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ABSTRACT 

The aging of polymeric high voltage insulators used in spacecrafts is 
a process which is not well understood. Aging is generally thought to 
involve chemical reaction of the material with the environment, perhaps 
augmented by electromagnetic radiation, which induce changes in the 
response properties of the polymeric materials. The situation is further 
complicated, in a typical application, by the possible existence of several 
simultaneous stresses. These are diffusion, thermal, electrical, and 
mechanical stress. There are serious questions whether available properties 
and analyses can accurately predict the response to applied loads in the 
short term, not to mention in the long term. In an effort to provide 
quantitative information on material response that can be used to verify 
analyses as well as develop a better understanding of the space aging 
process, the mechanisms of thermal cycling, chemical diffusion, electrical 
stress, and mechanical stress will be evaluated when applied separately, or 
in multiple combinations. 

The objective of this project is to design, build, and establish the 
operation of a space simulation chamber with thermal cycling capability in 
both vacuum and inert environments. The chamber will facilitate a 
variety of tests to be conducted by students in Physics, Engineering, and 
Chemistry as an interdisciplinary team effort. 
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CHAPTER I 

INTRODUCTION 

The aging of polymeric high voltage insulators used in spacecrafts is 
a process which is not well understood. It is generally recognized that 
chemical reaction with the environment, perhaps augmented by 
electromagnetic radiation, induces changes in response properties of the 
polymeric materials. The altered, or aged, material may then display 
damage, or failure, with the application of any of a variety of stresses. 
The situation is further complicated in a typical application by the 
possible existence of several simultaneous stresses. These are diffusion, 
thermal, electrical, and mechanical stresses. The aging of polymers in the 
atmosphere involves the same stresses, but with lesser degrees of severity. 
Another important difference is that in the atmosphere, polymers absorb 
and desorb solubles, such as water, while in space they only desorb these 
solubles. In an effort to develop a better understanding of the space aging 
process, the mechanisms of thermal cycling, chemical diffusion, electrical 
stress, and mechanical stress need to be evaluated when applied 
individually and when applied in multiple combinations. As quantitative 
information is of interest, it is important to define the relevant operational 
environment as well as possible. The effects of aging can then be 
evaluated experimentally in a simulated space environment. 

Space Environment 

Volumes of data on the space environment, based on experience 

accumulated during the last thirty years, exist, and new information is 

constantly being added. Jaffe' [1], Bouquet [2], Dauphin [31, Schmidt [4], 

and many others have written books concerning the environment in space 

and its influence on material properties. The following section will 

summarize the basic components of the space environment that effect the 

aging of electrical insulators. 
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Atmosphere 

The atmospheric pressure between 150 — 250 nautical miles above 
the earth's surface is lO"*̂  to 10"* torr. At these rarified altitudes, 
pressure may be viewed conceptually as collisions of particles from the 
solar winds, earth's atmosphere and intruding spacecraft debris. The 
values vary according to the magnitude of substorm activity. Gases 
desorbed from spacecraft materials tend not to be recaptured, so are 
considered to evaporate, or sublime. Due to the mutual attraction of 
matter, the desorbed gases tend to accompany the spacecraft on its 
journey. Additional sources of debris are thruster firings. Reports 
indicate that pressures in the space shuttles' payload bay increased from 
10""̂  to 10~* torr during thruster firing [5]. 

When using polymer insulators, it is important to remember that 
the space surrounding atmosphere will permit solvents to escape the 
surface (evaporate). The evaporation of these solvents will probably 
change the material's properties. 

The surface flashover potential will inherently be influenced by 
gaseous molecules adsorbed to the surface of the insulator. As the 
number of molecules increase, in effect increasing pressure, the voltage at 
which surface flashover will occur decreases. It is believed that 
temperature, function of electromagnetic radiation, may also have an effect 
on the number of molecules adsorbed to the surface. 

Electromagnetic Radiation 
The solar spectrum may be considered to be energy composed of 

four ranges of wavelengths. The range with the shortest wavelengths, from 
6 X 10"* to 7 nanometers, includes x-rays and gamma-rays. Ultra-violet 
light has wavelengths ranging from 7 to 400 nanometers. Light visible to 
human eyes has wavelengths ranging from 400 to 700 nanometers. The 
last category is infrared light which ranges from 700 to 5 x 10* 
nanometers and beyond. The intensity of these waves in the space 
environment is shown in Figure 1.1. 
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Figure 1.1. The solar spectrum as a function of wavelength. 

Radiation damages a material if it is absorbed. If radiation is 
reflected, or passes through a material, no damage occurs. A comparison 
of the absorption spectrum for several polymers indicated that, in general, 
polymers tend to absorb most of the ultra—violet light. The potential for 
damage upon direct exposure to solar radiation is so high, it is considered 
to be necessary to afford the insulators some protection. 

There are three sources of thermal energy in space. The first is 
direct solar radiation from the sun. The second is solar radiation reflected 
by the earth (albedo). The third is infrared radiation emitted by the 
earth. For satellites in LEO, all three must be considered. If the satellite 
is in a higher orbit (GEO), the second and third effects can be neglected. 

Deep space can be considered a thermal energy sink at 4 °K [6]. 
The heat balance of a satellite is determined by the amount of radiant 
energy absorbed, the amount of internal energy produced, and the amount 
of energy radiated away. The low molecular density of space allows 
convective heat transfer to be neglected. 



Satellites exposed to direct solar radiation may have surface 
temperatures near 8(X) K̂, while surfaces exposed to black space may have 
temperatures near 4 °K. As the satellite rotates, a time dependent 
thermal gradient exists. The thermal cycling causes fatigue problems in 
many materials. Ott [7] reviews the failure of a polycarbonate capacitor 
on the NASA Voyager spacecraft that was caused by thermal cycling 
fatigue. In many practical applications, components made using materials 
with different coefficients of thermal expansion are afforded some 
protection to moderate the temperature excursions in order to avoid 
fracture. 

Spacecraft Charging 
The typical strength of the earth's magnetic field is 5 x 10"* tesla. 

The earth's magnetic poles form ^ Ib^ angle with the axis of rotation. 
The magnetic field up to 2.5—earth diameters above the surface can be 
approximated as a uniformly magnetized sphere. At distances greater than 
2.5 diameters above the surface, the magnetic field is distorted by the 
motion of ionized particles. Figure 1.2 is a schematic of the earth's 
magnetic field. 

Charged particles, known as solar wind, flow radially outward from 
the sun. The bulk speed of these particles range from 185 to 
630 miles/second [8]. The velocity vector of the earth traveling around 
the sun, approximately 5 miles/second, is so much lower than the particle 
velocities that the particle interactions with the earth's magnetic field will 
begin on the sunward side of the earth. The charged particles develop 
flow streams toward the polar regions of the earth, and on collision with 
the atmospheric gases, give rise to the auroras. Spacecrafts moving 
through the flow of charged particles will develop surface charges, with the 
severity varying with abundance of the particles; the worst case is polar 
orbit. 
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Figure 1.2. Schematic of the earth's magnetic field. 

Spacecrafts in geosynchronous orbits also experience a buildup of 
static potential on the surfaces, but with less severity than crafts in polar 
orbit. The buildup seems to occur when the particles in the solar winds 
enter into the magnetosphere. The intensity of the solar winds varies 
with solar cycle (11 earth years). The electrostatic charging can be in the 
kilovolt range. The first evidence of kilovolt charging was reported by 
DeForest [9] in 1972. The report was based on data from the Applied 
Technology Satellite—5 (ATS—5), which was equipped with a plasma 
detector. The highest charge potential recorded during eclipse was 
10,(X)0 volts. In sunlight, the highest potential recorded was 2(X) volts. 
The ATS—6 was equipped with better charge detection systems and 
reported surfaces charges near 20,000 volts [10]. The ATS-6 data 
revealed the phenomenon of differential charging. Differential charging 
simply means that the surface charge varied from one part to another. 

In an effort to learn more about surface charging, a program called 
Spacecraft Charging at High Altitudes (SCATHA) was initiated in the 
mid—1970's. The P78—2 satellite was launched with three engineering 
payloads. The first was a charging electric effects analyzer (CEEA), which 
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was used to measure the characteristics of electrical discharges as functions 
of frequency and time. Koons [11] gave an account of the analysis. The 
second payload was three satellite surface monitors (SSPM), which were 
used to measure surface potentials of thermal control materials such as 
Kapton, quartz fabric, and optical solar reflectors. The results were 
presented by Lehn [12] and by Mizera [13]. The third payload was the 
Sheath Electric Fields Experiment (SEFE), which measures the plasma 
sheath near the satellite and the potential of the satellite with respect to 
the space plasma. The results were reported by Mullen [14]. 

The data collected by these and other satellites has allowed 
computer programs to be developed that can predict the magnitude of 
surface charging for particular satellite designs. Massaro [15] presented 
predicted surface charges for DSCS-III (Defense Satellite Clommunication 
System) using the Electrostatic Charging Analysis Program (ESCAP), 
which was developed by (]reneral Electric Space Division. Stevens [16] 
described the modeling of satellites and presented surface charge results 
based on the NASA Charging Analyzer Program (NASCAP). The 
design of the craft may include a protective shell and grounding loops in 
an effort to avoid insulator exposure to large charging potentials. 

Atomic Oxygen in Low E)arth Orbit 
At the altitudes of low earth orbit (LEO), 150-350 nautical miles, 

the most abundant gas is atomic oxygen [17]. Stimulated by the intense 
ultra—violet constituent of the solar spectrum, diatomic oxygen is 
dissociated. The single oxygen atoms are very aggressive and cause 
accelerated oxidation rates when other materials are encountered. Space 
Shuttle missions STS—4 and STS-5 involved tests that evaluated exposure 
effects of selected materials [18]. The results of these tests indicated 
chemical reactions between atomic oxygen and surface atoms were 
occurring. Fluorinated hydrocarbons are more resistant to attack by 
atomic oxygen, but are not always the insulator material of choice. At 
present, it seems more practical to afford polymeric insulators protection, 



or shielding, from atomic oxygen than to synthesize more resistant 
materials. 

Issues 

Some of the environment is so severe, that at present it appears 
practical to protect the polymeric insulators. Due to the functional 
arrangement of the insulators, it will be necessary for the insulator to 
withstand other parts of the environment. 

The charged particles from the solar winds are known to severely 
damage polymers. It is, therefore, assumed that the practical application 
design will provide protection for the polymeric insulators. For this 
reason, radiation effects will be neglected during simulation tests. 

Polymer protection from the aggressive atomic oxygen is also 
assumed to be provided in the space application. Simulation tests will, 
therefore, not include oxidation. 

Although thermal cycling exists, limited protection from the 
temperature extremes are assumed. Simulation tests will, therefore, 
include thermal cycling, but at smaller thermal gradients. 

The insulators are to be used in applications involving high voltages; 
therefore, electrical stress cannot be ignored and will be included during 
simulation tests. The insulator will be exposed to the low pressures of 
space and desorption will occur. This process will also be included during 
simulation tests. 

Individual evaluation of the effects each process incurs on the 
polymer will help provide an analytic solution to the aging process. The 
simultaneous application of these environmental effects will provide the 
necessary quantitative information about the insulating quality of particular 
polymers. 

Objective 

The objective of this project is to design, build, and establish the 

operation of a space simulation chamber with thermal cycling capability in 
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both vacuum and inert environments. The chamber is to be used for the 

purpose of evaluating high voltage insulator aging effects. The chamber 

will facilitate a variety of tests to be conducted by students in Physics, 

Engineering, and Chemistry as an interdisciplinary team effort. 



CHAPTER n 

MECHANICS OF AGING 

Polymer aging often includes (a) continued chemical reaction of 
initial ingredients (post—cure), (b) chemical reaction with the environment 
constituents (oxidation), and (c) physical aging (relaxation of molecular 
network free volume). Significant amounts of work have been done in 
these areas [19—21]. In instances of application to spacecraft electrical 
insulators, additional influences that effect changes in the insulators 
material properties in time, and with use, may be experienced. The 
additional effects of desorption, thermal aging, and electrical charging will 
be discussed. 

Evaporation of Water and Solvents 

The diffusion of water and solvents through a material creates 
internal stresses. In most cases, when analyzing polymeric materials water 
has the largest diffusion rate; therefore, a single component diffusion 
process can be assumed. This section will approximate the diffusion rate 
through a polymer using Picks' Law, and will derive an equation that can 
be used to calculate the stresses in the polymer as a function of time and 
displacement. Specific examples will be included using 0.125" thick 
polycarbonate sheet stock. 

Diffusion Rates 
The diffusion of a mass through a material can be represented by 

the following partial differential equation; 

8M/8t = D 82M/8z2 , (2.1) 

where 

9 
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M = weight of moisture 
D = material diffusion coefficient 
t = time 
z = displacement. 

The boundary conditions for the thin plate shown in Figure 2.1 are 

a). M(z,0) = Mo 
b). M(0,t) = 0 
c). M(2h,t) = 0. 

Figure 2.1. Diffusion through a thin plate. 

The solution is assumed to be of the form 

M(z,t) = Z(z) T(t). (2.2) 

Taking the derivative of M with respect to t, the following is obtained; 

8M/8t = Z T'. (2.3) 
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Taking the first and second derivative of M with respect to z the 
following is obtained; 

8M/8Z = Z' T (2.4) 

82M/8z2 = Z" T. (2.5) 

Substituting Equations 2.3 and 2.5 into Equation 2.1, and separating the 
variables, the following is obtained; 

T'/T D = Z" / Z. (2.6) 

In Equation 2.6, D is a constant, T'/T is a function of t, and Z"/Z is a 
function of z. The only way two functions can equal each other is if the 
functions are constant; therefore, 

T'/T D = Z" / Z = + / - X2. (2.7) 

The solution now involves solving two ordinary differential equations. In 
order to satisfy the boundary conditions —X̂  will be chosen. The solutions 
are 

T(t) = exp ( - D X2 t) (2.8) 

Z(z) = sin (X z). (2.9) 

Substituting Equations 2.8 and 2.9 into Equation 2.2, the trial solution is 

M(z,t) = sin (X z) exp ( - D X2 t). (2.10) 

This solution satisfies the partial differential equation (PDE) and boundar\ 

condition (b). In order to satisfy boundary condition (c) choose 
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X = X ^ = n T r / 2 h (2.11) 
n = 1, 2, 3, 4,... . 

Multiplying the solution by a constant indexed on n and summing an 
infinite number of solutions, the generalized trial solution becomes 

M(z,t) = 2 A^ sin(X„z) exp(-D X,2 t), (2.12) 
where 

A„ = 1/h /o2>' f(z') sin(X,z') dz' 

n = 1) 2, 3, 4,... 

In order to satisfy boundary condition (a) the constant A,̂  becomes 

A„ = 2 Mo / h X„, (2.13) 

where 
n = 1, 3, 5, 7,... 

The final solution for the weight of moisture present in material takes the 

form 

M(z,t) = 2 (2Mo/hX )̂ sin(X„z) exp(-D X̂ 2 t), (2.14) 

where 
X̂  = n IT / 2 h 

n ^ 1, u, o, /,... 

Diffusion Stresses 
The change is volume of a specimen as a function of time and 

displacement can be expressed as 
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V(z,t) = v M(z,t). (2.15) 

The relationship between strain tensors and volumetric change is 

c^+Cy+c, = AV/Vo. (2.16) 

For the special case of isotropic materials under hydrostatic loading, we 
have by definition 

«x=S=S=«- (2.17) 

Therefore, substituting Equation 2.17 into Equation 2.16 we obtain 

€ = AV/3V0. (2.18) 

The stress—strain relationship for transient moisture sorption out of an 
isotropic element is 

(T = E e / (1 - v). (2.19) 

Substituting Equations 2.15 and 2.18 into Equation 2.19 we obtain 

ff = E V M / 3 Vo (1 - v). (2.20) 

The total stress as a function of time and displacement for a free plate is 

cr(z,t) = (E V / 3 Vo (1-v)) [ -M(z,t) -I- (l/2h) (2.21) 
I^^ M(z,t) dz + (3z/2h*) V^ M(z,t) z dz], 

where 

M(z,t) = (4Mo/ir) sin(irz/2h) exp(-D(ir/2h)2t). 

Integrating Equation 2.21 we obtain 



cr(z,t) = (4vEMo/3Vo(l-v)ir)[2/Tr 
exp(-D(ir/2h)2t). 

14 

- sin(Trz/2h)] (2.22) 

Using a Fortran program (Appendbc A) to evaluate Equations 2.14 
and 2.22, the stresses at the surface and center of an initially saturated 
polycarbonate plate were determined. Figure 2.2 is a plot of stress versus 
time for the polycarbonate specimen. 

n a (Diyi) 
aufaoe » Miiter 

Figure 2.2. Diffusion stress versus time for polycarbonate. 

Thermal Cycling 

This section will derive an equation that can be used to determine 
the temperature profile within a thin plate as a function of displacement 
and time. An equation to derive the stress distribution due to a linear 
temperature gradient will also be derived. Examples using an 0.125" thick 
sheet of polycarbonate are included. 
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Temperature Distribution 

The temperature distribution in a thin plate can be determined by 

solving the foUqwing one—dimensional diffusion equation 

8T/8t = a 82T/8z2, (2.23) 

where 

T = Temperature 
a = heat diffusion coefficient 
t = time 
z = displacement. 

The boundary conditions for the thin plate shown in Figure 2.3 are 

a). T(z,0) = To 
b). T(0,t) = 0 
c). T(2h,t) = 0. 

*• z 

X 

A 

T(0,t) 
n T(z,0) 

T(2h,t) 

- J U -
- * • z 

2h 

Figure 2.3. Boundary conditions for a thin plate. 
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The solution is assimied to be of the form 

T(z,t) = Z(z) W(t). (2.24) 

Taking the derivative of T with respect to t, the following is obtained 

8T/8t = Z W'. (2.25) 

Taking the flrst and second derivative of T with respect to z, the 
following is obtained 

8T/8z = Z' W (2.26) 

82T/8z2 = Z« W. (2.27) 

Substituting Equations 2.25 and 2.27 into Equation 2.23 and separating the 
variables, the following is obtained 

W'/W o = Z» / Z. (2.28) 

In Equation 2.6, a is a constant, W'/W is a function of t, and Z /̂Z is a 
function of z. The only way two functions can equal each other is if the 
functions are constant; therefore, 

W'/W D = Z" / Z = + / - X2. (2.29) 

The solution now involves solving two ordinary differential equations. In 
order to satisfy the boundary conditions —X2 will be chosen. The solutions 
are 

W(t) = exp (- a X2 t) (2.30) 

Z(z) = sin (X z). (2.31) 
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Substituting Equations 2.30 and 2.31 into Equation 2.24 the trial solution 
is 

T(z,t) = sin (X z) exp ( - a X2 t). (2.32) 

This solution satisfies the partial differential equation (PDE) and boundary 
condition (b). In order to satisfy boundary condition (c) choose 

X = X „ = n p / 2 h (2.33) 
n = 1> 2, 3, 4,... . 

Multiplying the solution by a constant indexed on n and summing an 

infinite number of solutions, the generalized trial solution becomes 

T(z,t) = 2 A„ sm(X„z) exp(-a X„2 t), (2.34) 

where 

A, = 1/h V*' f(z') sin(X„z') dz' 

n = 1, 2, 3, 4,... . 

In order to satisfy boundary condition (a) the constant A,̂  becomes 

A„ = 2 To / h X., (2.35) 

where 

n ^ 1, o, &, /,... . 

The final solution for the temperature distribution takes the form 

T(z,t) = 2 (2To/hX„) sin(X„z) exp(-a X„2 t), (2.36) 

where 
X̂  = n IT / 2 h 
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n = 1) 3, 5, 7,... 

Figure 2.4. is a plot of the temperature distribution through a thin 
sheet of polycarbonate at various times. The data was generated using a 
Fortran program (Appendbc B) which solved Equation 2.36. The figure 
indicates that after Ave seconds the temperature at the center is 160 °F. 
To obtain a completely uniform temperature distribution in the material 
would require a time of one minute. 
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Figure 2.4. Temperature distribution for polycarbonate. 

Thermal Induced Stress 
Consider a thin plate of thickness 2h. The plate is completely free 

of external forces, and the temperature varies only through the thickness, 
T = T(z). We can assume that under these conditions the stress 
components are: 

<T = 0 " XX yy = f(z) 



19 

^'zz = ^'xz = ^'yx = ^'zy = 0 ' 

Assuming the plate does not warp, and that ĉ ^ is a linear function of 
temperature, we can assume all other strains to be zero: 

xy ^y» *zx ^xx ^yy ^^ " * 

Recall the stress—strain relationship 

x̂x = (̂ 'xx - v((ryy + CT„))/E -f pT, (2.37) 
where 

V = Poisson's ratio 
E = Modulus of Elasticity 
^ = Coefficient of thermal expansion. 

Solving Equation 2.37 for (T^^ and inserting assumed values, we obtain 

(7,, = - E P T (l+v)/(l-v2). (2.38) 

The total stresses are obtained by integrating the following equation 

(T(z,t) = (pE/(l-v))[-T(z,t) + (l/2h) /o2»» T(z,t) dz 
+ (3z/2h3) Vh T(z,t) z dz], (2.39) 

where 
T(z,t) = (4To/Tr)( sin(Trz/2h) exp(-a('»r/2h)2t)). 

The final form of the equation is 

(r(z,t) = (4pETo/(l-v)'ir)(2/'Tr - sin('Trz/2h)] (2.-10) 

exp(-a(Tr/2h)2t). 
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Figure 2.6 was obtained using a Fortran program (Appendbc B) to solve 
Equation 2.40. More rigorous solutions for different type of boundary 
values are included in Boley [22]. 

Tna (MOOII4S) 

0 suRTACi f cnrm 

Figure 2.5. Plot of thermal stress as a function of t ime. 

Electrical Charging 

Most mathemat ica l analyses of insulator failure include thermal and 

electrical stresses. This sect ion wiU provide a brief description of some 

aging models used. 

The statistical treatment of the number of t imes to failure of solid 

insulating specimens may involve the WeibuU probability function. 
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F(t) = 1 - exp(-t/a)^ (2.41) 

where 
a = a(voltage,temperature) 
b = b(yoltage,temperature). 

A complete description of the analysis using the WeibuU probability 
function is given by Montanari [23]. 

Simoni [24] provides an analysis developing a life model using the 
inverse—power law for electrical aging and the Arrhenius relationship for 
thermal aging. The total aging effect is treated as a cumulative quantity. 
The general aging equation and the relationships derived from it are 
shown in Figure 2.6. 
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Figure 2.6. General aging equation and relationships. 

These equations offer a promising foundation and hold the 
possibility of expansion to include the effects of diffusion and mechanical 
stress. B}xpansion of the equations will be based on experimental data 
obtained using test methods described in the following chapters. 



CHAPTER III 

PROJECT INTEGRATION 

The development of the procedure for selecting insulators includes 
the integration of several existing projects. All of the following 
experiments are conducted under vacuum conditions. A description of 
these projects and their relationship with the thermal cycling system are 
discussed below. 

Bulk Voltage Breakdown 

The bulk breakdown potential, as a function of specimen thickness, 
is the voltage at which failure of an electrical insulator occurs. The test 
is conducted by placing positive and negative electrodes on opposite sides 
of the specimen. The two electrodes are in line with each other, and 
make contact with the specimen. The voltage across the electrodes is 
increased until the specimen fails. By testing specimens with different 
thicknesses, a master curve similar to Figure 3.1 can be obtained. 

Volts Dry 
1,000 cycles 
100 cycles 

Wet 

thickness (in) 

Figure 3.1. Expected breakdown voltage versus specimen thickness. 

22 



23 

The plot shows a direct relationship between voltage and specimen 
thickness. The water content in polymers is inversely proportional to the 
breakdown voltage. Thermal cycling should cause a drying effect in the 
plastics, and should increase the breakdown voltage for thinner specimens. 
As the thickness increases there will be less moisture change through the 
bulk of the material resulting in a smaller increase in the breakdown 
voltage. 

Surface Flashover 

The surface flashover is determined by placing two 0.75" diameter 
electrodes on the same side of a specimen. Springs hold the electrodes in 
contact with the specimen. The distance between the electrodes is 0.2". 
Figure 3.2 is a schematic of the surface flashover system. 

HIGH VOLTAGE CABLE 

i 
SPRING LOADED 

^ MOUNTING RING FOR PORT 
IN VACUUM CHAMBER 

SAMPLE F 

BASE PLATE ELECTRODES 

8 In. 

Figure 3.2. Schematic of surface flashover system. 

A Marx generator erects to a preset voltage in less than 0.1 microseconds 
and the resistors plus the sample holder capacity produce a pulse at the 
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sample. If flashover does not occur, the voltage will decay in 

50 microseconds. . Figure 3.3 is a schematic of the wiring diagram. 

POWER 
SUPPLY 

MARX BANK 
300 kV 

27 kV 
TRIGGER 

START 

i 
SAMPLE fS 

TRIGGER 

SIGNAL 

DIGITAL 

OSCILLOSCOPE 

Figure 3.3. Schematic of flashover circuit. 

A single specimen may be pulsed as many as 40 times. A 
hypothetical curve for surface flashover and the effect of thermal cycling is 
shown in Figure 3.4. Surface flashover is sensitive to surface texture and 
water adsorbed on the surface [25]. Thermal cycling may cause some 
polymeric materials to develop surface cracks. It is believed that these 
cracks will reduce the flashover voltage. The specimen will be dryer 
through the bulk after thermal cycling, but this will have very little effect 
on the flashover voltage. 
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Figure 3.4. Plot of voltage versus number of shots. 

Fracture Toughness 

Fracture toughness is a property which indicates the resistance of a 
material to flaw growth in the presence of a sharp crack. The guidelines 
for determining the fracture toughness of a material are listed in the 
ASTM Standards [26]. The fracture toughness of materials, especially 
polymeric materials, is a function of temperature and loading rate. 

An apparatus has been built that allows the fracture toughness of a 
polymeric material to be determined under vacuum, or atmospheric 
conditions. Fracture specimens are prepared by vapor depositing 
aluminum on both surfaces. While operating under vacuum conditions, 
the test setup also allows specimens to be tested with an electric potential 
across the crack tip. The purpose of this type of test is to determine the 
relationship between electrical and mechanical stress. With the inclusion 
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of thermal cycled specimens, the relationship between electrical, 
mechanical, and thermal stresses can be studied. A plot of potential 
results is shown in Figure 3.5. 

K=500 K=1000 

3 

O 

cracklength 

Figure 3.5. Plot of critical load versus cracklength. 

The baseline data should be collected in air to provide a means to 
compare the accuracy of results with known values of fracture toughness. 
Water in polymers acts like a plasticiyer and often increases fracture 
toughness. The specimens used to collect data under vacuum conditions, 
should have a lower water content and should not be as tough as the 
baseline data. Samples subjected to both electrical and mechanical stress 
are expected to have a lower fracture toughness than the samples under 
pure mechanical stress. 



CHAPTER IV 

VACUUM SYSTEM 

Satellites in low earth orbit (LEO) operate at pressures near 
10~* torr. Plastics exposed to this pressure will outgas solvents and 
water. The outgassing process is the diffusion of liquids and gases 
through the material and the release of molecules held by surface tension. 
The diffusion of absorbed materials creates stresses within the plastic 
material. The following vacuum system adequately simulates the low 
earth orbit. 

The vacuum system consists of a test chamber, a diffusion pump, a 
cryocooler, and two mechanical vacuum pumps. Varian gauges monitor 
the pressure of the test chamber. Figure 4.1 is a schematic of the 
vacuum equipment. 
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1. Ion Gauge 
2. Thermocouple Gauge 
3. Test Chamber 
4. Valve # 1 
5. Valve # 2 
6. Large Mechanical Pum 
7. Cold Trap 
8. Cryocooler 
9. Diffusion Pump 

10. Small Merhanî al Pn^ 
1 1. Exhaust Lines 

Figure 4.1. Schematic view of the vacuum system. 
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Operation Procedure 

Initially valve number one is open and valve number two is closed. 
The large mechanical vacuum pump allows a quick pumpdown from 
atmospheric pressure to 1(X) millitorr. At this point, valve number one is 
closed and number two is opened. The diffusion pump in series with a 
small mechanical pump will then reduce the pressure to 10"* torr. 

Detailed Description 

Thermocouple Gauge 
A thermocouple gauge monitors the pressure from atmosphere to 

10"* torr. The gauge operates on the principle that at low pressures the 
thermal conductivity of gases decreases with pressure. A constant 
electrical current heats the thermocouple junction to about 650 °F. The 
temperature recorded by the thermocouple is inversely proportional to the 
pressure. A scale calibrated for pressure display measures the 
electromotive force of the thermocouple. The accuracy of this type of 
measuring device is +/—30 percent. 

Ionization Gauge 
An ion gauge measures pressure below 10"*. The ionization tubes' 

major components are a heated filament, a grid for extracting electrons 
from the filament, and a collector. The grid accelerates electrons emitted 
by the filament. These electrons collide with gas molecules and produce 
positive ions. The ions are attracted by the collector and create a 
positive ion current. Pressure is calibrated as a function of the ratio of 
grid current and collector current. 

Mechanical Pump 
The small mechanical pump is a two—stage and the large pump is 

a three—stage rotary vane pump. The vanes are spring loaded to 
maintain contact with the pump housing. The housing is eccentric to 
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allow a volume change as the vanes rotate. Figure 4.2 is a schematic of 
the pump. The rotation of the vane from point A to point B is an 
increase in volume. As the volume increases, pressure decreases, which 
causes a suction pressure of 1.0 psia at the inlet. As the vane rotates 
from point B to C, the volume decreases, thus compressing the air. The 
air exits the stage at a slightly higher pressure than it entered. Multiple 
stages are used to increase the efficiency of the pump. The number of 
stages will determine the pressure change across each stage. The only 
criteria is that the flnal stages' outlet pressure be greater than atmospheric 
pressure. 

A to B B to C 
Volume Increase Pressure Increase 

Figure 4.2. Schematic of rotary vane pump. 

Diffusion Pump 
A diffusion pump is used to decrease pressure once the flow 

becomes molecular. The basic configuration is a vertical pipe 8.0" in 
diameter and 24" in length. The outside of the pipe is wrapped with 
water lines which keep the surface cool. At the bottom of the pump is 
an electric heater element. An oil depth of about 2.0" covers the element. 
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Three inches above the oil is the foreline. A series of metal cones are 
above the oil. Figure 4.3 is a schematic of the pump. As the oil is 
heated and boiled off it rises through the cones. An oil condensation will 
form on the cones and on the pipe. The condensation runs down the pipe 
and cones, and returns to the oil reservoir. During this process oil 
molecules hit gas molecules. The oil molecules tend to push the gas 
molecules downward, thus creating a pressure gradient in the pump. The 
pressure near the top of the tank may be 10"* torr while near the foreline 
the pressure may be 10"* torr. The oil mist will keep the molecule out of 
the tank until it bounces into the foreline. To keep the oil mist from 
drifting into the tank, a cold trap is located at the top of the diffusion 
pump. The trap will cause the oil vapor to condense and return to the 
oil reservoir. The trap will also freeze water vapor as it leaves the tank. 
A probe from a cryocooler is inserted into a methylalcohol bath that 
circulates through the cold trap at —60 °F. 

1. Attaches to 
Valve #2 

2. Cold Trap 
3. Water Lines 
4. Cone Stack 
5. Heater Element 
6. Foreline 
7. Baffles 
8. Attaches to Smn" 

Mechanical Puruj 

Figure 4.3. Cutaway view of the diffusion pump. 
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Test Chamber 

The test chamber is a stainless steel tank. It is 24.0" in diameter, 
84.0" in length and has a 0.5" wall thickness. The tank rests horizontally 
on a stand 24" above the floor. The front of the tank has a door which 
opens and allows access 24.0" in diameter. Midspan of the tank, there 
are two ports 12.0" in diameter. One is on the top and the other is on 
the right side. Midspan and on the left side of the tank is a small rotary 
feedthrough. A port is defined to be any tank entry that is accessible 
when the tank is not under a vacuum. A feedthrough is defined to be 
any entry that allows limited accessibility when the tank is under a 
vacuum. An example is the rotary feedthrough. It must be a mechanical 
shaft with a seal that allows rotation of the shaft while the tank is under 
a vacuum. 

Electrical Feedthrough 
The top center port is the electrical feedthrough. It has 66 solid 

copper wires passing through it. Forty—eight wires are for thermocouples, 
ten are for control switches, and eight are for electrical heaters. The 
feedthrough was fabricated using a 12.0" diameter plexiglas plate 1.0" 
thick. Each electrical wire was inserted through a hole and packed with 
Torr—Seal̂  (an epoxy manufactured by Varian Corporation for use in a 
vacuum environment). 

Freon Feedthrough 
The right center port is a stainless steel plate with three freon lines 

passing through it. The two input lines are 0.5" diameter. The output 
line is 1.0" in diameter. The lines operate at -60 <»F. Each line has a 
6.0" vacuum boot. This boot connects the lines to the plate as shown in 
Figure 4.4. The unusual boot configuration is used to avoid sealing 
problems when running low temperature fluids into the vacuum chamber. 
Convection heat transfer warms the boots and allows the plate and o-ring 
to remain near room temperature. At lower temperatures, the rubber o -
ring would become stiff and would not seal properly. By using stainless 
steel, which has a low thermal conductivity when compared to other 
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metals, the conduction to the plate was also reduced. 
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Figure 4.4. Sketch and cutaway views of freon feedthrough plate. 

The energy conducted through the boots equals the energy convection will 

return to the plate. For the o-ring to remain operational the equilibrium 

must occur at a plate temperature above the glass transition temperature 

of rubber. The end of the boots, which contains the freon lines, are 

assumed to be -60 °F. For one dimensional conduction heat transfer the 

governing equation is 

^ u t ~ ^in> 
(4.1) 
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where 

4o«t = - (A1+A2+A3) k (T.,d-Ts) / L, (4.2) 

and 

q,, = - A h (Ts-T^^b). (4.3) 

K the ambient temperature is estimated to be 70 °F, and Equations 4.2 

and 4.3 are substituted into E}quation 4.1, the only unknown is the 

temperature of the plate and can be determined using following equations: 

Ts = (xT„d + TAn.b)/(l+x), (4.4) 

where 

X = (A1+A2+A3) k / A h L 
= (0.687 in2)(0.675 Btu/h in oF)/(113 in2) (4.5) 

(0.0122 Btu/h in2 oF)(6 in) 
= 0.056 . 

Plugging values into Equation 4.4, a plate temperature of 63 °F is 

determined; 

Tg = ((.056)(-60 «F) -H 70 °F)/1.056 

= 63 °F. 

This temperature is above the glass transition temperature of the o-ring; 

therefore, the o—ring seal should function properly. 



CHAPTER V 

THERMAL CYCLING SYSTEM 

Electrical insulators on satellites experience thermal cycling. Part of 
the cyclic heating can be attributed to the satellites' orbit around a 
planet. A second source of thermal cycling is the heating of a wire 
carrying a large current for short periods of time. This chapter describes 
a test apparatus that has been built and is currently being used to 
simulate the environment of thermal cycling under vacuum conditions. 

The desired life of some satellites may be from five to ten years. 
During this time, components will undergo thousands of thermal cycles. 
Normally, during accelerated thermal testing, specimens are exposed to 
greater thermal gradients than expected during service. This type of 
testing is not possible here. The upper limit is bound by the melting 
point of the plastic. The lower limit approaches absolute zero, which is 
economically unfeasible to operate at. A practical way to accelerate the 
test is to reduce the period of each cycle. 

In an effort to provide as large a thermal gradient economically 
possible, the temperature bounds for this system are 212 and —40 <*F. 
The refrigeration system chosen will operate for $4.(X)/day, including 
purchase cost and electrical power. The calculations are based on a five 
year project life. To provide a temperature much lower than -40 °F 
would require liquid nitrogen, costing in excess of $l(X)/day. The cycle 
time will be three minutes. A specimen may be cycled for as long as 
three months. The thermal cycling frame has been designed to test the 
largest specimen possible. This allows maximum usage of limited space 
and time. 

The thermal cycling frame is constructed of channel iron and sheet 

metal to form a rectangular box. Inside the box, two hot plates and one 

cold plate are attached to the top. The bottom plates, identical to the 

top plates, rest on a neoprene bladder. Half of the specimen is clamped 

between the first set of hot plates, and the other half is clamped between 

34 
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the cold plates. The clamping of the specimen between the plates is 
accomplished by inflating the bladder. During this time, the second set of 
hot plates is empty. After 1.5 minutes, the bladder is deflated and the 
specimen is mechanically shuttled to the second set of hot plates. Now, 
the flrst set of hot plates is empty. The cold plates cool the half that 
was clamped between the first set of hot plates, and the second set of hot 
plates heat the half that was clamped between the cold plates. At the 
end of 1.5 minutes, the process repeats itself. A computer records the 
operating temperatures and controls the movement of the plates and 
specimen. 

Detailed Description 

Frame 

The frame is 60.0" long and 22.0" wide. The bottom of the frame 
is a sheet of 12—gauge steel. Two 4.0" by 1.5" by 60" pieces of channel 
iron are welded along each long edge of the sheet metal. Two 1.5" by 
0.25" by 20.5" flat iron strips are welded along the short edges of the 
sheet metal. The sheet metal forms the bottom side of a bladder. The 
top side is a neoprene sheet. It is 60.0" long, 19.0" wide and 0.25" thick. 
Sixty—eight 0.25" diameter holes were drilled 2.5" apart along the sealing 
parameter to obtain uniform sealing pressure. Perpendicular to the 
channel iron frame, on both top and bottom, are six channel iron trusses. 
The trusses are 20.0" long and have the following cross-sectional 
dimensions 0.25" x 2.0" x 1.0". The bottom trusses are needed to 
reinforce the sheet metal bladder. The top trusses provide a means of 
attaching the top plates to the frame and at the same time reinforce the 
channel iron frame. Figure 5.1 is a schematic of the top and front views 
of the frame without the plates. 
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Figure 5.1. Top and front views of the frame. 

Plate Movement 

Two hot plates and one cold plate lie on the neoprene bladder. 
The inflating and deflating the bladder controls the vertical movement of 
the bottom plates. Springs maintain a 1.0 psia. pre—load on the plates. 
The force applied by the springs allow the plates to open even if the 
deflated bladder pressure is slightly greater than the chamber pressure. 

Each plate has two sets of leaf springs attached to it. The leaf 
consists of ten springs 0.025" thick, 18.0" long and widths from 4.0" 
decreasing to 1.75" in 0.25" increments. The springs are bolted to the 
channel iron frame which has a three degree slope along the sealing edge. 
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Figure 5.2 is an edge view of the springs and plate. Based on 
calculations, it was determined that only leaf springs would give the 
needed pre—load and allow 0.375" travel without causing spring fatigue. 
A detailed account of the stress analysis is given in a later section. 

1.0"-^ 2.75" 0.25" 

Figure 5.2. Edge view of the springs and plate. 

Specimen Movement 
The specimen is shuttled horizontally using teflon skids. The skids 

are attached to the specimen and slide on two aluminum channels. The 
channels are attached to the top trusses. Each channel fits between the 
frame and the aluminum plates. The front skids are also attached to 
cables which run around four 3.5" pulleys. Two pulleys are located at the 
front of the frame and two at the mid section. The middle pulleys are 
attached to a single shaft, which is connected to a rotational feedthrough. 
An electric motor outside the vacuum chamber turns the rotational 
feedthrough. The vertical movement of the specimen is achieved by the 
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bladder. As the bladder raises and lowers the bottom plates, the plates 
make contact with the specimen and will raise and lower it. Figure 5.3 is 
a schematic of the front and top views of the shuttle. 

5 

1. Specimen 
2. Teflon Skid 
3. Pulley 
4. Electric Motor 
5. Aluminum Plato 
6. .Aluminum Trscs 

Figure 5.3. Shuttle and pulley arrangement. 

Computer Interface 
A Commodore computer coordinates the movement of the bladder, 

plates and specimen with the use of four relays. A wiring diagram is 
shown in Figure 5.4. The electric motor that turns the rotational 
feedthrough can be reversed by switching two wires. Relay number three 
switches these wires. The motor is stopped by three switches positioned 
on the ends of the aluminum tracks. Two were placed at the back 
because of the difficulty in accessibility. The normally closed switches 
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were wired in series with the motor. Any time the specimen is located on 
one end or the other, there is no power to the motor. Relay number one 
is an override of these switches. The computer closes the switch only 
long enough for the specimen to move and allow the shuttle switches to 
close. Once the specimen reaches the other end, it will open the shuttle 
switch and turn off the power to the motor. Relay number two is wired 
in series with the motor and is normally closed. It is a safety switch that 
keeps the motor from running if the plates are clamped. The computer 
feeds power to the switch, but three bladder switches that are open when 
the bladder is deflated, keep the switch closed. The fourth relay is on a 
circuit of its own and controls a solenoid valve. When the valve is open, 
the bladder is exposed to the atmosphere and inflated. When the valve is 
closed, the bladder is connected to a vacuum pump and deflated. 
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Figure 5.4. Wiring diagram of control circuit. 
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Hot Plates 

The aluminum hot plates are 18.0" long, 12.0" wide, and 1.0" thick. 
Heater elements are press fitted into grooves machined in the aluminum. 
A sheet of 0.25" thick silicone rubber is compressed between the aluminum 
and a steel back plate. The back plate is also 0.25" thick. The silicone 
sheet reduces the thermal losses through the back of the plate. Each 
plate contains two heater elements rated for 1500 Watts at 220 volts. 
Figure 5.5 is a front and top view of a heater plate. The only difference 
between top and bottom plates is a flat machined edge on the bottom 
plates. This edge is where the leaf springs contact the plate. 
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Figure 5.5. Front and top views of hot plate. 



41 

Heater Controllers 
Love heater controllers regulate the temperature of the plates. Two 

controllers are used, one for the front plates and one for the back. The 
controllers have two set points and allow for time proportioning. Due to 
concern of the top plates requiring more energy than the bottom, two 
variacs are used the regulate the voltage. The variacs are wired in 
parallel. An intermediate relay is used between the heaters and the 
controllers. The voltage into the variacs is 220 volts. Preliminary tests 
indicate the heaters may require as little as 40 volts to maintain plate 
temperatures of 220 ®F. Figure 5.6 is wiring diagram for the heater 
circuit. 

^ ' 

) 

) 

r>-
^Sk_ 1 ^ 

) 

) 

1. Front top hot plate 
2. Front bottom hot plate 
3. Back top hot plate 
4. Back bottom hot plate 
5. Back hot plate controller 

6. Relay 
7. Relay 
8. Front hot 

plate controller 
9. Variac 

Figure 5.6. Heater control diagram. 
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Cold Plates 
The two aluminum cold plates are the same size as the hot plates, 

12" X 18". X 1". One plate is mounted to the top trusses, and the other 
lies on the neoprene bladder. The plates have two, 0.5" diameter, 
U-shaped grooves cut in them. The grooves are 0.49" in depth and are 
round bottomed. Copper tubing has been press fitted into the grooves. 
Silicone sheets 0.25" thick, backed with 0.25" steel, help keep the copper 
pressed in the grooves. The silicone also helps reduce energy losses 
through the back of the plates. Freon cools the plates by passing through 
copper loops. Figure 5.7 is a schematic of one plate. 

Figure 5.7. Front and edge views of the cold plate. 

Refrigeration System 
The refrigeration system uses Freon 502. The condensing unit is 

manufactured by Copeland and will produce 14,580 Btu/h at a suction 

temperature of -50 ^F. At -60 °F the unit produces 10,780 Btu/h. The 

system is capable of producing -80 ^F, but should not be run this low. 
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It is felt that the bladder will become too brittle and crack at this 
temperature. An expansion valve controls the temperature of each cold 
plate. The freon at the expansion valve is -60 <>F. To obtain a more 
uniform plate temperature, a hot gas by-pass will artificially load the 
system when required. Preliminary tests indicated that the aluminum 
plate temperature can be maintained at -50 + / - 3 '̂F. A schematic of 
the system is shown in Figure 5.8. 
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Figure 5.8. Schematic of refrigeration system. 

Monitoring Temperature 
The temperature of the specimen, plates and frame are monitored 

by a Fluke Temperature Recorder. The Fluke uses the serial port to 
relay the temperatures to the computer. At the present time, the 
computer just prints the temperature. It is hoped and strongly 
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recommended that eventually the computer will read the temperature and 
then adjust the system if necessary. 

The system contains 54 thermocouples. Many of these were 
required only for initial check—out. Every point that must be monitored 
has at least two thermocouples near it. The extra thermocouples reduce 
the chances of having to shut a test down due to thermocouple failure. 
There are 22 thermocouples on the aluminum plates. The heater elements 
have 18 thermocouples placed directly on them. The copper tubing is not 
critical, therefore it only has four. Six thermocouples are placed between 
the steel plates and the neoprene bladder. The specimen has four 
thermocouples which are melted into the center of it. To keep up with 
all of the wires, they were soldered to bullet plugs and attached to a plate 
inside the tank. Only 24 of these thermocouples can be read outside of 
the tank. If one stops functioning, it can be pulled from the board after 
the test is completed and another thermocouple plugged in. Figure 5.9 
shows the location and numbering of the thermocouples. The aluminum 
plates are represented by the following letters: 

A - Top Front Plate 
B - Top Middle Plate 
C - Top Back Plate 
D - Bottom Front Plate 
E - Bottom Middle Plate 
F - Bottom Back Plate. 
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Figure 5.9. Number and location of thermocouples. 



CHAPTER VI 

THERMAL ANALYSIS 

This chapter will briefly present the heat transfer calculations used 
to size the heaters and refrigeration system. The analysis of the specimen 
deals only with the heat capacity of the plastic. Because several polymer 
materials may be tested, average values of material properties are used. 
The analysis of the cold plates is limited due to the complexity of two 
phase flow heat transfer. The results are used to determine the order of 
magnitude of the heat transfer rate. 

Thermal Analysis of Specimen 

The purpose of the following heat transfer analysis is to determine an 
upper bound for the heat capacity of the specimen. The hot and cold 
plates are maintained at 220 °F and —50 <*F. Analysis presented later 
involves one plate, in order to consider only the part of the specimen 
pertaining to one plate, one—quarter of the specimen volume is used in 
the following calculations. The specimen is initially at 212 °F as it is 
clamped between the cold plates, which are at —50 °F. In three minutes 
the mean temperature of the specimen will be —40 °F. Average polymer 
values of density and specific heat are used in the calculations. 

qj = V p Cp ATemperature / Atime (6.1) 
= (13.5 in*)(0.043 lbm/in3)(0.4 Btu/lb„°F)(168<'F/min) 

= 39.0 Btu/min 

= 2,340 Btu/h. 

The maximum amount of energy the specimen can receive or release, 

under these conditions, is 2,340 Btu/h per plate. 
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Thermal Analysis of Hot Plates 

The following analysis involves the steady state heat transfer 

between one hot plate and its surroundings. The control volume is shown 

below in Figure 6.1. Radiation calculations assume the vacuum tank is 

blackbody at 70 °F. 

qj to the V 

plastic specimen 

(̂ 2 to the 
silicone 

insulation 

Individual 
Hot 

Plate 

_̂  <![3 radiation to 
surroundings 

(̂ 4 from 
heater elements 

Figure 6.1. Hot plate control volume. 

Heat flow leaving the plate is assumed negative and flow entering the 

plate is assumed positive. Equation 6.2 is an energy balance of the 

control volume: 

q4 = <li + 2̂ + %• (6.2) 

The value of qi has already been calculated. To calculate the other 

unknowns, assume only 1-D heat transfer. The thermal conductance of 

silicone rubber is 0.0063 Btu/(h in F). The silicone insulation is 0.25" 

thick; 

q2 = - A k AT / L (63) 

= -(12 in)(18 in)(0.0063 Btu/h in <'F)(70-220 °F)/0.25 in 

= 816.5 Btu/h 



q3 = cT T ŝ A 

= (1.19028E-11 Btu/h in2 R4)(530 R)'»2(12 + 18 in) 
= 28 Btu/h. 
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(6.4) 

Plug the values of q^ q^ and % into Equation 6.2. 

4̂ = 1̂ + 2̂ + % 
= 2340 + 816.5 + 28 
= 3185 Btu/h. 

The maximum amount of energy required by one plate is 3185 Btu/h. 
The heater elements are rated for 5118 Btu/h at 220 V. Under these 
conditions, the heater elements operate at near ICKX) °F. The elements 
were exposed to an air stream in which is heat flux due to convection was 
on the same order of magnitude as the expected service load. The results 
of the test indicated that two heater elements would provide the required 
heat flux at temperatures near 200 °F. Using two elements also provides 
a better distribution of heat. 

Thermal Analysis of Cold Plates 

The following is a steady state heat transfer analysis of one cold 

plate. The control volume is shown below in Figure 6.2. 

q3 radiation 
from surroundings 

q, from 
plastic specimen 

q2 from 

silicone " """ 
insulation 

^ -
— ^ 

r 

Individual 
Cold 
Plate 

/ 
^ 

V 
r q̂  to 

freon 

Figure 6.2. Cold plate control volume. 
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From previous calculations q^ is known. The heat transfer rate 
from the silicone insulation to the plate is approximated by 

42 = - A k AT / L (6.5) 

= -(12 in)(18 in)(.0063 Btu/h in F)(-50-70 F)/.25 in 
= 653.18 Btu/h. 

Assuming the edges of the plate accepts all the heat flow radiated from 
the tank, the equation is 

qa = a T ŝ A (6.6) 
= (1.19028E-11 Btu/h in2 R^)(530 R)42(12 + 18 in) 
= 28.18 Btu/h. 

An energy balance of the cold plate gives Equation 6.7; 

44 = <ii + <i2 + <is 
= 2340 Btu/h 4- 653.18 Btu/h + 28.18 Btu/h (6.7) 
= 3021 Btu/h. 

The sizing of the copper tubing in the aluminum plate must also be 
calculated. The compressor has a volumetric flow rate of 1375 ft*/h. The 
density of superheated Freon 502 at the compressor is 0.4 Ib̂ /̂ft̂ . The 
mass flow rate of the system is calculated using Equation 6.8, 

total 
= (1375 ft*/h)(0.4 lb„/ft3) (6.8) 
= 550 lb„/h. 

Each plate has two freon lines running through it. The analysis will 
involve only one loop. The heat flow required through one loop is 
1511 Btu/h. The mass flow rate through one loop is 137.5 Ib̂ ^̂ /h. The 
loop is two feet in length and has an inside diameter of 0.375". 
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The first criteria is that the flow through the loop be turbulent. 
The heat transfer rate improves with turbulent flow. The Reynolds 
number is a dimensionless ratio of the inertia and viscous forces in the 
velocity boundary layer. If the inertia forces dominate, as in a large 
Reynolds number, the flow is turbulent. The transition between laminar 
and turbulent flow usually occurs about Re = 2300 [27]. The Reynolds 
number based on tubing diameter is 

Re^ = m D / A p V (6.9) 

= (137.5 lb„/h)(.375 in)/(0.11 in2)(.053 lb„/in3)(1.67 in2/h) 
= 5,266. 

This calculation indicates that the flow is turbulent. The calculation of 
the convection coefficient is now needed. Because of a phase change, the 
calculations will be only a rough estimate. The Thom equation [28] is a 
correlation which works well with nucleate boiling two—phase flow. The 
equation is as follows: 

4 = A(1.158(T^ - T,))2eOoo»*̂ P 
= (12 It in2)(l.158(10 oF))2e(o.ooi5&)(5 psia) (6.10) 

= 5,063 Btu/h. 

This value indicates that the cold plates should have no problem cooling 

the specimen. 

Contact Resistance 

Contact resistance [29,30] is the result of two surfaces not making 

perfect contact with each other. The gap occurs on a microscopic scale. 

Usually, it is not noticed if the conduction is occurring in air. The rea-son 

is because the voids are filled with air and convection occurs. Contact 

resistance is noticed under vacuum conditions. If ignored, contact 

resistance will significantly diminish the heat flow rate between two solid 
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bodies. Care must be taken to keep all surfaces as smooth as possible. 
This includes scratches as well as warping caused by temperature 
gradients. Rohsenow [31] has shown that contact resistance is inversely 
proportional to contact pressure. This relationship includes both contact 
in a vacuum and in air. From elastic deformation theory it can be shown 
that 

(contact resistance)-^ ~ (contact pressure)°^*. (6.13) 

Actual data indicated this relationship is reasonable approximation, 
which can be used to determine a lower bound. For a contact pressure of 
10 psia., the heat conductance (1/R) will be a least .208 Btu/h in2 oF. 
The equation for heat transfer rate as a function of contact resistance is 

4 ^ = A (1/R) ATi.^rf^,. (6.14) 

The maximum heat transfer rate as a function of the specimens' material 
properties is 

q.pec = V p AT / Ax. (6.15) 

Contact resistance does not become a problem until 

<ire. ^ ^^- (616) 

To determine the temperature difference across the interface at which this 

occurs, solve Equation 6.14 setting 4res ©Q̂ al to q̂ p̂ ^ (2,340 Btu/h), known 

from previous calculations; 

AT = 4.pec / A (1/R) (6.17) 
= (2340 Btu/h)/(12 in)(18 in)(.208 Btu/h in2 F̂) 

= 52 °F. 
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If the specimen is initially at 212 °F and the cold plate is —50 °F, the 
heat transfer rate will begin a linear decay when the specimen reaches 
2 °F. 

Preliminary data indicates that 1/R is probably closer to 
2 Btu/h in2 ^F. Based on this data, contact resistance will not effect the 
heat transfer rate until a 5° temperature difference across the interface; 
therefore contact resistance can be neglected under the present operating 
conditions. 



CHAPTER v n 

STRESS AND DEFLECTION ANALYSIS 

This section analyzes critical points of concern for several members 
of the thermal frame. The deflections in the aluminum plates are first 
considered. It is important to keep as much of the plate and specimen in 
contact as possible. The high stress locations on the frame and trusses 
are also considered. Analysis of the leaf springs includes stress, deflection, 
and fatigue analysis. Finally, the torque required to obtain a reliable 
bladder seal is determined. 

Plate Deflections 

Each top plate is attached to two trusses, which for this part of the 
analysis are assumed rigid members. The section of the plate between the 
trusses will be modeled as simply supported on two opposite edges, and 
the other two edges free. The load is a uniformly distributed pressure, q. 
Figure 7.1 is a free—body diagram of the plate. 

h a H 
T 
b/2 

•* X 

b/2 
A. 

y 

TTTTTTTTTTTTTTTTTT T 
h 

• • x 

Figure 7.1. Free-body diagram of plate. 
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The compatibility equation for a plate with a uniformly distributed 
15 psia load is 

V̂ W = q / D (7.1) 

= 8<W/8x< -f- 2 8<W/(8x2 8y2) + S^w/gy^, 

where 

D = E h3 / 12(1 - v2) 

= (10 X 10« lb/in2)(1.0 in)Vl2(l-.352) (7.2) 

= 9.5 X 10« in lb. 

The boundary conditions are as follows, 

at X = 0 and x = a 

M, = 0 

W = 0. 

At y = b/2 
(82W/8y2 + V 82W/8x2) = 0 (7.3) 

D(83W/8y3 + (2-v) 83W/(8x2 8y)) = (EI S^W/Bx^). (7.4) 

Assuming a surface deflection of the form, W = Wj -|- W2 as shown by 

Timoshenko [32], the following equation can be derived: 

W™^ = 40.94 q / D 

= 40.94(15 psia.)/9.5 x l(fi in lb (7.5) 

= 6.46 X 10--* in. 

The calculations indicate that the maximum deflection, which occurs at 

the center of the plate, is less than the thickness tolerances for the plastic 
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specimen. Therefore, plate deflections will have little effect on the heat 

transfer rate. 

Truss Deflection Analysis 

The trusses have been modeled as simply supported beams under a 

uniformly distributed load. Figure 7.2 is a free—body diagram of the 

truss. 

2.0" 

Figure 7.2. Free-body diagram of truss. 

The stiffness of the beam is given by 

d2y/dx2 = M(x) / E I, (7.6) 

where 

M(x) = 0.5 w L X - 0.5 w x̂  (7.7) 
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Integrating twice yields the equation for deflection 

y = (1/EI) ((wLxVl2) - (wxV24) + Ĉ x + C2). (7.8) 

The boundary condition at x=0 and x=L is the deflection, y, is zero. 
Plugging the boundary conditions into Equation 7.8 and solving for C, and 
C2 yields 

Ci = 0 (7.9) 

C2 = -wLV24. (7.10) 

Plugging Ci and Cg into Equation 7.8 and setting x=L/2, the maximum 
deflection can be determined 

Xmax = 5 w L V 384 E I 
= (5 in)(40 psi)(20 in)V384(29E6 psi)(3.85 in̂ ) (7.11) 
= 7.5 X lO--* in. 

The results indicate that the deflection of the trusses is negligible. 

Channel Iron Stress Analysis 

The modeling of the channel iron frame will consist of two 
simplifying models. The first will model the legs of the channel iron as 
cantilever beams. The second will model the backing of the channel iron 
as a flat plate in pure bending. The channel iron is loaded by half the 
area of one plate at 15 psia. The load is assumed to be uniformly 
distributed through the channel iron, an assumption which is known to 
initiate small errors. 

Figure 7.3 is the free body—diagram of the channel iron leg. The 
maximum stress is determined by using the following equation: 



57 

a = M c / I 

= (810 lb)(.5 in)(.l in)12/(9 in)(.2 in)^ 
= 6,750 psi. 

(7.12) 

.5 in 

T 
.2 *m 

Figure 7.3. Free-body diagram of channel iron leg. 

The free-body diagram of the channel iron backing is shown in 
Figure 7.4. The maximum stress is calculated using the following equation 

a = M c / I 
= (405 in lb)(0.78 in)12/(9 in)(0.156 in)̂  

= 11,095 psi. 

(7.13) 

Both calculations indicate that the stress leveb are well below the 

yield stress for steel. 
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M 

M 

Figure 7.4. Free—body diagram of channel iron backing. 

Spring Analysis 

The leaf springs are SAE 1095 blue tempered and polished spring 
steel. The edges are smooth and rounded to help prevent fatigue cracks 
from developing. There are ten 0.025" thick leafs in a stack. The 
bottom leaf is 4.0" wide, with each consecutive leaf 0,25" narrower. One 
side of the stack is bolted to the frame to form a cantilever spring. The 
load applied by the plate is 0.25" from the other side. Figure 7.5 is a 
drawing of the spring. The maximum stress will occur at point A. 
Points B, C, D, and E represent various spring displacements. Note that 
in the figure the bladder has been omitted for clarity. When the spring is 
located in position AB, stresses at point A are assumed to be zero. The 
deflection from B to C is 0.14", from B to D is 0.39", and from B to E 
is 0.518". 
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w 

Figure 7.5. Sketch of springs and plate. 

The relationship between F,pri„, and the bladder pressure, w, assuming 

unit depth into the page, is 

F . = w 6.0. 
'- spring 

(7.14) 

The stress at A and the force required to achieve the displacements stated 

above can be calculated using the following equations [33]: 

and 

<T = 6 F.pri„, L / n b t2, 

8 = 6 F . L2 / n b t̂  E, 
" — ^ *• spnng ' 

(7.15) 

(7.16) 

where 
n is the number of leafs, 
b is the depth into the page, and 
t is the thickness of an individual leaf. 

The force exerted on the spring in position AC is 
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FAC = (0.14 in)(10)(0.025 in)3(29E6 psi)/6(2.75 in)3 (7.17) 
= 5.08 lb,. 

The stress in this position is 

(TAG = 6(5.08 lb,)(2.75 in)/10(0.025 in)2 (7.18) 
= 13,411 psi. 

The bladder must have a pressure greater than 0.85 psia to move the 

plate. The force in the spring at position AD is 

FAD = (0-39 in)(10)(0.025 in)3(29E6 psi)/6(2.75 in)3 (7.19) 
= 14.16 lb,. 

and the stress at A is 

<7̂ P = 6(14.16 lb,)(2.75 in)/10(0.025 in)2 (7.20) 

= 37,382 psi. 

The bladder pressure required to make the specimen contact both plates is 

2.36 psia. A 12.34 psia contact pressure is applied to the plates. The 

force applied the spring in position AE is 

FAE = (0-518 in)(10)(0.025 in)3(29E6 psi)/6(2.75 in)^ (7.21) 

= 18.81 lb,. 

and the stress is 

a^g = 6(18.81 lb,)(2.75 in)/10(0.025 in)2 (7.22) 

= 49,658 psi. 
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Figure 7.6 is a graph of stress versus time for the springs. Notice 
the springs attached to the hot plates undergo a different cyclic load than 
the springs attached to the cold plate. 

CO 

9i 

CO 

49,658 psi. 

37,382 psi. 

13,411 psi. 

0 90 
1^ 

180 

Time (seconds) 

Figure 7.6. Plot of stress versus time for leaf springs. 

The spring is expected to undergo 10* bending cycles. Using the 
S—N curves, the endurance limit for unlimited life is 70,(XX) psi. The 
maximum stress that occurs in the springs is below the endurance limit; 
therefore, the spring should have unlimited life. 

Bladder Sealing Surface 

The outer edges of the bladder form a gasket that is compressed 

between the springs and the frame. The bladder is polychloroprene, 

neoprene, which has a tensile strength of 1(XX) psi. The bladder is 

continuously heat resistant to 240 °F. The glass transition temperature is 

-50 °F. The modulus of elasticity is temperature dependent and for the 

cited range it varies from 30(X) to 250 psi. 
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There are two items of concern. The first is whether the spring 

force will cause too much of a load on the gasket or inhibit the gaskets 

sealing ability. The second is to determine the pre-load required to avoid 

bolt fatigue. The analysis will deal with both of these situations. All the 

equations used in this section have been developed from Shigley [33]. 

The gasket spring rate can be calculated using the following 
equation: 

k„ = IT E d / 2 hi{5(l + .5d)/(l + 2.5d)}, (7.23) 
where 

d = 0.25 (bolt diameter) 

I = 0.25 (bladder thickness). 

Plugging values into Equation 7.23 yields 

k„ = TT E (0,25 in)/2 hi{5(0.375 in)/(0.875 in)} 
= (.0515)(E) lb/in. 

Inserting the upper and lower values of the modulus into Exjuation 7.23 
indicates the stiffness of the bladder will range between 1525 and 
129 lb/in. The spring stiffness was experimentally determined to be 
65 lb/in. The calculations indicate that even when the bladder is hot, the 
springs will cause very little deflection. 

The bolt stiffness can be determined using the following equation: 

kb = IT d2 E / 4 1 
= IT (0.25 in)2(29E6)/4(0.25 in) (7.24) 
= 5.69 X 105 lb/in. 

The stiffness ratio of the bolt and gasket is given by 

C = k, / ( k, + k„ ) 
= (5.59E5 lb/in)/(5.59E5 lb/in -|- 1525 lb/in) (7.25) 
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= 0.99. 

The total separating force on the gasket is the area of the bladder minus 
the area of the three plates resting on the bladder multiplied by the 
bladder pressure. The calculation is shown in the following equation: 

F = (Area of Gasket - Area of Plates) (Bladder pressure) 
= ((60 in)(20 in) - 3(12 in)(18 in))(14.7 psia) (7.26) 
= 8114 lb. 

The bolts are 0.25" SAE Grade 5 for which the properties are 
S„^ = 120,000 psi 

Sproof = 85,000 psi 
Syi.,d = 95,000 psi. 

The load per bolt can be determined as follows: 

F5 = A,S„,,-(C n F/N)(S„H/(kA(19.2+.314S„,J+l), (7,27) 

where 
Â  = 0.0318 in2 (Tensile Area for 0.25" bolt) 

n = 2 (Safety Factor) 
N = 68 (number of bolts) 
k̂  = .814 (coefficient for a Reliability Factor of 0.99) 
kg = 0.33 (Fatigue Factor for rolled threads). 

Plugging in values the following is obtained: 

Fj = (.0318 in2)(120,000 psi)-((.99)(2)(8114 lb)/(2)(68)) * 

(120,000 psi/(.814)(.33)(19200+.314(120,000 psi)+l) 

= 862 lb. 

The stress in the bolt, caused by the load Fj, is 27,000 psi. This value is 

below the proof stress, and is, therefore, acceptable. The torque required 

to achieve F-, can be calculated as follows: 
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Torque = .2 Fj(bolt diameter) 
= (.2)(863 lb)(.25 in) (7.28) 
= 43 in lb. 

Based on the calculations presented, the thermal cycling system will 
meet the requirements of expected loads and fatigue life. 



CHAPTER Vm 

CONCLUSIONS AND RECOMMENDATIONS 

The space simulation chamber has been successfully developed and 
placed in operation. The chamber will facilitate exposure of candidate 
polymeric high voltage insulators to temperature extremes between -40 '̂F 
and 212 ®F and environmental pressures as low as 10~^ torr. A novel 
design concept coupled with partial computer control provides 
programmable thermal cycling capabilities between the temperature 
extremes to frequencies as high as 0.3 cycles per minute. Test parameters 
can be adjusted to explore the influences of the environment on polymer 
aging. 

The simulation of individual and combined effects of the space 
environment will provide data for verification of mathematical models of 
the aging process. An environment of arbitrary selected gases can be 
imposed from atmospheric pressure to as low as 10~^ torr for evaluating 
the effects of mass transport through the bulk of an insulator. The 
influence of thermal cycling on the mechanical and electrical properties of 
the polymeric material can be evaluated over a range of temperatures and 
temperature gradients. 

The temperature to which the test specimens are exposed can be 
controlled within +/— 3 °F. The upj)er and lower temperature limits of 
the aluminum plates are set by the physical limitations of the neoprene 
bladder, which has an upper and lower limit of 250 **F and —50 ^F. 
Insulation between the plates and bladder allows a temperature gradient to 
exist; therefore the plate temperature limits can be set at 260 F̂ and 
-60 op. 

65 
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Recommendations 

It is recommended that computer control of the system be expanded 
in order to simplify the operation of the equipment. The hot and cold 
plate control circuits can be modified for programmable temperature 
control on the basis of monitored thermocouple signals. This would 
extend the range of equipment operation. An additional benefit provided 
would be the opportunity to set operational parameter limits and 
interlocks at the beginning of a test, so the equipment could be 
automatically shut off if operation exceeded allowable temperature and 
pressure extremes. The use of fail—safe concepts is recommended in order 
to prevent damage upon the interruption of electrical power. 

One of the limiting factors of the vacuum chamber usability is the 
existence of only one door which allows full tank diameter accessibility. It 
is recommended that the back of the tank have a large swinging door 
made for it. The door would significantly reduce the effort required to 
do preventative maintenance and conduct routine inspections of 
components near the back of the frame. 

The initial design of the electrical feedthrough allowed only 24 
thermocouples to be monitored outside of the tank. The number of 
thermocouples was limited to 24 because of an initial concern that small 
leaks could possibly exist around the wire. Based on calculations and 
probability of leaks, it was concluded that more than 24 thermocouples 
with small leaks could significantly change the operating vacuum pressure 
of the system. After fabrication of the feedthrough, it was placed on the 
tank, and leak detection tests were conducted. The results indicated that 
leak rates greater than 10~̂ ° cubic inches per second did not exist. Based 
on this information, it is recommended that the number of thermocouples 
passing through the feedthrough be increased to 50. This will allow all 
interior thermocouples to be monitored. 

Additional work is recommended in the area of volume change 
associated with mass transport in a polymeric solid. Concepts of free 
volume would lead investigators to expect polymer purity and processing 
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to directly influence diffusion and swelling characteristics, but design 
engineers do not have sufficient data on which to base life predictors. 
Work presented in this paper has neglected free volume in an effort to 
determine an upper bound for the volume change. 

Initial thermal cycling stress analysis was based on the assumption 
that the cycle period be long enough to allow the specimen to reach 
thermal equilibrium. It is recommended that the analysis be further 
developed to include cyclic periods shorter than those necessary to reach 
thermal equilibrium. 
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APPENDDC A 

DIFFUSION PROGRAM AND DATA 

C PROGRAM DIFFUSION 
C FUNCTION OF TIME, TEMPERATURE 
C 

DIMENSION SM(60,50) 
C INPUT VARIABLES 
C DIFFUSrVITY, INITIAL MOISTURE WEIGHT, 
C INITIAL VOLUME, STRAIN, ETC. 
C 

0PEN(5,FILE='STRESS.DAT',STATUS='NEW') 
C 
C DIFFUSrVITY (IN * IN / 24 HRS) 

D = 0.0015 
C 
C INITIAL WEIGHT OF WATER IN SPECIMEN (LB) 

WOW = 0.006779 
C 
C RATIO OF CURRENT WEIGHT/SATURATED WEIGHT 

SMO = 1.00 
C 
C MODULUS OF ELASTICITY (PSI) 

E = 3.46E5 
C 
C SPECIFIC VOLUME (IN**3 /LB) 

SV = 27.0 
C 
C INITIAL VOLUME OF SPECIMEN (IN**3) 

VO = 27 
C 
C 
C 
C 

WRITE(5,110) D,SMO,E,SV,VO 
110 FORMAT(lX,'DIFFUSIVITY=',F18.7,/,lX,'INITIAL MOISTURE 

CONTENT=', 
1 F18.7,/,1X,'M0DULUS=',F18.7,/,1X,*SPEC. VOLUME=',F18.7,/, 
2 1X,'INITIAL VOLUME=',F18.7,/) 

C 
C 
C 

U = 0.3 
H = 0.0625 
Z = 0.0 

72 
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PRCENT = 0.0 
PI = 3.1415927 
RLAM = 0 
A = 0 
B = 0 
C = 0 
X = 0 

C 
C 
C 

DO 10 1=1,6 
TIME=0 
X = 0.0 
DO 20 J=l,41 

SUMM=0.0 
N=l 
DO 30 K=l,6 

RLAM=N*PI/(2.0*H) 
A=2*SMO/(H*RLAM) 
B=SIN(RLAM*Z) 
C=2.7182812**(-1*D*RLAM*RLAM*TIME) 
SUMM=A*B*C+SUMM 
N=N+2 

30 CONTINUE 
SM(I,J)=SUMM 

C 
C 

C 
C 

PRCENT = (SM(I,J))*100 
RMASS = SM(I,J)*0.006779 

S1=SV*4.0*E*WOW/(3.0*VO*PI*(1-U)) 
S2=(2.0/PI)-SIN(PI*Z/(2.0*H)) 
S3=EXP(-1.0*D*PI*PI*TIME/(4.0*H*H)) 
STRESS=S1*S2*S3 
WRITE(5,300)TIME,Z,RMASS,STRESS,PRCENT 

300 FORMAT(1X,F8.2,F8.4,E20.7,E20.7,F8.2) 
TIME=TIME+.25 

20 CONTINUE 
Z=Z-|-0.03125 

10 CONTINUE 
CL0SE(6) 
STOP 
END 
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TIME 
(DAYS) 

.00 

.25 

.50 

.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
6.00 
5.26 
6.50 
6.76 
6.00 
6.25 
6.60 
6.76 
7.00 
7.26 
7.60 
7.75 
8.00 
8.25 
8.50 
8.75 
9.00 
9.25 
9.60 
9.76 

10.00 
.00 
.26 
.50 

Z 
(IN) 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0313 

.0313 

.0313 

MASS 
(LB) 

.OOOOOOOEfOO 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOEfOO 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+00 

.OOOOOOOE+OO 

.6723256E-02 

.5054072E-02 

.3828916E-02 

STRESS ] 
(PSI) 

.9027254E+03 

.7123347E+03 

.5620986E+03 

.4436484E+03 

.360001 lE+03 

.27ei83eE+03 

.2179346E+03 

.1719708E+03 

.1357010E+03 

.1070808E+03 

.8449676E+02 

.6667583E+02 

.5261346E+02 

.4161694E+02 

.3276076E+02 

.2685129E+02 

.2039908E+02 

.1609679E+02 

.1270187E+02 

.1002296E+02 

.7909051E+01 

.6240983E+01 

.4924717E+01 

.3886063E+01 

.3066466E+01 

.2419729E+01 

.1909392E+01 

.1506689E+01 

.1188918E+01 

.9381676E+00 

.7403017E+00 

.5841674E+00 

.4609626E+00 

.3637426E+00 

.2870270E+00 

.226491 lE+00 

.1787226E+00 

.1410288E+00 

.1112860E+00 

.8781421E-01 

.6929360E-01 
-.9995043E+02 
-.7887023E+02 
-.6223598E+02 

PERCENT 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 
,00 
,00 
.00 
.00 
,00 
,00 
.00 
,00 
,00 

99,18 
74.55 
56.48 
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TIME 
(DAYS) 

.76 
1.00 
1.26 
1.60 
1.76 
2.00 
2.26 
2.60 
2.76 
3.00 
3.26 
3.50 
3.76 
4.00 
4.26 
4.60 
4.76 
6.00 
6.26 
6.60 
6.76 
6.00 
6.26 
6.60 
6.76 
7.00 
7.26 
7.60 
7,76 
8.00 
8.26 
8.60 
8.76 
9.00 
9.25 
9.60 
9.76 

10.00 
.00 
.26 
.60 
.76 

1.00 
1.26 

Z 
(IN) 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0313 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

MASS 
(LB) 

.3002186E-02 

.2366729E-02 

.1867300E-02 

.1473442E-02 

.1162680E-02 

.9174629E-03 

.7239638E-03 

.6712761E-03 

.4607896E-03 

.3667160E-03 

.2806924E-03 

.2214926E-03 
,1747783E-03 
.1379164E-03 
.1088290E-03 
.8587624E-04 
.6776439E-04 
.6347243E-04 
.4219475E-04 
.3329660E-04 
.2627336E-04 
.2073212E-04 
.1636969E-04 
.1290924E-04 
.1018660E-04 
.8038178E-05 
.6342876E-05 
.6006120E-06 
.3949609E-05 
.3116630E-05 
.2459235E-05 
.1940667E-05 
.1531288E-05 
.1208329E-05 
.9634845E-06 
.7523888E-06 
.5937050E-06 
.4684887E-06 
.7206442E-02 
.6474231E-02 
.5333963E-02 
.4236128E-02 
.3345921 E-02 
.2640626E-02 

STRESS PERCENT 
(PSI) 

-.4911001E+02 
-.3875238E+02 
-.3057925E+02 
-.2412989E+02 
-.1904074E+02 
-.1602492E+02 
-.1185607E+02 
-.9366644E+01 
-.7382398E+01 
-.6825402E+01 
-.4696787E+01 
-.3627294E+01 
-.2862274E+01 
-.2268602E+01 
-.1782248E+01 
-.1406360E+01 
-.1109760E+01 
-.8756961E+00 
-.6910062E+00 
-.5452684E+00 
-.4302678E+00 
-.3396214E+00 
-.2679142E+00 
-.2114093E+00 
-.1668217E+00 
-.1316379E+00 
-.1038746E+00 
-.8196677E-01 
-.6467945E-01 
-.6103812E-01 
-.4027386E-01 
-.3177984E-01 
-.2607726E-01 
-.1978830E-01 
-.1561481E-01 
-.1232156E-01 
-.9722856E-02 
-.7672240E-02 
-.5152724E+03 
-.4065981E+03 
-.3208439E+03 
-.2531758E+03 
-.1997794E+03 
-.1576446E+03 

44.29 
34.91 
27.55 
21.74 
17.15 
13.63 
10.68 
8.43 
6.65 
5.25 
4.14 
3.27 
2.58 
2.03 
1.61 
1.27 
1.00 
.79 
.62 
.49 
.39 
.31 
.24 
.19 
,16 
.12 
.09 
.07 
.06 
.06 
.04 
.03 
.02 
.02 
.01 
.01 
.01 
.01 

106.31 
95.50 
78.68 
62.49 
49.36 
38,95 
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TIME 
(DAYS) 

1.60 
1.76 
2.00 
2.26 
2.60 
2.76 
3.00 
3.25 
3.50 
3.76 
4.00 
4.26 
4.50 
4.75 
6.00 
6.26 
6.60 
6.76 
6.00 
6.26 
6.50 
6.75 
7.00 
7.26 
7.60 
7.76 
8.00 
8.26 
8.60 
8.76 
9.00 
9.25 
9.50 
9.76 

10.00 
.00 
,25 
.50 
.76 

1.00 
1.26 
1.50 
1.75 
2.00 

Z 
(IN) 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0626 

.0626 

.0626 

.0625 

.0626 

.0626 

.0625 

.0626 

.0625 

.0625 

.0625 

.0625 

.0625 

.0626 

.0625 

.0625 

.0626 

.0625 

.0625 

.0625 

.0626 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

MASS 
(LB) 

.2083746E-02 

.1644276E-02 

.1297488E-02 

.1023839E-02 

.8079050E-03 

.e37512eE-03 

.5030570E-03 

.3969590E-03 

.3132378E-03 

.2471739E-03 

.1950433E-03 

.1639074E-03 

.1214473E-03 

.9683333E-04 

.7662144E-04 

.6967239E-04 

.4708708E-04 

.3716612E-04 

.2931966E-04 

.2313595E-04 

.1826642E-04 

.1440603E-04 

.1136770E-04 

.8970180E-06 

.7078308E-05 

.6585448E-05 

.4407440E-06 

.3477883E-05 

.2744375E-05 

.2165669E-05 

.1708836E-05 

. 1348431E-06 

.1064038E-05 

.8396257E-06 

.6626430E-06 

.6723267E-02 

.6054072E-02 

.3828915E-02 

.3002186E-02 

.2366729E-02 

.1867300E-02 

.1473442E-02 

.1162680E-02 

.9174629E-03 

STRESS PERCENT 
(PSI) 

-.1243963E+03 
-.9816032E+02 
-.7746766E+02 
-.6112133E+02 
-.4823044E+02 
-.3805833E+02 
-.3003158E+02 
-.2369772E+02 
-.1869972E+02 
-.1475682E+02 
-.1164372E+02 
-.9187988E+01 
-.7250179E+01 
-.6721070E+01 
-.4614468E+01 
-.3562330E+01 
-.2811011E+01 
-.2218151E+01 
-.1750328E+01 
-.1381172E+01 
-.1089874E+01 
-.8600126E+00 
-.6786301E+00 
-.5365027E+00 
-.4225616E+00 
-.3334407E+00 
-.2631158E+00 
-.2076230E+00 
-.1638340E+00 
-.1292803E+00 
-.1020142E+00 
-.8049871E-01 
-.6362106E-01 
-.5012404E-01 
-.3955254E-01 
-.9995043E+02 
-.7887023E+02 
-.6223698E+02 
-.4911001E+02 
-.3876238E+02 
-.3057926E+02 
-.2412989E+02 
-.1904074E+02 
-.1502492E+02 

30.74 
24.26 
19.14 
15.10 
11.92 
9.40 
7.42 
5.86 
4.62 
3.65 
2.88 
2.27 
1.79 
1.41 
1.12 
.88 
.69 
.55 
.43 
.34 
.27 
.21 
.17 
.13 
.10 
.08 
.07 
.05 
.04 
.03 
.03 
.02 
.02 
.01 
.01 

99.18 
74.55 
56.48 
44,29 
34.91 
27.55 
21.74 
17.15 
13.53 
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TIME 
(DAYS) 

2.26 
2.60 
2.76 
3.00 
3.26 
3.60 
3.75 
4.00 
4.25 
4.60 
4.75 
5.00 
6.26 
6.60 
6.76 
6.00 
6.26 
6.60 
6.76 
7.00 
7.26 
7.50 
7.76 
8.00 
8.25 
8.50 
8.76 
9.00 
9.25 
9.60 
9.76 

10.00 
.00 
.25 
.50 
.76 

1.00 
1.25 
1.50 
1.76 
2.00 
2.26 
2.60 
2.75 

Z 
(IN) 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.0938 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

MASS 
(LB) 

.7239638E-03 

.5712751E-03 

.4507896E-03 

.3657160E-03 

.2806924E-03 

.2214925E-03 

.1747783E-03 

.1379164E-03 

.1088290E-03 

.8587624E-04 

.6776439E-04 

.6347243E-04 

.4219475E-04 

.3329560E-04 

.2627336E-04 

.2073212E-04 

.1635959E-04 

.1290924E-04 

.1018660E-04 

.8038178E-06 

.6342876E-05 

.6006120E-06 

.3949609E-05 

.3116630E-05 

.2459236E-05 

.1940667E-05 

.1631288E-05 

.1208329E-05 

.9634845E-06 

.7623888E-06 

.6937050E-06 

.4684887E-06 
-.3694463E-08 
-.6067075E-09 
-.4708217E-09 
-.3708684E-09 
-.2925730E-09 
-.2308584E-09 
-.1821678E-09 
-.1437473E-09 
-.1134300E-09 
-.8950689E-10 
-,7062931E-10 
-.5673313E-10 

STRESS PERCENT 
(PSI) . 

-.1186607E+02 
-.9355544E+01 
-.7382398E+01 
-.5825402E+01 
-.4596787E+01 
-.3e27294E+01 
-.2862274E+01 
-.2268602E+01 
-.1782248E+01 
-.1406360E+01 
-.1109760E+01 
-.8756961E+00 
-.6910062E+00 
-.6452684E+00 
-.4302678E+00 
-.3395214E+00 
-.2679142E+00 
-.2114093E+00 
-.1668217E+00 
-.1316379E+00 
-.1038746E+00 
-.8196677E-01 
-.6467945E-01 
-.5103812E-01 
-.4027386E-01 
-.3177984E-01 
-.2507726E-01 
-.1978830E-01 
-.1561481E-01 
-.1232166E-01 
-.9722856E-02 
-.7672240E-02 

.9027266E+03 

.7123348E+03 

.5620988E+03 

.4435485E+03 

.3500012E+03 

.2761836E+03 

.2179347E+03 

.1719708E+03 

.135701 lE+03 

.1070808E+03 

.8449677E+02 

.6667585E+02 

10.68 
8.43 
6.66 
6.26 
4.14 
3.27 
2.58 
2.03 
1.61 
1.27 
1.00 
.79 
.62 
.49 
.39 
.31 
.24 
.19 
.15 
.12 
.09 
.07 
.06 
.06 
.04 
.03 
.02 
.02 
.01 
.01 
.01 
.01 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
.00 
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TIME 
(DAYS) 

3.00 
3.26 
3.60 
3.76 
4.00 
4.25 
4.60 
4.76 
6.00 
6.25 
5.60 
6.76 
6.00 
6.25 
6.60 
6.76 
7.00 
7.26 
7.50 
7.75 
8.00 
8.25 
8.50 
8,76 
9.00 
9.25 
9.50 
9.76 

10.00 

Z 
(IN) 

.1250 

.1260 

.1260 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

MASS 
(LB) 

-.4397864E-10 
-.3470326E-10 
-.2738412E-10 
-.2160863E-10 
-.1705123E-10 
-.1345602E-10 
-.1061726E-10 
-.8378016E-11 
-.6611036E-11 
-.6216726E-11 
-.4116484E-11 
-.3248291E-11 
-.2563205E-11 
-.2022609E-11 
-.1596027E-11 
-.1259416E-11 
-.9937959E-12 
-.7841980E-12 
-.6188054E-12 
-.4882964E-12 
-.3853107E-12 
-.3040462E-12 
-.2399209E-12 
-.1893200E-12 
-.149391 l E - 1 2 
-.1178836E-12 
-.9302120E-13 
-.7340240E-13 
-.6792135E-13 

STRESS PERCENT 
(PSI) 

.5261348E+02 

.4151695E+02 

.3276075E+02 

.2585129E+02 

.2039909E+02 

.ie09679E+02 

.1270187E+02 

.1002296E+02 

.7909053E+01 

.6240983E+01 

.4924718E+01 

.3886064E+01 

.3066467E+01 

.2419729E+01 

.1909392E+01 

.1506689E+01 

.1188918E+01 

.9381678E+00 

.7403018E+00 

.5841675E+00 

.4609627E+00 

.3637427E+00 

.2870270E+00 

.226491 lE+00 

.1787226E+00 

.1410288E+00 

.1112850E+00 

.8781423E-01 

.6929362E-01 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 



APPENDDC B 

THERMAL PROGRAM AND DATA 

C 
C PROGRAM TEMPERATURE PROFILE 
C 
C DETERMINES THE TEMPERATURE PROFILE AND 
C STRESS AS A FUNCTION OF TIME 
C AND DISPLACEMENT FOR A SHEET 
C OF POLYCARBONATE. 
C 
C 
C 
C DIFFUSION COEFFICIENT (ALPHA) = .00015 in * in / sec 
C INITIAL TEMPERATURE OF SPECIMEN (TI) = 212 F 
C A 40 DEGREE SHIFT IS USED TO OBTAIN BC 
C 
C Teal = (T - Tp)/(Ti - Tp) 
C 
C 
C 

C 

C 

C 

C 

DIMENSION TEMP(100,100),STEP(5) 

0PEN(5,FILE=:TEMP.DAr,STATUS='NEW') 

ALPHA= .00015 

TEMPO = 1.0 

TI = 252*TEMPO-40 

WRITE(5,110) ALPH A,TI 
110 FORMAT(lX,'DIFFUSION COEFF.=',F18.7,/,lX,'INITIAL 

TEMPERATURE=', F18.7) 

C 
C 
C 
C 
C H is half the plate thickness 
C 

H = 0.0625 
Z = 0.0 
PI = 3.1415927 
BETA = 3.75E-5 
E = 3.46E6 

79 
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C 
C 

c 
c 
c 

RLAM = 0 
RTIME =0 
A = 0 
B = 0 
C = 0 
G = 0 

STEP(l) = 5 
STEP(2) = 10 
STEP(3) = 30 
STEP(4) = 60 
STEP(5) = 90 

DO 10 1=1,6 
TIME = STEP(I) 
Z=0.0 
DO 20 J=l,21 

SUMM=0.0 
N=1.0 
DO 30 K=l,10 

RLAM=N*PI/(2.0*H) 
A=2*TEMP0/(H*RLAM) 
B=SIN(RLAM*Z) 
C=2.7182818**(-1*ALPHA*RLAM*RLAM*TIME) 
SUMM=A*B*C+SUMM 
N=N+2 

30 CONTINUE 
TEMP(I,J)=262*SUMM-40 

WRITE(5,300)TIME,Z,TEMP(I,J) 
300 FORMAT(1X,F10.2,F12.4,F12.2) 

Z=Z+0.00625 
20 CONTINUE 
10 CONTINUE 

C 
C 

Z=0.0 
DO 11 1=1,3 
TIME=0.0 
DO 12 K=l,25 
S1=4.0*BETA*E*TI/(PI*(1-U)) 
S2=(2/PI)-SIN(PI*Z/(2*H)) 
S3=EXP(-1*ALPHA*PI*PI*TIME/(4*H*H)) 
STRESS=S1*S2*S3 

WRITE(6,350)TIME,Z,STRESS 
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360 

12 

11 
C 

FORMAT(F10.2,F10.4,F12.2) 
TIME=TIME+6 
CONTINUE 
Z=Z+H 
CONTINUE 

CL0SE(5) 
STOP 
END 

TIME 
(SEC) 

6.00 
6.00 
6.00 
6.00 
6.00 
5.00 
5.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
6.00 
5.00 
5.00 
5.00 

10.00 
10.00 
10.00 
10.00 
10,00 
10.00 
10.00 
10.00 
10.00 

z 
(IN) 

.0000 

.0063 

.0125 

.0188 

.0250 

.0313 

.0375 

.0438 

.0600 

.0663 

.0625 

.0688 

.0750 

.0813 

.0875 

.0938 

.1000 

.1063 

.1126 

.1188 

.1250 

.0000 

.0063 

.0125 

.0188 

.0260 

.0313 

.0375 

.0438 

.0600 

TEMPERATURE 
(F) 

-40.00 
-8.06 
22.96 
62.19 
78.86 

102.33 
122.10 
137.78 
149.12 
155.99 
158.28 
155.99 
149.12 
137.78 
122.10 
102.33 
78.86 
52.19 
22.96 
-8.06 

-40.00 
-40.00 
-20.53 
-1.54 
16.50 
33.14 
47.98 
60.65 
70.84 
78.30 
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TIME 
(SEC) 

10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
30.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 

Z 
(IN) 

.0563 

.0625 

.0688 

.0750 

.0813 

.0875 

.0938 

.1000 

.1063 

.1125 

.1188 

.1250 

.0000 

.0063 

.0125 

.0188 

.0260 

.0313 

.0376 

.0438 

.0500 

.0663 

.0625 

.0688 

.0760 

.0813 

.0876 

.0938 

.1000 

.1063 

.1125 

.1188 

.1250 

.0000 

.0063 

.0125 

.0188 

.0250 

.0313 

.0375 

.0438 

.0500 

.0663 

.0625 

TEMPERATURE 
(F) 

82.85 
84.38 
82.85 
78.30 
70.84 
60.66 
47.98 
33.14 
16.60 
-1.54 

-20.53 
-40.00 
-40.00 
-37.07 
-34.22 
-31.51 
-29.01 
-26.78 
-24.87 
-23,34 
-22.21 
-21.53 
-21.30 
-21.53 
-22.21 
-23.34 
-24.87 
-26.78 
-29.01 
-31.51 
-34.22 
-37.07 
-40.00 
-40.00 
-39.83 
-39.66 
-39.51 
-39.36 
-39.23 
-39.12 
-39.03 
-38.96 
-38.92 
-38.91 
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TIME 
(SEC) 

60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
60.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 
90.00 

Z 
(IN) 

.0688 

.0750 

.0813 

.0875 

.0938 

.1000 

.1063 

.1125 

.1188 

.1250 

.0000 

.0063 

.0125 

.0188 

.0250 

.0313 

.0375 

.0438 

.0500 

.0563 

.0625 

.0688 

.0750 

.0813 

.0875 

.0938 

.1000 

.1063 

.1125 

.1188 

.1250 

TEMPERATURE 
(F) 

-38.92 
-38.96 
-39.03 
-39.12 
-39.23 
-39.36 
-39.51 
-39.66 
-39.83 
-40.00 
-40.00 
-39.99 
-39.98 
-39.97 
-39.96 
-39.96 
-39.95 
-39.94 
-39.94 
-39.94 
-39.94 
-39.94 
-39.94 
-39.94 
-39.95 
-39.96 
-39.96 
-39.97 
-39.98 
-39.99 
-40.00 
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TIME 
(SEC) 

.00 
6.00 
10.00 
16.00 
20.00 
26.00 
30.00 
36.00 
40.00 
46.00 
60.00 
65.00 
60.00 
65.00 
70.00 
76.00 
80.00 
86,00 
90.00 
96.00 
100.00 
106.00 
110.00 
116.00 
120.00 

.00 
6.00 
10.00 
15.00 
20.00 
26.00 
30.00 
35.00 
40.00 
45.00 
50.00 
55.00 
60.00 
65.00 
70.00 
75.00 
80.00 
85.00 
90.00 

Z 
(IN) 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 

.0625 
,0625 
.0625 
.0625 
.0625 
,0625 
.0625 

STRESS 
(PSI) 

2223.19 
1384.31 
861.97 
536.72 
334.20 
208.09 
129.57 
80.68 
60.24 
31.28 
19.48 
12.13 
7.66 
4.70 
2.93 
1.82 
1.14 
.71 
.44 
.27 
.17 
.11 
.07 
.04 
.03 

-1268.99 
-790.16 
-492.01 
-306.36 
-190.76 
-118.78 
-73.96 
-46.05 
-28.68 
-17.86 
-11.12 
-6.92 
-4.31 
-2.68 
-1.67 
-1.04 
-.65 
-.40 
-.25 
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TIME 
(SEC) 

95.00 
100.00 
106.00 
110.00 
116.00 
120.00 

.00 
6.00 
10.00 
16,00 
20.00 
26.00 
30.00 
35.00 
40.00 
46.00 
50.00 
55.00 
60.00 
65.00 
70.00 
76.00 
80.00 
85.00 
90.00 
95.00 
100.00 
106.00 
110.00 
115.00 
120.00 

Z 
(IN) 

.0625 

.0625 

.0625 

.0626 

.0625 

.0625 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1260 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

.1250 

STRESS 
(PSI) 

-.16 
-.10 
-.06 
-.04 
-.02 
-.01 

2223.19 
1384.31 
861.97 
536.72 
334.20 
208.09 
129.57 
80.68 
50.24 
31.28 
19.48 
12.13 
7.56 
4.70 
2.93 
1.82 
1.14 
.71 
.44 
.27 
.17 
.11 
.07 
.04 
.03 
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