calorimeter, there was a piloted igniter that constantly 

kept the outgas ignited, this caused another external heat flux from the hydrocarbon flame during 

combustion.  The temperature of the polyester resin and fiberglass laminate was monitored by 

three thermocouples embedded within each composite, one on top, one on bottom and one as 

close to the middle as possible.  These thermocouples can potentially be a minor cause of heat 

loss through the wire leads and if the wires are short circuited then the data logger can be reading 

an incorrect temperature at a different location.  An example of incorrect temperature reading 

due to a short circuit in the thermocouple was seen in Figure 23, the C25A Bottom Temp data 

plot.  Notice how the temperature fails to raise at a rate that represents the trend the other data 
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plots are exhibiting.  That specific thermocouple is most likely short circuited outside the 

composite and reading an ambient temperature of the room.  Due to the insignificance of the 

erroneous data from the bottom thermocouple of sample C25A, that section of data will be 

omitted from further discussions and results.  Another important observation is that the top 

thermocouple detached during the degradation due to the lack of structure to hold the sensor in 

place.  If this thermocouple was not attached and happens to have drifted into the flame, then 

there is a chance that the temperature reading that is logged will be significantly higher than the 

actual surface temperature. 

 

Figure 22: Mass flux data from Cone Calorimeter experiments 
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Figure 23: Temperature data from Cone Calorimeter experiments 

 

 

Figure 24: C25A sample after removed from the Cone Calorimeter experiment 
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close to 523 K and the overall thickness of the material is changed to 3.5 mm oppose to 10 mm 

from Staggs’ simulation.  From literature, r = 0.3 is a reasonable assumption to make for 

polyester resin and will be used in this numerical model although in reality the char residue will 

be consumed with high heat flux. 

The mass flux from the numerical model presented in Figure 25 was not a good representation 

of the mass flux data from the cone calorimeter.  In Figure 25, two numerical results are given, 

one model of only homogeneous virgin polyester resin, while the second numerical model 

incorporate interchanging layers of virgin polyester resin layer and glass fiber mats with infused 

polyester resin layer as depicted in Figure 14.  When compared to the cone calorimeter data, the 

mass flux from both numerical models are lacking in maximum mass flux value and the time it 

takes to finish degrading is significantly longer.  The composite laminate used in the experiment 

was designed with a volume fraction, Vf, of 0.5.  This means 50% of the glass fiber mat and 

polyester resin layer’s volume, illustrated as “Glass mat + Resin” in Figure 14, was glass fiber 

while the remaining 50% is polyester resin.  Glass fiber material has a critical temperature close 

to 1500 K therefore the polyester resin will degrade much earlier than the glass fiber material.  

This is evident in Figure 26 for the numerical results with glass fiber mats, notice the sharp 

decrease in mass flux as the charring front reaches the fiber glass layer due to the lower amount 

of available polyester resin to degrade.  Figure 27 to 29 displays the temperature results 

compared to the cone calorimeter experimental data.  Unfortunately the temperature results were 

unable to reproduce the experimental data.  In Figure 28 it is important to note that the 

temperature at the middle of the composite display a sudden discontinuity of the graph at about 

250 seconds.  This marks when the char and polymer interface moving pass the middle point 
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along the thickness of the material.  It was also noted when comparing the result of the predicted 

model with and without the glass fiber mat that the temperature of the composite with glass fiber 

mat raises faster. 

 

Figure 25: Mass flux predicted by the zonal-layer model with no flame and with or without glass fiber mats, compared 

with cone calorimeter data 

Time (seconds)

m
"

(g
/s

-m
2
)

0 100 200 300 400 500 600
0

2

4

6

8

10

12

14

16

18

20

C25A - Cone Calorimeter Data

C25B - Cone Calorimeter Data

Numerical result without glass mat

Numerical result with glass mat

. 



37 

 

 

Figure 26: Decrease in mass flux in glass mat layer as indicated by the circle and arrow 

 

Figure 27: Surface temperature results predicted by the zonal-layer model with no flame and with or without glass fiber 

mats, compared with cone calorimeter data 
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Figure 28: Temperature results at the midpoint of the composite predicted by the zonal-layer model with no flame and 

with or without glass fiber mats, compared with cone calorimeter data 

 

Figure 29: Bottom temperature results predicted by the zonal-layer model with no flame and with or without glass fiber 

mats, compared with cone calorimeter data 
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Figure 30: Charring front position predicted by the zonal-layer model with no flame and with or without glass fiber mats 

 

Figure 31: Temperature profile predicted by the zonal-layer model with no flame and without glass fiber mats 
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Figure 32: Pressure profile predicted by the zonal-layer model with no flame and without glass fiber mats 
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An observation that explains the significant deviation in results was the presence of a 

hydrocarbon flame directly above the sample at the start of material degradation.   From previous 

literature of hydrocarbon flame in a cone calorimeter with polymeric material resulted in an 

extinction coefficient of 1.4 m
-1

.  To properly model the experimental cone calorimeter data, heat 

flux from a simulated hydrocarbon flame with an extinction coefficient of 2.0 m
-1

 was used.  

With a sample diameter of 0.075 m, Equation (23) and (24) resulted in an effective emissivity, εf, 

of 0.1 for the hydrocarbon flame.  Soot is a main factor in the extinction coefficient.  If a flame 

produces more soot, then the extinction coefficient is expected to be high.  By increasing κ or 

sample diameter, the emissivity of the flame increases, thus increasing the heat flux received by 

the composite sample.  An example is a flame fueled by polystyrene is found to have a heat 

release rate of 500 kW with κ equal to 7.5 m-1
, while a propane flame with a heat release rate of 

110 kW had a κ equal to 0.061 m-1
 [18].  Heat flux from the flame was simulated to start at the 

beginning of material degradation.  Although the exact flame temperature was not known, it can 

be assumed that the flame temperature is around 1300 K to 1600 K from the approximate 

temperature of common hydrocarbon flames.  Figure 33 through 36 presents the mass flux and 

temperature result with an assumed flame temperature of 1300 K and 1600 K. 

The sudden addition of a new source of heat flux created a significant jump and sudden jump 

in mass flux at the beginning of thermal degradation at approximately 100 seconds.  It was 

reasonable to see a significant increase in initial mass flux with a higher flame temperature. The 

polyester resin will degrade at a much faster rate due to the larger amount of energy incidence 

into the material.  An assumption into why the mass flux plots do not agree could be the fact that 

the modeling of the hydrocarbon flame is, in fact, impossibly perfect.  The flame is modeled to 
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suddenly appear and bombard the material with its full radiation heat flux capability of 1300 K 

or 1600 K flame temperature.  This was incorrect since the flame, at the beginning, started at the 

source of ignition and grew to a fully developed turbulent flame in the cone calorimeter.  The 

growth of this flame means the flame temperature will also begin low and increase.  This was a 

reasonable explanation on why a sharp jump in mass flux is not observed for the experimental 

cone calorimeter data.   

One check that has to be made is to see if the amount that was degraded in the experimental 

cone calorimeter data was the same as the amount degraded in the numerical calculation. By 

integrating the mass flux plots, the total mass per m
2 

area of the degraded material, in the form of 

gas, is found.  Integrating the mass flux of the numerical model, that simulated the cone 

calorimeter data, resulted in a result of 1676 g/m
2
.  Cone calorimeter data integration yields 2416 

g/m
2
 and 2445 g/m

2
 for C25A and C25B data respectively.  When visually inspecting the sample 

of cone calorimeter test, it was noticeable that most of the char residue is consumed along with 

the polyester resin.  By dividing 1676 g/m
2
 by 0.7, the ratio of degraded gas, the value of 2394 

g/m
2
 was found which represents the amount of mass per area that was degraded if there was no 

remaining char residue left.  This close match in the adjusted mass result was proof that the char 

residue itself degrades along with the polymer and was not simulated in this numerical mode. 

Figure 34 to 36 displays all the temperature data gathered in the cone calorimeter experiment 

compared with numerical modeling with the presence of a flame.  It’s encouraging to see that the 

temperature before the beginning of degradation was a perfect fit between experimental cone 
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calorimeter data and numerical results.  This gives strong evidence that the material property 

before the formation of char is a satisfying fit for the polyester resin composite.   

The effect of the addition of glass fiber mat on mass flux can be seen in Figure 33, when the 

char front reaches a fiber-glass mat layer, the mass flux decreases because of the decreased 

amount of polymer that can char.  Adding fiber-glass mats into the composite has a more 

noticeable effect on the temperature.  The general trend present in Figure 34 to 36, when 

comparing models with fiber-glass mat to models without, was a faster increase in temperature, 

although a similar steady state temperature was reach for both scenarios. 

The top temperature predicted by the model with a flame temperature of 1600 K seems to 

match the experimental results at first glance but the reader must remember that there was 

evidence that the top thermocouple broke off from the laminate structure thus reading a higher 

temperature than the intended surface temperature of the laminate.  The bottom temperatures for 

the numerical model are almost the same for both flame temperature cases, the temperature curve 

flattens out to approximately 523 K, which corresponds to the critical temperature.  This was due 

to the criteria of degradation specified in the numerical model.  The charring front is fixed at 523 

K, thus preventing the virgin polymer material from ever exceeding the defined critical 

temperature.  In the experimental case, the bottom temperature does not exhibit the same 

behavior as the numerical model.  This was expected because the char residue itself degrades and 

the charring process was not at a constant 523 K but in fact the charring process starts around 

500 K and was considered fully degraded at 700 K.  The middle temperature was read by a 

thermocouple embedded approximately in the middle of the entire composite.  This location is 
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ideal for comparison with the numerical model because it was not affected by the issues present 

in the top thermocouple and issues present in the bottom numerically calculated temperature.  

When comparing the experimental and numerical data for the middle temperature seen in Figure 

35, it’s noticed that the data with a flame temperature of 1300 K is a very strong fit with the 

C25A cone calorimeter data which further backs the belief that the flame temperature is close to 

1300 K instead of 1600 K.  Also notice that the experimental data continues for a longer duration 

and temperature continues to rise when compared to the numerical results.  An explanation 

returns to the previous argument that char degradation begins at 500 K and finishes degradation 

at 700 K and that the char residue continues to burn. 

 

Figure 33: Mass flux predicted by the zonal-layer model with flame and with or without glass fiber mats, compared with 

cone calorimeter data 
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Figure 34: Surface temperature results predicted by the zonal-layer model with flame and with or without glass fiber 

mats, compared with cone calorimeter data 

 

Figure 35: Temperature results at the midpoint of the composite predicted by the zonal-layer model with flame and with 

or without glass fiber mats, compared with cone calorimeter data 
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Figure 36: Bottom temperature results predicted by the zonal-layer model with flame and with or without glass fiber 

mats, compared with cone calorimeter data  
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K, was higher than the model with a flame temperature of 1300 K.  This is due to the 

significantly higher mass flux as seen from Figure 33.  

 

Figure 37: Charring front position predicted by the zonal-layer model with flame and with or without glass fiber mats 
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Figure 38: Temperature profile predicted by the zonal-layer model with flame, Tf = 1300 K, and without glass fiber mats 

 

Figure 39: Temperature profile predicted by the zonal-layer model with flame, Tf = 1600 K and without glass fiber mats 
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Figure 40: Pressure profile predicted by the zonal-layer model with flame, Tf = 1300 K, and without glass fiber mats 

 

Figure 41: Pressure profile predicted by the zonal-layer model with flame, Tf = 1600 K, and without glass fiber mats 
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Grid Analysis 

There is a chance that the incorrect sizing of the grid of nodes used in the numerical model 

was a cause of error.  To validate this numerical model of homogeneous material with a flame 

temperature at 1600 K was computed with various node counts.  Figure 13 displays the 

schematic of the nodes for the zonal-layer model were N is equal to 5, 7, and 9 for the grid 

analysis.  All results presented before this section is computed with N = 5, but it is seen that 

increasing the node count resulted in absolutely no visible deviation. 

 

Figure 42: Grid analysis of mass flux predicted by the zonal-layer model with flame, Tf = 1600 K and without glass fiber 

mats where N is defined in Figure 13 
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CHAPTER FOUR: CONCLUSION 

 

The development of the numerical model was for comparison with a glass-fiber reinforced 

polyester resin composite in a cone calorimeter. Mass flux comparison deviates significantly but 

temperature data and calculated results from the middle from the composite matches well.   

Improvements can be made in future cone calorimeter experiment by embedding more 

temperature sensors along the thickness of the composite and improving temperature reading 

methods for the degrading structure.  Experimental improvements will provide better validation 

results of the numerical model.  Flame temperature data and soot concentration data from the 

cone calorimeter experiment will also provide a better simulation of flame radiation heat flux.  

Even though the temperature data from the middle thermocouple of the experiment matches 

the calculated results from the numerical model, the resulted temperature of the bottom of the 

composite is found to be a very poor representation of experimental data.  The bottom of the 

composite is the more significant result desired because it provides the information of when the 

entire composite is fully degraded, resulting in absolutely no structure.  Since the char and 

polymer interface criteria is set to a constant temperature, this causes a significant problem in 

replicating reality, since the charring process is in fact, not a single point fixed at a single critical 

temperature, but a range between 400 K to 700 K.  It is ideal to use the Arrhenius rate of reaction 

to calculate the mass flux, instead of the latent heat of the polymer so that the char and polymer 

interface is not fixed at a very specific temperature.  It is also significant that the char residue 

will degrade when exposed to a high heat flux which is expected to affect the mass flux results. 



52 

 

With the knowledge of the flame emissivity and temperature, the thermal behavior of any 

composite can be simulated with this numerical model.  This is truly a significant tool in 

understanding the behavior of composite properties under thermally degrading conditions.  By 

modifying matrix properties, fiber properties or adding additives to the composite, the 

researchers can possibly improve results to combat the degradation of polymer composites.  To 

accomplish this task in a time and costly manner, this numerical model was developed. 
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