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ABSTRACT

Closed-cell rigid board phenolic foam was recently introduced as a
promising insulation alternative to polyurethane and isocyanurate foams.
The apparent advantage of this new product is its relatively high resis-
tance to the phenomenon known as aging, i.e., the degradation of the
thermal properties over time. This is caused in the short term, by the
diffusion of air components (mainly, oxygen and nitrogen) into the
fluorocarbon gas occupied closed cells; and continues, over larger periods
of time, as the fluorocarbon escapes to the atmosphere. This project is
an initial investigation to determine the permeation properties of gases
in closed-cell phenolic foam.

A geometric study of the phenolic foam cell structure was performed
in order to determine the cell wall thickness, cell diameter, and polymer
distribution between the struts and cell walls. The void fraction of the
foam was also calculated. These parameters were useful in implementing
an analytical mcdel of the foam based on assumed cell shape. The study
revealed that the phenolic foam doubled the percentage of polymer
material in the cell walls when compared to the polyurethane foams.

A test cell was designed and built that measured the volumetric
flowrates due to gas permeation through a film of phenolic polymer.
These tests were needed to understand the diffusion properties of the
material in the cell walls. The inability to obtain adequate representa-
tive films prevented the completion of these tests; therefore, by using
experimental values for the foam permeability, a range of phenolic polymer
permeabilities was calculated through the analytical models. This re-
vealed that the permeability of the phenolic polymer was approximately
7 times less than that of polyurethane polymer (methane diisocyanate).

A foam permeability test apparatus was constructed which had improved
sensitivity over those of previous design. Initial tests with three
gases (carbon dioxide, oxygen and nitrogen) suggested that accelerated
temperatures and gas pressure gradients across the sample would damage the
delicate foam cells. This prohibited the successful testing of the
various gases over a wide range of temperatures. A Tow temperature test
with carbon dioxide determined the permeation rate in the phenolic foam
to be 30-45 times less than that of various polyurethane foams under the
same conditions. This was accounted for by the phenolic foam having
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twice the density than the polyurethane foams, over two times the per-
centage of material present in the cell walls, and the cell wall polymer

being'7 times less permeable to the test gas than the polyurethane
polymer. ' -

Thesis Supervisor: Leon R. Glicksman
Title: Senior Research Scientist
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NOMENCLATURE

A area

C concentration

C* fractioral gas concentration
d diameter

D diffusion coefficient

Ep activation energy

J mass flux

L length

<2> distance between cell walls
M mass

NL number of polymer/test line intersections per length
p partial pressure

Pe permeability coefficient
universal gas constant
solubility
surface area to volume ratio

R

S

S

T temperature
t thickness
v volume

X

diffusion distance

Subscripts
act actual

eff effective

f foam
gas
s solid polymer
Greek
o) density
8 void fraction

€ enhancement parameter
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Rigid closed-cell foam has proven to be an invaluable product for
industry and for the personal consumer. Its use for aircraft shell panels
and refrigeration units, as well as for flat roof and wall insulation,
typifies the demand for thermal insulating properties and structural strength

combined in one product.

Two major types of rigid closed-cell foam, isocyanurates and poly-
urethanes, have dominated the marketplace over the past several years.
However, a new form of closed-cell insulation was recently developed:
phenolic foam. Phenolic has been used for rigid insulation for some time,
but always in an open-cell form. Modern techniques have permitted one
major manufacturer of building products to successfully blow phenolic resin
into rigid board while maintaining a closed-cell composition. (Section

1.2)

Closed-cell foam obtains its superior insulating value, not from the
polymer itself, but from the gas captured within each cell. Flucrocarbon
(Freon) gas is generally utilized as the blowing agent due to its low
thermal conductivity (approximately %- of that for stagnant air). This
permits R-values to be higher than those for an open-cell foam or fiber--
glass batting and yet be rigid enough to provide structural strength. |
These qualities make closed-cell foam increasingly attractive to the

construction industry.
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The major drawback of closed-cell foam is the R-value degradation
over time. This phenomenon is termed "aging" and occupies the scope of
this project. The aging can be significant in some foams (as much as a
50% decrease in R-value for some urethanes and isocyanurates) and resu]t;
in increasing energy usage to the consumer. Aging occurs when the gas
components in air, mainly oxygen and nitrogen, diffuse through the cell
walls of the foam and occupy the cells with the Freon gas. The gas mix-
ture then has a higher thermal conductivity, thus lowering the overall
R-value of the foam. This process usually takes place within one or two
years. The aging continues over a much larger time scale as the Freon
gas diffuses out of the cell and escapes to the atmosphere. These pro-
cesses will be discussed further in Section 1.4. The most common attempt
at preventing diffusion through the foam has been the application of a
diffusion barrier to the face of the foam, usually some type of aluminum
foil. This method has had very limited success due to the manufacturer's

inability to obtain an adequate seal at the foam/foil interface. [1]

After perfecting the production method, the closed-cell phenolic
foam was periodically tested by the manufacturer for R-value. These tests
revealed that there was no change in R-value over time, thus suggesting
that the aging phenomencn was not present. M.I.T.'s Energy Efficient
Buildings Program was then asked to explain this behavior, and determine
how long the foam will continue to hold its original R-value. This would
be accomp]iéhed through the use of experimental techniques developed in '
previous work with polyurethane foams. Therefore, the goal of this project
is to provide an initial investigation into the rigid closed-cell phenolic

foam to determine the gas diffusion characteristics of the foam product
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as well as the phenolic polymer.

1.2 Development of Closed-Cell Phenolic Foam

Although the first totally closed-cell phenolic foam was manufactured
in 1982, phenolic foam in open-cell form was made as early as 1937, while
the phenolic resin dates back to 1909. The phenol formaldehyde polymer
was noted for its excellent fire resistance and the minimal toxic gases
produced when heated. This thermoset plastic was also economically at-
tractive since it was derived from synthetic petro-chemiéa] products and
the by-products from the coking of coal. [2] These qualities encouraged
chemists to further develop phenolic foam insulation, but the unacceptable
R-values  opened-cell foam could not compete in the marketplace with the

superior closed-cell polyurethanes and isocyanurates.

Closed-cell foam becomes open-celled when the cell walis begin to
rupture during foaming. This is due to resin which has not yet has time
to cure and strengthen, and is also due to the moisture present in the polymer.
Early successes in manufacturing closed-cell phenolic were hampered by the
formation of tiny pinholes in the cell walls; also, the thin cell walls
would tend to dry out due to the hydroscopic (moisture absorbent) nature
of the resin and crack under thermal-and mechanical stresses. In order to
perfect the manufacturing of these foams, a method was developed and
patented whereby a series of chemical additives and formation techniques
were used to foam the resin with a flurocarbon gas (a 50/50 mixture of -
Freon 11 and Freon 113) and maintain a closed-cell structure, while the.
resin in the cell walls strengthens and cures [ 3]. By creating thicker

cell walls, the mechanical strength and diffusion properties were also
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improved. For a more. detailed description of the manufacturing process,

see [4] and [5].

1.3 Previous Work

Early studies with foam insulation at M.I.T. have dealt primarily
with polyurethane foams. This research has dramatically increased the
understanding and insight into gas permeation through foam products. The
initial study by Schuetz and Glicksman determined that there are three
modes of heat transfer through rigid foam insulation: conduction through
the solid polymer lattice, conduction through the entrapped gas in each
cell, and radiation through the foam [ 6 ]. Convective heat transfer within
the cells was neglected due to the small cell size. Later, work by Reitz
and Glicksman was concerned with the aging phenomenon, and a mathematical
model to predict aging was developed [ 7 ]. This model takes the physical
properties of the foam and the polymer (determined experimentally) and
combines them into a simple lattice structure that can be analytically
examined. The important physical parameters are: cell wall thickness,
the cell wall permeability, cell size and the distribution of the polymer
between the cell walls and the cell struts.* Reitz also developed many of

the techniques necessary to determine the physical parameters.

One of the most significant discoveries was that for polyurethane
and isocyanurate foams, only 15% to 20% of the polymer is contained in

the cell walls, while the balance of the polymer is in the struts. Early

* .
Struts are defined as the build-up of polymer that occurs at the inter-
section of the cell walls. In accordance with surface tension theory and
three-dimensional lattices, there are usually three cell walls inter-
secting to form a strut separated by angles of 120°. Therefore, cross-
sections of the struts appear triangular in shape. (see Figure 1.1)
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Strut Area
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FIGURE 1.1: SEM Photo of Cell Wall and Strut Area
(1000x )
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reports cited an even distribution between the polymer in the walls and the
polymer contained in the struts. Continuing efforts by Ostrogorsky at
M.I.T. further developed the film and foam permeability tests (Chapter 2)
and generated a computer code which would determine the R-value of the foam
over long pericds of time as a function of the foam's permeability to
various gases [ 1]. He obtained correlations of the polymer permeability
with the vafiods gases and acquired excellent agreement between the
analytical model and the foam permeability tests. Another significant
achievement was the verification of the accelerated aging tests currently
used in industry. These tests subject foam samples to elevated temperatures
(60°C, 140°F) in order to expedite the aging process. A factor of 3 to 4

is generally used for the correlation between real-time and the simulated,
"aged" time. Finally, he showed that diffusion of gases through closed-cell
foams is driven solely by partial pressure gradients and is independent

of temperature gradients other than the temperature affects on the polymer

permeability.

Since closed-cell phenolic foam is relatively new to the marketplace,
very little data are available concerning its permeation characteristics;
however, the small data obtainable suggest that it posseses excellent
diffusion properties, particularly for the molecularly larger flurocarbon
gases. The addition of chemical additives by the manufacturer enhance the
closed-cell formation and alter the resin to a unique chemical (and
physical) composition.  Therefore, the results obtained in this projecf
will remain, for the most part, valid for the specific foam tested and not

for phenolics in general.
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1.4 Fundamentals of Permeation

Permeation is the process that governs the aging in closed-cell foams.
It can be described as the movement of a gas from one side of a solid mem-

brane, to the other side, and is divided into three parts:

1) absorption of the gas into the solid,

2) diffusion of the gas through the solid
and 3) the release of the gas from the solid to the environment on the

other side of the membrane. [ 8]

The driving potential for such a process is the gas concentration gradient
(i.e., gas permeates from high gas concentrations to low gas concentrations)
but, as it will be shown, is not solely dictated by a diffusion coefficient
according to the molecular structure of the solid. The solubility of the
gas within the polymer governs the initial stage of the permeation process
and thus partially controls the overall procedure. A graphical explanation
of this procedure is shown in Figure 1.2. Ostrogorsky describes a more de-
tailed thermodynamic explanation based on chemical potential, but it is

beyond the scope of this project [1].

From a mathematical perspective [ 9], the permeation can be calcu-
lated by first treating the solid material as a homogeneous medium and

assuming Fick's Law of Diffusion applies:

- 3C -
I=0 5 (-1)
where J = gas flux through the solid (mass flow per unit time
per unit area)
D = mass diffusion coefficient
C = gas concentration within the polymer
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X = diffgsion distance across the membrane wall

Now, define the fractional gas concentration as the gas concentration
in the solid divided by the density of the gas:
¢’ C

= = (1-2)
gas,mixture

and let x = the thickness of the solid, t

then:
(€] - )
J = ngas,mixture ——J—q;—il— (1-3)
*
where C] = high fractional gas concentration
and C; = Jow fractional gas concentration

The next assumption made is that the fractional gas concentration at
the solid/gas interface is directly proportional to the partial pressure
of gas above the interface [10]. This relationship is known as Henry's
Law and the constant of proportionality is the solubility of gas within the

solid, or:

*
C =Sp (1-4)
where C* = fractional gas concentration
S = solubility of the gas within the solid
p = gas partial pressure above the solid

The solubility has units of volume of gas dissolved per unit of solid pér
atmospheric pressure. If Equation (1-4) is substituted into Equation (1-3),

then
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J = pDS T (1-5)
: y (p P,)
Vv 1 2
or £= 08— (1-6)
where V = volumetric flowrate
A = diffusion area

Now define the permeability coefficient:

Pe

(D)(S) (1-7)

and Equation (1-6) becomes:

(p] - pz)

= Pe

Dl e

and the permeability coefficient can be determined by:

. ()(t) ]
Pe = e, - 7y (1-9)

Equation (1-7) now clearly shows how the mass diffusion coefficient
plus the solubility must be combined to describe the overall permeation
process. It is interesting to note that the diffusion appears to be more
of a physical parameter based on the size and structure of the molecular
lattice of the solid. In other words, it is a question of whether the gas
molecules can "fit" through the molecular voids of the polymer as they are
driven by their own concentration gradients. Therefore, gas molecules
of similar diameter should have similar diffusion coefficients through a
given substance. Solubility, on the other hand, appears to be controlled
by a chemical process. The molecular affinity between the gas and the

solid, or the lack of it, seems to determine how readily soluble the gas
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is within the polymer. Also, it should be remembered that the gas must
first be absorbed into the surface layer of the polymer before the actual
diffusion can take place. This is why the permeability of similar-size

gas molecules can vary greatly for a particular solid.

The basis for permeation through a solid membrane can now be expanded
to describe permeation through closed-cell foams. These foams can simply
be thought of as a succession of cells and cell walls (Figure 1.3). Since
the permeation of a gas through another gas is many orders of magnitude
greater than that of a gas through a solid, the resistance to permeation
of the cell voids can be considered negligible. Figure 1.4 shows an
equivalent electrical analogy for the cell structure. The cell voids have
negligible resistance, but they do provide the majority of the gas storage
capacity forthe entire foam. Also, the partial pressure gradient for each
gas present in the cell is assumed to be zero across the diameter of the
void. Therefore, a gas molecule, driven by its own partial pressure
gradient, will be absorbed into a cell wall, diffuse through the membrane
and be desorbed to the other side. The molecule will then be stored in the
cell void until such time when it will again be absorbed into the next

succeeding cell wall, and so on.

The effect of temperature on foam permeability is described by the

Arrhenius expression:

Pe = Peo exp(-Ep/RT) (1-10)
where Pe0 = experimental constant
Ep = activation energy of permeation
R = universal gas constant
T = absolute temperature
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FIGURE 1.3: PERMEATION IN FOAM MODELED AS SUCCESSIVE
CELL WALLS
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Therefore, by increasing the temperature of the foam product, the ability

of a gas to permeate through the foam should also increase.

Equation (1-9) will be used to determine the permeability coefficients
for the cell walls and for the overall foam insulation. However, in foams,
the permeability coefficient is actually considered as an effective per-
meability, Peeff. This accounts for the fact that the foam is not solid
polymer and has significant gas storage capacity in the cells. Fick's
Law and Henry's Law should apply for both cases; however, homogeneity be-
comes a major concern - particularly for the foam samples. An inhomo-
geneous product will become subject to other phenomenon of mass transport
such as Knudsen diffusion [11]. Krudsen diffusion occurs when there are
openings in the solid of the same length scale as the mean-free path of
a gas molecule. (=1 micron). See Figure 1.5. The gas will then diffuse
through the solid at much higher flowrates determined by total gas pres-
sure gradients, not according to Fickian diffusion which is independent of
total pressures. Although the Knudsen flowrates will be higher than
Fickian diffusion flowrates at pressures above atmospheric, they will,
however, be many orders of magnitude less than that of a bulk flow leak, and

can be confused with permeation-related flow.

1.5 Project Approach

The approach that will be used in this project to determine the aging
characteristics of phenolic foam is divided into two methods: a) a direct
foam experimental measurement and b) an analytical model. The results of
these two methods will then be compared. Figure 1.6 shows a simplified

schematic of the approach.
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The direct foam permeability measurement consists of obtain}ng a
manufactured sample of foam product and subjecting it to a partial pres-
sure difference of test gas across its thickness. The volumetric flowrate
due to gas permeation through the foam will then be measured on the low
pressure side of the sample. The anaiytical model requires that the per-
meability of the phenolic polymer be determihed by subjecting a film of
polymer to a partial pressure difference and again, measuring the resulting
volumetric flowrate. Also necessary is a geometric study of the cell
formation which includes the cell wall thickness, polymer distribution
and cell diameter. Once the foam geometry and polymer permeation charac-
teristics are known, the foam product can be modeled as a succession of
cell walls and voids, and the permeation of various gases driven by their

own partial pressures can be mathematically predicted.
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CHAPTER 2
EXPERIMENTAL APPARATUS AND PROCEDURES

2.1 Introduction

The experimental aspects to this project consisted of three main
areas: phenolic foam permeability tests, phenolic polymer film permeability
tests, and phenolic foam cell geometry siudies. As mentioned in Section
1.5, the film tests and geometry studies will be combined through the use
of a mathematical model to confirm the foam permeability results. A

description of this model can be found in Chapter 3.

Experimental techniques to measure foam and film perﬁeabi]ities have
been developed throughout industry and research, including MIT. Many
of the approaches previously implemented carried with them prohibitively
high costs, the use of exotic apparatus, or techniques that produced in-
accurate or unrepeatable results (particularly for long term data acquisition
periods). Examples include gas spectrometers, transient measurement
techniques, and volumetric measurements that are "opened" to the environment
and can ultimately be affected by barometric pressure changes. It was the
intent of this project to build and utilize an apparatus that would be
relatively simple in design and low in cost, but generate the suitable
results in a reasonably short period of time that are necessary for future

research and development in the foam insulation industry.

One significant improvement for the foam permeability tests was the
development of the rapid steady-state technique by Ostrogorsky at MIT [1].

. Since a steady-state, or linear, concentration gradient is necessary for
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* accurate measurements in a foam sample, it is useful to obtain this state
as rapidly as possible. From the Arrhenius-type equation for permeability;
Pe = Peo exp(-Ep/RT), it is evident that permeation is enhanced by an in-
crease in temperature. In fact, Ostrogorsky determined that for poly-
urethane foams, air components will diffuse approximately 10 times faster
with an increase of 50°C above room temperature. The rapid steady-state
technique utilizes this temperature dependence by e§tablishing a linear
concentration profile at high temperatures and preserving steady-state as
the foam is cooled to lower temperatures. To do this, the foam is isolated
from the environment after reaching its high temperature steady-state con-
dition. The linear concentration gradient is then maintained as the pres-
sures are altered simultaneously with controlled temperature changes with-
in the foam sample and apparatus through the ideal gas laws. Permeation
measurements are then ready to be taken at a desired temperature as soon as

thermal equilibrium is established. (Section 2.2.6).

The film tests were used to determine the permeability of the solid
phenolic polymer. This was a relatively simple test that, again, used
concentration gradients as the driving potential and determined the per-

meation from measurements of the volumetric flowrates.

The foam cell geometry was found thrcugh the use of scanning electron
microscope photographs. Important parameters from the geometry studies
included cell wall thickness, percentage of polymer in the cell struts .

versus the cell walls, and foam cell diameter.
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2.2 Foam Tests

2.2.1 Introduction

In order to implement the results obtained from the mathematical
model, it was necessary to determine the foam permeability coefficients ex-
perimentally. Various techniques are described in [9]. Early studies
at MIT utilized the volumetric or variable volume method (ASTM D1434-75)
due to its relatively low cost and simple design. In this method, a foam
sample is sealed between two chambers and subjected to a pressure (i.e.,
concentration) difference across the sample. The test gas, at high pres-
sure in the lower chamber, then diffuses through the foam and into the
upper chamber, which is at atmospheric pressure. The volumetric gas dif-
fusion rate is then measured by the movement of a slug in a capillary tube
attached to the upper chamber (Figure 2.1). This method later proved to be
inaccurate for long term (over 1 hour) testing due to changes in atmospheric
pressure that occured while taking data [1]. The non-constant ambient
conditions would enhance or prevent the upward movement of the slug as the
barometric pressure would fall or rise, respectively. It was then decided
to measure the volumetric diffusion rates by means of an absolute pressure
transducer and correlate the pressure increase in the upper chamber to a
constant pressure increase in volume as a function of time. The mass
diffusicn rate could then be calculated knowing the density of the test
gas. Since the absolute transducer measured pressure changes with respect

to vacuum, this technique was not affected by changes in ambient pressuﬁe.

The approach to this measurement, as mentioned earlier, was to subject

a_foam sample to a pressure difference across its thickness, and determine
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the volumetric flowrates as the gas diffuses from the high pressure side

to the low pressure side according to Equation (1-9):

V(t)
(P - Po)(A)

Pe = Also see Figure 2.2.

There were several important points to consider when designing the apparatus:

e The volumetric flowrates were expected to be very small - on
the order of 1x1073 mm3/sec (6.1x10'8
was very important to minimize the volume of the upper chamber

1n3/sec); therefore it

to increase the sensitivity of the apparatus.

e Due to the very small flowrates, any outgassing effects would
prove to be an important source for error in the measurements.
To prevent this, the entire apparatus would have to be con-
structed from stainless steel, and any material possessing
capacitive properties for dissolved gases could not be used
(e.g., rubber, paper, etc.).

e Extensive cleaning procedures would be necessary to eliminate
contaminated surfaces that could become volumetric outgassing
sources.

e To minimize the possibility of leakage, the use of solid stock
machining should be used wherever possible, and any welding per-
formed should be done in accordance with sophisticated tech-
niques used in vacuum technologies.

e Since rubber seals could not be used, another type of sealing a
material would be necessary. Indium metal was found to have
excellent sealing properties, and could be thoroughly cleaned
so as not to become an outgassing source in the apparatus.
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e All greases and glues would have very low vapor pressures while
maintaining excellent sealing and adhesive properties at accel-
erated temperatures.

e Since the repeatability of the measurement would require that
constant boundary conditions (i.e., pressures) be maintained
throughout the experiment, high and low pressure reservoirs
would be necessary, so that external barometric pressure
effects could be eliminated. Also, the volume of the reservoirs
would need to be large enough so that changes in pressure by
volumetric flowrates and the ideal gas law would be negligible
during testing.

e The absolute pressure transducer was found to be very temperature
dependent relative to the sensitivity of the measurements. A
constant thermal environment around the transducer would eliminate
affects due to changes in the ambient laboratory climate.

e As discussed in Section 1.4, permeation behaves according to an
Arrhenius-type expression of the form

Pe = Peo exp(-Ep/RT) (1-10)
where Pe0 = experimental constant
Ep = activation energy of permeation
R = universal gas constant
T = absolute temperature

Therefore, close, constant temperature control is necessary
throughout the experiment for repeatable and accurate results.
Also, according to Ostrogorsky's rapid steady-state procedure
[1], temperature control is also necessary so that the sample
can quickly establish a Tinear and steady-state concentration
gradient at an elevated temperafure, and the linearity of the
gradient could then be maintained as the temperature is uni-
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" formly lowered. (Section 2.1)

The application of the preceeding design concerns will become mere
apparent to the reader and discussed in further detail in the following
sections.

2.2.2 Apparatus

2.2.2.1 Introduction

The foam permeability apparatus, shown in Figure 2.3, is comprised of
three major components; a) the foam cell, b) the constant temperature bath,
and c¢) the data acquisition system. These parts will be discussed in further
detail.

2.2.2.2 Foam Cell

The components of the foam cell include: the lower chamber, the upper
chamber, the sample ring, the low pressure reservoir, the high pressure
reservoir, and a p1exigias container. These parts are shown in Figure 2.4,
and their operational importance will be discussed in Sections 2.2.5 and

2.2.6.

The lower chamber was machined from 5 in. 304 stainless steel round
stock to an outer diameter of 4.98 in. and an overall length of 2.50 in.
The inner bore dimensions are 4.540 in. diameter x 1.625 in. deep for the
upper section and 3.760 in. diémeter x 0.535 in. deep for the lower section.
This design will accommodate samples ranging in thickness from % in. to
1 in. A-% in. thick piece of 304 stainless steel plate was then cut to a
diameter of 7 in. and welded to the bottom of the lcwer chamber. Six g-in.
diameter holes were drilled symmetrically around the chamber and two-% in.

holes were drilled through the center of the entire piece. Stainless steel
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% in. tubing'with a 0.035 in. wall was then placed through the holes and
heli-arc welded from the inside of the chamber. This welding technique
assured that no impurities could be lodged between the outside of the tubing
and the %-in. hole, and that the thorough cleaning of the piece would be
simplified. Also included in the lower chamber assembly was a small foam
sample support,3.0 in. diameter x 0.535 in. high, to prevent sample breakage

in the event of the upper chamber being over pressurized.

The upper chamber was also machined from 5 in. 304 stainless steel
which was turned to a diameter 4.5 in. A 0.275 in. wide by 0.170 in. deep
groove was then cut 0.250 in. from the end to accommodate a water-tight
rubber O-ring seal. A %-in. thick piece of 304 stainless steel was again
cut to a diameter of 7 in. and welded to the top of the piece, where six
%“ in. diameter holes were drilled so as to align with the lower chamber
holes. Three %-in. diameter holes drilled through through the entire upper
chamber to fit the stainless steel gas inlet and exit tubes and also the
transducer tube. These tubes were also heli-arc welded from the inside

in accordance with the same vacuum techniques mentioned earlier.

Although this portion of the cell is referred to as a "chamber", its
volume is actually quite small. In fact, foam support against the pressure
differential is provided directly by this piece. Therefore, the volume of
the upper chamber is simply the inner volume of the inlet and exit tubing
and the sensing chamber of the pressure transducer. There is also a min-
ute volume contribution associated with the foam/steel interface as shoWh
in Figure 2.5. The total volume of the upper chamber is estimated to be
1100 nnﬁ with a foam surface area/upper chamber volume ratio of 6.7. This

ratio was an important consideration in the cell design as a larger ratio
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will ‘result in a more pressure sensitive foam cell. It should be noted that
there was concerﬁ over whether such a design (no separate upper sﬁpport)

would affect the pressure measurements, considering that the foam sample
directly covered the transducer port and the inlet and exit iube openings.

This concern was alleviated after considering that the cell size of the
phenolic foam varied from 70 to 300 microns and that the initial layer of

foam resting against the upper chamber consisted of broken cells and a non-
uniform surface having voids of the same order of magnitude (say, 100 microns).
The mean free path of a gas molecule at atmospheric pressure is on the

order of 1-10 microns [12], therefore, a negligible resistance occurs be-

tween the foam interface and the upper chamber (Figure 2.6).

The foam sample ring was cut from a piece of 4.5 in. 304 stainless steel
tubing. The finished dimensions are inside diameter, 3.825 in., and out-
side diameter, 4.438 in. The overall thickness (and, consequently, the foam
sample thickness) is 0.225 in. A small indentation was cut into the upper
surface of the ring to accept an indium gasket. This permitted a tight seal
with the indium upon compression, but eliminated the volume associated with
the gasket thickness (Figure 2.5). Indium metal was utilized for its ex-

cellent sealing characteristic and its very low outgassing properties.

The low pressure and high pressure rescrvoirs were similarly con-
structed from 3.5 in. diameter 304 stainless steel tubing, each 9.0 in. in
length. Two holes of %-in. diameter were drilled through the sides of

each tube and %-in. stainless steel tubing was inserted and welded. The-
entire inner surface was cleaned with successive applications of acetone and
200 -proof ethyl alcohol and then placed in an ultrasonic cleaner filled

with distilled water. The reservoirs were then heated to approximately
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800°F and then cooled. These techniques assured that noloutgassing would

occur from the inner surfaces. Endcaps constructed of-% stainless steel

plate were similarly cleaned and welded into place.

The plexiglas container, with outer dimensions of 10 in. length by
10.5 in. height by 9 in. width was fabricated from %-in. plexiglas plate.
The sides and bottom were attached by means of stainless steel allen bolts
and the necessary water seal was assured by using-ﬁ%r in. rubber gaskets
and General Electric RTV 106 high temperature silicon rubber adhesive
sealant. The top piece was bolted into place and sealed with a one-piece
rubber gasket. Since the box would be opened and closed many times through-
out the test program, the adhesive sealant was replaced with vacuum grease.
Sealing around the stainless steel tubing was achieved by use of compression

fittings and number 6 0-Rings.

2.2.2.3 The Constant Temperature Bath

The constant temperature bath was constructed from an 18 gallon glass
aquarium tank measuring 30 in. long x 12 in. wide x 12 in. deep. Two holes
were drilled into the lower portion of the tank - one for drainage; the
other connecting to the constant water level reservoir. This reservoir
assured tﬁat the amount of water in the tank would remain steady without
heating excessive amounts of make-up water. (Figure 2.7) To minimize
heat loss, the sides of the tank were covered with foam board insulation,
and the top was fitted with a'T%T in. plexiglas cover. The cover greatyy
reduced the heat and mass losses associated with testing at the elevated
(above 50°C) temperatures. Distilled water was used for the bath and

make-up water to keep the apparatus clean and free of mineral deposits.
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It also prevented the hose connecting the constant leyel reservoir to the
bath from experiencing vapor locks that occur when the dissolved gases in
normal tap water are released after heating. The bath temperature was
maintained with a Fisher Model 73 immersion circulator to an accuracy of

+ 0.02°C. Temperature was monitored with two type K thermocouples placed

in the bath and inside the foam cell container. Close temperature control
was necessary to produce accurate, repeatable measurements, and to eliminate
any transient thermal effects; also, the pressure transducer was found to

be very temperature sensitive for this experiment, as explained in the next

section.

2.2.2.4 Data Acquisition

Volumetric flowrates (i.e., permeation rates) were measured through
the use of a Validyne Model AP-1042 absolute pressure transducer and cali-
bration correlations between pressure increases and changes in volume
(see Section 2.2.2.7). While being non-responsive to changes in ambient
pressure, the absolute transducer proved to be temperature sensitive.
Manufacturer's specifications estimated the temperature sensitivity as
0.01% full scale per °F. This corresponds to a 1 mV shift for every °F
change in temperature given 2 10 volt span; hbwever, early tests revealed

a somewhat larger dependency.

With typical data acquisition comprising of 25 mV increases, this
temperature dependency would cause considerable errors in the measure-
ment if the environment around the transducer was not carefully controlled.
For this reason, it was decided to enclose the transducer within the

plexiglas container where the temperature would remain constant. Initial
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testing showed that the presence of excessive moisture condensing on the

. electrical connection of the transducer would cause shorting between the
pins of the connector. This problem was resolved by rémoving the entire
Bendix-type connection from the top of the transducer, thus exposing the
four pins extruding from the transducer case. The signal lead wires were
soldered directly to the pins, then the entire connection was potted using
General Electric RTV 118 translucent self-leveling silicon rubber adhesive
sealant and allowed to cure for several days. The signal wires connected
to a Validyne Model 15 carrier demodulator which converted the AC signals
from the transducer to DC voltage. (Figure 2.8) The demodulator also con-
trolled span adjustment and zero shifting. The D.C. voltage was measured
by a digital voltmeter and then sent to a Gould Mode1v2200 strip chart re-
corder for hard copy recording. It should be noted that the cable shield
for the signal wires were disconnected and the transducer was grounded
directly through'the plumbing connection to the foam cell. This prevented

any type of ground loop that could result in signal zero instabilities.

2.2.3 Foam Samples

Foam samples for the permeability tests wereobtained from sta. dard
production 1.2 in. phenolic foam boards manufactured by Koppers Co., Inc.,
Pittsburgh, PA. Appendix A lists the properties of the foam. The foam was
cut into 4.5 in. diameter circles and then sliced in half to reduce the
thickness and expose the interior of the foam. This permitted a visual check
for any unordinary voids or imperfections inside the foam. One of the

halved sections was then trimmed to snuggly fit inside the sample ring.
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The sample ring was cleaned using successive applications of acetone
and 200 proof ethyl alcohol énd then ultrasonically. cleaned in distilled
‘water. The ring was heated in an oven to approximately 500°F and é]]owed to
cool. This procedure assured that any outgassing impurities due to machining
and general handling would not affect the measurements. Although the ring
would again be handled while the sample was being sealed inside the ring,
a final cleaning with acetone and 200 proof ethyl alcohol would eliminate

any contamination.

The foam was cemented into the sample ring by applying DER 331 Epoxy
(A11ied Resin Corporation) to the outer edge of the foam and to the inner
surface of the ring. The foam was fitted into the ring and allowed to
cure overnight. The DER 331 epoxy was chosen for its very low vapor pres-
sure characteristics, thus eliminating any outgassing effects on the measure-
ments. Finishing was performed by sanding the foam sample flush with the
face of the ring to a finished thickness of 5.72 mm (0.225 in) and cleaning
up any unnecessary glue present on the sealing faces. Leaks were detected
by placing the sample into the foam cell and sealing it with 4.5 in. rubber
0-Rings. A capillary tube was placed onto the transducer tube connection
and the inlet and exit gas tubes were sealed with valves. A slug of ethyl
alcohol was placed in the top of the capillary tube and allowed to fall.

If the slug stopped and remained motionless, the sample was then assumed

to be sealed within the ring. It was removed, the ring was again cleaned
with acetone and 200 proof ethyl alcohol and covered until the cell was;
ready to be assembled. A continuously falling slug, when monitored over a
period of several minutes, indicated that there was a leak, and the sample -

was removed and discarded. The entire procedure was repeated until a good
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sample was obtained. It should be noted that, depending on the size of the
capillary tube, a slug could fall to the bottom of the tube, thus, giving

the appearance as if the sample was leaking; however, this could be due to
the compressibility of the air inside the upper chamber. When this occurred,
one of the valves was opened as the slug was falling and the chamber was
slightly pressurized so as to stabilize the slug. The valve was then closed

and the slug was observed for any type of motion.

2.2.4 The OQutgassing Phenomenon

The phenomenon of outgassing is a very important consideration when
performing the foam permeability tests. Any surface that is not properly
cleaned will outgas and affect the sensitive permeability measurements sub-
stantially. This became evident in early work at MIT [13]. For this
reason, all surfaces associated with the measurements were constructed
from stainless steel, and only greases or seals with very low vapor pres-
sures were used. The valves used in this experiment were also of high

quality stainless steel and were thoroughly cleaned before use.

2.2.4.1 Cleaning Procedures

Compenents of the foam cell were cleaned using acetone and 200 proof
ethyl alcohol. The acetone was applied first, being strong enough to dis-
solve and remove any greases or oily films. The pure ethyl alcohol was
then used as it evaporated completely from the surface and left no residue.
After an ultrasonic cleaning in distilled water, the components were heated
in an oven to 500°F. The excessive heating will allow the first few
molecular layers of the surface to expand and release any ihpurities that

may be present. Great effort was taken not to handle any surface without
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the use of plastic surgical gloves.-

2.2.4.2 Seals and Greases

The problem of oﬁtgassing prevented the use of rubber seals for any
surface associated with data acquisition. It was diséovered that indium
metal would provide an excellent seal without the negative outgassing
effects. For this reason, the seal between the sample ring and the upper
chamber was constructed from indium metal and covered with a thin film of
high quality vacuum grease having a very low vapor pressure. To seal the
lower side of the sample ring, a teflon seal was constructed, cleaned

and coated with vacuum grease.

2.2.5 Cell Assembly

This section describes the procedures followed to assemble the
foam cell for permeability measurements. The lower chamber was first
fifted with the lower foam support and the teflon seal was seated into
place. After inserting the foam sample, the indium gasket coated with
vacuum grease was placed on top of the sample ring. The 4.5 in. rubber
0-Ring was inserted into the groove of the upper chamber and small
amounts of vacuum grease were applied as a lubricant. The 0-Ring acts
as a water seal keeping the internal parts of the cell dry. The upper
chamber was then fitted on top of the gasket and sample ring and
tightened down with the stainless steel threaded rod and nuts. To
assure even compression around the gasket, a torque wrench was used to:
tighten the nuts to 120 in-1bs. The pressure transducer was connected
to the cell using % in. stainless steel swagelok fittings. After

placing the entire cell assembly in the plexiglas box, it was filled
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with distilled water to a point just below the transducer. This permitted
an increased heat transfer coefficient around the cell without allowing the
transducer to be totally immersed. The top of the box was bolted into
place and sealed, and the entire container was placed into the constant
temperature bath. Additional connections were made as shown in Figure 2.3

using'% in. stainless steel tubing.

2.2.6 Testing Procedures

Permeability data were required at three temperatures: 75°C, 50°C
and room temperature. The apparatus was first heated to 75°C according to
the accelerated temperature method described by Ostrogorsky [1]. A pres-
sure of 8 psig was maintained in the lower chamber and in the high pressure
reservoir with a gas regulator and was monitored with a test guage. The
exit valve was fully opened and the inlet valve was slightly opened to
permit small amounts of gas to flush across the sample into the Tow
pressure reservoir. This allowed any impurities other than the test gases
permeating from the foam, to be cleaned from the measurement area. An 0il
trap provided a visual check of gas flow and maintained atmospheric
pressure in the pressure reservoir. The sample was flushed for a few
days in this mode and then the inlet valve and oil trap valve were closed
to establish the concentration boundary condition on the upper side of
the foam. To determine when the sample had reached steady-state,
transient charts, developed by Ostrogorsky [ 1] and similar to the Heisler
Charts of heat conduction, were used‘by periodically taking data and |

comparing the results.

Data were taken by closing the exit valve of the upper chamber and
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recording the upper chamber pressure increase wjth the strip chart re-
corder. At the end of a 25 mV span, the recording was stopped and the
exit vaive reopened. A period of time (usually %-hour to 2 hours) was
allowed to elapse between each data acquisition run to reestablish the

original boundary conditions.

Once repeatable data were obtained at 75°C, the supply valve was
securely ‘closed and the bath cooled to 50°C. With this technique, the
linear concentration gradient established across the sample at 75°C is
maintained as the pressure conditions within the entire apparatus change
proportionally with temperature (See Section 2.1). Therefore, once a new
steady temperature is obtained both inside and outside of the cell, the data
can be taken immediately. After taking data at 50°C, the temperature was

dropped to room temperature and the recording procedure was repeated.

It should be ncted that the volumes of the high and low pressure reservoirs
must be great enough for pressure changes (concentration changes) caused by
permeation to be negligible while achieving steady-state and during the

cooling periods between data temperatures.
2.2.7 Calibration

The calibration of the foam cell permitted a correlation between
the increase in pressure for the closed volume and the volumetric flow-
rate which would occur at constant pressure. A calibration censtant was
required at each data temperature due to the thermal sensitivity of the;
pressure transducer. To accomplish this, a capillary tube with an in-
ternal bore diameter of 0.5 mm was attached with Swagelok fittings to the

top of the inlet gas valve as shown in Figure 2.9. A scale graduated in
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millimeters Was attached to the tube to measure slug displacements. The
inlet valve was opened %—turn and an ethyl alcohol slug was injected with
a small syringe into the top of the tube. The length of the slug was re-
corded along with the change in voltage from the transducer. This process
was repeated using various lengths of slugs. The correlation between the
transducer output and volumetric change can be calculated knowing a) the
capillary tube cross-sectional area, b) the slug displacement, and

c) the change in the transducer ouf:put. The data were then plotted and a
least squares fit determined the calibration constant. The results of the

calibration are shown in Figure B-1 of Appendix B.
2.3 Film Tests

2.3.1 Introduction

To better understand the properties of the phenolic polymer, per-
meability coefficients of the polymer film would be determined experimentally.
The approach to this test is similar to that of the foam tests. A film
sample would be subjected to a concentration difference of a test gas
across its thickness, and the permeability coefficient for the gas would
be determined by measuring the volumetric flowrate through the sample.
Again, the upper and lower chambers would be separated and sealed by the
sample; but rather than place a large pressure difference across the thin
film, the concentration difference could be achieved by the use of two
different gases. In the upper chamber, the test gas at one atmosphere ab-
solute pressure would be present, while Freon 12 at one atmosphere absolute
pressure would occupy the Tower chamber. This would permit a partial
pressure difference of test gas equal to 1 atmosphere. Freon gas is known
to permeate at least one order of magnitude slower than nitrogen, oxygen
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or carbon dioxide; therefore the permeation rates of Freon through the
samb]e and into the upper chamber would be negligible. Volumetric flow-
rates could then be determined by measuring the decrease in volume in

the upper chamber as a function of time. See Figure (2.10). The early
apparatus at MIT used a 1iquid slug in a capillary tube and monitored the
fall of the slug over time. This method proved to be inadequate for long
term testing as mentioned in Section 2.2.1. Therefore, an absolute pres-
sure transducer was mounted to the upper chamber, and the decrease in
volume was determined through a decrease in pressure and the correlation
constant found by calibrating the film cell. The permeabiiity coeffic-

jent could then be calculated through the use of Equation (1-9).

Design considerations for the film cell were very much similar to

those of the foam cell described in Section 2.2.1.

e The volume of the upper chamber should be minimized to in-
crease the sensitivity of the apparatus.

e Outgassing effects would need to be eliminated through the
use of stainless steel construction, the use of glues and
greases with very low vapor pressures, and the thorough
cleaning of all surfaces.

o All welding would utilize vacuum techniques and be kept
to a minimum.

‘e Seals would be formed from indium metal.

e Close and constant temperature monitoring would be
necessary for accurate and repeatable results. This
would be required due to the temperature dependence on
permeation and the pressure transducer sensitivity.
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2.3.2 Apparatus

The film permeability test apparatus is very similar in nature to
the foam apparatus described in Section 2.2.2. For the film test, the
three major components include: a) the film test cell b) the constant
temperature bath and'c) the data acquisition system. The apparatus
set-up is shown in Figure 2.11 and will be discussed in slightly more

detail.

2.3.2.2 The Film Cell

The film cell consists of 4 parts: the upper chamber, the Tower
chamber, the sample mounting ring, and the plexiglas container. See
Figure 2.12. The upper chamber was machined from 2 in. 304 stainless
steel round stock to a length of 0.545 in. and a diameter of 1.970 in.
The internal volume of the upper chamber was determined by machining
a 0.010 deep cavity into the lower face of the upper chamber. By
including the valves, tubing, and pressure transducer chamber, the total
volume was approximately 900 mm3(0.055 in3). Three %-in. diameter holes,
one for gas inlet, one for gas exit and one for the transducer fitting
were drilled through the upper chamber and fitted with %-in. diameter
stainless steel tubing. These were then heliarc welded into place from

the Tower face of the upper chamber so as to facilitate the thorough

cleaning of this part and prevent ocutgassing.

The lower chamber consists of a 2 in. diameter piece of 304 stain-
less steel round stock cut to 1.990 in. in length with an internal bore
diameter of 0.650 in. and a depth of 1.575 in. A small indentation was

cut on the upper face to accommodate the mounting ring and hold it into
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place as the cell is being assembled. Three holes were then symmetrjca]]y
drilled through the upper chamber into the lower chamber, and the lower
chamber was then tapped so that the two halves could be bolted together
with %—in. #10 stainless steel allen bolts. Inlet and exit gas tubes

were then attached to the lower chamber by drilling through the side of

the piece and welding them into place.

The sample mounting ring is shown in Figure 2.13. The outer
diameter is 0.990 in. and the thickness is 0.260 in. It also was
machined from 304 stainless steel. A shallow groove 0.510 in. in diameter
was cut into the upper face of the ring so as to center the sample while
gluing it into place. The-j%; holes provided gas access to the sample

surface and also sample support.

The plexiglas container has outer dimensions of 9 % in. height,
11 in. length and 4 %—in. in width and was constructed from %-in. plexi-
glas plate Since the testing would not be performed at temperatures
above 50°C, the bottom and sides of the container were simply joined by
plexiglas cement. The top of the box was drilled and tapped for #8-32
stainless steel allen screws and fitted with a one-piece rubber seal
coated with vacuum grease. This would allow repeated openinés of the

container while assuring a water-tight seal.

As mentioned in Section 2.3.1 and Section 2.1, permeation through
any solid is an exponential function of temperature: Pe = Pe0 exp(-EglRT).
Therefore, the thermal environment around the film cell and transducer
required constant control and stability through the use of a water bath.

The constant temperature bath for the film tests was similar to the bath
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for the foam tests (Section 2.2.2.3). An 18-gallon glass aquarium tank
was connected to a constant water level reservoir, insulated on the sides
and fitted with a p1exig1gs cover. The water temperature was maintained
with a heater/circulator to an accuracy of + 0.03°C. To maintain clean-
liness inside the bath and reduce mineral deposits on the apparatus,
distilled water was used in the tank and for the make-up water. This

also prevented vapor-lock in the hose connecting the reservoir to the bath

due to dissolved gases being released after heating.

2.3.2.3 Data Acguisition

Pressure readings from the absolute pressure transducer were con-
ditioned and recorded in a manner similar to Section 2.2.2.4. The Validyne
AP10-42 transducer was placed inside the plexiglas container so as to
maintain a constant temperature around it, and the signal was sent through
the Validyne Model 15 carrier demodulator and on to the digital voltmeter
where it was measured in D.C. volts. The Gould Model 2200 strip chart
recorder provided a printed copy of the voltage change as a function of
time. As in the foam tests, the Bendix connector between the transducer
and the cable was eliminated, and the wires were soldered directly to
the pins extruding from the transducer case. This connection was potted
in General Electric RTV 118 translucent self-leveling silicon rubber ad-
hesive sealant to prevent moisture build-up between the pins that could

cause electrical shorting.

2.3.3 Film Samples

Phenolic polymer, in the form of a thin film, is used to determine

the permeability characteristics of the solid material in foam. Samples
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were obtained from Koppers Co., Inc., Pittsburgh, PA. In order to create
a representative film with respect to the polymer in the actual foam pro-
&ucf, concern was focused to the aréas of thermal history and blowing
environment. Thermal history is important in the production of foam
jnsulation as the diffusion properties of the polymer are directly re-
lated to this parameter. The blowing environment, in this case Freon 11
and Freon 113, was maintained so as to most closely match the conditions
under which the insulation is blown. It was confirmed that the film
samples should adequately represent the polymer found in the phenolic

insulation [ 14 ].

One problem of major concern when testing film samples is the pre-
sence of any micro-holes, cracks or small micro-bubbles in the solid.
(Figure 2.14) These are difficult, is not impossible, to detect with
the naked eye and each sample must be scanned with a high power optical
microscope. Micro-holes and cracks will severely alter the permeation
test results since the volumetric flowrate measured with such a sample
will be a contribution from bulk flow through these passages and not mass
diffusion. An open path on the order 1-10 microns (the mean free path of
a gas molecule) is all that is necessary to establish bulk flow. Micro-
bubbles within the solid enhance the volumetric flowrate since there is
a void of zero resistance to diffusion within the film, thus, the actual
polymer thickness through which the gas passed through cannot be deter-
mined. These defects can also be detected during testing if the per-
meation results appear to be totally independent of temperature and test

gas.
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In previous testing with polyurethanes at MIT, films were obtained
from large bﬁbb]es,that formed on the top of free rise foam buns. These
films were very thin and difficult to work with. This method'did not
prove to be viable with phenolic foam, however; due to the foam's free
rise inability to create large bubbles of a consistent nature. Therefore,
the films were made in the laboratory at Koppers Co. by forming thin
films on glass plates. These samples were then carefﬁ]]y cured. Although
the phenolic films were thicker than the polyurethanes, they proved to be

much easier to handle and less brittle.

According to Equation (1-9), the two physical parameters of the
sample necessary to calculate the permeability are the film area and
the film thickness. Each film sample was cut by using a cork borer
and the surface diameter was simply measured with a ruler followed by
an area calculation. The exact thickness of the films was determined by
using an optical microscope equipped with a camera. Thickness photographs
were then taken at various points around the edges of the sample and

averaged. Figure 2.15 shows a typical photograph.

2.3.4 Cell Assembly

After the thorough cleaning of all film test cell parts with acetone
and ethyl alcohol, the cell was placed in a bath of distilled water and
ultrasonically cleaned. It was then kept under vacuum for at least 1 day
to aid in the elimination of any outgassing. A sample from the phenolic
film was cut and the necessary measurements taken for thickness and sur-
face area. The film was mounted on the sample ring by using Sealstik

cement which has a vapor pressure of 10_3mm/hg. This solid cement must be

-66-



Film Thickness

—

100 Microns

FIGURE 2.15: (()PTICI)\L MICROSCOPE PHOTO OF POLYMER FILM THICKNESS
100x

-67-



melted into’ 1iquid form to become adhering, so the ring was first heated

to the cement's melting point, 140°C, by placing it on an electric hot
plate. Small pieces of the cement were then melted onto the mounting ring
face and the sample was sealed into place and allowed to :ool. Leaks
along the glued edges were detected by sealing the sample in the test cell
using rubber 0-Rings, and a capillary tube was then connected to the
transducer tubing. The inlet and exit tubes were sealed with valves. A
slug of ethyl alcohol was placed in the capillary tube and observed for
movement. A falling slug indicated a leak upon which the entire sample

mounting procedure was repeated.

After obtaining a non-leaking film sampie, the test cell was assembled
as shown in Figure 2.12. The sample ring was sealed between the upper
and lower chambers by using a teflon seal on the bottom and an indium
metal seal on the top. Again, the indium was used for its excellent
sealing qualities and non-outgassing properties. The indium seal was
checked for leaks by using a liquid slug in the capillary tube mentioned
earlier. After mounting the pressure transducer, the entire cell was
placed into the plexiglas container and filled with distilled water to a
point just below the transducer. The use of the water would increase the
heat transfer coefficient to the cell to more quickly and accurately
maintain a constant temperature around the cell. The top of the con-
tainer was sealed with the rubber gasket and vacuum grease, the valves
fitted onto the inlet and exit tubes, and the entire container was placed

into the constant temperature bath and connected to the test gases.
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2.3.5 Testing Procedures

Trhe following section will describe the test procedures to obtain
data to determine the permeability of the solid polymer. After as-
sembling the test cell as described in Section 2.3.4, the container was
placed in the constant temperature bath and heated to the desired
temperature (in this case, 25°C and 50°C). The test gas, either carbon
dioxide, oxygen or nitrogen, was allowed to enter thg upper chamber and
flush through to the oil trap as shown in Figure 2.11. The oil trap not
only provided a visual check of the gas flow, but acted as a pressure
relief valve so as not to overpressurize the chamber and break the film.
The maximum pressure permissible in the upper chamber was therefore the
pressure head associated with the depth of the oil in the trap. The
lower chamber was similarly flushed with Freon 12 exiting through an oil
trap to the atmosphere. Note that this method maintains atmospheric
pressure on both sides of the film (or zero pressure difference across
the sample), but allows an effective partial pressure difference of the
test gas equal to one atmosphere across the film. The apparatus was
maintained in this mode for approximately 24 hours to assure that a linear
concentration gradient has been established and that any foreign gas re-
leased from the film has been flushed out. The inlet valves were then
closed, and after a period of several minutes, the exit valves were also
sealed. The strip chart recorder then plotted the decrease in pressure
of the upper chamber as a function of time. This indicated the volumetric
permeation flowrate of the test gas in the upper chamber through the film
to the lower chamber. As mentioned earlier, the diffusion rate of the
Freon gas when compared to the test gases was assumed negligible so that
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no error was encountered from reverse flow (i.e., Freon gas from the

lower chamber to the upper chamber). The time rate or decrease in pres-
sure was then converted to a volumetric flowrate by means of a correlation
constant obtained from the calibration of the test cell (Section 2.3.6).
This procedure was then repeated for the remaining test gases and at

different temperatures.

2.3.6 Calibration of the Film Test Cell

Calibration of the film test cell was necessary to obtain the
correlation constant between the change in voltage from the pressure
transducer and the change in volume. A precision bore capillary tube
0.5 mm + 0.005 mm in diameter was placed on the upper chamber inlet gas
valve. The outlet valve was sealed and a slug of ethyl alcohol was
placed in the tube and permitted to fall by gravity until it was stable.
The slug position along with the change in voltage was then recorded.
The change of volume could then be calculated knowing the bore diameter
and the slug position measurement. This process was repeated many times
with varous length slugs and a straight line fit using linear regression
was plotted. The slope of the curve then became the correlation constant

having units of mm3/mil1ivolt.

2.4 Foam Geometry Studies

2.4.1 'Introduction

As mentioned in Section 1.5, foam geometry studies were necessary
to analytically model the aging in phenolic foam. Previous work by
Reitz [ 9] with polyurethanes provided the techniques to determine three

main geometric parameters: 1) polymer distribution in the struts and
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cell walls 2) cell wall thickness and 3) cell diameter.

In order to conduct the analysis, scanning electron microscope (SEM)
photographs of the actual foam product were required. However, when ob-
taining samples to be photographed, the following constraints had to be
considered:

e The samples must be from the same production lot as the
foam used in the foam permeability tests

® The sections of the sample to be photographed must be
from the interior of the foam board and not near the
surface where the facers were applied. The cells close
to the facer surface could be altered by the manufacturing
processes implemented when applying the facers.

e The foam structure must be fairly homogeneous with respect
to cell size and shape.

Further details of the geometry study are found in the following sections

with the results being presented in Section 4.1.

2.4.2 SEM Techniques

2.4.2.1 Previous Techniques

The process of obtaining suitable scanning electron microscope (SEM)
photos was the most important aspect of the study. Early work at MIT
with pelyurethanes revealed that 2-dimensional planar views of the foam
were required, but were difficult to obtain. (The necessity of these
2-dimensional views is discusseﬂ later). The delicate nature of the foam
structure prohibited the simple slicing of samples with a knife without
damage to the exposed first layer of cells. Microtomes with glass knives

were then used, but under SEM magnification, the third dimension was
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superimposed on the cross-sectional view. (See Figure 2.16) It was tﬁen
discovered that the foam could be successfu]]y embedded with a resin that
would permeate the first layer of the foam and cure to a workable hardness.
Thin slices of the impregnated foam were then sliced with a microtome,

thus exposing a true planar cross-section without damage to the foam

structure (see Figure 2.17).

. Before applying the embedding technique to any type of foam, the

following considerations were first evaluated,

1) the ability of resin to fully impregnate the exposed
layers of the foam and

2) the chemical affects of the resin on the polymer before
and after curing. The most significant chemical affects
considered are the swelling of the cell walls and the
expansion of the curing resin. In the polyurethanes,
there appeared to be no resin expansion but significant
polymer swelling. This was accounted for by experimentally
determining the percentage of swell in the polymer before
and after curing.

2.4.2.2 Current Project Technique

For the phenolic foam used in this project, it was decided to first
consult with the manufacturer for the experience they have obtained during
the development stages of their product. A factory expert in SEM
photography revealed that they have tried embedding resins on the phenolic
foam but with very limited success [15]. He felt that the resin's in-
ability to fully occupy the cell voids was the major drawback of this
method. He also stated that, due to the physical nature of the phenolic

foam structure, suitable photographs could be obtained by simply slicing
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100 Microns

FIGURE 2.16: 3-D SEM PHOTO OF PHENOLIC FOAM (100x)
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100 Microns

FIGURE 2.17: ?EM PHOTO OF EMBEDDED POLYURETHANE FOAM
100x) ‘
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the foam with a high quality microtome. It was then decided that the most
efficient method of obtaining the photographs was to send the foam samples

to the manufacturer and have all the SEM work performed there.

The foam samples were obtained from the same shipment of foam used
in the permeability tests. They were then forwarded to the manufacturer
where a small section was cut from the center of the foam board and
finishing cuts were performed on the microtome. The sample was then coated
with gold according to standard SEM techniques. Photographs were then
taken at various magnifications and a montage was also assembled creating
a large cross-sectional area. (See Figure 2.18) Although the views ob-
tained were not totally 2-dimensional, they were adequate enough for the

the geometric study without the complexities of the embedding techniques.

2.4.3 Polymer Distribution Within Foams

When analyzing a foam product for aging characteristics, one of the
most important parameters determined was the polymer distribution in the
struts and in the cell walls. This indicated how efficiently the polymer
was being used to prevent permeation and R-value degradation. Obviously,
the more polymer allotted to the cell walls, the better the aging per-
formance. However, Schuetz showed that increasing the material in the
cell walls also increased the available pathways for heat transfer by
conduction through solid material, thus decreasing the R-value of the
foam [ 6]. Ideally, an optimum polymer distribution provided good injtia]
insulating performance, but was capable of maintaining that R-value with
suitable polymer in the cell walls that resisted the gas diffusion into

and out of the product.
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FIGURE 2.18: SEM PHOTO ASSORTMENT OF CLOSED-CELL PHENOLIC FOAM



In order to determine polymer distribution, meta]]bgraphy measure-
ments were implemented with the SEM photos. The first property necessary,
the surface area to volume ratio, (SV), proved to be very important and

relatively simple to obtain. This parameter was calculated from

S, =2N

v L (2-1)

where NL is the number of intersections per unit length created by a
test line drawn across a 2-dimensional photograph of the polymer material.
This is one reason why the planar cross-sectional photos discussed in
Section 2.3.2 were necessary. For the case of the phenolic foam, the
large SEM photo montage was sectioned with a uniform grid as shown in
Figure 2.19. The number of polymer-test line intersections were then
counted and divided by the length of the test line. It was assumed that
a non-oriented (i.e., no cell elongation) geometry on the plane was
present and was verified by comparing the SEM photos of the different
planes shown in Figure 2.20. Although slight cell elongation was de-
tected, it was assumed to be negligible. A more dramatic example of an
oriented structure was seen with the polyurethanes in Figure 2.21. For

cases such as this, Equation (2-1) became
(SV)DR = ]’57](NL)1 + 0'429(NL)11 (2-2)

where (NL)I is calculated perpendicular to the direction of elongation
and (NL)11 along the direction of elongation. A more detailed descrip-

tion for oriented structures can be found in [9].

The second parameter necessary for polymer distribution was the

actual cell wall thickness. This was directly measured from high mag-
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nification (10,000x) photographs of the foam cell walls.

The third parameter calculated was the cell wall thickness assuming

100% of the polymer was contained in the cell walls. This was given by:

t100% wal1s = (1-8)(1/S, (2-3)
where
. . Pg ™ Py
§ = foam void fraction = ————— (2-4)
_ P = Pg
Py = density of solid polymer
pe = density of foam
Pq = density of insulating gas
Sv = surtace to volume ratio (Equation (2-1))

Therefore, the actual percentage of material in the cell walls was then

t

% walls = T actual (2-5)
100% walls
where t = thickness measured from SEM photos.

actual

Likewise, the percentage of polymer in the struts,

% struts = 100 - % walls (2-6)

One important assumption was made in order to perform this analysis:
the cell wall thickness was so small when compared to the length scale of
the cell dimensions that the cell can be treated as having only one sur-
face area. This supposition combined with the assumption of foam
structure uniformity (oriented or not) permitted the use of Equations

(2-1) and (2-2).
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2.4.4 Determination of Cell Size and Shape

As stated previously, the three main goals of the geometry study was
to determine the poiymer distribution, the cell wall thickness and the
cell diameter. The first two parameters were found by methods in the
preceeding section. The final dimension, cell diameter, required an
assumption of the foam geometry and a subsequent calculation. Although
cell diameters can easily be seen and measured from SEM photos, it was
not known whether the cross-section shown was one that exactly bi-sected
the cell, thus exposing the correct diameter. If the cell diameters were
totally uniform, the proper 9911 diameter could be assumed as the largest
cell diameter visible on the photographs. However, this assumption could
not be made for the phenolic foam since cell sizes were known to vary by

approximately + 50%.

From earlier work with the polyurethanes, four polyhedran structures
were chosen to best model any foam material [9]. These were determined
in part, by the 3-dimensional geometric possibilities that would exist
knowing that the walls of the cells intersect at approximately 120° and
that each cell cross-section creates either a 5 or 6-sided figure. These
polyhedra include:

rhombic dodecahedron, pentagonal dodecahedron and truncated

octahedron. The fourth shape chosen was the cube due to its

simplistic shape and ease of modeling.

The approach to the cell diameter calculation was to compute the-
foam density using the four polyhedra and compare it to the actual foam
density. The cell diameter was also calculated for each polyhedra and
the results were evaluated based on the actual foam density.
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According to reference'[9 ], it was known that the volume of solid
polymer was either contained in the cell walls or in the struts. There-

fore,
v

v

v
v

solid _
total

v
strut walls (2-7)

1-6-= + ,
total

Vtota]

where &, the foam void fraction is defined in Equation (2-4). For each

cell, Led o
1-68=(A ) (225 + (t,.11)(S,) (2-8)
strut Vmode] wall’ v

where, Astrut = cross-sectional area of the struts

Led e

v——g——- = the total edge length of a given polyhedron

model per volume according to an aggregate
arrangement.

Using Equation (2-4) and solving for the foam density, P,

pf'-' (p

L
¢ = o) gy T2+ (£,99)(5,)7 + og (2-9)

model

The two quantities not previously determined in Equation (2-9) were

L
A and __gggg_. The edge length to volume ratio for each
strut Vnodel

polyhedra was found in Table 2-1.

The average cross-sectional area for the struts were found through
the use of a Magiscan Image Analyzer computer at MIT. SEM photos that
clearly distinguish the struts from the cell walls were used to trace

an outline of the strut area on white paper using a dark lead pencil.
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-
Cell Wall

Strut Area

10 Microns

FIGURE 2.22: SEM PHOTO SHOWING CELL WALL - STRUT DISTINCTION
FOR STRUT AREA SURVEY (1000x) '
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The polymer was not assumed to be in the strut once a uniform wall thick-
ness was obtained. (See Figure 2.22). This was repeated for various
cross-sections and the outlines were filled solid with a 1eaq pencil.

The Magiscan computer then photographed the traced areas, and, once given a
scaling factor, detected the total lead-filled area by the distinction

of black and white on the paper. A statistical analysis was generated
which determined the average cross-sectional area of the strut. The
process was repeated to check for the degree of human error present when

tracing the struts. The data are presented in Appendix C.

The geometric parameters for each polyhedra are shown in Table 2-1.
These were based strictly on the analysis of the geometric shape and
presented as functions of a constant denoted as "a". The parameters in-
clude:

number of faces

number of edges

surface area

volume

surface area to volume ratio
edge length to volume ratio

cell diameter

Of these parameters, the only one previously found was the surface
area to volume ratio, Sv' Therefore, "af was determined from the
definition of Sv for each polyhedra and applied to the calculation of
the other parameters, including cell diameter. It should be noted,
however, that the definition of the parameters are based on an aggregate

of successive polyhedra cells. Therefore, each cell shares common
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polymer with the other cells around it, and thus alters the calculated
parameters (e.g., the surface area of a cube is not 3 (diameter)2 unless
it shares half with a neighboring cube). See Reference [ 9] for more

details. The results are presented in Section 4.1.
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CHAPTER 3
THE FOAM MODELS

3.1 Introduction and Background Work

The analytical modeling of the diffusion through phenolic foam was
performed through the use of previous models developed at MIT. The
earliest modé]s consisted of a simple cubical structure that assumed 100%
of the polymer in the cell walls. (See Figure 3.1) The extremely thick
cell walls resulted in a gross underestimate of the diffusion coefficient.
Further work by Valenzuela and Glicksman [16] suagested that additional
modifications were necessary to account for cell stagger and cell
elongation. (See Figure 3.2) Reitz later developed a suitable model
based on the polyhedra shapes of Section 2.3 and obtained reasonable
agreement with experimental polyurethane foam data [9]. More recently,
Ostrogorsky suggested that the polyurethane foam would be accurately
modeled as closed-packed spheres [ 1]. The disagreement between his

analytical values and the measured values ranged from 23.7% to 0.3%.

This project will utilize the foam models developed by Reitz and
Ostrogorsky. The detéi]s of the models will not be discussed and only
the basics of each technique will be presented in Sections 3.3 and 3.4.
Detailed analysis and derivations of the previous work can be found in

the references.

3.2 Project Modeling Approach

After reviewing the results of earlier studies, it was decided to
implement both modeling techniques (polyhedra and closed-packed spheres)

“with the phenolic foam. The polyhedra models tended to under predict
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FIGURE 3.1: SIMPLE CUBIC FOAM STURCTURE
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the measured foam diffusion coefficient while the closed-packed sphere
predicfions were also less than the experimental results. The closed-
packed sphere model was also confirmed throﬁgh the use of an electrical
analogy [ 1]. By applying both criterion, it was felt that an appropriate
range for diffusion coefficients would be found. Also, after encountering
difficulties in obtaining experimental polymer film permeability coef-
ficients, it was necessary to use the equations for the foam diffusion
coefficient along with the measured values to calculate an approximate
polymer permeability coefficient. This will be discussed later in

Chapter 4.
Before using either method, the following assumptions were made:
o the cell wall thickness was uniform

e the resistance to diffusion occurred only in the cell walls
and resistance within each cell was neglected

e no pfnho]es or cracks were present in the cell walls

e the direction of diffusion was always parallel to the
direction of the gas concentration gradients.

The next two sections will briefly describe each technique and
conclude with the equations necessary to predict the foam diffusion

coefficients.

3.3 Foam Modeled as Various Polyhedra

In order to define a diffusion coefficient for foam in terms of
measurable quantities, the relationship between the diffusion co-
efficient and the permeability coefficient had to be established. The
correlation was found by beginning with the volumetric flux relation of
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Equation (1-8).

(p] - pz)

= Pe T

o<

This equation was valid for both foams and films, however, the subsequent
analysis applied only to foams. Due to the gas storage capacity of the foam
cells and the geometry, the permeability coefficient was redefined as an ef-

fective permeability coefficient, Peeff. The mass flux through the foam was

then
(p] - p2)

gas - FCeff t Pgas (3-1)

=V
\J-Ap

The partial pressures of the gas species in question, P and Py, were

then defined through the ideal gas law

pvV = nRT

to obtain

RT C (3-2)

n
p:RT_
v Mgas

where

= gas partial pressure

= universal gas constant
absolute temperature

= molecular weight of the gas

O X 4 0 T
n

= gas concentration
Equation (3-1) then becomes

G -G RT (pe

— 0 (3-3)
t gas Mgas

eff)

The effective diffusion coefficient, Deff’ was defined based on

. C. -
Equation (3-3) to simply be the multiplicand with —1—17—33 or

RT
aff = P —— (Pe
of f gas ’Mgas

-92-
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Therefore,

G -G
I = Dpp () (3-5)
which restated Fick's Law.
Also, by the ideal gas law,
RT
RT _ ngas _
Pgas M___ V- Pgas (3-6)

gas

Or, combined with Equation (3-4) yielded that, for each specific gas,

D (Pe (3-7)

eff pgas eff)

Now, what remained to be determined was the value of pgas' However, since
the low pressure side of the foam was maintained at ambient pressure and

the high pressure side was measured with respect to ambient pressure, pgas

was simply atmospheric pressure. Therefore:

D (3-8)

eff pgas,atm Peeff

for each gas considered.

As shown in Section 3.4, Ostrogorsky determined that p is analogous

gas,atm
to the effective so]ubi]ity of foam. In that foam, Equation (3-8) would

closely follow Equation (1-7).

In order to model the foam structure, each cell wall was considered

to be a resistance to diffusion as

R = t (3-9)

A Pece]] wall

For the simple cubic structure of thickness L and walls of thickness t (Figure

3-3), the overall resistance was given by summing the individual resistances,
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FIGURE 3.3:

CUBIC CELL FOAM MODELED AS A SUM OF RESISTANCES
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or,

t _ L

R=n . =
A Pece]] wall A Pee

(3-10)
ff :

n = number of cell walls for thickness L

t = wall thickness

A = cross-sectional area

L = sample thickness

Pegrs™ the effective permeability coefficient for the foam
which accounts for the foam geometry and the gas
storage in the cells.

Solving for Peeff yielded:

_ L
Peeff = 7t Pecell walls (3-11)
but n is calculated by
_ L
n= T+d (3-]2)
where d = cell diameter.
Combining Equations (3-11) and (3-12), resulted in
_ t+d
Peare = T Peell wall (3-13)
and for t << d,
Pe ..z 3 pe (3-14)
eff -~ t cell wall

Equation (3-14) exposed a very useful result: the effective permeability
coefficient for a foam of thickness t can be calculated by determining
only two parameters; the cell diameter, d, and the polymer permeability

- coefficient, Pe Therefore, it was easy to modei any of the

cell wall”’
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foam polyhedra discussed in Section 2.3 by simply substituting the re-
lationship for surface area to volume ratio, Sy and the cell diameter

(found in Table 2-1) into Equation (3-14) for each shape:

3Pe
. _ cell wall

Pentagonal Dodecahedron:

3.46 Pe

_ cell wall
Peer = (S0t (3-16)
Truncated Octahedron:
3.55 Pe
- cell wall
Peggs = St (3-17)
Rhombic Dodecahedron:
4,24 Pe
- cell wall
Pegrr = W (3-18)

Note that it was assumed that for Equation (3-15) to (3-18) there
was no cell stagger in the models and no cell elongation. Reference (9]
contains the details for these slight variations. The results of the

modeling are presented in Chapter 4.

3.4 Foam Modeled as Closed-Packed Spheres

The "successive membrane", or closed-packed sphere model suggested
by Ostrogorsky [ 1] was similar in principle to the polyhedron models
of Section 3.3. In order to model the foam as a succession of cell walls,

the first parameter determined was the average distance between the cell
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walls. This was calculated from the SEM photos of Section 2.3 by

computing.
<> = 1/N (3-19)
where,
<g> = average distance between cell walls
: NL = number of polymer test line intersections per

length of test line from Section 2.4.3.

or, for the overall foam structure of Figure 3.4,

<¢> = L/n (3-20)

The resistance of each cell wall was defined as:

t

R = : (3-21)
cell wall An&ctpecell wall
where Rjct= the actual polymer permeation of the cell
t = cell wall thickness

For a foam structure consisting of n successive membranes, the overall

foam resistance became:

nt (3-22)

R =nR =
foam cell wall A Pece]] wall

act
The next point recognized was that, due to cell curvature, the actual
polymer area involved in the permeation process was not necessarily
equal to the cross-sectional area of the cell. In fact, the only case

where they were equivalent was for a cubical model. To account for this,

an effective permeability coefficient was defined from Equation (3-21):
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FIGURE 3.4: CLOSED PACKED SPHERE MODEL
OF FOAM
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R = (3-23)
foam A Peff
where L = thickness. of foam
A = foam cross sectional area
Therefore, from Equations (3-22) and (3-23)
P e = (- ( Yact ) Pe (3-24)
eff nt A cell wall
By combining Equation (3-20),
<>
Peff = ¢ () Pera1t wall (3-25)
A
where, ¢ = KCt (3-26)

In Equation (3-26), ¢ is defined as the enhancement parameter and
described in greater detail in [ 1]. Also presented is an electrical
analogy technigue which determines e for structures of various shapes

and complexities.

If we assumed the foam to be modeled as closely packed spheres, €
simply becomes the area of a hemisphere divided by its cross-sectional

area, or ¢ = (3) 4 RZ/(n RD) = 2 (3-27)

Therefore, Equation (3-25) becomes:

_ 2«
Parf =~ — (Pecell wall

(3-28)
To convert the effective permeability coefficient to an effective dif-
fusion coefficient, Equation (1-7) was rewritten as:
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Pe ss

D =
eff Seff

(3-29)

where Seff = the effective solubility of the foam due to the
cell voids. '

Ostrogorsky showed that the effective solubility is a function of temper-

atureonly and that in this form, the solubility of air component gases at

Cll'l3

STP

cm™-atm
was added to Equation (3-29).

STP is 1 Therefore, for convenience, a temperature correction

Pe
D - eff (3-30)
Seff, 51  TsTp/T)

where T = absolute temperature

By combining Equation (3-28) with Equation (3-30) and using

S , _cmdSTP
eff cm3-atm
<2>(Pe )
- cell wall T
Derr = © t S ) (3-31)

STP

In review, Equation (3-31) provided an effective diffusion coefficient
for a foam at temperature T when modeled as a succession of closed-

packed spheres. The three physical parameters necessary for the calcu-
lation are 1) the thickness of the cell walls, 2) the permeability of .

the polymer and 3) the average distance between the cell walls.
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3.5 Polymer Distribution Effects on Foam Permeability

In order to analytically determine the effects of polymer distribu-

tion on the effective permeability coefficient, Peff’ a foam sample of

thickness, L, and cross-sectional area, A, (Figure 3-4) was considered.

The amount of polymer in the cell walls was defined as:

where,

or,

v

Pwall = el =
vwa]] ¥ Vstrut
Vwa]] = total volume of polymer in the cell walls
Vpo]ymer= total volume of polymer in the foam
wall = (Pyan) Voolymer

Also, the mass of the foam was given by

where,

but,

S0,

Mfoam - Mpo1ymer ¥ Mgas

Mfoam = mass of foam

Mpo]ymer= mass of polymer

Mgas = mass of insulating gas

Mgas << Mpo]ymer

Meoam = Mpo1ymer

The foam density then became:
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foam M olymer v olymer
P =~y — = (VR Y ) PV..Y ) (3-34)
foam polymer foam :
where, Vfoam = (A)(L) (3-35)
= volume of the foam sample
Therefore, from Equation (3-32),
Vwa]] v olymer
~— = (% wall) —PTY—— (3-36)
foam foam
The volume of polymer in the walls is equal to:
Va1l = MAgct t (3-37)
where, n = number of cell walls
Aact= actual area of cell wall
t = cell wall thickness
so,
Vfoam Al
Equating (3-36) and (3-38) results in:
p
Mo (g wall) —A A (3-39)
ppo]_ymer act '
Combining Equations (3-39), (3-24) and (3-20) and letting Pece]] wall =
Pepo]ymer 9
Pe = Aact ) Ppolymer (Pepo1ymer) (3-40)
eff P foam (% walls)
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“and by the definition of the enhancement parameter, e,

P
( epo]ymer) (3-41)

(% walls)

_ (E)Z Pbolymer

Pe =
eff P foam

Equation (3-41) suggests that the resistance to gaspermeability in a
foam can be improved by a) utilizing polymer resins that have lower per-
meability coefficients, and b) placing a larger percentage of polymer
in the cell walls. It is interesting to note that simply increasing the
thickness of the cell walls 1is not necessarily beneficial to the aging
phenomenon if the struts are thickened by a corresponding amount. The
most important aspect of foam development is efficiently making use of
the total polymer present by shifting it from the struts to the cell

walls.
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CHAPTER 4
RESULTS AND OBSERVATIONS

4.1 The Foam Geometry Study |

The foam geometry study was performed by using scanning electron
microscope (SEM) photographs of the foam and the various metallography
measurements discussed in Section 2.4. The surface area to volume ratio,
Sv’ was determined from the photo montage and grid arrangement shown in
Figure 4.1. The average number of polymer - test line intersections per
length of test line was 12.0 mm']. Using Equation (2-1), the surface area

to volume ratio was then 24.0 mm'].

In order to calculate the percentage of polymer contained in the

cell walls, Equations (2-3), (2-4) and (2-5) were combined to yield:

t (S,)
0 _ “actual‘“v
% Walls = - 3) x 100 (4-1)
where tactua1 actual wall thickness
P = P
) = S—_i (2-4)
Pq pg

The void fraction, &, is the percentage of the foam, by volume, occupied

by the insulating gas. The following values were used to calculate &:

p, = density of the solid polymer = 1200.0 kg/m> (74.9 1b/ft3)
pe = density of the foam = 40.0 kg/m (2.50 1b/ft3)
o= density of insulating gas = 5.04 kg/m3 (0.315 1b/ft31

9 (50/50 mixture of Freon 11 and 113 in vapor form)

The void fracture was then computed to be:

§ = 0.971 = 97.1%
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The actual wall thickness was measured from SEM photographs (see

Figure 4.2) to be an average value of 0.5 microns.

Therefore, the per “entage of polymer in the cell wall was calculated
as

% walls = 41.4%

Likewise,
% struts = 58.6%
For comparison, in the reported results of polyurethane foams, 15% - 20%
of the material is in the cell walls, while 80% - 85% is contained in the
struts. The void fraction of polyurethane foam was approximately that of the

phenolic [9].

To predict the foam density through the use of the polyhedra models,
the cross-sectional area of the struts needed to be determined. The
Magiscan Image Analyzer computer analysis revealed the average ~ross-
sectional area of the struts to be

A - 3.86 x 107°

2
struts

m® (5.98 x 107° in
and a measurement repeatability of 3.2%.

The results of applying Equation (2-9) to the four polyhedra dis-
cussed in Section 2.4.4 are presented in Table 4.1. The actual foam
density, calculated from parallelpiped foam samples of various sizes,
was found to be 40.0 kg/m3 (2.50 1b/ft3). This value corresponded well
with the manufacturer's density range of 38.5 - 41.7 kg/m3 (2.40 -
2.60 1b/ft3). Table 4.1 shows that the cubic model under predicted
the density by 22%. However, excellent agreement, - 3.75% and + 7.5%,

occurs when using the pentagonal dodecahedron and rhombic dodecahedron
-106-



FIGURE 4.2:

(10,000x)

SEM PHOTOS OF PHENOLIC CELL WALL THICKNESS
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models, respectively. The closest approximation (-1.25%) was achieved
through the use of the truncated octahedron. Table 4.1 also shows the

cell diameters were estimated to range from 125 to 177 microns.

4.2 The Polymer Film Tests

The polymer film tests were performed according to the procedures
of Section 2.3. The initial tests were conducted with a cell similar
to Figure 2.12; however, the pressure transducer was not incorporated
into the design. Instead, a methyl isobutal ketone slug in a capillary
tube was used to indicate the volumetric flow due to permeation. The
film samples obtained from the manufacturer appeared to be adequate for
testing. The film thicknesses were measured from optical microscope
photographs (Figure 4.3) and varied from 30 to 70 microns. Table 4.2
shows the permeability coefficients of these initial tests along with
values obtained from polyurethane films. The fact that the phenolic
permeability coefficients were approximately equal to-those of the
polyurethane, and that they appeared to be fairly independent of test gas
and temperature, prompted further examination into the film samples.
Optical microscope surveys revealed the presence of micro-holes and
cracks in the polymer surface. Therefore, the polymer films were deter-

mined inadequate for testing.

The film test cell apparatus using the pressure transducer (shown in
Figures 2.11 and 2.12) was constructed while various methods for gen-
erating improved film samples were investigated. A polymer scientist
at the manufacturer stated that to eliminate the formation of micro-holes

that occurred during resin curing, the thickness of the films would have to
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35 Microns

FIGURE 4.3: OPTICAL MICROSCOPE PHOTOS TO DETERMINE POLYMER
FILM THICKNESS (200x)
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TABLE 4.2: [INITIAL RESULTS OF PHENOLIC POLYMER FILM TESTS
USING DEFECTED FILM SAMPLES

FILM TEST TEMPERATURE PERMEABILITY COEFFICIENT, Pe
SAMPLE GAS °C (cm3)
STP

cm - s - atm

(

Phenolic #2 (O, 27 26.6 x 10°10
Phenolic #2  CO, 27 35.0 x 10710
Phenolic #2 (0, 27 23.6 x 10719
Phenolic #4 €0, 27 24.3 x 10710
Phenolic #5 (O, 50 25.8 x 10710
Phenolic #10 (0, 50 44.1 x 10710
Po]yurethane(])
(Methane 10
Diisocyanate) CO2 27 16.9 x 10
Phenolic #6 0, 27 17.5 x 10710
Phenolic #6 0, 27 10.6 x 10710
Po]yurethane(])
(Methane -10
Disocyanate) O2 27 4.26 x 10

(])Ostrogorsky
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be increased [14].

Two new series of film samples were made that ranged in thickness
from 100 to 650 microns. Thé thinner specimens (100 to 200 microns)
consisted of the proper phenol polymer but was not mixed with the
formaldehyde additive used in the actual foam product. These films en-
trapped an unacceptable amount of micro-bubbles during curing as shown
in Figure 4.4. TheAthicker specimens (400 to 650 microns) did include
the formaldehyde additive, but also contained micro-bubbles and some
surface cracks (Figure 4.5). In addition, the excessive polymer thick-

ness prevented any practical permeation measurements.

\ _rther consulation with the manufacturer revealed that, at the
present time, all conceivable ideas for creating suitable film samples,
without severely altering the polymer characteristics, have been ex-
hausted. Therefore, it was decided to calculate the film permeability
coefficients by use of the models presented in Chapter 3 and the measured

foam permeability coefficients. These results are shown in Section 4.4.

4.3 The Phenolic Foam Tests

The phenolic foam permeability tests were completed by using the
apparatus and techniques described in Section 2.2. A 0.57 cm (0.225 in)
thick foam sample was tested at 75°C, 50°C and room temperature. The
test gases used were carbon dioxide, oxygen and nitrogen. The volumetric
flowrates due to the permeation of the test gas through the foam were -
measured by detecting a pressure increase in the upper chamber with a
pressure transducer. Typical strip chart data are shown in Figure 4.6.

The results of the tests, i.e., the permeation coefficients, are shown
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Cross Sectional View (100x)

FIGURE 4.4: OPTICAL MICROSCOPE PHOTOS OF DEFECTS IN PHENOLIC
POLYMER WITHOUT FORMALDEHYDE ADDITIVE
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100
L Microns

Cross Sectional View (100x)

FIGURE 4.5: OPTICAL MICROSCOPE PHOTOS SHOWING DEFECTS AND
EXCESSIVE THICKNESS IN PHENOLIC POLYMER WITH
FORMALDEHYDE ADDITIVE
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FIGURE 4.6: STRIP CHART DATA OF INITIAL FOAM TESTS SUGGESTING
KNUDSEN DIFFUSION (CO2 at 25°C)
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in Figure 4.7 and presented as an inverse function of temperature ac-

cording to the Arrhenius expression:
Pe = PeD exp(-Ep/RT) (1-10)

Figure 4.7 suggests that the permeability of the foam is independent of
both temperature and test gas. This result was inconsistent with re-
ported polyurethane foam data. Apparently, a mass transport phenomenon
other than Fickian diffusion was present. The volumetric flowrates were
too small to suggest a bulk flow leak, but Knudsen-type diffusion appezred
possible. The sample was removed and inspected. There were no visible
cracks in the sample, however, after careful measurements, the thickness
of the sample was found to have decreased by 13%. Therefore, cell damage

was suspected.

In order to further investigate the sample tested, a thermal con-

ductivity test was performed by a local testing firm [17]. A k-value of

0.028 Watts (0.197 —EIgil%l—-was determined which is an increase of 79%
(hr)ft °F Watts BTU in
above the reported conductivity of 0.016 K (0.1 '__—_Tf__—_) for
hr ft
this particular phenolic foam. This change could be accounted for by
assuming the cell walls were damaged during the foam permeability tests

and the insulating gas was permitted to escape, thus increasing the

thermal conductivity of the foam.

In response to the previous results, a subsequent foam test was
performed. It was felt that the cell damage in the previous tests was-
due to the high temperatures, the 8 psi pressure difference imposed on
the foam, or a combination of these conditions. Therefore, a new foa@

sample was tested using carbon dioxide at 30°C. After two weeks testing
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FIGURE 4.7: INITIAL RESULTS OF FOAM TEST SUGGESTING THE PRESENCE
OF KNUDSEN DIFFUSION
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time, the data were used with the transient charts for mass flux and it
was indicated that the sample was not yet at steady-state [1]. Time con-
straints prohibited continuing the test, so additional Heisler-type charts

were used to determine the steady-state values. (See Appendix D)

cm
8 ( STP )

The permeability coefficient was found to be 8.40 x 10 cm-s-atm

This value was approximately 30 to 45 times less than the published
values for polyurethanes under the same condition. Project time con-
straints also prohibited further testing at low temperatures with other

test gases. A sample of the raw data is shown in Figure 4.8.

4.4 Determination of the Polymer Permeability from the Foam Models

As mentioned in Section 4.2, the inability to manufacture adequate
phenolic films prevented the attainment of a polymer permeability co-
efficient by the experimental methods in Section 2.3. Therefore, the
film permeability was calculated through the use of the experimental
foam permeability (Section 4.3) and the various analytical foam models
described in Chapter 3. By rearranging Equations (3-15), (3-16), (3-17),
(3-18) and (3-28), the following equations for polymer permeability were

obtained according to geometric cell shapes assumed:

(peeff) t(sv)

Cube: Pecell wall ~ 3 (4-2)
(Pe_cc)(t)(S,) _

Pentagonal Dodecahedron: Pe_ .11 o171 = ef§.46 v (4-3)
(Pegee) (£)(S,)

.Truncated Octahedron: Pece]] wall = TS (4-4)
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(Poee)(£)(S,)

Rhombic Dodecahedron: Pe a1l wall = "y (4-5)
(Peeff)t
Close Packed Sphere: Pe ot wall = PR (4-6)
where Peeff = effective foam permeability (measured value)
t = cell wall thickness
Sv = surface area to volume ratio
<> = average distance between cell walls (Equation 3-19)

The actual values used to determine the permeability coefficient of

phenolic polymer for carbon dioxide at 30°C were:

3

) -8 _“Mstp
Peff = 8.40 x 10 cm-s-atm
t = (0.0005 mm

_ -1
Sv = 24.0 mm
<> = 0.083 mm

The results, shown in Table 4.3, suggest a range in polymer permeability

-10 M g1p -0 M sTp )

cm-s-atm ) to 3.36 x 10 cm-s-atm ’°

coefficients from 2.38 x 10
As was anticipated, the cubic structure overpredicted the cell wall
permeability coefficient due to its inherent underprediction of the over-
all foam permeability caused by the ideal shape. The cubic prediction
will therefore be ignored. Based on the excellent agreement obtained in
the density studies, the remaining 3 shapes are assumed to accurate pré-
dictions of the foam structure. Also, the packed sphere model was proven

by Ostrogorsky to be a very close approximation to closed cell foam

geometry. Therefore, the remaining results of Table 4.3 are assumed to
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be valid, and the phenolic polymer permeability coefficient is estimated

3
. 10, “™stp 10, “™s7p
to be in the range of 2.38 x 10" (—<=5) t0 2.91 x 1077 (———22).

By comparison, the polyurethane films (methane diisocyanate) were re-

cm
portgd to have values of 16.7 x 10']0 —Eﬁjgég%ﬁ— to 17.5 x 10710
cm
—Eﬁ:§§§%ﬁ. This results in the permeability coefficient of the phenolic

polymer being approximately 7 times less than the polymer in polyurethane

foams for CO2 at room temperature.
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TABLE 4.3: PRLUICTED PERMEABILITIES OF PHENOLIC POLYMER
WITH CO2 AT 30°C USING VARIOUS POLYHEDRON

SHAPES

gak;EEDRON PREDIgTED PERMEABILITY, Pece]] wall

( (em”srp)

cm-s-atm
Cube 3.36 x 10710
Pentagonal 10
Dodecahedron 2.91 x 10
Truncated -10
Octahedron 2.84 x 10
Rhombic 10
Dodecahedron 2.38 x 10
Packed -10
Spheres 2.53 x 10
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Introduction

This chapter presents the major accomplishments and conclusions con-
cerning the initial investigation of the aging in closed-cell phenolic
foam. Also included are future recommendations for the continuation of

the project.

5.2 Accomplishments and Conclusions

[ A cell geometry study of the closed-cell phenolic foam

was completed. The average cell wall thickness was determined
to be N.5 microns. The toam is comprised of 97.1% void space

by volume. The percentage of solid polymer contained in the
cell walls was determined to be 41.4% with 58.6% contained in
the struts. (Section 4.1) By comparison, the percentage of
solid polymer in the cell walls of polyurethane foam is reported
to be 15% to 20%.

° In order to determine a basic cell shape so as to accurately
model the foam's structure, the foam's density was predicted
analytically using four polyhedron aggregates. It was found
that the pentagonal dodecahedron, rhombic dodecahedron and
truncated octahedron shapes most closely approximated the cell
shape.

° A basic mass distribution analysis confirmed that, by
shifting more polymer from the struts to the cell walls and
maintaining the same foam density, the aging properties of the
foam will be improved (Section 3.5). Therefore, the doubling
of the percentage of material in the cell walls would double the
aging time, i.e., permeability of the foam.
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] A film test apparatus was designed and built which measured
volumetric flowrates due to gas permeation through phenolic film.
The initial project approach was to determine the permeability
of the polymer and analytically predict the foam permeability
using models of the geometry. The inability to obtain representa-
tive film samples without micro-holes prevented the continuation
of this approach. A range of film permeabilities were then cal-
culated by using the experimental foam permeability and the as-
sumed geometries (Section 4.4).

° A test apparatus to determine the foam permeability co-
efficient was designed and constructed. By totally isolating
the foam test cell from all ambient changes in temperature and
pressure, the equipment was capable of detecting constant pres-
sure volume changes on the order of 0.1 mm3. Initial tests
utilizing an accelerated steady-state technique suggested that
induced foam cell damage had occurred and created a situation
for mass transport other than Fickian diffusion. It was felt
that the high temperatures and the exposure to dry test gases
had desicated the hydroscopic phenolic polymer. The 8 psi pres-
sure differential would then stress and freagure the cell walls.

° A subsequent low temperature test (30°C, 86°F) with carbon
dioxide was successful which resulted in a pérmeabi]ity coef-
ficient 30-45 times less than that of polyurethane foams. Transient
mass flux charts were utilized to predict this permeability co-
efficient.

The following recommendations are presented for future work con-
cerning the aging in closed-cell phenolic foam:

1) Further efforts are needed to produce a representative

phenolic polymer film that is adequate for the film
permeability tests.

-124-



3)

‘'The foam permeability tests need to be repeated with other -

test gases, i.e., oxygen and nitrogen, so that the transient
aging phenomenon in phenolic foam can be predicted with the
computer code.

The constants for the Arrhenius temperature relationship
for permeation need to be determined in order to verify
the current accelerated aging tests used in industry.

Due to the extremely low foam permeation rates expected for
other gases, the accelerated steady-state technique is needed.
Therefore, the effects of high temperature on the physical
properties of the foam need to be investigated. It is suggested
that the excessive drying of the foam can be avoided by con-
trolling the humidity in the high and low pressure reservoirs.

The degree of cell breakage due the pressure differentials

used in the foam tests needs to be determined. It is felt

that a more effective method may be to use a fluorocarbon

gas at atmospheric pressure in the upper chamber, while placing
the test gas, also at atmospheric pressure, in the lower
chamber. This provides an effective test gas partial pressure
difference of 1 atmosphere across the foam, but maintains a zero
total pressure difference.

Since a large portion of the closed-cell phenolic is used
in the Tow-slope roofing industry, the effects of excessive
moisture on the foam's performance should be investigated.
It is assumed that any condensed moisture inside the cells
will increase the thermal conductivity, but little is known
about the effects of moisture on polymer permeability and
aging.
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APPENDIX A
PHYSICAL PROPERTIES OF PHENOLIC FOAM

~128-



PHYSICAL PROPERTIES OF CLOSED-CELL PHENOLIC FOAM
(Courtesy, Koppers Co., Inc., Pittsburgh, PA)

Thickness, inches
k-Factor (ASTM C518)

Comp. Strength, psi
10% Consolidation
(ASTM D 1621)

Elasticity of Comp., psi

Core Density, pcf
(ASTM d 1622)

Water Absorption - 24 hr.,
g/cc (ASTM C272)

Tumbling Friability,
% Mass Loss
(ASTM C421-77)

Dimensional Stability, % Change
(158 - 4°F & 97 + 3%)

(ASTM D2126, Procedure C)
Weight

Length

Width

Thickness

Tensile Strength, psi
(ASTM D1623)
Minimum
Maximum

Average (4 Specimens)

Machine Direction
Modulus, psi
Strength, psi
Strain, ¢

Transverse Direction
Modulus, psi
Strength, psi
Strain, %

Fastener Pull-Through, 1bs.
Steel Tru-Fast Plates

(4 specimens)

Mean

Minimum

Maximum

TABLE A-1
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2.0
.104

23.7
729

2.41

.135

27.0

+3.48
+1.14
+1.38
-1.04

14.4
24.1

20.2

2623
64
3.5

2751
7
3.9°

230
164
257



APPENDIX B
SAMPLE CALIBRATION CURVE FOR FOAM TEST CELL
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-APPENDIX C
STRUT AREA ANALYSIS
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APPENDIX C: SAMPLE OF TRACED STRUT AREAS AND MAGISCAN
IMAGE ANALYZER DETECTED AREA
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APPENDIX D
USE OF TRANSIENT CHARTS TO DETERMINE THE FOAM PERMEABILITY COEFFICIENT

Figure D-1 shows a sample of the transient charts developed by
Ostrogorsky in [1]. These charts are similar to the Heisler charts in

heat transfer.

1
*  “measured
J =3

reference
(Pe )P
_ measured
where, Jmeasured - L
J = _S(L)(aP)
* Yreference t
Pemeasured = measured permeability coefficient at time, t
L = foam thickness 3
tm s7p
S = solubility =1 3
cm”-atm
AP = pz = p'l
t = time
Fo = Fourier number = —2%—
L
where D = Diffusion coefficient

The diffusion coefficient was found by calculating J* from data at dif-
ferent times. The corresponding Fo was found from the charts which per-
mitted D to be determined. The diffusion coefficient should be equal

at all times. See Reference [ 1] for more details.
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