
A Layer Tension Loss and Cure Model 

for Filament Wound Composites 

by 

Vincent T. Lombardi 

Thesis submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

Master of Science 

C. E. Knight 

in 

Engineering Mechanics 

APPROVED: 

March 1991 

Blacksburg, Virginia 

. Grant 



LD 
5~ 
\Ids~ 
l'r1 f 

LIP1 J...., 



Abstract 

The simulation program FWCURE [1] models the curing process and layer 

tension loss of axisymmetric filament wound composite cases during fabri

cation. For a specified temperature cure cycle, the model predicts the 

temperature distribution, resin degree of cure, viscosity, layer compac

tion, and fiber motion throughout the composite case during cure. The 

scope of the simulation program developed by Tzeng [1] has been extended, 

and the modifications to the FWCURE program are the goals of this investi

gation. Major modifications to FWCURE include a more general 2-D layer 

tension loss model, additions to an element curvature calculation routine, 

a new cure reaction kinetics model and viscosity model for a Fiberite-974 

epoxy resin system, and modifications and additions to Input/Output (I/0) 

throughout the program. Modifications and additions to FWCURE are imple

mented in the analysis of an 18 inch diameter test bottle. Results of the 

simulation are compared with test data obtained during winding and cure of 

a graphite-epoxy 18 inch test bottle. Excellent agreement was obtained 

between the results of the model and data. Another major accomplishment 

involved coupling FWCURE with a thermo-mechanical stress simulation 

program called WACSAFB. When combined, the coupled program forms an 

improved comprehensive structural model which characterizes the thennal, 

chemical, physical, and mechanical processes occurring during winding and 

cure of filament wound composite cases. The complete simulation program 

should provide the process engineer with a resource to help select an 

optimum fabrication cycle, assess the processing characteristics of new 



matrix resin systems, and act as a simulator to yield real time, closed 

loop process control. FWCURE should also provide information on the pro

cessing parameters that have the greatest effect on the final filament 

wound composite structure. 
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1.0 Filament Wound Composites 

1.1 Introduction 

Filament winding is a commonly used technique for fabricating con

tinuous fiber-reinforced composite structures. For many years filament 

wound structures have been used for weight-sensitive, high strength struc

tural components such as rocket-motor cases, pressure vessels, and air-

craft structures. Recent achievements in filament winding technology 

include the 12 foot diameter, 100 foot long fully assembled composite 

rocket motor booster for the NASA space shuttle program*; also the Trident 

Fleet Ballistic Missile rocket motor case is a filament wound structure as 

is the launch tube for the MX Missile. 

Fabrication and processing of filament wound composite structures is 

currently a highly empirical field. Temperature-time processing programs, 

called cure cycles, are generally obtained by trial-and-error by fabricat

ing and curing sub-scale parts and structures. This empirical approach is 

time consuming, expensive, and unlikely to yield the optimal processing 

cycle for a given application. Another problem with the empirical ap

proach is that large structures processed using cure cycles designed for 

subscale components and structures are often cured nonuniformly and may 

contain a large number of voids which could seriously degrade the mechan

ical properties of the structure. Often structures are over designed to 

compensate for the lack of understanding between the manufacturing process 

*Hercules Aerospace Promotional Pamphlet for Careers; Composite Struc
tures, p. 17. 
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and the final mechanical properties of the structure. Once a filament 

wound composite structure has been designed for optimal strength in a 

given loading situation, the fabrication and processing of the structure 

must be optimized as well to produce a final product which most closely 

matches its theoretical strength. 

There are three stages involved in fabricating filament wound com

posites as shown in Figure 1. The first step involves winding the fiber 

bundles onto the rubber coated mandrel with an initial fiber tension. The 

second step involves curing the mandrel-composite assembly in an autoclave 

or oven. Finally, in the third step the filament wound composite case is 

removed from the mandrel. In each stage of processing, there are critical 

parameters which affect the final mechanical performance of the structure. 

The cure cycle implemented during the second stage of fabrication is one 

of the dominant factors which greatly affects the final mechanical proper

ties and performance of the structure. Simulating the cure phase of fabri

cation of axisymmetric filament wound composite structures is the subject 

of this investigation. 

There are a number of factors which can cause a substantial decrease 

in the strength and performance of a filament wound composite structure. 

Defects such as delaminations or debonding of the structure, porosity, 

high void contents, and residual stresses can result from improper curing 

during fabrication of the structure. Variables such as cure temperature 

{i.e. oven temperature), cure time, and heating rate significantly influ

ence cure of the composite case and need to be controlled in an optimal 

fashion. The optimal cure cycle for a given structure should require 

minimal time and energy for processing while maintaining a heat transfer 

rate that results in a composite case which is cured uniformly and com

pletely. 

2 



I. Winding 

2. Heating, Curing, Cooling 

3. Removal From Mandre I 

(Figure not Shown) 

Figure l: Manuf~cturing Process 
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Each new filament wound structure designed and fabricated employs a 

particular resin and fiber system which is chosen for the particular ap

plication. The number of layers (or plies) as well as the ply-sequence 

(the angle of each ply) depends on the structural geometry and loading 

conditions. Hence, determining an optimal cure cycle for each new filament 

wound structure may not be possible based on past experience alone. Be

cause of the enormous complexity of filament wound composites it is appar

ent that an analytical model which could simulate the entire fabrication 

process would be helpful in choosing processing parameters in an optimal 

fashion for a given structure. An analytical model and associated comput

er code FWCURE was recently developed to simulate the winding and curing 

process of a filament wound composite case [1] When FWCURE is coupled 

with a thermo-mechanical stress simulation routine called WACSAFE [2]

[3] then a complete analysis program exists for fabrication of filament 

wound cases with end enclosures (section 6.1 discusses the coupled model}. 

1.2 Filament Winding 

A typical filament wound composite (FWC) assembly consists of a 

mandrel, which has the same shape as the structure being wound, an elasto

meric insulator, the composite case, and an outer layer which usually con

sists of a teflon release film, a porous breather cloth, and a vacuum bag 

assembly (Figure 2). The mandrel may be ma.de of a soluble plaster, PVA 

sand, or segmented collapsible metal components. Before a composite case 

is wound, an elastomeric insulator layer is wound over the mandrel surface 

and then cured in a separate manufacturing step. Next, continuous bands of 

resin impregnated fibers are wound onto the rotating mandrel (which is now 
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covered with a hardened or "cured" insulator layer) along a predetermined 

path. During winding and cure the mandrel should be rigid under its own 

weight and the tension applied during winding. The mandrel should be 

designed so that it easily separates from the composite case after cure so 

as not to damage the composite structure. 

Filament winding can either be a wet or a dry winding process, de

pending upon the state of the resin. In wet winding, liquid resin is 

applied by pulling the fiber bundles through a resin bath during winding. 

Dry winding, also called prepreg winding, utilizes resin preimpregnated 

fiber tows. In dry winding, the resin has been advanced (B-staged: cured 

to some extent) during prepregging. During winding the degree of cure de

pends upon the resin system used, the ambient temperature during winding, 

and the winding time for each layer. Generally, for dry winding very 

little curing occurs at room temperature over the duration of the winding 

time. 

Once the winding process is complete, the outer surface of the case 

is wrapped in a teflon release film and a porous breather cloth. Finally, 

the entire mandrel - insulator - case - breather assembly is covered with 

a vacuum bag in preparation for cure. When activated, the vacuum system 

will cause the bag to tightly wrap around the composite assembly allowing 

compaction of the outer layers of the case and evacuating any volatiles 

that may be released from the resin during cure. The bagged assembly is 

placed in a forced air oven or an autoclave and the case is cured appro

priately. In general the cure cycle includes a ramp heat up, an isother

mal hold (considered the cure temperature), and ramp cool down phase. A 

cure cycle may include multiple ramps and isothermal holds depending upon 

the resin system used, the thermal properties of the FWC assembly, and the 

dimensions of the geometry being wound. 

5 
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The winding pattern (or stacking sequence) is another complex and 

important variable in the manufacturing process of filament wound compos

ite structures. A winding pattern is designed by choosing a suitable 

winding path, which depends upon the geometry of the structure, and by 

considering the structural strength requirements, which are determined 

from the loading conditions for a specific application. The winding path 

often varies from layer to layer to meet the design requirements. Often 

the winding patten consists of helical (or angled) layers followed by hoop 

(circumferential) layers. If a winding pattern is not properly designed 

for a particular structural geometry, fiber misalignment, overlaps, and 

gaps from poor placement of the fiber bands may result degrading the me

chanical strength of the case. The winding pattern also influences the 

pressure distribution and the amount of layer compaction that results 

inside the case. During cure, the winding pattern also affects the an

isotropic heat conduction and resin flow of the case. 

1.3 Problem Statement 

A model which simulates the fabrication process of filament wound 

composite rocket motor cases with integrally wound end enclosures was 

developed by Tzeng [l]. The model relates the winding process variables 

and the cure cycle to the thermal, chemical, and physical processes occur

ring during manufacturing. The model is composed of two submodels. The 

first submode! is a thermo-chemical cure model which is used to obtain the 

temperature distribution in the FWC assembly, and the resin degree of cure 

and resin viscosity of the composite case during cure. The second sub-
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model is the layer tension loss model which calculates resin flow, the 

fiber (layer) displacement, and the fiber tension variation for each layer 

of the composite case during cure. The models are combined into a single 

comprehensive fabrication model. A FORTRAN computer code "FWCURE" was 

written to obtain a numerical solution of the combined model. 

The primary objective of this research was to modify the layer ten

sion loss model so that a broader range of finite element meshes could be 

accommodated. In particular, the tension loss model in FWCURE was incapa

ble of processing finite element meshes in which the number of elements 

through the thickness of the mesh (representing the structure under analy

sis) was not constant. The analysis of an 18 inch diameter graphite-epoxy 

test bottle prompted the need for modifications. The finite element mesh 

generated for the 18 inch diameter bottle incorporated ply-drops for the 

hoop layers in the mesh. The hoop layers drop off in the transition from 

the cylindrical to the dome (polar) region of the structure. As the hoop 

layers terminate, the number of elements through the thickness of the 

composite case decreases. 

Another important objective of this research was to couple the ther

mo-chemical cure and layer tension loss model with a thermo-mechanical 

stress model called WACSAFE developed by Nguyen and Knight [2] and Stein 

[3]. The thermo-mechanical stress model calculates residual stresses in 

filament wound cases due to mechanical and thermal deformations occurring 

during the manufacturing process. The combined model is a comprehensive 

fabrication model for filament wound composites. 

Secondary objectives of the research included verifying the axi

symmetric heat transfer model in FWCURE using temperature data obtained 

during cure of an 18 inch diameter bottle wound by Thiokol Corporation. 

Another objective was to model and verify a cure reaction kinetics model 

and viscosity model for a Fiberite-974 epoxy resin system. Other objec-
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tives included modifying and adding Input/Output (I/0) throughout the FW

CURE program and modifying the calculations in the element curvature rou

tine to correctly process transition element data from the ply-drop lay

ers. Lastly, a cure optimization study was performed in which FWCURE was 

used to assess the effects of different cure cycles and different initial 

winding tensions on the amount of fiber tension loss that occurs during 

processing. 

In this report, an overview of the thermo-chemical cure and layer 

tension loss models are presented in chapter 2. In chapter 3 the kinetics 

and viscosity models developed are discussed. In chapter 4 the input 

parameters and the calculation procedures for the cure and layer tension 

models are discussed briefly while the numerical procedure and implementa

tion of the resin flow model (a part of the layer tension model) is more 

thoroughly detailed. Results of the temperature verification study, re

sults of the layer tension loss model, and a cure optimization study with 

FWCURE for the 18 inch bottle are discussed in Chapter 5. Chapter 6 dis

cusses the coupled model WACSAFE/FWCURE and presents some comparisons 

between independent and coupled simulations. Finally, a summary of the 

research, suggestions for future work, and conclusions are presented in 

Chapter 7. 
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2.0 

2.1 

Axisymmetric 
Tension Loss 

Cure Model 

Cure and 
Model 

Layer 

The thermo-chemical cure model developed by Tzeng [1] is composed of 

three submodels: a heat transfer model, a kinetics model, and a viscosity 

model. The heat transfer model is used to calculate the temperature dis

tribution in the FWC assembly as a function of position and time during 

cure. The FWC assembly (Figure 2) is composed of a mandrel, an insulator, 

the composite case, and an outer layer. The outer layer is usually com

posed of a breather cloth, a release film, and a vacuum bag. The kinetics 

model is used to calculate cure rate and the heat generation due to exo

thermic chemical reactions that occurs within the resin during cure. 

Integration of the cure rate with respect to time results in the degree of 

cure of the resin matrix in the composite (see section 3.2 Kinetics Mod

el). The viscosity model is used to obtain the viscosity of the resin 

which is a function of temperature and degree of cure in the composite. 

The viscosity of the matrix resin affects resin flow and winding tension 

loss during winding and cure of FWC structures. 

Several assUiti>tions were made in the formulation of the cure model 

[lJ. The effects of layer compaction and resin displacement due to fiber 

tension, vacuum bagging, and external pressure were neglected. According

ly, convection due to resin flow is neglected in the composite region 

during cure. The only significant mode of heat transfer is thermal con

duction. Heat transfer in the composite is not significantly affected by 
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the resin flow induced by fiber tension since the resin flow is actually 

quite small. In the composite region, heat conduction is anisotropic due 

to the different fiber orientations of each layer. Heat generation due to 

exothermic chemical reactions is considered an internal heat source. In 

other regions of the FWC assembly (i.e. the mandrel, insulator, and outer 

layer) the conduction is isotropic with no heat generation. 

The heat transfer model is based upon Fourier's law of conduction. 

In polar coordinates for the axisymmetric geometry of the FWC assembly, 

the unsteady heat transfer equation for the mandrel, the insulator and the 

outer layer can be written as: 

where = Density of the material 
= Specific heat capacity of each material 
= Temperature and time respectively 

(1) 

= Radial and longitudinal coordinates respectively 
= Isotropic the:z:mal conductivity 

The unsteady heat conduction equation for the composite case, which in

cludes anisotropic the:z:mal conductivity and a source term, is written as: 

where Pc: = Density of the composite 
cc = Specific heat capacity of the composite 
Krr = The:z:mal conductivity acting on the r-face in the r-

direction 
K.z:z: = Thermal conductivity acting on the r-face in the z-

direction 
Kzz = Thermal conductivity on the z-face acting in the z-

direction 
ii = Source term for heat generated due to exothermic 

chemical reactions in the resin during heating 

The source term (rate of heat generation per unit mass, H) in equation 

11 



(2) takes into account the energy released in the composite due to exo

thermic chemical reactions taking place in the epoxy resin during cure. 

The rate of heat generation in the composite during cure is obtained from 

the kinetics model. 

Equations (1) and (2) are subject to initial conditions: 

T(z,r,O) = Ti(r,z) (3) 

where T1 {r, z) is the initial temperature as a function of position for each 

material in the FWC assembly. 

The boundary conditions can be written as: 

(4) 

on the inner surface of the mandrel, and as: 

(5) 

on the outer surface of the assembly. 

His the heat transfer coefficient on the outer surface of the assembly 

and T- is the cure temperature at any point in the cure cycle. nr and nz 

are the components in the rand z directions, respectively, of the unit 

vector n which is normal to the boundary of the domain. 

The boundary conditions also require continuity of temperature and 

heat flux at the interface between different material regions. Continuity 

of temperature and heat flux at the nodes is automatically satisfied when 

the solution of the problem is obtained by using the finite element tech

nique. 

The solution of equations (1) and (2) are obtained numerically by 

application of the finite element method. Temperature is the primary 
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variable and it is determined at each nodal point in the finite element 

model (mesh) at each time step in the transient analysis. The numerical 

approach used to solve equations (l) and (2) is discussed in chapter 4 of 

this report. 
• The rate of heat generation B due to exothermic chemical reactions 

in the composite is required for the solution of the heat transfer model. 

The rate of heat generation in the composite can be obtained from a kinet

ics model along with the cure rate and degree of cure of the resin in the 

composite. The assumption is made that the rate of heat generation during 

cure is proportional to the rate of the cure reaction, which leads to the 

following definition of resin degree of cure: 

( 6) 

where Ha is the ultimate heat of reaction per unit mass of the composite 

during cure and H(t) is the heat generation per unit mass of the composite 

from the beginning of the reaction to some intermediate time t. The de

gree of cure a ranges from a value of zero for an uncured resin, to a 

value of 1.0 for a fully cured resin. 

Differentiating equation (6) with respect to time and rearranging 

results in the following definition for rate of heat generated in the 

composite 

if - da. H 
- dt R 

(7) 

where da/dt is defined as the reaction rate or cure rate which depends on 

the temperature and the degree of cure of the composite resin. 

of reaction of the composite can be expressed as: 

13 



(8) 

where Pr and Pc are the densities of the resin and composite, respectively, 

vr is the resin volume fraction and ffv is the heat of reaction per unit 

mass of neat resin. Hg. can be determined from differential scanning calo

rimetry (DSC) data of neat resin samples. 

The exact functional form of the cure rate depends on the resin 

system used in the case and must be determined experimentally. A cure 

rate equation commonly used for the:cmosetting epoxy resins can be ex

pressed as follows [4]: 

dr,. = 
dt 

(9) 

The model relates the rate of cure (da/dt) to the degree of cure (a), 

temperature (T) , and time (t). Differential scanning calorimetry (DSC) is 

frequently used to measure the heat of reaction and the cure rate. The 

kinetics model in equation (9) requires fitting 4 parameters to isothermal 

DSC data to determine the exponents m and n and the reaction rate con

stants k 1 and k 2 • 

If the diffusion of chemical species is neglected, the degree of 

cure in the composite can be obtained by the integration of the cure rate 

with respect to time as follows 

a = fot ~~ dt (10) 

where the initial condition 

a(z,r,O} =a 1 (z,r) =O (11) 

applies over the composite region of the FWC assembly. 

In order to calculate the resin displacement and fiber motion in the 
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composite case during cure, the resin viscosity must be known as a func

tion of position and time. The shear viscosity of a thermosetting resin 

is a complex function of temperature, degree of cure (or time), and shear 

rate. Currently, analytical expressions which relate the viscosity to all 

of the above parameters do not exist for the resin systems commonly used 

in composites. A reasonable approach to this complex problem is to assume 

that the resin viscosity is independent of shear rate and to measure the 

viscosity at very low shear rates. This approach was followed to obtain 

viscosity data for epoxy resins during cure up to the resin gel point. 

The viscosity data was then be fit to a mathematical expression relating 

the resin viscosity to the temperature and degree of cure for use in nu

merical calculations. 

where: 

A mathematical model of the resin viscosity can be expressed as [7] 

~ = 

En = 
<l> = 
R = 
T = 
a = 

lnµ (a;, T) = lnµx + En - cf>ln (1 - a;) 
RT 

Arrhenius type pre-exponential frequency factor of 
viscosity (Pa-sec) 

Activation energy for viscosity (kJ/kg-mol) 
Entanglement parameter 
Universal gas constant ( = 8.314 kJ/kg-mol/K) 
Absolute temperature (K) 
Degree of Cure (0.0 <a< 1.0) 

(12) 

Once the degree of cure and temperature have been determined from the heat 

transfer and kinetics model, the viscosity of the resin can be determined 

as a function of position and time during cure. 

A cure model flow chart in shown in Figure 3. The flow chart illus

trates the relationship between the three submodels: the heat transfer 

model, the kinetics model, and the viscosity model. The heat transfer 

model (based on equation (1) and (2) and subject to the given initial and 
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boundary conditions) is the main element of the cure model and is used to 

calculate the temperature distribution (i.e. nodal temperatures) in the 

FWC assembly. The temperature distribution in the composite case affects 

the resin degree of cure and the resin viscosity. The kinetics model 

(based on equation (9)), constructed from isothermal and dynamic differen

tial scanning calorimetry (DSC) data, expresses cure rate and the rate of 

heat generation in the matrix resin as functions of the temperature and 

the degree of cure of the composite (see section 3. 2 of this report.) . 

Resin viscosity is obtained from the viscosity model (from equation (12)) 

which relates temperature and degree of cure to viscosity (see section 3.3 

of this report). The cure cycle provides the ambient oven temperature and 

boundary temperature of the structure. The cure simulation continues 

until the resin degree of cure approaches a value of 1.0 throughout the 

composite case. Once the resin degree of cure has leveled off at some 

value close to 1.0, the composite case is considered fully cured and the 

cool down phase of the cure cycle can begin, thus bringing the fabrication 

process to an end. 

2.2 Layer Tension-Loss Model 

The layer tension loss and compaction analysis relates the winding 

process variables (i.e. winding pattern, mandrel geometry, and initial 

winding tension), the properties of the fiber and resin system, and the 

applied cure temperature and pressure to the fiber tension loss, compac

tion, and instantaneous position of each layer in the composite case. A 

brief description of the process resulting in layer tension loss will be 
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discussed followed by a description of the calculation procedure used to 

estimate layer tension loss in FWC cases during cure. 

During winding, the initial winding tension is applied to the com

posite case by stretching (straining) the fiber bundles as they are wound 

over the insulator-mandrel assembly. During winding or in the initial 

stage of cure, the matrix resin is viscous. The curvature of the tension

ed fibers in the circumferential direction results in a force acting radi

ally inward as shown in Figure 4. This force is opposed only by the drag 

that results when the fibers move through the viscous resin, thus displac

ing resin radially outward. As the cure cycle progresses, the fiber ten

sion decreases from the initial tension value as the fibers migrate to a 

smaller radial location closer to the mandrel. The inward fiber motion 

continues until the tension in the fibers is completely lost, the resin 

begins to gel, or the fiber layer is fully compacted. The tension loss 

that results from this inward fiber motion can result in a poor fiber 

tension distribution resulting in wrinkles and possibly fiber buckling. 

The fiber tension and curvature of the fiber path during cure result 

in a pressure acting on the inner surface of an element. The pressure of 

an element can be calculated by knowing the fiber tensile stress in the 

element, the element curvature, and the average thickness of the element. 

Initially the fiber stress is equal to the initial winding fiber tension 

divided by the cross sectional area of a fiber bundle. 

The thickness and curvature of an element are calculated in a sub

routine in FWCURE and the details of the calculation can be found in sec-

tion 4.4 of this report. The fiber tensions in the outer elements can 

exert added pressures on the inner elements. The additional pressure 
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exerted on the inner elements is determined from a force equilibrium cal

culation in the radial direction of an element and is superimposed (prin

ciple of superposition) to establish the nodal pressure field [1]. The 

fiber volume fraction must updated at each time step during the cure cycle 

in order to accurately determine the permeability of the fiber bundles. 

The approach used in the layer tension loss model involves deter

mining the resin flow and displacement in each layer of the composite 

case. From the resin flow in each layer, the fiber motion and layer dis

placement, and the fiber tension loss are calculated. The assumption is 

made that the inward radial displacement of the fiber layer is equal to 

the resin displaced and the instantaneous position of the fiber layers can 

be determined by the resin flow through the middle surface of the fiber 

layer. The resin flow is a function of the composite permeability, the 

resin viscosity, and the pressure gradient that develop across each layer. 

Darcy's equation is used to determine the resin flow assuming the fiber 

bundles are a porous medium. Once the position of the fiber layer is 

known, the strain in the fiber can be determined from the fiber radius of 

curvature and the tension loss can be calculated. 

Several assumptions were made in order to apply Darcy's equation for 

viscous flow through a porous medium: 

1. The viscous resin is assumed to be incompressible and inertial 

effects are neglected. 

2. Each composite layer is formed instantaneously and the winding 

tension is assumed uniform in the circumferential direction of 

each layer. 

3. The steel mandrel is rigid and the rubber insulator layer is 

incompressible (i.e. deformations in the mandrel and insulator 

are neglected). 
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Darcy's equation in cylindrical coordinates for an axisymmetric case 

with unifo:r:m fiber tension in the circumferential direction (i.e. dP/d8 = 

0), and with body forces neglected is: 

where 

(13) 

= Flow rates in the radial and longitudinal directions 

= 
= 

dP/dr = 
dP/dz = 

respectively 
Resin viscosity 
Anisotropic peJ:meabilities in the respective 

directions (cylindrical coordinates (r,z)) 
Pressure gradient in the radial direction 
Pressure gradient in the longitudinal direction 

The permeability of the porous medium can be calculated from the 

porosity and specific surface of the material [5]. A relationship be

tween the permeability of the composite and the fiber volume fraction is 

given by the Kozeny-Carman equation [lJ. 

The viscosity of the resin depends on the particular resin system 

used and the cure cycle implemented during processing and can be deter

mined from the viscosity model in equation (12) (see section 3.3). 

Due to the complex structural geometry as well as the anisotropic 

permeability and variable material properties of the composite case, the 

finite element method was used to solve Darcy's equation for resin flow in 

the composite case during cure. The element resin viscosity, permeabili

ty, and pressure gradient at the center of each element must be calculated 

every time step in the transient analysis. The pressure gradients in the 

composite case depend on the winding tension, winding pattern, structural 

geometry and thermal expansion of the fibers. 

A flow chart of the layer tension loss model is shown in Figure 5. 

The main element of the layer tension loss model is the resin flow model, 
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based on Darcy's equation. The f1ow-chart describes the interaction be

tween the resin f1ow mode1, the pei:meabi1ity mode1, and resin viscosity 

mode1s. 
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3.0 Kinetics and Viscosity Models 

3.1 Introduction 

In order to model the heat transfer in a filament wound composite 

case which utilizes a thermosetting epoxy resin matrix, a cure reaction 

kinetics model is required. The kinetics model is used to determine the 

rate of heat generation in the composite due to exothermic chemical reac

tions occurring during cure. The kinetics model is also used to determine 

the cure rate and degree of cure of the resin. In order to determine 

layer tension loss in the composite case during cure, a resin viscosity 

model is required to relate the viscosity of the resin to the temperature 

and degree of cure. 

3.2 Kinetics Model 

Differential Scanning Calorimetry (DSC) is a technique used for 

measuring differential energy changes in the form of heat liberated (exo

thermic) or heat absorbed (endothermic) in solids, fluids, and powders as 

they are heated. In the case of thermosetting epoxy resin systems, heat 

is liberated from the resin during cure. The degree of cure of a ther

mosetting resin has been defined previously (see section 2.1) and varies 

from a value of 0.0, for an uncured resin to a value of 1.0, for a fully 

cured resin. The degree of cure is a measurement of how much cross-link-
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ing has taken place in the resin as it is heated and undergoes chemical 

changes. When the resin has fully cross-linked it is said to be fully 

cured; this process is irreversible and it occurs even at room tempera

ture, although very slowly. 

Six isothermal DSC scans for the Fiberite-974 epoxy resin system 

(150, 160, 170, 180, 200, and 210°C) and five dynamic scans (0.5, 2.5, 

5.0, 10.0, and 20.0°C/min) were performed in order to obtain degree of 

cure and cure rate data necessary to model reaction kinetics. A DuPont DSC 

model 910 was used to collect the isothermal and dynamic cure data. The 

raw data collected were stored in a special format on the hard-disk of the 

9900 series computer which controlled the DSC. To convert the raw DSC 

data to ASCII characters which could be uploaded to another computer sys-

tem, a special DuPont program called TACONVERT was utilized. Once the 

data was converted to ASCII fo:r:mat and uploaded to another computer sys

tem, data analysis and modeling could begin. 

The model 9900 computer system and accompanying software for the 

DuPont DSC model 910 was not capable of determining degree of cure and 

cure rate from the isothe:r:mal data collected. Consequently, a Simpson's 

rule program was written to integrate the discreet isothe:r:mal heat flow 

data with respect to time. A listing of the FORTRAN code for the Simp

son1s Rule program can be found in Appendix B. 

From an isothermal DSC scan, one can determine the resin degree of 

cure (a) by measuring the area under the heat £low vs. time exotherm rela

tive to a baseline. The DSC scan shown in Figure 6 is the result of a 

200°C isothermal scan for 105 minutes. The degree of cure at a particular 

time is simply the area under the heat-£low - time curve divided by the 

ultimate heat of reaction. This relationship in shown in equation (14). 
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where Hu 
H 
(l 

'l' 

= 
= 
= 
= 

(14) 

Ultimate heat of reaction (J/g) 
Heat (energy) generated by chemical reactions (J/g) 
Resin degree of cure (between 0.0-+ 1.0) 
Isothermal temperature (K) 

'l'he limits of integration are from some initial time t 0 to some time tat 

which point the degree of cure is°"-· 

'l'he rate of cure (da./dt) is determined by measuring the peak height 

of the isothermal heat flow vs. time profile relative to the baseline of 

the exotherm at some time t as shown in Figure 6. 'l'he rate of heat gener

ated by chemical reactions is proportional to the rate of cure reaction: 

(15) 

'l'he baseline of an isothermal scan was determined by allowing the 

reaction exotherm (heat liberated) to become exhausted (completely level 

off). It was then assumed that the resin had fully reacted for that par-

ticular temperature. 'l'he baseline is considered coincident with this 

horizontal region of the reaction exotherm and it is extrapolated back to 

time t 0 (the time where the reaction began) . For lower isothermal tempera

tures, the exothermic chemical reactions go to completion more slowly; for 

higher isothermal temperatures, the reactions go to completion more quick

ly. 

'l'he ultimate heat of reaction (Re,) can be determined from dynamic DSC 

data. 'l'he total heats of reaction from several dynamic scans at different 

heating rates is required to determine Ha· Figure 7 shows a dynamic scan 
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at 10°C/m.in and the measured total heat of reaction (249.6 J/g) for the 

Fiberite-974 resin system. The model 9900 computer and accompanying soft

ware can measure the total heat of reaction for a dynamic scan quite accu

rately. The user must choose the baseline coordinates from which the total 

heat of reaction is determined. By plotting the total heat of reaction 

(energy per mass) versus heating rates (°C/m.in) for five different dynamic 

scans (0.5, 2.5, 5.0, 10.0, and 20.0°C/m.in) the ultimate heat of reaction 

of the resin at zero heating rate could be found. A quadratic polynomial 

of the form y = a 0 + a1x + azX1 was fit to the data using a non-linear least 

squares curve fit where y is the total heat of reaction and xis the cor

responding heating rate. From this curve fit, the y-intercept, represent

ing the total heat of reaction at zero heating rate, was determined and 

used as the ultimate heat of reaction when calculating the isothermal 

degree of cure. The total heats of reaction measured at the different 

heating rates are listed in the Table 1. H0 serves as a normalization 

factor for the degree of cure. The isothermal heats of reaction (the total 

energy/mass under the isothermal exotherm) divided by the ultimate heat of 

reaction would yield the extent of cure of the resin at a particular tem

perature after a long cure time. 

Table 1: Heating Rates and Total Heats of Reaction 
for Fiberite-974 Resin 

Heating Rate Energy/Mass 
(°C/min) (J/g) 

0.5 380.0 

2.5 330.0 

5.0 314.0 

10.0 250.0 

20.0 197.0 

A quadratic polynomial curve fit to the heating rate data resulted in a 
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fit with Fi' value (correlation coefficient) of 0.988. The ultimate heat of 

reaction at zero heating rate for the resin was deter.mined to be 383.0 

J/g. 

The kinetics model chosen to relate cure rate to degree of cure for 

the Fiberite-974 epoxy system is comm.only used for thermosetting resins 

and can be found in Dusi et al. [4]: 

da = 
dt 

(16) 

This model relates the rate of cure (da/dt) to the isothermal degree of 

cure (Cl) and temperature (2:'). Four parameters must be deter.mined by fit

ting this model to experimental data. The four parameters include two 

exponents m and n, and two reaction rate constants k 1 and k 2 • 

A non-linear curve fitting sub-routine from the MINPACK mathematical 

library [6] called LMDIFl was used to find the kinetic model parameters 

for each set of isothermal data. The purpose of LMDIFl is to minimize the 

sum of the squares of Mnon-linear functions in Nvariables by a modifica

tion of the Levenburg-Marquardt algorithm. 

Once the four parameters from the cure rate equation (16) have been 

found for each isothermal set of cure rate vs. degree of cure data (gen

erated from the heat flow - time data by implementation of the Simpson's 

rule program), then an Arrhenius type equation can be used to fit the 

reaction rate constants k 1 and k 2 to temperature: 

-4E 
kz = ~ exp(--2) 

RT 
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where = Pre-exponential factor 
= Activation energies 
= Ideal gas constant (8.314 J/mol-K) 

Temperature in Kelvin 

The exponents m and n were found to vary with temperature and were fit to 

the following polynomial functions: 

where 
ao, a1, a2, a3 
bo, b1, b2, b3 

coefficients to be determined 
coefficients to be determined 

(19} 

(20) 

The k2 reaction rate data (shown in Figure 8) clearly displays a 

strong discontinuity between 180°C and 200°C. If a single Arrhenius equa

tion were used to model the entire temperature range of k2 data, a poor 

correlation between data and model results. Consequently, the temperature 

domain for the Arrhenius curve fits was broken into two separate models: 

one model is valid for T < 180°C and the other model is valid for T > 

180°C. The discontinuity in the k1 data over the full temperature range 

is much less pronounced. For consistency, the Arrhenius curve fit for k1 

was still modeled over two distinct temperature domains. Also the polyno

mial functions used to model the exponents m and n were modeled over the 

same separate temperature domains. 

The constants A1 , E1 , Ai, and E2 from equations (17) and (18) were ob

tained by a linear least squares curve fit to the k1 vs. 1/T and k2 vs. 1/T 

data as shown in Figure 8. 

For T < 180°C, the constants from equations (17) and (18) were found to 

be: 
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A1 7. 0082 x 105 sec- 1 

A2 = 3. 0559 x 105 sec- 1 

E1 = 7.973 x 104 J/mol 
E2 6.813 x 10 4 J/mol 

and the coefficients for the polynomial functions form and n from equa

tions (19) and (20) were found to be: 

m: -3460.7 + 23.78 T- 0.05446 T 2 + 0.4157x10-, Tl 

n = 30. 545 - 207. 4 T + 0. 4694 T 2 - 0. 3540x10- 3 Tl 

similarly, for T > 180°C: 

1.139 
7.387 
5.555 
6.589 

x 103 sec- 1 

x 104 sec- 1 

x 10 4 J/mol 
x 10 4 J/mol 

m = 145 .1 - 0 .6016 T + 0 .6268x10-l T 2 

n = 832 .1 - 3. 538 T + O. 3770x10- 2 T 2 

The kinetics model from equation (16) then becomes: 

(21) 

(22) 

(23) 

(24) 

(25) 

where the specific values of Ai,~, Lll:1 , aE2 , m, and n were just defined 

and the degree of cure is obtained by integrating equation (25) with re

spect to time. 

u = rt aa dt 
Jo ot 
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Overall, the kinetics model agreed very well with the cure rate and 

degree of cure data measured from the DSC. The accuracy of the overall 

kinetics model from equation (25) depends on how well the isothermal mod

els from equation (16) fit the data. Several isothermal curve fits using 

equation (16) to the DSC measured cure rate and degree of cure data (at 

150, 160, and 200°C) are shown in Figure 9. The overall kinetics model 

from equation (25) is shown with the data at several temperatures (150, 

160, and 200°C) in Figure 10. Since the isothermal models correlated 

well, the overall kinetics model correlates well. 

The cure rate model in equation (25) must be integrated with respect 

to time in order to obtain degree of cure. The degree of cure a(r,t) can 

be calculated for each element from equation (26) by implementation of an 

Euler type numerical scheme which was used to calculate the value of 

an+l (r, z, t) from an (r, z,t) of the previous time step in the transient analy

sis in the cure simulation. 

«n+l(r,z,t) = «n(r,z,t) + f[«n(r,z,t), Tn(r,z,t)] ~t (27) 

Where f(an,Tn) is simply the cure rate expression from equation (25) and 

the superscripts n and n+l represent time steps. The degree of cure for 

the next time integration can be estimated from the value of the degree of 

cure and temperature of the previous time step in each element. Integra

tion of the cure rate equation (25) yields degree of cure. The degree of 

cure is plotted against time for 150, 160, and 200°C in Figure 11. 

The exothermic chemical reactions occurring within the resin during 

cure are the result of cross-linking as the resin is heated. The rate of 

cross-linking (cure rate) becomes diffusion controlled after gel, at which 

point very little cure occurs with increasing time. The kinetics model 

from equation (25) will eventually predict a degree of cure of 1.0 (if the 

model is used to predict cure rate for a long cure time). The model will 
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predict that the resin has fully cross-linked even if the isothermal cure 

rate data goes to zero before a degree of cure of 1.0 is reached. At 

150 °C, the cure rate versus degree of cure data, shown in Figures 10, 

eventually becomes diffusion controlled and the cure rate goes to zero at 

a degree of cure of approximately 0.62. At 150°C, the resin will not 

fully cure no matter how long the cure time. It is believed that the 

resin is in a vitrification phase at this low tenq;:,erature and the degree 

of cure is "locked" in at a certain value and will not increase much with 

increasing time. The isothermal DSC scan at 150°C was repeated several 

times and the results were the same. 
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3.3 Viscosity Model 

To mode1 the viscosity of the Fiberite-974 epoxy resin, at 1east 

three sets of isotherma1 viscosity data are required. The rheo1ogica1 

data used to mode1 the viscosity of the Fiberite-974 resin was measured at 

NASA-Lang1ey and consisted of viscosity-time data at 145°C, 155°C, and 

166°C as shown in Figure 12. Note that the viscosity data shown was mea

sured in poise; to convert poise to Pascal-seconds, the viscosity data 

should be divided by 10.0. 

A viscosity mode1 [7] was used to mode1 the viscosity of the 

Fiberite-974 resin system. The model relates the resin viscosity to the 

degree of cure (D.O.C.) and temperature as follows: 

where: 

~ = 
En = 
<l> = 
R = 
T = 
a = 

lnµ (a;, T) 
E 

= lnµx + R; -cl>ln {1 - a) 

Arrhenius type pre-exponential frequency factor of 
viscosity (Pa-s) 

Activation energy for viscosity (kJ/kg-mol) 
Entanglement parameter 
Universal gas constant ( = 8.314 kJ/kg-mol/K) 
Absolute temperature (K) 
Degree of Cure (0.0 <a< 1.0) 

By defining the following expression: 

c: = En + lnµ.x
RT 

the viscosity model in equation (28) takes on the form y = mx + b. 

39 

(28) 

(29) 



10
8 ,--Jl----r-- --· -1 

VISCOSITY VS. TIME (FIBERITE-974 RESIN) 

10
7 

l 
10" 

- ~ Jzl 

r Cl) 
10'!5 1 

H 

~ 0 l(S°C 

Pl ........ 
t'" 4 

10' • )-4 A 

l A A 

8 A f 
H t. • A 
Cl) A I i 0 10!9 t. 
u y Cl) 

H t,. A 

> A A 
-i A 

102 A/44. t:,. 

I 

A A 

L 4Q6. 

1;.A6 A/6, rte,,. 't,. 

10
1 666 • A 

A If. A 

100 _ ___j_ __ ___L 

0 18 54 72 90 108 126 144 162 180 

TIME (MINUTES) 

Figure 12: Viscosity of Fiberite-974 Resin vs. Time 

40 



To obtain the degree of cure which corresponds to the viscosity - time 

data, the kinetics model developed in section 3.2 was utilized. The iso

thermal viscosity data was measured in 1 minute time increments. Hence, 

the kinetics model was used to generate the corresponding isothermal de

gree of cure data in 1 minute time increments. 

Recall that equation (28) is of the form y = mx + b. By plotting 

the ln(µ) versus ln(l - a) for each set of isothermal viscosity data, the 

c-parameter in equation (29) can be determined from they-intercept of 

equation (28) while the entanglement parameter cl> can be determined from 

the slope of equation (28). For the three sets of isothermal viscosity 

data, the values of c and cl> (obtained by a linear least squared curve fit 

to the data) along with the correlation coefficient (R2) are given in Table 

2. 

Table 2: Parameters Used to Model Viscosity 

Temperature <l> C R2-value 

14s 0 c 6.0770 2.5025 0.67 

155°c 5.9296 1.9361 0.57 

166°C 6.1581 1.9500 0.89 

The value of <l> that was used in the viscosity model was an average of the 

values shown in Table 2 and was 6.055 (±0.125). 

Various ranges of viscosity versus degree of cure data were used to 

determine c and <l> for each isothermal viscosity model. A small data base 

of parameters c and <l> was generated for each isotherm. The final choice 

of parameters c and <l> was based on two criteria. The range of data used 

in the viscosity model should be in vicinity of 0.0 <a< O.S to best 

model the region of data where flow occurs, and the parameter <l> should be 

constant as in [7]. These conditions were met and the range of viscosity 
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- degree of cure data used in the model is shown in Table 3 as is the full 

range of data that was available from each isothermal scan. 

Table 3: Range of Degree of Cure Data Used to 
Model Viscosity 

Temperature Full Range of a. Range of a. Used 

145°c 0.0 to 0.64 0.0 < a. < 0.55 

155°C 0.0 to 0.79 0.0 < a. < 0.35 

166°C 0.0 to 0.88 0.0 < a. < 0.60 

Equation (29) is also of the form y = mx + b, and by plotting the parame

ter c versus l/T for the three sets of isothermal data, they-intercept is 

ln(µx) (the natural log of the frequency factor), while the slope of the 

curve is En/R (the activation energy over the ideal gas constant). Using 

a linear least squares curve fit to the data, the slope En/R was found to 

be 4787. 88 and y-intercept ln (~) was found to be -9. 0529. The correlation 

coefficient (R 2-value) of this curve fit was O. 72. Finally, the frequency 

factor and activation energy are: 

~ (Pa-s) 
ED (kJ/kgmol) 

= 
= 

l. l 70Sx10- 4 

3. 9806:x10 4 

The viscosity model, with all of the coefficients determined is 

valid over a broad temperature range. 

lnµ (a, T) = lnl.1705x10- 4 + 3 · 9806 xl0
4 

- 6. 055 ln (1 - a) (30) 
RT 

The viscosity model fits the data well for a.< 0.4 at all three tem

peratures as shown in Figures 13, 14, and 15 (145°C, 155°, and 166°C re

spectively). The Dusi-May-Sefaris model (equation (28)) predicts that as 

temperature increases, the zero time (zero degree of cure) value of vis-
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cosity decreases (i.e. the initia1 viscosity of the resin is higher for 

lower temperatures) as one might expect. The model does not predict accel

erated cure with increasing temperature as one might expect. In other 

words, the viscosity should be higher for higher temperatures modeled at 

the same degree of cure. The model does not "cross-over" as one would 

expect but instead maintains viscosity versus degree of cure profiles that 

have parallel slopes. 
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4.0 Numerical 

4.1 Pre-Processing 

The pre-processing task of generating a finite element model for 

input into FWCURE is provided by the Case Design Module of the Composite 

Design and Analysis Code (CDAC) [3] from United Technologies Chemical Sys

tems Division. CDAC is a finite element analysis code but it is also a 

pre-processing software package which creates the primary input file for 

FWCURE; this file has been called FWCURE DATAMOD. The input file includes 

information about structural geometry, material properties, and some ini

tial and boundary conditions for the heat transfer problem for the FWC 

assembly. Table 4 provides a summary of the main input data for the FW

CURE DATAMOD file. Items (8) and (9) under composite material properties 

data in Table 4 are not generated by CDAC. This information comes from the 

cure reaction kinetics model and viscosity model that are subroutines of 

the main FWCURE program (see sections 3.2 and 3.3 of this report). 

CDAC's post-processing abilities include routines that can display 

the finite element model graphically. WACPOST [3], which operates sepa

rately from CDAC, will plot calculated values of temperature, degree of 

cure, and viscosity superimposed on the finite element mesh at any point 

in the processing cycle. 
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Table 4: Input Data for FWCURE 

A) Geometry 

1. Finite element mesh of the FWC assembly 
2. Winding angle of elements 
3. Polar angle of elements 

B) Material Properties - mandrel, insulator, outer layer 

1. Density 
2. Specific heat 
3. Thermal conductivity 

Material Properties - composite 

l. Density 
2. Specific heat 
3. Principal the?:mal conductivities 
4. Resin volume fraction 
5. Heat of reaction of resin 
6. Radius of fiber 
7. Thermal expansion coefficient of fiber 
8. Relationship between the cure rate, temperature and degree 

of cure of the resin 
9. Relationship between the viscosity, temperature, and degree 

of cure of the resin 

C) Initial and Boundary Conditions 

1. Initial temperature distribution in the mandrel, insulator, 
composite case, and outer layer 

2. Initial degree of cure of resin in the composite case 
3. Autoclave or oven temperature as a function of time 
4. Heat transfer coefficients at the convective boundary surface 

of the FWC assembly 
5. Time step for transient analysis 

The most recently generated CDAC FWC assembly model is that of an 18 

inch diameter pressure vessel with integrally wound end enclosures (re-

£erred to as the 18 inch bottle). The 18 inch bottle is axisymmetric 

about the case centerline and symmetric about the case centerplane normal 

to the centerline. Consequently, only one fourth of the entire domain of 

the case was modeled. The finite element model of the 18 inch bottle FWC 

assembly has 1501 nodes and 1384 elements which describes the FWC assembly 
• 

geometry, including detailed information about the composite case geome-
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try. The elements representing the composite case in the finite element 

model correspond to filament wound layers. An 18 inch verification bottle 

wound by Thiokol Corporation has 20 layers but the CDAC generated model 

represents these 20 layers as having a thickness of only 16 elements. The 

winding pattern on the 18 inch bottle consists of 2 helical layers fol

lowed by 3 hoop layers. The 3 hoop layers were modeled as 2 elements to 

reduce computational time in both the cure model and layer tension loss 

model without compromising much accuracy in the analysis. 

Figure 16 shows the entire finite element mesh used to model the 18 

inch bottle FWC assembly including the steel mandrel, the composite case, 

the rubber insulator layer, and the outer layer. The innermost elements 

{on the left side of the figure) represent the steel mandrel {2 elements 

thick) followed by the rubber insulator layer (one element thick), fol

lowed by the composite case (16 elements thick at the base and 8 elements 

thick in the dome section), and finally the outer most layer, which con

sists of the porous release film - breather cloth - vacuum bag assembly {1 

element thick). Table 5 provides dimensions and materials for the 18 inch· 

bottle and other FWC assembly components. 

The dome (polar) section of the finite element mesh for the 18 inch 

bottle is shown in detail in Figure 17. The dome section of the finite 

element mesh has 8 elements through the thickness of the composite case. 

The inset in Figure 17 shows the composite elements in the dome section 

without the mandrel, insulator, and outer layer elements. The transition 

region of the 18 inch bottle is shown in detail in Figure 18. The hoop 

layers in the 18.0 inch composite case drop off in the transition from the 

cylindrical to the dome (polar) region of the structure. As the hoop 

layers terminate, the number of elements through the thickness of the 

composite case decreases. Figure 18 does not show the drop-off that occurs 
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Figure 16: Finite Element Mesh for the 18.0 inch Bottle 
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in layers 15 and 16 (layers are counted from the inner to the outer sur

face with the inner surface on the left in the Figure 18). 

Table 5: Physical Data of the FWC Assembly 

Mandrel Insulator Conposite Outer Layer 

Inner-radius 0.20 m 
(7. 94 in) 

Thickness 0.025 m 0.0046 m 0.0058 m 0.0025 m 
(1.0 in) (0 .180 in) (0. 228 in) {0.100 in) 

Material AISI 1018 NBR Fiber: Perforated 
Steel Elastomer Graphite TlOOO FEP Film; 

Resin: Breather 
Fiberite-974 Cloth; 
Epoxy Vacuum Bag 

Fiber-Volume 61% 
Fraction 

4.2.1 Implementation and Algorithm 

An overview of the calculation procedure for the:cmo-chem.ical cure 

model and layer tension loss model is presented in this section of the 

report. A detailed analysis of the models has been reported by Tzeng [1] 

and will not be repeated here. A brief discussion of the new variables 

that have been added to the FWCURE layer tension loss model to deal with 

ply-drop layers and transition elements in the layer tension loss analysis 

follows. Finally, a summary of the algorithmic logic of FWCURE is pre

sented. 

In the the:cmo-chemical model, the unsteady Fourier heat conduction 

equation (from equations (1) and (2) subject to the given initial and 

boundary conditions) is solved via a semi-discreet finite element method. 
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Figure 17: Dome Section of the 18 inch Bottle 
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Temperature is the only primary variable (one degree of freedom) in the 

formulation. Temperature is determined at each node in the finite element 

mesh for each time step throughout the transient analysis. The finite 

element model implemented uses the "theta" family of approximations [l] 

for the first order time derivative in equations (1) and (2). The numer

ical technique implemented to solve the heat transfer problem is based 

upon the finite element program FEM2D from Reddy [Bl. FEM2D has been 

modified to allow anisotropic thermal conductivity and internal heat gen

eration due to the source term which results from heat released in the 

resin during cure. 

A summary of the calculation procedure for the cure model is given 

below. A cure model flow chart was shown in Figure 3 in section 2.1 of 

this report. 

l. The finite element mesh and the corresponding winding angles 

and polar angles are determined from the FWC assembly structural 

geometry. 

2. The material and thermal properties for the mandrel, insula-

tor, composite, and outer layer are specified. 

3. The initial temperatures in the FWC assembly are specified and 

the initial degree of cure of the composite is set equal to zero. 

4. The cure cycle (i .e oven temperature) is specified and the 

heat transfer coefficients on the outer surf ace of the boundary 

elements need to be determined in advance. 

5. The rate of heat generation, calculated from the kinetics 

model, is used as an internal heat source in each composite element. 

6. The nodal temperatures in the FWC assembly are obtained from 

the heat transfer model. 

7. An average temperature is calculated from the nodal tempera-
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tures for each composite element. 

8. The integration of the cure rate calculated by the kinetics 

model yields the degree of cure of each composite element. 

9. The average temperature and degree of cure are used to calcu

late the resin viscosity of each element from the viscosity model. 

The average temperature and resin viscosity of the elements are used 

in the calculation of the resin flow and fiber motion in the layer tension 

loss model. The finite element mesh and the time intervals specified in 

the cure model are also used in the layer tension loss model. Therefore, 

the resin viscosity and average temperature in each composite element can 

be used directly in the calculation of layer tension loss. The calcula

tion procedure for determining layer tension loss in the composite case is 

summarized below. A flow-chart for the layer tension loss model was shown 

in Figure 5 in section 2.2 of this report. 

1. The pressure due to a tensioned element is calculated from the 

fiber tension and the curvature of the fiber path for each composite 

element. 

2. The global pressure field is then obtained from the superposi-

tion of the pressures calculated from the tensioned elements. 

3. The principal permeabilities of each composite element can be 

calculated from the resin volume fraction by using the permeability 

model. Furthermore, tensor transformations based on the winding and 

polar angles results in the permeability tensor for each element. 

4. Once the pressure field, permeability, and resin viscosity are 

known, the resin flow rate in each element can be calculated from 

the anisotropic Darcy equation. 

5. The resin flow in the radial direction of the fiber path at 
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the center of each element is used to detei::mine the fiber layer 

position, the fiber tension loss, and the updated resin volume frac

tion. 

The layer tension loss model in FWCURE was modified to calculate 

layer tension loss for the most recent CDAC generated finite element mod

els containing ply-drop layers and transition elements which result in a 

variable number of elements through the thickness of the composite case. 

The 18 inch bottle finite element model contains ply-drop layers and tran

sition elements. The occurrence of ply-drop layers in the finite element 

model for the 18 inch bottle is due to the way in which hoop layers were 

modeled by CDAC. The hoop layers in the 18 inch bottle exist only in the 

cylindrical region of the structure. The hoop layer drop off (terminate) 

prior to the dome region of the structure. In order to phase out these 

hoop layers, special transition elements were added to the finite element 

mesh to "transition out" the ply-drop layers. 

4.2.2 Input Variab1es and Program Logic 

New input variables were added to the FWCURE FORTRAN code to enable 

the layer tension loss model in FWCURE to correctly process finite element 

meshes with ply-drop layers and special transition elements in the most 

general sense. These new input variables include: (1) ITNPDE: the number 

of layers in the finite element mesh that have ply drops (i.e. hoop layers 

only); (2) IPDCNA(I): the corresponding layer numbers of the layers that 

are dropped; (3) IPDENA(I): the element numbers of the last element in 

each dropped layer (signifying an end to these layers); (4) NTRANSEL: the 

number of transition elements in the case; (5) ITRANSEL(J): the element 
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numbers of the elements which are transitional; and (6) IELTYPE(J): the 

type of transition element of each transition element. There are currently 

two different types of transition elements for which special consider

ations are made in the calculation of element curvatures. Section 4.4 of 

this report provides details on the type of transition elements and the 

additional calculations that have been added to the curvature calculation 

routine to process these elements. The FWCURE User's Guide [9] has addi

tional details concerning each of the variables just described. 

Once FWCURE has processed the input data for the variables just 

described, the number of elements in each layer of the case (longitudinal 

direction) and the number of elements in the radial direction (through the 

thickness) are determined and stored in arrays that have been created in

ternally within FWCURE. These arrays were created so that layer tension 

loss, in the presence of ply-drop layers, could be correctly determined 

from the corresponding element tension loss data. These arrays are dis

cussed in the summary describing the logic of FWCURE that follows. In the 

event that a mesh is created which has no ply-drop layers and no transi

tion elements, the arrays are not defined (they are bypassed if ITNPDE is 

set equal to Oas discussed in the User's Guide [9]) and the layer tension 

loss model calculates layer tension for a model with a constant number of 

elements along each radial line in the mesh. 

A flow-chart describing the logic of FWCURE is shown in Figure 19. 

The flow-chart shows the major decision or branch points that occur in the 

program and it provides an overview of the logic of FWCURE. 

1. A small main program calls the subroutine FWCUREl; the FWCURE 

program has been converted to a subroutine called FWCUREl. FWCUREl 

returns control to the main routine after each loadstep (the number 

of time steps that pass before a print-out occurs; see User's Guide 
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[9] under the input variable definition for n). 

2. Only the variable time is passed between MAIN and FWCUREl. If 

the variable time is equal to 0.0 (which is only the case at the 

start of the cure analysis) then the main input data files for FW

CURE are read and the program initialization required for the analy

sis is perfoi::med (i.e. define the initial curvatures of each ele

ment). If time is not equal to 0.0, which is the case after the 

first load.step when the program returns to main, then the program 

will proceed to the 120-time-loop (where the transient analysis 

occurs) at the start of the second and all subsequent loadsteps and 

continue the transient cure and layer tension loss analysis. The 

program will return to main at the end of each loadstep. 

3. The variable that enables FWCURE to discern between finite 

element meshes with or without ply-drop layers is called ITNPDE. If 

ITNPDE is not equal to O (which means that there are a number of 

ply-drop layers in the mesh), then specific arrays must be defined 

in the layer tension loss model of FWCURE. These arrays track the 

elements in each layer of the composite case when ply-drop layers 

exist so that layer tension loss calculations can be performed. 

These arrays include: (1) NNCOMC(I} which keeps track of the number 

of elements in each layer (longitudinal direction); (2) NNCOML(I) 

which keeps track of the number of elements through the thickness of 

the case (in the radial direction); and (3) NNCOMLL(I), which is 

simply NNCOML(I} - 1. If ITNPDE is equal to zero, then there are no 

ply-drop layers in composite case model and ply-drop layer informa

tion and transition element information is not read from the FWCURE 
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DAT1:....-10D file. Consequently, the program proceeds to a point in the 

program where the arrays just discussed are filled with the element 

numbers corresponding to the constant number of elements in the 

longitudinal and radial direction. These arrays continue to be uti

lized in DO-loops in the layer tension loss model where they desig

nate the layer number of each element for the layer tension loss 

analysis. 

4. The 120-time-loop is the transient analysis loop. Within this 

loop, time steps are incremented and the transient cure analysis and 

layer tension loss analysis occurs. A variable called NPPT is in

cremented in the time loop to keep track of the number of time-steps 

in a load step. IPPT is the number of time-steps in a load.step. At 

the end of a load.step (when NPP2'.eq. IPPT) FWCURE writes out nodal or 

element temperatures, element degree of cure, element viscosities 

and layer (fiber) tension loss data. 

5. Finally, if TIME is equal to 2'0 (the total cure time) which 

means that N number of load-steps have occurred (see FWCURE User's 

Guide [9]), the program ends. If TIME is not equal to TO, FWCUREl 

returns to MAIN. 

The FWCURE User's Guide [9] should be consulted for extended des

criptions of the variables and arrays defined in this section of the re

port. The primary function of the User's Guide is to provide detailed 

information about each variable that is used in the main input file for 

FWCURE, as well as information regarding the I/0 files for FWCURE. Some 

details about modifications to the FWCURE program, including algorithmic 

additions and changes, are also discussed in the User's Guide. 
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4.3 Additions to I/0 in FWCURE 

Many modifications have been incorporated into the FWCURE program 

which make the program more user friendly, easier to debug should an error 

arise, and more versatile. Additions to I/0 that have been incorporated 

into the FWCURE program include: (1) FWCURE now reads from the WACSAFE 

MOD input file generated by CDAC [3] to obtain much of the required input 

data; (2) flags have been added to the FWCURE DATAMOD file to provide the 

user with certain options in the FWCURE program regarding print-outs, mode 

of operation, etc.; (3) a short print subroutine has been added to the FW

CURE code (which is accessed by a flag) which allows custom tailored data 

sets to be printed out. These data sets include nodal or element tempera

tures, element degree of cure, element viscosity and layer tension loss 

data; and (4) comment statements defining most variables in the FWCURE 

program have been added at the beginning of the code. 

The I/0 in FWCURE has been modified to read from the WACSAFE MOD 

file as well as from the FWCORE DATAMOD file. The FWCURE DATAMOD file 

contains information unique to the FWCORE program and must be generated. 

Information regarding the contents of the FWCORE DATAMOD file can be found 

in the FWCURE User's Guide [9]. One of the motivations for reading the 

input data from the WACSAFE MOD file into FWCURE is that the WACSAFE MOD 

file contains the layer number of each element. This information is uti

lized by an element to layer mapping routine in FWCURE called MAPELEM 

(discussed in the User's Guide [9]) in the event that ply-drop layers 

exist in the finite element model for the FWC case. 

A series of flags have been added to the FWCURE DATAMOD file. The 

flags worth noting include a flag which allows the same version of FWCORE 

to run in either an independent mode, in which FWCURE independently per-
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forms the the:ano-chemical cure analysis, or in a coupled mode with WACSAFE 

(coupling is discussed in Chapter 6.0 of this report). Another flag al

lows the user to control the amount of output printed. Either all of the 

nodal and element data can be printed each load-step (a pre-set number of 

time-steps) or only specific data can be printed each load-step (which 

would utilize the short print sub-routine). In the latter, only nodal and 

element data specifically requested would be printed. The short-print 

subroutine might be utilized to generate a print-out of nodal or element 

data corresponding only to specific the:anocouple locations on the actual 

structure. This will require the user to go into the short-print subrou

tine and put in the corresponding nodal or element numbers in the print 

loops for the desired output. Another flag is used to enable or disable 

printing of data from various arrays which were created to process finite 

element models with ply-drop layers. This flag enables the user to verify 

that the layer tension loss model in FWCURE is correctly processing new 

finite element models with ply-drop layers in the composite case model. 

This flag only needs to be enabled once for each new model with ply-drop 

layers. 

4.4 Additions to the 
Element Curvature Routine 

The special 4-node triangular ply-drop elements created by CDAC [3] 

require special analytical considerations. The calculations for determin

ing the element center, length, and thickness (width) for the 4-node tri

angular elements differs from that of the 4-node rectangular elements and 

must be considered separately. The fiber path curvature of an element 
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depends on the radia1 distance of the e1ement center from the origin of 

the model and wi11 be calculated correctly providing that the element 

center location is determined correctly. '!'he thickness, length, and cur

vature of each element will be required to calculate nodal pressures in 

the layer tension 1oss analysis . '!'he element center location is important 

since the polar and winding angles for each element are formulated to pass 

through the element center and resin flow rate for an element is calculat

ed at element center. 

The geometric center of the 4-node rectangular elements can be cal

culated by averaging the nodal coordinates of the element as shown by 

Tzeng [1]. 

(31) 

where r 1 and z1 for i = 1,4 are the nodal coordinates. '!'his is called the 

case I element which is shown in Figure 20. 

For a case II 4-node triangular transition element (which spans two 

rows of elements as shown in Figure 21) the approximate location of the 

element center is: 

(32) 

For the case III 4-node triangular transition element, with 3 nodes 

along the base (two rectangular elements transition into the triangular 

element at the element bottom as shown in Figure 21), the location of the 
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Figure 20: Typical 2-D Rectangular Element (from Tzeng [1]) 
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Figure 21: Two Types of Triangular Transition Elements 
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element center can be determined by locating the area centroid of a right 

triangle: 

(33) 

The length (i.e in the longitudinal direction) of the case I 4-node 

rectangular element (Tzeng [l]) is calculated from: 

L = (34) 

For the case II 4-node triangular transition element which spans two 

rows of elements, the length is calculated from: 

1 

L = [ { r 4 - r 2) 2 + ( Z4 - Z2) 2] 2 
(35) 

The length of the case II element used in the 18 inch bottle mesh is ap

proximately twice that of the case I elements. 

The length of the case III 4-node triangular transition element with 

three nodes along its bottom side is determined from: 

1 

L = [ ( r i - r,) 2 + ( Z1 - z,) z] 2 
(36) 

The length of the case III element used in the 18 inch bottle mesh is 

approximately the same as that calculated for the case I elements. 

The element thickness (or width of the element measured in the radi

al direction) for the 4-node rectangular element (case I from Tzeng [1]) 

is calculated from: 
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t = ! I (r 1 - r 3 ) cosl3 + (z 1 - z3 ) sinP I + ! I (r 2 - r 4 ) cosP + (z2 - z4 ) sinP I 

(37) 

where~ is the polar angle of the composite case (see Figure 20). In the 

cylindrical region of the structure, ~ is always 0.0. Hence, equation 

(37) may be simplified for the cylindrical region of the structure as 

follows: 

(38) 

Since the transition elements are associated only with hoop wound layers 

and the hoop wound layers always ply-drop prior to any polar region of the 

structure, it is assumed that the case II and case III element thickness' 

are independent of the polar angles. 

For the case II 4-node triangular transition element which spans two 

rows of elements, the thickness is calculated from: 

(39) 

For the case III 4-node triangular transition element, with 3 nodes 

along the base, the thickness of the element is calculated from: 

(40) 

If additional elements are created for special circumstances in 

future models, additional calculations will have to be added to the CURVA

TURE subroutine in FWCURE. These additional element calculations should 

include expressions for determining the element center location (which 

will result in a correct calculation of element curvature), the element 

length, and the element thickness. 
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4.5 Numerical Solution of 
the Resin Flow Model 

The resin flow model in FWCORE is used to obtain numerical solutions 

of the resin flow rate. The resin f1ow results in 1ayer tension 1oss 

during processing of filament wound composites. The solution of the resin 

flow model is sought via the finite element technique and will be dis

cussed in this section of the report. Additional details r~garding the 

resin flow model can be found in Tzeng [l] . Details on the finite element 

method that are not discussed in this report can be found in Reddy [8]. 

As discussed in section 2.2 of the report, Darcy's equation can be 

used to describe the phenomenon of viscous flow through a porous medium. 

The fiber bund.1es in the FWC case are assumed to be a porous medium and 

the viscous resin matrix is assumed to flow through these fiber layers. 

The resin flow rate from Darcy's equation (13) is related to the perme

ability of the composite, the viscosity of the resin, and the pressure 

gradient generated by fiber tension. The resin flow rate at the center of 

each element can be calculated using Darcy's equation. 

The solution of Darcy's equation depends on the permeability of the 

composite. A permeability model was developed based on the Kozeny - Car

man equation to re1ate the principal permeabilities to the resin volume 

fraction, properties, and packing arrangement of the fibers in the compos

ite. 

S= 
pl 

CS~ (1 - P) 2 
(41) 

where s = permeability of the porous medium 
C = a constant 
p = the porosity of the porous medium 
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S0 = the specific surface of the porous medium defined 
as the solid surface exposed to the fluid per unit 
solid volume 

The principal directions of the permeability tensor are defined as 

the direction parallel or perpendicular to the fibers. By solving the 

anisotropic Kozeny - Carman equation (41), the permeability matrix re

quired for a solution to the resin flow model (Darcy's equation) can be 

found. The permeability tensor of each element can be obtained from ten

sor transformations relating the principal permeabilities, the winding 

angle, and the polar angle. 

The solution of Darcy's equation also requires calculating the pres-

sure gradient across each element. In order to calculate the pressure 

gradient in each element, the nodal pressures must first be determined. 

The pressure due to a single tensioned element is calculated from the 

fiber tension, curvature of the fiber path, and thickness of an element. 

The fiber tension and curvature of the fiber path result in a pressure 

acting on the inner surface of an element. The pressure acting on a single 

tensioned element (the ith element) is given by the following expression: 

(42) 

where cr is the tensile stress in the element, K is the curvature of the 

element, and ~r is the average thickness of the element. Initially cr is 

equal to the initial winding tension per fiber bundle area. The average 

thickness of the element and the curvature of the element can be estimated 

from the nodal coordinates, winding path, and local geometry as described 

in the previous section of this report. The fiber tensions in the outer 

elements generate additional pressures on the inner elements. The addi

tional pressure is computed from a force equilibrium in the normal direc

tion of an element and is superposed on the inner elements to form the 
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nodal pressure field (see Tzeng [l]). 

Pressure across an element can be approximated from nodal pressures 

by utilizing the differentiable interpolation functions from the finite 

element analysis used to solve the heat conduction equation. The interpo

lation functions used in the numerical solution of the heat conduction 

equation (in which temperature was the primary variable) can be used to 

dete:cmine the pressure distribution across an element. Each of the 4 

nodes of the rectangular elements used in the finite element model has an 

associated linear interpolation function. By multiplying the calculated 

nodal pressures of an element by the associated nodal interpolation func

tions, the pressure distribution across an element can be dete:cmined. The 

pressure gradient in the center of an element can be calculated by multi

plying the derivative of the nodal interpolation functions by the associ

ated nodal pressures. Before discussing the calculation of element pres

sure gradients further, a brief discussion regarding nodal interpolation 

functions is presented. 

Gauss - Legendre (Gaussian) quadrature is a convenient numerical 

technique used to accurately perfo:cm numerical integration. The solution 

of the heat conduction equation used in the heat transfer model (discussed 

in Chapter 2) was achieved by applying the finite element method to solve 

an integral differential equation derived from a variational formulation 

of the heat conduction equation. The interpolation functions used in the 

integral differential equation are mapped onto an element of unit dimen

sions to facilitate the use of Gaussian quadrature in solving the integral 

differential equation. 

The solution of Darcy's equation does not require casting the equa

tion into a variational fo:cm and solving an integral differential equa

tion. Instead, solving Darcy's equation involves post-processing of the 

finite element solution. Dete:cmining the nodal pressures and pressure 
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gradients in a element requires the use of the previously defined inter

polation functions and derivatives of interpolation functions. 

In order to use the interpolation functions to determine element 

pressure distribution, the element coordinates and nodal pressures must be 

mapped onto an element of unit dimensions. A brief explanation of the 

mapping procedure required to apply the transfoi:med interpolation func

tions is provided. 

First, a coordinate transformation from the rand z system to the~ 

and~ system is perfoi:med: 

r = r(~,11) z = z(~,fl) P = P(C11) (43) 

The coordinates (~ 1 ~) are referred to as local coordinates. The mapping 

functions are chosen so that the element can be mapped onto a square unit 

element in the l; - ~ plane: - l S ~ S l and - 1 S ~ S 1. The trans£ or

mation can be expressed by a set of linear interpolation functions as: 

where 'Vi are interpolation functions as follows: 

t, = _! (l+() (1+11) 
4 

(44) 

(45) 

(46} 

The inverse functions~= ;(r,z) and~= ~(r,z) are continuous, differen

tiable and numerically invertible. 

Since the pressure across an element can be approximated with dif

ferentiable interpolation functions, the pressure gradient in the center 

of an element can be calculated from the derivative of the interpolation 
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functions. Rewriting Darcy's equation (13) for resin flow in texms of the 

nodal pressures and derivatives of the nodal interpolation functions: 

ot1 ot1 
ax az 
av2 c3llr2 
ax az 
av3 awl 
ax az 
aw4 aw, 
ax az 

(47) 

The derivatives of the interpolation functions can be obtained from the 

chain rule: 

(48) 

where the 2 x 2 matrix in equation (48) is defined to be the Jacobian 

matrix [J]. However, the Jacobian matrix cannot be calculated directly 

and it must be obtained from the inverse matrix [J]- 1 : 

ax azl 
[JJ _1 = a~ a~ 

ax az 
m] m] 

(49) 

which is calculated from the nodal coordinates and the interpolation func

tions for each element: 
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[J] -1 = (SO) 

The pressure gradients at the center of each element can be calculated by 

setting ~ = 11 = 0. Therefore [J]- 1 for each element can be obtained by the 

substitution of the nodal coordinates and~= 11 = 0 into equation (50). 

The inverse of the matrix [J]- 1 results in the Jacobian [J]. 

The resin flow rate in the rand z directions are calculated from 

Darcy's equation for each element. 

(51) 

The resin flow rate in the direction nor.mal to the fiber path ow/at is 

calculated from the polar angle (defined to be the direction normal to the 

dome surface and the latitude of the dome; see Tzeng [1]) and the resin 

flow rates ~ and qz: 

(52) 

The resin displacement in each element is obtained by integrating the 

resin flow rate with respect to time. 

w = r t aw dt = " aw 4 t 
Jo at L, at (53) 

The resin displacement summation is performed for each time step resulting 
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in fiber movement as a discreet function of time. Fiber displacement can 

then be used to calculate tension loss, tension rearrangement and mechani

cal strain in the fiber. 
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5.0 Results 

5.1 Experimental Verification: 
Introduction 

The thermo-chemical model in FWCURE was verified by comparing the 

calculated temperatures with thermocouple data measured during cure of an 

18 inch diameter test bottle. The verification process included fitting 

thermal parameters to the data in three different sections of the Filament 

Wound Composite (FWC) assembly. These included the heat transfer coeff

icient on the outer boundary of the FWC assembly and an outer layer ther

mal conductivity. After fitting these two parameters to the data, the 

model and the data correlated extremely well. 

An 18 inch diameter verification test bottle was wound by Thiokol 

Corporation using Fiberite Tl000/974 graphite-epoxy prepreg rovings. The 

prepreg was wound onto a segmented steel mandrel. The inner radius of the 

mandrel was 0.20 m (7.94 in.) and the thickness was 25 mm (1.0 in.). The 

mandrel was wrapped with an NBR elastomeric insulator which was 4.57 mm 

(0.180 in.) thick. The composite case was formed by winding 20 prepreg 

layers over the insulator (with a winding pattern of 2 helical layers 

followed by 3 hoop layers). Keep in mind that the groups of 3 hoop l.ayers 

in the case were model.ad as 2 l.ayers in the CDAC generated finite el.ement 

model (as discussed in Chapter 4 of this report). In the finite element 

model of the composite case, there were 16 layers modeled for the 18 inch 

bottle. Layers 1, 2, 5, 6, 9, 10, and 13, 14 were modeled using a helical 
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pattern with a 66.7° winding angle. Layers 3, 4, 7, 8, 11, 12, and 15 and 

16 were modeled using a hoop pattern with a O O winding angle. The applied 

winding tension modeled was 35. 58 N ( 8 lbs.) per fiber bundle with a cross 

sectional area of O. 4452 x 10- 6 m2 (6. 90 x 10- 4 in 2 ). The outer layer mate

rial of the FWC assembly was composed of 2 layers of release fabric, a 

layer of breather cloth, and a nylon vacuum bag. The estimated thickness 

of the outer layer (considered constant) was modeled as 2. 54 x 10- 3 m (0 .1 

in.). 

The cure cycle implemented by Thiokol for the 18 inch diameter test 

bottle was a simple ramp-hold and is shown in Figure 22. The ramp began at 

room temperature at 22°C (72°F) and ramped up to 154.44°C (310°F) at a 

constant heating rate of 0.833°C/min (l.5°F/min). The isothe:anal hold 

temperature was 154.44°C (considered the cure temperature) and it was held 

for approximately 20 hours. After 20 hours of cure, a cool-down ramp was 

implemented which slowly brought the structure back to room temperature. 

Because the FWC assembly was vacuum bagged and the inner surface of 

the mandrel was not heated directly, the cure simulation was performed 

using a heat transfer coefficient of O W/m2-K on the inner surface of the 

hollow mandrel. The outer surface of the assembly had direct contact with 

the oven fluid which was heated by forced convection. The heat transfer 

coefficient on the outer surface of the FWC assembly was estimated to be 

nearly constant at about 20 W/m2-K. The the:anal properties of the FWC 

assembly are shown in Table 6. 
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Figure 22: Thiokol Cure Cycle for the 18.0 inch Bottle 
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Tab1e 6: Therma1 Properties of the FWC Assemb1y 

Density Heat Capacity Therma1 
(Kg/m3

) (J/Kg-K) Conductivity 
(W/m-K) 

Mandre1 0.783 .x 104 0.465 .x 103 0.540 .x 102 

Insulator 0.110 .x 104 0.176 X 10 4 0.276 

Composite 0.159 X 10 4 0.875 .x 103 0.710 (k11) 
0. 710 (k22> 
0.160 .x 102 (k33) 

Outer Layer 0.137 .x 104 0 .105 .x 104 0.400 .x 10- 1 

The predicted temperature distribution inside of the FWC assembly 

(as calculated by the heat transfer mode1 in FWCURE) was compared with 

experimental data in four sections of the FWC assemb1y (shown in Figure 

23). At each axia1 position, temperature comparisons were made at three 

different radia11ocations. Included were the outer surface of the outer 

layer, the center of the composite case, and the interface between the 

mandrel and the insu1ator. The oven air temperature was not directly 

measured and thennocouple data from the outer-surface of the outer layer 

suggested that the cure temperature in the oven was approximately 158°C 

instead of the programmed 154.4°C (from the Thioko1 cure cyc1e). The cure 

cycle for the simulation was adjusted to the 158°C va1ue which improved 

model - data corre1ation. 

From the data and the model it was deduced that the 1argest temper

ature drop occurred across the outer 1ayer of the FWC assemb1y. Not sur

prisingly, the parameters that most great1y affected the rate of heat 

transfer from the oven to the assembly, as wel1 as the correlation between 

the noda1 temperatures and thennocoup1e data, were the outer 1ayer therma1 
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conductivity and the heat transfer coefficient on the outer boundary of 

the FWC assembly. These were the two parameters that were not known very 

precisely. The outer layer of the FWC assembly was comprised of 2 layers 

of perforated FEP film release fabric, a layer of breather cloth, and a 

nylon vacuum bag. If air is trapped beneath these materials, an accurate 

determination of the thermal conductivity of this "composite" outer J.ayer 

can be quite difficult. Also, the heat transfer coefficient on the outer 

boundary of the FWC assembJ.y was not measured during cure of the case. 

Because of the complex geometry of the 18 inch bottle, it should not be 

assu.med that the heat transfer coefficient is constant over the entire FWC 

assembly. A variabJ.e or piece-wise constant heat transfer coefficient was 

implemented to yieJ.d the best correJ.ation between model and data. A 

piece-wise constant thermal conductivity was also implemented in the simu

lation to best describe the variation in the outer layer thermal conduc

tivity. 

The reason for variation in the outer layer thermal conductivity is 

that in the CDAC [3] generated finite element mesh for the 18 inch bottle, 

the outer layer material was considered to have a constant thickness of 

0.1 inches (which was truly the outer layer thickness in the cylindrical 

region only). The outer layer thickness actually varied and was thickest 

in the dome region where the maximum thickness may have been as high as 

0.375 inches. Consequently, an effective thermal conductivity was imple-

mented in the non-cylindrical regions of the structure. The effective 

thermal conductivity was lowest in the dome region where the outer layer 

material was actually thickest. 
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5.2 Results: 18 inch Test Bottle Simulation 

The variation in the heat transfer coefficients along the outer 

boundary of the FWC assembly and the variation in the outer layer thermal 

conductivity has been dete:cmined empirically for the 18 inch bottle. The 

outer layer was composed of three distinct regions with different thermal 

conductivities and heat transfer coefficients. The three regions include 

a cylindrical region, a transition region and a dome region as shown in 

Figure 24. 

Temperature measurements during cure were obtained by using thermo

couples embedded at various locations in the 18 inch bottle FWC assembly. 

Additional the:cmocouples were placed on the outer surface of the assembly. 

Figure 23 shows the location of 25 thermocouples that were placed in 4 

sections of the 18 inch bottle during winding so that temperature data 

could be collected during cure. Section 1-1 corresponds to nodes 1-21 in 

the finite element mesh, section 2-2 corresponds to nodes 360-376, section 

3-3 corresponds to nodes 932-941 and section 4-4 corresponds to nodes 

1088-1097. 

Figure 25 shows the correlation between thermocouple data and calcu

lated temperatures in section 1-1 (bottom of the cylindrical region) . The 

heat transfer coefficient used in section 1-1 was 20 W/(m2-K) while the 

thermal conductivity used for section 1-1 was 0.075 W/(m-K). The outer 

layer material thickness in this region of the FWC assembly was thinnest 

and was modeled accurately at 0.1 inches thick. 
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Figure 26 shows the correlation between thei:mocouple data and calcu

lated temperatures in section 2-2 (top of the cylindrical region). Values 

for the heat transfer coefficient and outer layer thermal conductivity 

used in this section of the FWC assembly were the same as those used in 

section 1-1. However, because the top of the cylindrical region is so 

close to the transition region, the effects of the transition region heat 

transfer coefficient ( 21 W/(m2-K)) and thermal conductivity (0.044 W/(m

K)) may influence the section 2-2 model results. 

The effective thermal conductivity in the transition region is lower 

than in the cylindrical region since the thickness of the outer layer 

material increases toward the dome region of the 18 inch bottle FWC assem

bly. The thickness of the outer layer was considered constant in the fi

nite element model necessitating the use of effective thermal conductivi

ties in the non-cylindrical regions of the FWC assembly. 

Figure 27 shows the correlation between thei:mocouple data and the 

analytical model for Section 3-3 (mid-dome location). The heat transfer 

coefficient used in section 3-3 was 19 W/(m2-K) while the thermal conduc

tivity used was 0.020 W/(m-K). The correlation between model and data in 

section 3-3 is not as good as in the other sections but it is reasonable 

and the discrepancies can be explained. One of the reasons for the tem

perature discrepancies between model and data is that the outer layer 

thermal conductivities chosen for transition section and the dome section 

are quite different: 0.044 vs. 0.020 W/(m-K) respectively. The outer 

layer thermal conductivity for section 3-3 is low and the heat is being 

transferred too slowly to the composite case and mandrel; the predicted 

temperatures lag the measured temperatures. Also, it appears as if the 

heat transfer coefficient used in section 3-3 is slightly high; the calcu

lated results overshoots the measured data for the outer surface. The 

remedy to this problem would be to either break the dome section domain 
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into yet smaller sections, each having its own thermal properties, or 

model the functional variation of the outer layer material thickness more 

precisely in the finite element model. This second solution would elimi

nate the need for effective thermal conductivities in the outer layer 

material of the FWC assembly (although a variable heat transfer coeffi

cient would still be required). 

Figure 28 shows the correlation between thermocouple data and the 

analytical model in section 4-4 (the top of the dome region). The heat 

transfer coefficient used in section 4-4 was 19 W/(m2-K) while the thermal 

conductivity used was 0.020 W/(m-K). The effective thermal conductivity 

used in section 4-4 is exactly 3.75 times less than that used in section 

1-1. It is believed that the outer layer material thickness at the top of 

the dome region is 3.75 times greater than at the bottom of the cylindri

cal region. 
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E1ement degree of cure and viscosity are both functions of average 

noda1 temperatures, which were determined from the heat transfer model in 

FWCURE . The element degree of cure, calculated from the kinetics model in 

FWCURE, is an important para.meter in the process simulation because it 

provides an indication as to when the composite case has been fu1ly pro

cessed. Figure 29 shows the element degree of cure for an innennost and 

outennost composite elements in the cylindrical region (section 1-1, Fig

ure 23) and dome region (section 4-4, Figure 23) of the 18.0 inch bottle. 

Element degree of cure is shown for 20 hours of simulation. Figure 29 

shows that the cy1indrical region cures more quickly than the dome region 

and outer elements (closest to the boundary where heat transfer occurs) 

cure more quick1y than inner e1ements. 

Thennocouple data show that the outer surface of the outer layer is 

hotter in the dome region than in the cylindrical region during the first 

10 - 12 hours of the cure cycle. The thermocouple data also show that heat 

is transferred more quickly in the cylindrical region than in the dome 

region making the cylindrical region of the composite case hotter than the 

dome region during the first 10 - 12 hours of the cure cycle. Figure 25 

(section 1-1) and Figure 28 (section 4-4) show these effects. 

The element viscosity is a function of both average nodal tempera-

ture and element degree of cure. 

the viscosity model in FWCURE. 

The element viscosity is calculated from 

A plot of the element viscosities during 

cure is shown in Figure 30. Element viscosity data is shown for an inner 

most and an outer most composite elements in the cylindrical (section 1-1, 

Figure 23) and in the dome (section 4-4, Figure 23) regions of the 18 inch 

bottle up to the gel point of the resin (approximately 100 Pa-s). It 

should be noted that the viscosity - temperature behavior of the Fiberite-

974 resin is such that the viscosity of the resin decreases from its ini

tial room temperature viscosity as temperature increases. As the resin 
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cures with time at cure temperature, the viscosity begins to increase and 

gels. Figure 30 shows that the coirposite viscosity decreases during the 

first 5 hours of the simulation. In particular, the viscosity drops the 

quickest for the outer.most el.ements which are closest to the boundary 

where heat transfer occurs. During the first 5 hours of cure, the t~era

ture and degree of cure of the composite case are nonunifo:z:m which results 

in a nonunifo:z:m resin viscosity. 

5.3 Results: Layer Tension Loss Model 

The layer tension loss model, modified to acconu:nodate ply-drop lay

ers and transition elements, was used to simulate the layer tension loss 

of the 18-inch diameter bottle wound by Thiokol Corporation. Experimental. 

data for layer tension loss or layer degree of cure are currently unavail

able. Assessing the accuracy of the layer tension loss model is difficult 

since no such experimental. data were collected for the 18 inch bottle dur

ing fabrication and any assessments that are made are qual.itative. The 

accuracy of the layer tension loss model greatly depends on several. fac

tors: (1) the accuracy of the Darcy's equation for flow through a porous 

medium upon which the layer tension loss model is based (see section 4.5 

of this report); (2) the accuracy of the permeability model which is re

quired to solve Darcy's equation; (3) the accuracy of the cure reaction 

kinetics and viscosity models for the Fiberite-974 resin system; and (4) 

the nodal pressure field and pressure gradients cal.culated which are re

quired to solve Darcy's equation. 

The resul.ts of the l.ayer tension loss simulation perf or.med by FWCURE 

for the 18 inch bottle are shown in Figures 31 and 32. Figure 31 shows 
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the helical layer tensions in the 18.0 inch bottle during cure. The heli

cal layers in the 18 inch bottle include layers 1 (the inne:cmost helical} 

and 2, 5 and 6, 9 and 10, and layers 13 and 14 (the oute:cmost helical). 

The initial tension used in the simulation at the start of the cure cycle 

was 35.58 Newtons. Layers 1 and 2 have lost the least amount of tension 

because they experience the greatest amount of compaction (i.e. the calcu

lated fiber volume fraction is highest). Layers 5, 6, 9, 10, 13, and 14 

have all lost nearly the same amount of tension. By the end of a 10 hour 

simulation the fiber motion and tension loss has ceased due to the very 

high viscosity of the resin in the composite case. By this point the fiber 

volume fraction of the composite will no longer change. The largest loss 

of tension in the helical layers over the duration of the cure cycle oc

curred in layer 14 which went from 35.58 N to 18.01 Newtons. 

Figure 32 shows the results of a 10 hour layer tension loss simula

tion for the hoop layers in the 18.0 inch bottle. The hoop layers include 

layers 3 (the inne:cmost hoop) and 4, 7 and 8, 11 and 12, and 15 and 16 

(the outermost hoop). Layer 3, the inne:cmost hoop layer, experiences the 

greatest amount of compaction during cure and its tension loss is mini

mized. The tension values of the other hoop layers approach zero Newtons 

before the increasing viscosity of the resin prevents further motion. 

Table 7 shows the values of the hoop layer tensions during cure at 

several different times in the cure cycle. Keep in mind that the initial 

fiber tension at the start of the cure cycle was 35.58 Newtons. The num

bers in parentheses next to the fiber tension values indicate the ranking 

of the remaining in each hoop layer (from highest to least amount of ten

sion at each specified time). Of course this same phenomenon can be seen 

in Figure 32. The order of hoop layer tensions (from greatest to least 

tension values) change as the cure cycle progresses. Notice that layer 1 

always has the greatest amount of tension throughout cure, but all other 
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layers do not maintain their rank. This seemingly chaotic change depends 

on a complicated function of the cure cycle and heat transfer rate, the 

resin volume fraction, the element viscosity and degree of cure, and cou

pling effects from the adjacent helical layers that surround each hoop 

layer. Other variables may possibly be involved as well. 

Table 7: Hoop Layer Tensions During Cure at Several 
Different Times in the Cure Cycle 

Hoop Layer No. Fiber Tension Fiber Tension Fiber Tension 
(Newtons) after (Newtons) after (Newtons) after 
120.0 minutes 1 240. 0 minutes 420.0 minutes 

3 (innermost) 27.63 (1) 14.94 (1) 5.53 (1) 

4 24.63 (6) 8.14 (5) 0.76 (3) 

7 27.54 (2) 13.50 (2) 0.44 (5) 

8 24.47 (7) 7.51 (7) 0.10 (8) 

11 27.46 (3) 13.32 (3) 0.57 (4) 

12 24.32 (8) 7.36 (8) 0.14 (7) 

15 27.37 (4) 13.16 (4) 0.80 (2) 

16 (outermost) 25.23 (5) 8.00 (6) 0.38 (6) 

The hoop layer tension results for the 18 inch bottle imply that 

fiber wrinkling and delaminations may occur since most of the tension is 

lost in the hoop layers after 10 hours of the cure cycle. A different 

cure cycle and perhaps even a different initial fiber tension would alle

viate this problem. Cure cycle optimization is discussed in detail in 

section S. 4 of this report. A better cure cycle and initial fiber tension 

are suggested for the 18 inch bottle which result in a much better hoop 

layer fiber tension distribution at the end of the cure cycle suggested. 

Extensive modifications were ma.de to the layer tension loss model in 

FWCURE to allow the model to process finite element meshes with ply-drop 

layers and transition elements. In the event that ply-drop layers and 

transition elements do not exist (which has been the case in previous 
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models), the layer tension loss model will sti11 yield results consistent 

with previous case studies performed by Tzeng [1]. 

Figure 33 shows the fiber tensions during cure for the 5.75 inch 

bottle analyzed by Tzeng [1]. The modified version of the layer tension 

loss model in FWCURE was run with Tzeng' s original input data file for the 

5.75 inch bottle. The subroutines for the kinetics and viscosity models 

for the Fiberite-976 resin system used in the 5.75 inch bottle were incor

porated into the modified FWCURE program. No other changes were made to 

the modified FWCURE program. After running the modified layer tension 

loss model for the 5.75 inch bottle, the results agreed with Tzeng's anal

ysis for all eight layers in the case. At the end of the 5. 75 inch bottle 

cure cycle, the layer tension loss results are a11 non-zero which reduces 

the risk of fiber wrinkling and delaminations. 

5.4 Cure Optimization with FWCORE 
for Layer Tension Loss 

FWCURE can be used for cure cycle optimization to determine a cure 

cycle which results in the least amount of layer tension loss in a fila

ment wound composite case. The optimization process includes determining 

a cure cycle which results in a composite case that is cured uniformly and 

completely. In the optimization process, various cure cycles and initial 

fiber tension profiles were input into the FWCURE program with the objec

tives of reducing the time to heat and cure the 18 inch bottle and to 

reduce the hoop layer tension loss. 
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It should be noted that the heating rates used in the optimization 

study are very high and for demonstration purposes only. Most autoclaves 

and ovens have a maximum heating rate of S.55°C/min (10°F/min). Also, 

the elevated fiber tensions may be higher than allowable for the fiber 

system used in this study. Again, these values were selected only for 

demonstration purposes to show how the FWCURE model can be used to opti

mize the fabrication process. 

Table 8 shows the results of 11 different cure cycle and initial 

fiber tension trials that were used in a cure and layer tension loss opti

mization study for the 18 inch bottle. The data shown in Table 8 in

cludes trial cure cycles, initial fiber tensions at the start of the cure 

cycle, and hoop layer tensions after 8 hours of the associated cure cycle 

for hoop layers 4, 11, and 15. Table 8 also shows the corresponding time, 

in hours, that each cure cycle must be implemented before fiber motion and 

tension loss cease. This time is not equivalent with the time at which 

the matrix resin is considered fully cured. Note that the first and 

second trial numbers shown in Table 8 use the actual cure cycle implement

ed by Thiokol in processing the 18 inch bottle. 

The Thiokol cure cycle data shown in trials (1) and (2) of Table 8 

differ by initial fiber tensions. Results of the Thiokol cure cycle simu

lations for the 18 inch bottle show that nearly all of the hoop layer 

fiber tension has been lost after 8 hours. The initial fiber tension in 

trial (2) is 1.7 times greater than the initial fiber tension in trial 

(1). The only significant difference between the results of the two trials 

is that layer 4 in trial (2) has substantially more fiber tension at the 

end of 8 hours then trial (1). This can be attributed to layer compaction 

effects. The other hoop layers have not gained additional fiber tension at 

the end of cure as a result of the greatly increased initial fiber tension 

used in trial (2). 
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Table 8: Cure Optimization Parameters and Results 

Trial Cure Cycle Initial Hoop Layer End Time 
No. Layer Tension after of Fiber 

Ti.me Temp. Tension 8 hours: Layers Motion 
(sec.) (OC) (Newtons) 4,11,15, rspct. (hours) 

(1) 0.0 22.0 35.58 0.00 7.87* 9 
(2) * 9792.0 158.0 60.00* 0.00 0.01* 9* 

54000.0 158.0 0.07 0.17* 

(3) 0.0 22.0 35.58 6.67 6.78* 4 
(4) * 2400.0 300.0 50.00* 2.16 3.89* 4* 

10800.0 222.0 2.70 4.80* 
14400.0 175.0 
54000.0 175.0 

(5) 0.0 22.0 35.58 0.00 8 
1800.0 158.0 0.00 

54000.0 158.0 0.08 

( 6) 0.0 22.0 25.00 0.00 5.30* 4 
(7) * 1200.0 222.0 50.00* 0.22 0.97* 4* 

10800.0 222.0 0.43 1.42* 
14400.0 158.0 
54000.0 158.0 

(8) 0.0 22.0 50.00 6.72 4 
1200.0 300.0 3.67 

10800.0 222.0 4.55 
14400.0 158.0 
54000.0 158.0 

(9) 0.0 22.0 50.00 3.92 6 
3600.0 200.0 0.14 

10800.0 180.0 0.35 
54000.0 180.0 

(10) 0.0 22.0 50.00 3.79 3.74* 5 
(11) * 1800/7200* 180.0 50.00* 0.09 0.09* 6* 

54000.0 180.0 0.30 0.29* 

The hoop layer tension results from the cure cycles implemented in 

trials (3) and (4) show significantly improved results over the Thiokol 

cure cycle simulation (for layers 4, 11, and 15). Trail (4) provided the 

best results in this study for the 18 inch bottle. The cure cycle used in 

trials (3) and (4) provides a rapid heat-up (approximately 7°C/min) of the 

FWC assembly while never allowing the temperature of the composite case or 
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steel mandrel to exceed 175°C. 

Figure 34 shows the cure cycle from trial (4) along with the temper

ature at the center of the mandrel and the temperature at the center of 

the composite case during cure. Both nodes are located in the lower cylin

drical region of the 18 inch bottle assembly. Xn trial (4), the cure 

cycle temperature of 300°C in the first hour of cure far exceeds the iso

thermal hold temperature of 175°C. However, because of a large thermal lag 

in the heat conduction to the composite case and mandrel (due primarily to 

the low outer layer material thermal conductivity) the case and mandrel do 

not overshoot the cure temperature. The cure cycle in trial (4) is de

signed in such a way as to transfer heat very rapidly to the composite 

case while eliminating any temperature overshoots beyond the isothermal 

cure temperature. 

The hoop layer tension loss results in trial (4) are greatly im-

proved as compared with the Thiokol cure cycle for the 18 inch bottle 

(from trial (1) or (2)). The fiber tension results from trial (4) for all 

8 hoop layers in the 18 inch case are shown in Figure 35. The three low

est hoop layer tensions in trial (4) were 1.5, 3.1, and 3.9 Newtons. All 

of the helical layers had a tension of at least 27.8 Newtons. The Thiokol 

cure cycle, with an initial tension of 60 Newtons (trial (2)) resulted in 

helical tensions as low as 30.7 Newtons and zero tension in nearly all of 

the hoop layers. 

For the trial (4) cure cycle, the hoop layer fiber tensions have 

leveled off after 4 hours as shown in Figure 35. Hoop layer tensions of 

all 8 layers in trial (4) are listed in Table 9. The hoop layer tensions 

are tabulated after one hour and four 4 hours into the cure cycle. 
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The numbers in parenthesis in the fiber tension co1umns in Tab1e 9 repre

sents the rank of the greatest to the 1east amount of tension remaining in 

each layer. 

Table 9: Optimized Fiber Tension Loss Data (Trial 4) 

Hoop Layer Cure Cycle Time: Cure Cycle Time: 
Number 60 minutes 240 minutes 

Fiber Tensions (N) Fiber Tensions (N) 

(3) 33.38 (1) 15.60 (1) 

(4) 26.04 (5) 6.77 (2) 

(7) 32.24 (2) 3.05 ( 6) 

(8) 24.88 (6) 1.46 (8) 

(11) 31.38 (3) 3.88 (4) 

(12) 23.89 (8) 1.89 (7) 

(15) 30.58 (4) 4.78 (3) 

{16) 23.95 (7) 3.17 (5) 

Without going into extensive detail about the results of each of the 

11 cure cycle profi1es listed in Table 8, some conclusions can be drawn 

from the data provided in the table. Severa1 points about the 18 inch 

bottle processing parameters used in the simulation are worth repeating. 

The heat transfer coefficients on the outer boundary of the 18 inch bottle 

assembly were determined to be fairly low (20 W/ (m2-K)) . The the.rm.al 

conductivity of the outer layer materia1 is fairly low (0.075 W/(m-K)), 

making the outer layer material a poor conductor of heat. The nature of 

the Fiberite-974 epoxy resin used in the 18 inch bottle is such that the 

viscosity initially decreases with increasing temperature until the resin 

degree of cure reaches a certain point. When this happens, the resin vis

cosity begins to increase, eventually causing the resin to ge1. It should 

also be recognized that the layer tension loss is significantly influenced 

by the magnitude of the resin viscosity. It could be conc1uded from the 

cure cycle simulation data presented in Table 8 and the fact that outer 
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1ayer therma1 conductivities and heat transfer coefficients are 1ow, that 

the best way to reduce tension 1oss in the 18 inch bott1e is to minimize 

the a.mount of time that the magnitude of the viscosity remains 1ow. In 

other words, the heat shou1d be quick1y transferred from the oven to the 

composite curing the matrix resin rapid1y at which point 1ayer tension 

1oss ceases. 

Tria1s (3), (4), {7), and (8) yie1d the best hoop 1ayer tension 

profiles at the end of cure of the 11 pro£i1es listed in Table 8. These 

trials all involve quick, high temperature heat-up which rapid1y heats the 

composite case to the cure temperature. The cure cycles which slowly 

bring the composite case up to the cure temperature result in much greater 

hoop 1ayer tension loss as evidenced by all other tria1s shown in Table 8. 

Some of the trials with a slow heat-up rate in the cure cycle have a high 

cure temperature, i.e. trials (9), (10), (11). However, heat is not tran

sferred from the oven to the case rapid1y enough due to the large thermal 

lag across the outer layer. Consequently, the viscosity of the resin re

mains too low for too long and the tension in the hoop layers is complete

ly lost. 

One final consideration that should be made in determining an opti

mal cure cycle for a particular FWC assemb1y is to look at the distribu

tion of temperature, degree of cure, and viscosity at various times thr

oughout the cure cycle. Table 10 shows these distributions for trial (4) 

and Table 11 shows these distributions £or trial (2). Tables 10 and 11 

list information at various times in the cure cycle for maximum and mini

mum nodal temperature and maximum and minimum element degree of cure and 

viscosity. The maximum temperatures shown in both Tables 10 and 11 re

flect outer layer nodal temperatures (on the free boundary). A nodal 

temperature profile for a node located in the mandrel and composite case 

for the trial (4) cure cycle was shown in Figure 34. 
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The degree of cure for an oute:cmost and an inne:cmost elements in the 

cylindrical region (section 1-1, Figure 23) and in the dome region (sec

tion 4-4, Figure 23) are shown in Figure 36 for the trail (11) cure cycle. 

Similar trial (l) data was shown in Figure 29. As a result of the in

creased cure temperature in trial (11) (180°C versus the 158°C in trial 

(1)), the 18 inch case cures more rapidly and more completely. 

After 4-5 hours of the trial (4) cure cycle, the temperature distri

bution across the entire FWC assembly is fairly uniform, as is the resin 

degree of cure across the entire composite case (as shown in Table 10). 

The high resin viscosities (i.e.> 100 Pa-s) give some indication that the 

resin is becoming a hardened visco-elastic solid, but it should be noted 

that the viscosity model implemented for the Fiberite-974 resin system is 

not valid when the resin begins to gel. 
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Table 10: Data from Trial (4): an Optimized Cure Profile 

Time Min. Max. Min. Max. Min. Max. 
Temp. Temp. D.O.C. D.O.C. Vise. Vise. 

(min.) (OC) (OC) (Pa-s) (Pa-s) 

60.0 59.7 246.8 0.00045 0.0113 2.91 11.8 

120.0 113.1 230.0 0.0326 0.267 2.39 6.32 

180.0 149.8 211.2 0.452 0.757 29.1 gel* 
! 

240.0 164.6 174.1 0.806 0.849 gel gel 

300.0 167.7 173.8 0.871 0.886 gel gel 

360.0 169.6 174.1 0.896 0.903 gel gel 

420.0 171.0 174.3 0.909 0. 914 gel gel 

480.0 172.1 174.5 0.918 0.921 gel gel 

Table 11: Data from the Thiokol Cure Cycle (Trial (2)) 

Time Min. Max. Min. Max. Min. Max.. 
Temp. Temp. D.O.C. D.O.C. Vise. Vise. 

(min.) (OC) (OC) (Pa-s) (Pa-s) 

60.0 26.9 63.0 0.00002 0.00004 61.2 89.5 

120.0 42.6 106.6 0.00014 0.00037 20.3 37.2 

180.0 66.5 141.0 0.00105 0.00389 6.85 12.6 

240.0 88.9 145.2 0.00733 0.0228 4.20 5.84 

300.0 106.1 148.6 0.0350 0.0887 3.81 4.15 

360.0 120.0 151.5 0.129 0.240 4.68 8.89 

420.0 130.9 153.6 0.310 0.413 14.0 33.1 

480.0 138.8 154.9 0.469 0.535 56 .2 gel* 

540.0 144.3 155.7 0.572 0 .614 gel gel 

*rt is assumed that the gel point of the resin has been reached if the 
resin viscosity is greater than 100 Pa-s. 
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6.0 WACSAFE and FWCURE Coupling 

6.1 Coupling 

The computer codes FWCURE and WACSAFE [3] (the thermo-mechanical 

stress simulation routine) have been coupled to improve FWCURE's fiber 

tension loss results and WACSAFE's stress analysis results. Without cou

pling, each model assumes that its parameters are unaffected by the varia

tions occurring in the other models. For example, the composite case 

viscosity (which is a function of resin degree of cure and temperature) 

used by the tension loss model in FWCURE strongly affects the resulting 

fiber volume fraction of the composite and therefore the thermal and me

chanical properties of the case. Hence, feedback from FWCURE to WACSAFE 

is needed on an incremental basis during cure rather than assuming that 

parameters such as viscosity and degree of cure remain constant throughout 

the cure cycle. 

Another example of the importance of coupling between the two models 

involves the layer tension loss model in FWCURE. FWCURE needs the pres

sure in each element at the end of the layer winding simulation and thr

oughout the cure analysis to determine resin flow rates. Independently, 

FWCURE uses the pressure calculated due to the initial winding tension at 

the start of the cure cycle and assumes that no tension is lost during 

layer winding. The thermo-mechanical stress model shows that the pressure 

changes dramatically during layer winding and a great deal of tension may 

be lost during winding. Hence this feedback from WACSAFE to FWCURE's 

layer tension loss model is very important. 
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The simulation of the complete fabrication process includes winding, 

cure, and mandrel removal from the composite case (Figure 1). WACSAFE 

performs a pre-cure layer winding tension loss analysis which simulates 

the winding stage of fabrication. This analysis includes an instantaneous 

lay-down tension loss analysis (in the radial direction) as the fibers are 

wound onto the steel mandrel. It also includes a side by side layer ten

sion loss analysis to determine tension losses that result as fibers move 

and settle in the longitudinal direction (see Stein [3] p.70). When the 

WACSAFE layer winding simulation is complete, FWCURE is called (as a sub

routine of WACSAFE) and the cure cycle is initiated and coupling between 

the two programs begins. 

An overview of the coupling procedure between FWCURE and WACSAFE is 

described in a flow-chart shown in Figure 37. WACSAFE performs the entire 

room temperature layer winding stress simulation (involving layer tensions 

per fiber bundle area) independent of FWCURE. After the completion of the 

layer winding stress simulation, WACSAFE and FWCURE begin a coupled analy

sis. At the start of each loadstep in FWCURE (perhaps every 10 time-steps 

in the transient analysis), WACSAFE passes element stress in the fiber 

direction (calculated layer tensions per fiber bundle area) to FWCURE. At 

the start of the cure cycle, the first set of layer tension per fiber 

bundle area data (stress) that WACSAFE passes to FWCURE is especially 

important since it has been shown analytically that significant fiber 

tension was lost during winding. These values of element stress are used 

in FWCURE to calculate the initial element curvatures. The initial ele

ment curvatures are saved as an array and are used throughout the layer 

tension loss simulation to calculate new element curvatures. 

At the end of each loadstep, FWCURE passes element tension loss per 

fiber bundle area (reduction in stress) data to WACSAFE. The reduction in 

stress calculated by FWCURE is due primarily to fiber a decrease in resin 
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viscosity during cure which results in fiber motion. The coupling of the 

programs is especially important during the cure phase of analysis since 

the resin degree of cure and viscosity change continuously throughout the 

cure cycle. Accordingly, at the end of each load-step, FWCURE also passes 

element temperatures (averaged from the nodal temperatures), element de

gree of cure, and element viscosity data to WACSAFE. FWCURE contributes 

the thermal data required to calculate thermal stresses as well as the 

stress reduction due to fiber motion during cure. This feedback from FW

CURE allows WACSAi'E to more accurately predict the state of stress thro

ughout the composite case during cure. 

The incremental coupling process between WACSAFE and FWCURE involv

ing element data continues throughout the duration of the cure cycle. When 

the transient analysis in FWCURE ends (i.e. the cure cycle ends), FWCURE 

passes the following thennal infonnation to WACSAFE as an indication to 

WACSAFE that the thermal analysis is over: (1) a single value of room 

temperature (the reference temperature); (2) a single zero for the thermal 

step size; (3) the element temperature array filled completely with room 

temperature values (number of values equals the number of elements in the 

mesh); (4) the element degree of cure array filled completely with values 

of 1.0; and (5) and the element viscosity array filled completely with 

values of 0.0. 

After WACSAFE passes element stress data to FWCURE (at the first 

time step of each load step) FWCURE continues its analysis independently 

from WACSAFE for the remaining time steps in a given load.step. Typically 

there are 10 - 15 time steps in a load step so the programs are only truly 

coupled one tenth to one fifteenth of the actual simulation time. The re

sults in both FWCURE and WACSAFE data are greatly improved nonetheless. 
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Computational time on a VAX computer poses a limitation on the de

gree of coupling between the two programs. The computational time re

quired to perform a coupled simulation depends heavily on the time-step 

size in the transient analysis in FWCURE. Typically, 5.0 minute time

steps were used during coupling as opposed to the 2.0 minute time-steps 

that were used in FWCURE when it operated in an independent mode (no sig

nificant loss of accuracy resulted by using larger time-steps during cou

pling). 

Figure 38 is a plot of the mandrel pressure during cure. The plot 

includes: (1) data from the pressure gage mounted on the outer surface of 

the instrumented mandrel of the 18 inch bottle during fabrication (as 

shown in Figure 23 and labeled P022); (2) the pressure calculated using 

WACSAFE alone; and (3) the pressure calculated using the coupled program 

WACSAFE/FWCURE. The results of the simulations shown in Figure 38 attest 

to the value of coupling the FWCURE with WACSAFE. As a result of coupling, 

the correlation between pressure data and WACSAFE's predictions have been 

significantly improved. Table 12 lists the results shown in Figure 38 as 

well as the error between the measured and calculated mandrel pressure for 

both the WACSAFE model and the coupled WACSAFE/FWCURE model. 

The pressure calculated independently by WACSAFE does not correlate 

well with the measured pressure during the cure cycle (i.e the second to 

fourth hours) when thermal and viscous effects contribute to tension loss. 

It should be noted that the error between model and data for the 

independent and coupled versions of the WACSAFE program at the start of 

the cure cycle are exactly the same. This is because FWCURE is only cou

pled with WACSAFE during cure (after WACSAFE's independent layer winding 

simulation). 
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Table 12: Comparison Between Measured and Calculated 
Mandrel Pressure 

Cure Time Pressure WACSAFE Coupled WACSAFE Coupled 
Gage Data Data Code Data Error Code 

(hours) (psi} (psi} (psi) (%) Error (%) 

0 35.0 58.4 58.4 66.9 66.9 

1 45.0 91.7 64.1 103.8 42.4 

2 58.0 164.5 85.1 183.6 46.7 

3 75.0 202.2 117.0 169.6 56.0 

4 98.0 220.9 144.3 125.4 47.2 

5 118.0 229.9 166.3 94.8 40.9 

6 138.0 234.4 184.2 69.9 33.5 

7 163.0 235.9 198.7 44.7 21.9 

The results of a coupled layer tension loss simulation is shown in 

Figures 39 and 40. The helical layer tension loss results and hoop layer 

tension loss results, respectively, are shown for an independent analysis 

performed by FWCURE as well as an analysis perfo:cmed by the coupled model. 

WACSAFE contributes instantaneous lay down tension loss and side by side 

layer tension loss during winding and tension loss due to 1t1.echanical stre

sses during cure to the layer tension loss analysis in FWCURE. 

Figure 39 shows the helical layer tension results for the 18 inch 

bottle for so1t1.e of the helical layers during the coupled simulation. The 

figure also shows corresponding helical layer tension results from the 

independent FWCURE simulation. The Thiokol cure cycle and an initial 

winding tension of 35.58 N was used in both simulations. In the coupled 

simulation, the maximum layer tension at the start of the cure cycle was 

24.70 N (5.55 lbs.) (not shown) in layer 13 compared with the initial 

winding tension of 35.58 N (8.0 lbs.). 
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Figure 40 shows the hoop layer tension results during cure for some 

of the hoop layers for the coupled simulation. The figure also shows the 

hoop layer tension results for layers 3, 11, and 16 from the independent 

FWCURE simulation. At 540.0 minutes, the layer tension results from the 

coupled model and the independent FWCURE layer tension loss model show 

that the hoop layer tensions are zero for all layers with the exception of 

layer 3 (the innermost hoop). Layer 3 retained 3.1 N of tension in the 

independent simulation (due to compaction effects) while the coupled simu

lation yielded zero Newtons tension for layer 3. 

By coupling FWCURE with WACSAFE, the correlation between analytical 

model and measured pressure data has significantly improved. WACSAFE has 

contributed an additional amount of layer tension loss to the simulation 

Unfortunately, experimental layer tension loss data is not available and 

the results of the simulations cannot be verified. WACSAFE also provides 

FWCURE with an improved estimate of fiber tensions at the start of cure 

(after winding analysis is complete). The coupled WACSAFE/FWCURE model 

predicts that the hoop layers will lose tension earlier in the cure cycle. 

Cure cycle optimization for layer tension loss with the coupled code has 

not yet been attempted. The procedure for performing cure cycle optimiza

tion with the coupled code is the same as for FWCURE by itself and the 

procedure is discussed in section 5.4 of this report. 
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7.0 Summary and Conclusions 

7.1 Summary 

An axisymmetric layer tension loss and thermo-chemical cure model 

originally developed by Tzeng [1], has been extended and modified. A sum

mary of the tasks completed during the course of this investigation are 

given below: 

1. The thermo-chemical cure model in l'WCURE was verified for an 

18 inch diameter test bottle. Temperature predictions using FWCURE 

were compared with thermocouple data obtained during the winding and 

cure of an 18 inch diameter graphite/epoxy bottle. The calculated 

and measured temperature agreed well at four sections of the bottle 

spanning the entire geometrical domain of the FWC assembly. Unfor

tunately, layer tension loss data for the 18 inch bottle could not 

be measured during winding and cure. Hence, independent verifica

tion of the of the FWCURE layer tension loss calculation is not 

possible. 

2 . Modi£ ications to the layer tension loss model in FWCURE allows 

finite element meshes generated by CDAC [3] to be analyzed. The 

number of elements through the thickness of the composite case is 

not constant. Ply-drop layers are handled by using 4-node triangular 

transition elements. 

3. Additional calculations were added to the element curvature 
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routine in FWCl1RE. Special calculations for element center, length, 

and thickness were developed for the 4-node triangular elements. 

4. A cure reaction kinetics model and a viscosity model were 

developed for the Fiberite-97 4 epoxy resin system. Both models 

correlate well with measured data in the temperature range for which 

data was available and for the cure temperature of the 18 inch bot

tle. 

5 . Many I/0 file modi£ ications were incorporated throughout the FW

CURE program. Most importantly, much of FWCURE' s required input 

data is currently read from the WACSAFE MOD file. 'l'he FWCURE DA'l'AMOD 

input file (from which FWCURE previously read all of the input data) 

must still be generated. 'l'he FWCURE DA'l'AMOD file now contains in

formation unique to the FWCURE program (a complete description of 

the input for the FWCURE DA'l'AMOD file can be found in the FWCURE 

User's Guide [9]). Other modifications to I/0 include the addition 

of various flags in the DATAMOD input file which allow the FWCURE 

program to provide customized data print-outs, verification of cer

tain arrays for newly generated finite element meshes (which contain 

ply-drop layers), and a flag which allows the FWCURE program to 

perform an independent or WACSAFE coupled layer tension loss analy

sis. 

6. FWCURE was coupled with the thermo-mechanical stress simulation 

program WACSAFE. The coupling resulted an improvement in WACSAFE' s 

correlation with pressure gage data for the 18 inch bottle. WACSAFE 

predicts the initial layer tensions at the start of cure (after 

WACSAFE' s layer winding simulation in which some of the initial 
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winding tension was lost) for use in the FWCORE layer tension loss 

model. 

The tension loss results originally generated by Tzeng [1] for the 

5.75 inch bottle (which had no ply-drop layers or transition elements (and 

consequently it had a constant number of elements through the thickness of 

the case) were duplicated using the modified layer tension loss model. 

Comparisons between the modified and unmodified versions of the FWCURE 

heat transfer model have shown that the temperature distribution, degree 

of cure, and viscosity distributions throughout cure are also consistent 

with Tzeng [1]. 

7.2 Conclusions 

The thermo-chemical cure and layer tension loss models in FWCORE can 

provide important information in choosing material systems and processing 

parameters for axisymmetric filament wound composite cases. The applica

tions of the model in the fabrication of filament wound composites are 

summarized as follows: 

1. Selection of an optimum fabrication (cure) cycle. 

2. Assessment of the processing characteristics of new material 

systems used in fabrication. 

3. Identification of the material properties and processing parame

ters which will have the greatest effect on fabrication. 

4. Identification of parameters that must be controlled and moni

tored during processing. 
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5. Simulation of the manufacturing process for real-time, closed 

loop process control. 

Some observations and conclusions from the cure and layer tension loss 

simulation of the 18 inch bottle :&'WC assembly are summarized below: 

1. The heat transfer coefficients determined on the outer bound

ary of the 18 inch bottle :&'WC assembly and the thermal conductivity 

of the outer layer materials (breather cloth, release film, and 

vacuum bag) appear to have the greatest effect on the heat transfer 

from the autoclave to the composite case. There is a large thermal 

lag between the oven fluid and the composite case due to the low 

outer layer thermal conductivities and low outer boundary heat tran

sfer coefficients. 

2. The outer layer material in the 18 inch bottle FWC assembly 

was modeled as having a constant thickness even though variations in 

the outer layer material thickness existed. This necessitated the 

use of effective thermal conductivities for the outer layer in three 

different regions of the FWC assembly. Consequently, three differ

ent heat transfer coefficients were applied to the outer boundary in 

the three regions as well. Very little variation exists between heat 

transfer coefficients in the three regions (they were all approxi

mately 20 W/ (m2-K)). However, the thermal conductivities differed by 

a factor of 3.75. It is believed that the outer layer material was 

thickest in the dome region where the effective thermal conductivity 

was 3.75 times less than that in the cylindrical region (where the 

thickness was modeled accurately). 
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3. As a result of fitting the theJ:mal conductivities and heat 

transfer coefficients to the data in three regions of the FWC assem

bly, the correlation between calculated temperature and thermocouple 

data was excellent in three sections of the 18 inch bottle. A 

fourth section, located in the mid-dome region, did not correlate as 

wel1. The changing the:z:ma1 conductivities of the outer 1ayer cou1d 

be alleviated by including the outer layer thickness variation in 

the finite element mesh. 

4 . The resu1ts of the tension loss simulation for the 18 inch 

bottle suggest that the hoop layers are losing nearly all of the 

winding tension by the end of the cure cycle. Structural defects 

such as fiber wrinkling and delaminations are more likely to occur 

whenever tension in a layer is completely lost. When the viscosity 

of the matrix resin remains low for an extended period of time, the 

period for fiber motion is increased. The final fiber tension in the 

composite case is related to the resin flow rate, layer compaction, 

pressure, and per.meability of the composite. It has been analyti

cally detez:mined from the cure optimization study perfor.med for the 

18 inch bottle that the fiber tension distribution in the filament 

wound composite case can be controlled by properly choosing the 

resin system, initial winding tension, winding pattern, and cure 

cycle. 

5. When FWCORE is coupled with WACSAFE, the tension loss analysis 

per£ or.med by FWCURE appears to improve. Similarly, the stress analy

sis perfor.med by WACSAFE is enhanced by the theJ:mal, viscous, layer 

tension loss data from FWCURE. The coupled mode of simulation is 

preferred over independent modes of simulation; but unfortunately 

123 



7.3 

the amount of ti.me required to perfo:cm a coupled analysis of a 

large, filament wound case may be prohibitive. Ti.me steps for the 

transient analysis in FWCURE, when coupled with WACSAFE, have been 

as large as 5.0 minutes (as opposed to the 2.0 minute time-steps 

usually used); very little accuracy in thermo-chemical cure data is 

compromised as a result thus making the coupled mode of simulation 

more attractive. Even larger time-steps may be permitted once ther

mal equilibrium has been achieved. 

Future Research 

Another phase of the Thiokol sponsored research regarding FWCURE, 

the thermo-chemical cure and layer tension loss model, is complete. The 

code is currently usable and it provides a comprehensive model for simu

lating the thermo-chemistry and layer tension loss in filament wound com

posite structures. When FWCURE is coupled with the thermo-mechanical 

stress simulation routine WACSAFE, the code can also be used to determine 

the stress distribution in filament wound structures during winding and 

cure. In the future, several additional features could be added to FWCURE 

for versatility and completeness, and some additional experimental data 

could help to finalize the verification of the model: 

l. An experimental program will be required to determine coef

ficients for the pei:meability model and to verify the layer tension 

loss model. Verification of the tension loss model can be accom

plished by winding a single fiber layer impregnated with resin on a 

thin walled cylindrical mandrel. During winding, strain on the 
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inner mandrel will be measured and used to calculate fiber tension 

variation. 

2 . Currently, FWCURE and WACSAFE are only coupled during cure and 

not during winding. There was a dramatic improvement in WACSAFE's 

calculated mandrel pressure during cure when WACSAFE was coupled 

with FWCURE (as evidenced in Figure 38 in section 6.1 of this re

port) . However, the improved correlation between model and data 

differed by nearly a constant amount. Perhaps this constant differ

ence between model and data could be decreased if coupling were 

performed during the winding simulation as well. In the event of 

wet winding, coupling between FWCURE and WACSAFE is even more impor

tant since the resin has not yet been advanced CB-staged) prior to 

fabrication. 

3. In the event that the rubber insulator layer is co-cured with 

the composite, rather than being cured in a separate manufacturing 

step, a co-cure model could be developed within FWCURE for this 

occasion. A separate kinetics and viscosity model would have to be 

developed for the rubber insulator material as well. 
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Appendix A: Kinetics Modeling 

A DuPont Model 910 DSC (Differential Scanning Calorimeter) was em.

ployed to determine the heats of reaction, cure rate, and degree of cure 

for neat resin samples for the Fiberite-974 epoxy resin system used as the 

matrix in the 18 inch bottle under investigation. Isothermal and dynamic 

scans were programmed on a DuPont Model 9900 series computer which con

trols the Model 910 DSC and which collects and stores the data from the 

DSC. The post processing software for the 9900 series computer is capable 

of calculating the total heats of reaction for a given dynamic scan at a 

given scan rate (i.e. 10°C/min from room temperature to perhaps 300°C). 

Unfortunately, the post-processing software on the model 9900 series com

puter cannot calculate isothermal heats of reaction very accurately, es

tablish a baseline for isothermal data very accurately, or yield resin 

degree of cure or cure rate information from an isothermal scan at all. 

Hence, a laborious procedure has been created for obtaining such isother

mal data quite accurately. The procedure discussed in this appendix was 

applied in the development of a cure reaction kinetics model for the Fib

erite-974 resin system. An excellent reference to the theory behind a DSC 

and to techniques for mastering a DSC is a book edited by Turi [10] 

called Therm.al Characterization of Polymeric Materials. The procedure 

used for obtaining the vital data necessary to model the kinetics of the 

Fiberite-974 resin system is detailed below in a "user's guide" to soft

ware written to process and fit data to a kinetics model. 

I. The raw data from the Model 910 DSC, gathered during an iso-

thermal or dynamic scan, is stored on the DuPont 9900 series computer in 
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a non-readabl.e format. This data must be converted to an ASC:I:I format so 

that it can be upl.oaded to a mainframe (in this case the :IBM 3090-200 at 

Virginia Tech) or a PC where the data can be processed to dete:cmine degree 

of cure and cure-rate information. A special. DuPont program cal.l.ed TACON

VERT, obtained from DuPont, was used to convert the raw data to ASCII 

format. Al.l. of the isothermal. data sets shoul.d be converted to ASCII 

format fil.es and upl.oaded to a mainframe or to a PC. Each fil.e shoul.d be 

given a descriptive names such as: 

F974Tl50 DATA or F974Tl50.DA'l' 

where the F974 is the resin type and the '1'150 is the isothermal. tempera

ture in °C. At the top of each fil.e there shoul.d be information regarding 

the person who col.l.ected the data, some physical. data for the sa.rople, and 

information regarding cal.ibration. Bel.ow this information there should be 

three col.umns of data: 

Time Column 
(minutes) 

Temperature Col.umn 
(OC) 

Signal. Col.umn 
(mW) 

Maintain back-ups of the original copies of the isothermal. fil.es on 

a fl.oppy disk or under a separate filename for safe-keeping. In a l.og 

book, write down the cell constant (a calibration parameter) and the mass 

shown at the top of each isothermal file. Now erase all of the info:cm

ation at the top of each file and maintain only the columns of data shown 

above. 

A 200°C isothermal DSC scan was shown in Figure 6 of section 3.2 of 

this report. An approximate baseline has been fit to the data by the user 

for purposes of allowing the Model 9900 series computer post processing 

software to calculate an approximate isothermal heat of reaction. 'l'o 

establish an accurate baseline for the isothermal data, a procedure for 

integrating the area under the discreet heat of reaction curve relative to 
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the base1ine (as shown in Figure 6) wi11 be described in the fo11owing 

summary: 

l. In a log book, record the time and corresponding signal value 

at the bottom of each isothez:ma1 scan data fi1e. The signal value 

shou1d be nearly constant when compared with the 3 or 4 values pre

ceding it providing that the isothez:mal reaction energy was nearly 

exhausted by allowing the experiment to run for a sufficiently long 

time. Pick a representative signal value and write it down a1ong 

with its corresponding time: 

i.e. 129.34 minutes -l.8548Se-Ol mW 

The base1ine is not always estab1ished at a signal va1ue of 0.0 mW 

nor does it always 1ie in the positive signal value domain even if 

the utmost care has been taken to insure proper instrument calibra

tion for each experiment. 

2. Return to the top of the fi1e and locate this signal va1ue 

(i.e. scroll through the data unti1 this signal value appears or 

fits in). Beware of oscillations in the first few minutes of data 

that may provide identical signal values at mu1tiple times. P1ace 

this signal va1ue into the co1umns of data where it best fits. Ap

proximate the corresponding time based upon preceding and proceeding 

values of signal and time and record it in the appropriate co1umn. 

Fill in a corresponding temperature va1ue in the temperature column 

(since temperature data will be read into a dummy array in the anal

ysis software, any value will do). 

3. Erase all column data above the row where the signal value 

data point was either interjected or matched. Data prior to this 
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point is invalid due to either non-isothermal conditions which exist 

during heat up, overshoots that may result from a rapid heat up, or 

simply because of inaccuracies with the DSC in collecting the first 

several minutes of data. Now only data above the baseline exists in 

the isothermal data file. 

II. A Simpson's rule program called SIMP2 FORTRAN (a quadratic 

curve fitting/ integration technique) was written to determine the area 

under the discrete curves from isothermal DSC data. A listing of the pro

gram code is given in Appendix B of th.is report. The area under the iso

the:cmal curve (power (mW) vs. time (minutes)) from time zero to some time 

t, divided by the ultimate heat of reaction of the resin, is defined as 

degree of cure (a). The peak height of the isothermal curve relative to 

the baseline at some time t, divided by the ultimate heat of reaction of 

the resin is defined as the cure rate (da/dt) of the resin. Section 3.2 of 

this report discusses the definitions of degree of cure and cure rate more 

rigorously. The Simpson's rule program requires certain information in 

order to calculate degree of cure and cure rate from the isothermal data. 

At the top of each isothermal data file, the following information should 

be added in free format in the space of 2 rows: 

sample mass (mg), # of data points (excluding these top two rows), 
initial time (min) of the first data point, initial signal value 
(mW) of the first data point, 

ending time (min) of the last data point, ending signal value (mW) 
of the last data point (same as initial signal value), cell con
stant, Ultimate heat of reaction (Ho) for the 0°C/min heating rate 
(J/g) 

The SIMP2 FORTRAN file can be compiled, linked to input and output 

(I/0) files, and executed by the SIMP2 EXEC file on the mainframe or an 

equivalent batch file on a PC. The names of the I/0 files in the EXEC 
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will require modification for each isothermal data file. An example of the 

I/0 portion of the EXEC file follows: 

FILEDEF 05 F974T150 DATA 
FILEDEF 06 F974T150 OU'l' 

(read file) 
(write file) 

where FILEDEF 05 is the unit number defined for reading and FILEDEF 06 is 

the unit number defined for writing in the FORTRAN program SIMP2. To 

compile, link, and execute the SIMP2 FORTRAN program, simply execute the 

SIMP2 EXEC file. Once the SIMP2 FORTRAN program has been executed and the 

F974T150 OU'l' file has been created, the input data, which has been regur

gitated, should be erased if it appears to be correct. Delete all of the 

remaining columns of data except for the following three: 

Time 
(min) 

Degree of Cure Cure Rate 
(1/sec) 

Now erase the column headings above each data set (as in column headings 

shown directly above). Next, add two rows to the top of each of these 

files and add the following information to the output file in free format: 

(i.) f of data points (excluding these top two rows) 

(ii.) Temperature in Kelvin (273.0 + °C) 

Save the output file with these modifications under the same filename 

(i.e. F974T150 OU'l'). It should be noted that the Simpson's Rule integra

tion routine has been thoroughly tested with polynomial functions which 

are integrable on a hand calculator. The software yielded a very high 

degree of accuracy as compared with the calculator results for the same 

function. 

III. Now that degree of cure and cure rate data has been estab

lished at various times throughout the isothermal scan, a cure reaction 

130 



kinetics model, relating cure rate to degree of cure, can be fit to the 

data. A nonlinear curve fitting routine called MINPACK [6] (available on 

the IBM 3090 mainframe) was used to determine 4 constants in the following 

kinetics model taken from Dusi et al. [4]: 

(54) 

where ki, k 2 , m, and n are the constants to be dete:cmined for a given set 

of isothermal cure rate and degree of cure data (section 3.2 of this re

port discusses the kinetics model in equation (55) in a rigorous manner). 

A program was written to call the MINPACK subroutine, provide MINPACK with 

the model equation which is to be fit, and to provide initial guesses of 

each of the parameters to be fit to the model equation. The program is 

called SHELLALO FORTRAN and a complete listing of the code can be found in 

Appendix C of this report . 

SHELLALO FORTRAN may require some editing for each set of isothermal 

data supplied for the non-linear curve fit. The initial guesses of the 4 

constants in the kinetics model may require adjustments so that the model 

can converge to a reasonable set of parameters which result in a good 

curve fit. Initially, the guesses should be adjusted as follows: 

m = 1.0 n = 1.0 

If these initial guesses cause convergence to a set of parameters that 

cause a poor fit to the data, then the initial guesses will have to be 

adjusted in a trial and error fashion. 
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To compile, link, and execute the SHELLALO FORTRAN file, the SHELL 

EXEC file should be executed. The SHELL EXEC file will require I/0 file

name changes for each isothermal input and output file: 

FILEDEF 05 F974T150 OUT 
FILEDEF 06 MINlSO OUT 

(input file) 
(output file) 

The 4 constants k 1 , k 2 , m, and n should be given in the output file (i.e. 

MINlSO OUT) after execution of SHELLALO FORTRAN. If either k 1 or k 2 are 

negative then the initial parameter guesses should be adjusted in the 

SHELLALO FORTRAN file and it should be rerun. 

IV. The four parameters determined from the isothermal kinetics 

model curve fits should be tested in the kinetics model. Cure rate (da/dt) 

should be calculated using the model and parameters determined. These 

analytical values of cure rate spanning the full range of degree of cure 

(0.0 to 1.0) can be compared with the cure rate and degree of cure data 

from the Simpson's rule program. A program called ALPVER FORTRAN was 

written to produce cure rate data from the model over the full range of 

degree of cure (a complete listing of the code can be found in Appendix D 

of this report). The values of the parameters k1 , k2 , m, and n should be 

input into the ALPVER FORTRAN code. To compile, link, and execute the 

ALPVER FORTRAN program, the CONVERT EXEC file should be executed. The 

CONVERT EXEC file will require I/0 editing for each set of parameters from 

each isothermal model: 

FILEDEF 06 ADALP150 OUT (output file) (no input file) 

The output file created (i.e ADALPlSO OUT) should contain cure rate 

and degree of cure data generated by the model. The next step of verifi

cation requires plotting the analytical cure rate and degree of cure data 

and the Simpson's rule program cure rate and degree of cure data on the 
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same graph. On the IBM 3090 mainframe, the SAS (Statistica1 Ana1ysis 

Software) graphing package can be used. Any information in the ADALPxxx 

OUT output fi1es, generated from the ALPVER FORTRAN program, that is not 

data should be erased (i.e. # of data points and temperature in Kelvin 

1ocated at the top of the file). A1so de1ete the co1umn of time data 

before plotting cure rate as a function of degree of cure. 

If the model and data corre1ate poor1y, try adjusting the initial 

guesses for the 4 parameters in the SHELLALO FORTRAN file. If this fai1s, 

try adjusting the data distribution density: i.e. perhaps the curve fit is 

weighted towards fitting the curve best where the data density is great

est. Consequent1y, low data density regions of the curve (usually the 

first few minutes of data) are poorly fit. If this is the case, data may 

need to be se1ectively de1eted resulting in a more homogeneous data dis

tribution and hopefully a better curve fit. Before a1tering the original 

data file (from the Simpson's Rule program) a back-up of each fi1e should 

be made to avoid having to re-run the Simpson's Rule analysis. 

VI. This procedure (as outlined in steps I - V) must be repeated 

for all of the isothermal DSC scans for which data is available. Once the 

four parameters have been verified for each isothermal model, a global 

kinetics model can be constructed to predict the cure rate as a function 

of degree of cure, temperature, and time over a broad temperature range. 

This involves fitting po1ynomial functions or an appropriate constant to 

the exponents m and n in the kinetics mode1, and it involves fitting Arr

henius type curves to the reaction rate constants kl and k 2 in the model. 

This procedure is outlined in section 3.2 of this thesis and to some ex

tent in Dusi et al. [4]). 
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Appendix B: SIMP2 FORTRAN 

IMPLICIT REAL.8(A-H,0-Z) 
DIMENSION TIME(8000).TEMP{8000),Y(8000),YY(8000) 

C 
C LEAVE MASS IN MG SINCE SIGNAL DATA IS IN MW 
C NEED AN ODD NUMBER OF DATA POINTS IN INPUT FILE INCLUDING 
C (XO.YO) FOR ROUTINE TO YIELD CORRECT RESULTS. 
C 
C HU = ULTIMATE HEAT OF REACTION 
c RMASS = MASS OF RESIN 
C N = # OF DAT A POINTS (ODD) 
C TIMED = TIME OF FIRST DATA POINT, TIMEEND = TIME OF LAST DATA POINT 
C YO = SIGNAL VALUE OF FIRST DATA POINT, YEND = SIGNAL VALUE OF LAST 
C DATA POINT 
C E = CELL CONST ANT 
C 

C 

READ(5.1') RMASS.N,TIMEO,YO,TIMEEND,YEND,E,HU 
TIMED= TIMEo·so.Do 
TIMEEND = TIMEEND"60.00 
WRITE (6.3) RMASS,N,TIMEO 

3 FORMAT ('RMASS = ',010.4,' N = ',14,' TII\!; = ',D10.4) 
WRITE (6,4) YO,TIMEEND,YEND 

4 FORMAT ('YO = '.010.4.' TIMEEND = ',D10.4.' VEND = ',D10.4) 
WRITE (6,5) E,HU 

5 FORMAT ('E = ',F6.4, 'HU = ',F8.2,/) 

DO 107, 1=1,N 
READ( 5, ·) TIME(l),TEM P(l),Y(I) 
TIME(I) = TIME(W60.DO - TIMEO 

107 Y(I) = Y(l)-YEND 
C 

WRITE(6,42) 
42 FOR MAT(/ ,4X,'TIME(T)' ,ax, 'TEM P(T)' ,6X,'HEAT FLOW') 

WR ITE(6,43) 
43 FORM AT(3X.'{SECONDS )', 7X,' (DEG C)' ,9X.'(MW)' ,/) 

C 

C 

C 

DO 50, I= 1,N 
WRITE (6,45) TIME(l),TEMP(l),Y(I) 

45 FORMAT (D12.4,3X,D12.4,3X,D12.4) 
50 CONTINUE 

WRITE(6,35) 
35 FORMAT(/ ,4X,'TI ME(T)', 7X,'HU* ALPHA' ,5X,'HU*D(ALPHA}/DT', 

1 5X, 'ALPHA', 7X,'D{ALPHA)/DT', 7X,'ELEMENT' ,4X,'ELEMENT ALPHA') 
WR ITE(6,36) 

36 FORMAT{3X,'(SECONDS)',8X,'(J/G)', 11X,'(W/G)',23X,'(1/SEC)',8X, 
1 'ALPHA*HU',/) 
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C 

C 

C 

S=O.DO 
SS=O.O 
K=O 

DO 108, J = 5,N,4 
K=J-4 
M=J 
G=O.O 
C=O.O 
D=O.O 

DO 10, I= K + 1,M,2 
10 c = c + 4.Do·vo) 

MM=M-1 

DO 20,1 = K + 2,MM,2 
20 D = D + 2.DO*Y(I) 

C 
C G IS UN-NORMALIZED INCREMENTAL ALPHA AT EACH TIME (IT IS NOT SUMMED) 
C 

G = (( TIME(J)-TIME(K) )/( 3"(4) ))*( Y(K) + C + D + Y(J) )*E/RMASS 
C 
C GG IS THE SUM OF THE INCREMENTAL UN-NORMALIZED ALPHA'S FOR EACH TIME 
C STEP. 
C 

GG = (( TIME(J)-TIME(K) )/( 3*(4) ))"( Y(K) + C + D + Y(J) )*E/(RMASS* 
1 HU) 

C 
C SIS UN-NORMALIZED INCREMENTAL ALPHA AT EACH TIME (IT JS SUMMED) 
C 

S = S+G 
C 
C SS IS THE SUM OF THE INCREMENTAL NORMALIZED ALPHA'S FOR EACH TIME 
C STEP. 
C 

SS = SS+GG 
C 
C Y(J) IS THE UN-NOMALIZED CURE RATE (D-ALPHA/DT) AT EACH TIME STEP 
C 

Y(J) = Y(J)/RMASS 
C 
C YY(J) IS THE NORMALIZED CURE RATE (D-ALPHA/DT) AT EACH TIME STEP 
C 

YY(J) = Y{J)/HU 
IF (YY(J).L T.0.0) YY(J) = ABS(YY(J)) 

C 

C 

C 

WR ITE(6,30) TIME(J),S, Y(J),SS, YY(J ),G,GG 
108 CONTINUE 

30 FORMAT(1X,D12.4,3X,D12.4,3X,D12.4,3X,012.4,3X,D12.4,3X,D12.4, 
1 3X,D12.4) 

END 
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C 

C 

C 

Appendix C: SBELLALO FORTRAN 

IMPLICIT REAL*B(A-H,0-2) 
DIMENSION IWA(6) 
DI MENS ION X(6), FVEC(600),WA(5000),ENORM( 10, 1 O),T(600) 

COMMON/YZDAT A/Y(G00),2(600) 
EXTERNAL FCN 

READ(5,*) M 
N=4 
LWA = M*N+5.0*N+M 
TOL = 1.0E-03 
READ (5,*) TEMP 

DO 5 I= 1,M 
READ (5:) T{l),Z(l),Y(I) 

5 CONTINUE 
C 
c:--~~~-- ------------------------------------
c LOGIC:AL OUTPUT UNIT IS UNIT 6 

C: ----------~------------------------------------------
X( 1) = 0.18660-02 
X(2) = 0.9378D-02 
X(3) = 0. 7903DO 
X(4) = 2.02700 
CALL LMDJF1(FCN,M,N,X,FVEC,TOL,INFO,IWA,WA,LWA) 

c~--~-~-- -~------------------------------------
WRITE(6, 1000) TEMP, INFO 

1000 FORMAT(5X,'THE ISOTHERMAL TEMPERATURE K .............. = ',F10.4,/, 
1 5X,'THE EXIT PARAMETER = ',14) 
WRITEC,*) 
WR ITE(6, 1500) 

1500 FORMAT(10X,'THE APPROXIMATE CURVE FIT PARAMAETERS K1,K2,M,N') 
WRITE(-,") 
WRITE(6,2000) (f,X(l),I = 1,N) 

2000 FORMAT(10X.15,2X,'THE VALUE OF K1 = ',E12.4,/, 
1 10X,15.2X,'THE VALUE OF K2 = ',E12.4,/, 
1 10X,15,2X,'THE VALUE OF M = ',E12.4,/, 
1 10X,15,2X,'THE VALUE OF N = ',E12.4) 

STOP 
END 
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C: ~~~~~~-~~-~--~-~-~-~---------------------

C: 

SUBROUTINE FC:N(M,N,X,FVEC:,IFLAG) 
IMPLIC:IT REAL.8(A-H,O-Z) 
DIMENSION X(N).FVEc:(M) 
C:OMMON/YZDATA/Y(600),Z(600) 

DO 10 I = 1,M 
FVEC:(I) = Y(I) - ( X(1) + X(2) • (Z(l)**X(3))) 

1 " ( 1.0 - 2(1)) .. X(4) 
C: FVEC:(I) = Y(I) - X(1) • ( 1.0 - Z(t)) .. X(2) 

C: 
10 C:ONTINUE 

RETURN 
END 
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C 

Appendix D: ALPVER FORTRAN 

IMPLICIT REAL*S(A-H,0-Z) 
REAL"S M,N,K1,K2 

C GIVEN THE FOUR PARAMETERS FROM MINPACK, THIS PROGRAM WILL GENERATE 
C DEGREE OF CURE AND CURE RATE DATA FOR ALPHA IN INCREMENTS OF 1/100 
C FOR ALPHA BETWEEN O AND 1. 
C 

C 

C 

K1 = 0.10140-03 
K2 = 0.35570-02 
M = 0.5709DO 
N= 2.189DO 

DO 10, I= 1,100 
Z=I 
ALPHA = Z/100.00 
DALPHA = (K1 + K2*ALPHA .. M)*(1.D0-ALPHA)**N 

10 WRITE (6.20) ALPHA, DALPHA 

20 FORMAT(3X,D12.5,3X,D12.5) 
STOP 
END 
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