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ABSTRACT

Meyer, Kimberly Nicole, M.S., Department of Mechanical Engineering, College of
Engineering and Architecture, North Dakota State University, October 2010. Foaming
Kinetics of Closed Cell Rigid Polyurethane Foam. Major Professors: Dr. Chad A. Ulven,
Dr. Iskander Akhatov.

Rigid polyurethane foams have shown promise in several applications as a means to
reduce weight without compromising structural properties. Information about the
chemical formula of the liquid components, the reaction to produce foaming, and the
curing kinetics of rigid polyurethane foam are discussed. The chemical formulas of the
liquid components are described, and the reaction required to produce foaming and cure of
the polyurethane is stated. The foaming kinetics of the polyurethane were determined based
on experimental work as well as theoretical modeling. It was determined that there was a
relationship between the initial load the frame was placed under and the amount of pressure
measured during the foaming process. The theoretical modeling was conducted for an
equilibrium scheme as well as viscosity and ditfusion controlled stages. Each of the
models predicted the bubble growth to be much quicker than was seen in experimental
work, but captured dimensional properties in the foam. The curing Kinetics of the liquids
and thermal profile of the foaming reaction were measured and a plan for incorporation

into future modeling is discussed.
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CHAPTER 1. INTRODUCTION

Recently, a growing emphasis has been placed on reducing the size and weight of
automobiles in order to improve gas mileage and decrease the money spent on buying
gasoline. Vehicles began as large, heavy, metal structures which served their purpose, but
are now being seen as grossly over-designed. In the last several years. there has been a shift
towards using lighter weight materials for several components in an automobile in an effort
to reduce the vehicle’s overall weight.  Similarly, the United States Navy is also looking to
reduce weight of their heavy, bulky ships. The implementation of lighter weight materials
in these ships will help improve their maneuverability, speed, and allow for greater payload
or fuel capabilitics. The most promising materials being investigated for implementation
are composite materials. These materials can be optimized for strength, stiffness, and
dynamic loadings in the directions needing these properties, while still achieving
substantial weight savings over metals.

A collaborative research project between North Dakota State University (NDSU),
SpaceAge Synthetics, Inc. (SAS) of Fargo, ND and the U.S. Naval Undersea Warfare
Center Division (NUWCD) has been established to develop applications of SpaceAge
Synthetics, Inc. Thermo-Lite composite materials for the U.S. Navy’s unmanned surface
vehicles (USVs) and mission modules program. The Thermo-Lite composite material is a

commercial product of SpaceAge Synthetics, Inc. and is a lightweight, pseudo-sandwich
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composite material, containing a rigid polyurethane polymer matrix reinforced with various
glass fiber architectures. This project required extensive material property evaluation
through a variety of mechanical testing and characterization. Additional testing, including
foaming kinetics, fire studies, accelerated weathering, as well as high and low velocity
impact studies have led to a greater knowledge of the Thermo-Lite material.

One of the unmanned surface vehicles initially identified for application of the
Thermo-Lite material was the Spartan Scout, pictured in Figure 1. The Spartan Scout is a
Rigid Hull Inflatable Boat (RHIB) weighing two tons and is reconfigurable to adapt to
various missions as set forth by the NAVY and NUWCD. The various missions outlined for
the Spartan are Precision Strike (PS), Mine Identification Warfare (MIW), and Force
Protection/Intelligence, Surveillance and Reconnaissance (FP/ISR).

As currently designed, the weight of the Spartan Scout exceeds the lifting capacity
of the loading/unloading cranes installed on the littoral combat ships (LCS). These cranes
are used to lift the USV into the water at the start of a mission. With the currently
designed vessels being so overweight, the USV needs to be emptied of fuel to be lifted by
the cranes and deployed in the water. Emptying and refueling of the USV takes extra time
and manpower to ready the craft for service. By reducing the weight of several
components of the USV the time needed to fill with fuel will be lessened or even

eliminated.






1.1. Foam Materials

The primary attribute of a foamed material is its low density; nearly 75-95% of the
volume may be void space when compared to the solid base material. Applications of
foams are in impact absorption as in bike helmets, insulation materials for space shuttle
applications, and chemical filters using micro or nano-sized open celled foams [2]. The
following sections provide information on the various types of materials manufactured with
a foamed structure along with the types of pore structures achievable with current

manufacturing processes.

L.1.1. . Material Types

The majority of commercially available foam materials fall into three main
categories: metallic foams, ceramic foams, and polymer foams. Metallic foams are
becoming increasingly popular with the improvement in manufacturing capabilities.
Benefits of this type of foam are its ability to be recycled back to the base material by
melting, and its retention of a similar thermal expansion as the base material. A limitation,
however, is when a metal is used in the foamed state, it sees a reduction in its electrical
conductivity. Ceramic foam can also be recycled back to the base material and is

typically used for thermal insulation or as a filter for hot gasses.






Closed cell structures, when compared to open celled structures, typically have
higher compressive strengths, are better insulators, and have a higher density. In a closed
cell material, gas is contained inside each of the pores rather than being able to freely pass
through as in an open cell material. This trapped gas increases the materials ability to
thermally insulate as well as acting as a sound barrier. The extra material forming the walls
in a closed cell foam is what gives the material its increased compressive strength and
density. The hollow spheres in the syntactic foam reduce the overall density of the matrix
material, but they typically have the largest density of the three foam types. The hollow
spheres may also give the composite foam an increased strength depending on the
interfacial bonding between the sphere particles and the matrix. These foams can be
easily tailored for their specific application based on the volume fraction, size, material,
and the gas which fills the hollow spheres. Syntactic foams are typically used in
applications where weight savings are needed in a structure that has the potential to be in
service with or near a water source. An example would be in the hull of a boat, where
weight savings would result in less fuel consumption and the foam would have the
potential to absorb water. Each of these foams is created by a different manufacturing
process to obtain the difference in their structure. Research has been conducted to
determine the effect of pore size and shape on the properties of the final foamed material

[4-8]. The mechanical properties of cell walls were found to vary significantly because of
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irregular geometries and inconsistent microstructures. Cell face curvatures and
corrugations were found to decrease the elastic modulus and plastic collapse stress in

metallic foam materials [9].

1.1.3. Cell Measurement

With foams having variances in their cell size, wall thickness, and other geometrical
features a difficulty arises when obtaining an accurate measurement of these cells. Whether
used in research or the need for precision and tight tolerances of mass produced foams,
dimensional and geometrical measurements is becoming an ever necessary tool. Several
methods have been examined to characterize cell size and topography, such as light
transmission [10], x-ray tomography [11,12], scanning electron microscopy (SEM) [13],
magnetic resonance imaging (MRI) [14], photography [15], and 3D optical methods [16].
The 3D optical method uses three two-dimensional images to generate a stereo
representation of a portion of the foam surface. Several of these images are captured at
different view angles and combined into one set of points. A computer software program
is then used to create the foam structure based on these captured points. Each of the
methods have limitations due to the foam material and pore size of the material being
measured. For example, and optical measurement system has a limited accuracy depending

on the mega-pixels of the camera and its field of view.



1.2. Polyurethane
L2.1. History

The origin of polyurethane dates back to World War 11 where it was first created in
Germany as a replacement for rubber, a scarce material at that time. Today, polyurethanes
can be found in nearly all items used daily — desks, cars, chairs, clothes, footwear,
appliances, beds, the insulation in walls, roof and moldings on homes. Polyurethanes can
be created in many forms, such as: liquid coatings, paints, elastomers, rigid insulation, or
soft flexible foam. Rigid polyurethane foams form one of the world's most popular,
energy-efficient, and versatile insulations, which significantly cuts fuel and construction

costs [17].
L12.2.  Chemistry

Polyurethanes consist of repeating organic units joined by urethane links, which are
polymerized via step-growth polymerization. This two-part liquid resin system consists
of an isocyanate and a polyol, which react to form the final polyurethane product.
I[socyanates are a highly reactive, low molecular weight compounds. Diisocyanates, or
compounds containing two isocyanate groups, are most often utilized in the production of
polyurethane foams [17]. A polymeric methylene diphenyl diisocyanate (PMDI) type

isocyanate is used for this work, with its structure shown below.



@—— CHy CHy

NCO NCO

Figure 3. Chemical structure of
PMDI isocyanate [18].

Polyols are an alcohol with more than two reactive hydroxyl groups per molecule
[17].  An ester type polyol is used in this work, which is capable of forming more
hydrogen bonds and leads to an improved interchain interaction and elastic properties [19)].
Polyurethane is formed by the polymerization reaction of an isocyanate with a polyol in the
presence of suitable catalysts and additives [17], as seen in Figure 4. Because a wide
range of diisocyanates and a variety of polyols can be used to produce polyurethane, a
broad array of materials can be produced to meet the needs of specific applications [17].
It can be formulated for a wide range of stiffness, hardness, and density, based on the

formulation of the constituents.

H O

+

R-N=C=0 + RZ0-H = R'-N-C-O-R?
Figure 4. Generalized polyurethane reaction [20].

Most polyurethane are thermosets, though it can also be created as a thermoplastic.

Thermosetting polyurethanes are used in applications such as molds, tools, dies, wheels,



adhesives, sealants, or structural foams. Thermoplastic polyurethane (TPU) is an
elastomer that is fully thermoplastic, or able to be melt processed. Its applications include:
flexible tubing, hydraulic hoses & seals, inflatable rafts, medical tubing, swim fins &

goggles, and wire & cable coatings [17].

1.2.3. Blowing Agents

In order to create the pores found in a foamed polymer a blowing agent must be
used. A blowing agent is a substance when used alone or in combination with other
substances is capable of producing a cellular structure in a material. Blowing agents may
include compressed gases that expand when pressure is released, liquids that develop cells
when they change to gases, soluble solids that leave pores when leached out or chemical
agents that decompose or react under the influence of heat to form a gas. A common use of
a blowing agent is to supersaturate a gas into the liquid resin under pressure and when the
pressure is released, bubbles form and grow [21].  The type of blowing agent used has a
significant effect on the long-term stability of the foam structure and insulating properties
of the foam as well as other aspects such as the load bearing capability, cushioning effect,
or flammability of the foam. The insulating achieved by a foamed product is determined by
the thermal conductivity of the gas phase of the blowing agent within the pores as well as

the cell wall thickness.  Due to environmental concerns with some types of blowing
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agents, there are global and regional guidelines in place to monitor and suggest the
discontinued use of a blowing agent if a concern should arise.

The polyurethane used for this research is formulated such that the reaction does not
use a harmful chemical blowing agent. Instead, water is grafted onto a polyol monomer
and when allowed to react with the isocyanate, gives off carbon dioxide gas to form the
cellular structure. This formation of gas produces pockets of carbon dioxide gas that remain
entrapped in the material once it solidifies. These entrapped gas pockets are the pores seen
in closed cell foams. This interaction is shown in Figure 5 with the disubstituted urea

being the final polyurethane product.

‘ 0
i H i
R-N=C=0 + H-O-H «———p fR-r:J-C-OH'i
~H
Isocyanate Water Carbamic Acid
R-NHs + Cng + HEAT
Amine Carbon
Dioxide
- 9
R-N=C=0 + R-NH; ———> R-N-C-N-R’
H H
Isocyanate Amine Disubstituted
Urea

Figure 5. Reaction of water with polyol to form carbon dioxide gas [22].
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With the variety of formulations of polyurethanes currently available, much
analysis has been done characterizing it in its many forms [23-41]. To determine which
variety of polyurethane is to be used will depend upon the parts intended application.
Polyurethane foams are used in applications from soft cushioning to structural sheeting.
The structural sheeting industry uses a rigid, closed cell, polyurethane foam, which is the

focus of this research.

1.3. Foaming Kinetics

Much work has been done to determine the way in which several materials obtain
their cellular structure [42-50]. With a broad range in materials; such as metals, polymers,
and even bread dough, there is a large range of ways in which these substances become a
foamed material. In order to model a foaming liquid, a simplified picture of the foaming
process needs to be created. Several theoretical models have been created to try and model
the foaming behavior by quantifying the surface tension, viscous, and inertial forces which
slow down the rate of increase of bubbles in a viscous liquid [51-55]. Other models have
been created which deal with a single bubble in an infinite sea of liquid [56-59]. This has
been shown to be an unacceptable model for bubbles that are eventually separated by

distances that are short in comparison with their radii. This model may be used as an
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approximate representation of the very early stages of foam expansion, but deviates from

reality in the later stages of the foaming process.
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CHAPTER 2. OBJECTIVES

Over the past decade, composite materials have become increasingly popular in the
automotive, construction, marine, and transportation industries. More specifically, foam
core sandwich structures are used in a large variety of applications due to their high
stiffness and low weight. In order to design with these materials, a thorough understanding
of their material properties and cellular geometry needs to be examined. The manufacturing
parameters such as temperature, pressure, and time, play a large role in the final properties
of a foamed polymer product. These parameters may affect the pore size, wall thickness,
or other geometries of the cellular structure. In order to understand the final pore
geometry a part will obtain, knowledge of the foaming process needs to be clearly
understood.

Therefore, the objectives of this research were to:

« Determine the final average cell size and rate of change with time.

« Find time of foam growth required to fill a mold.

» Cooling time required for demolding.

« Find the pressure generated due to a volume of liquid expanding.

« Create codes for prediction of final bubble radius that allow for manipulation of

initial parameters.
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CHAPTER 3. EXPERIMENTAL SETUP

This section outlines the overall experimental procedures, a schematic of the
experimental setup, and the testing conditions used. Details on the method of replicating
tests are also stated. This work was modeled after the manufacturing process used at

SpaceAge Synthetics, Inc. in order to correlate the results as closely as possible.

3.1. SpaceAge Synthetics, Inc. Manufacturing Process

The manufacture of composite Thermo-Lite boards is accomplished at SpaceAge
Synthetics, Inc. in Fargo, ND. The Thermo-Lite composites consist of varying
architecture of glass, which is later impregnated with the polyurethane foam and allowed to
expand to take the form of the mold in which it is placed. An E-glass is used in the
Thermo-Lite material in several forms: continuous fiber mat (CFM), woven roving, and a
lightweight glass filter. Each of the glass types in a commonly used stacking sequence
along with the final product can be seen in Figure 6.

The varying types of E-glass are stacked into a rectangular 1.22 meter by 2.44
meter frame which varies from 9.53 to 50.8 millimeters thick. The bottom mold is
constructed of steel or a medium density fiberboard (MDF) material, depending on the

press in which the product is manufactured. An overhead sprayer mixes the polyol and
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The small frame was used for the first sets of experiments, while the large frame
was used to scale up the experiment and check for consistency. Having two frame widths
for the small frame was done to examine if there were any size or edge effects due to the

variance in surface area.
3.3. Equipment

The testing of the small and medium frames were accomplished on an Instron 5567
load frame machine. The larger frame was tested on a Tinius Olson load frame due to the

larger testing apparatus and loads required.

3.4. Testing Method

3.4.1. FramesA& B

The tests were run with the 10.16 cm x 10.16 cm x 12.7 mm frame sandwiched
between the top and bottom plates, with the entire system positioned in the Instron load
frame. An initial load was applied and the apparatus was left under the load for several
minutes to come to equilibrium. The stabilized load was recorded as the initial load for the
experiment. The crosshead was fixed at the starting position for the remainder of the test
in order to accurately measure the change in the load due to foaming. The liquid foam
components were mixed externally and injected into the frame through the injection site in

the side of the frame. The injection site was then sealed shut for the remainder of the
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experiment. The edges of the mold had small vents to allow for the air initially trapped
inside the mold to escape while keeping the amount of liquid escape (i.e. flash) to a
minimum. The time of injection for the mixed liquids was used as the starting time for
the experiment. The apparatus was left to foam and load measurements were taken twice
a second for thirty minutes. Several initial loads were examined in order to examine the
effect on the resulting measured foam pressure. A large enough preload was needed in

order to limit the amount of foam escaping from the mold.

3.4.2. FrameC

The tests were run with the large frame sandwiched between the top and bottom
plates, both made of 12.7 mm plate steel. The entire system was then positioned in the
Tinius Olson load frame and an initial preload was applied. The apparatus was left under
load for several minutes to come to equilibrium and the stabilized load was recorded as the
initial load for the experiment. The crosshead was again fixed at the starting position for
the remainder of the test.  The liquid foam components were mixed externally and poured
into the frame through the injection site in the top plate of the mold. The injection site was
then sealed. The time of injection for the mixed liquids was used as the starting time for

the experiment. The polyurethane was left to react at room temperature, with load
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controlled environment. A drop (50-80 mg) of each of the liquids were put into 50 puL.
platinum sample pans and placed into the sample carousel. An autosampler weighed the
reference pan and brought the samples into the chamber for each of the tests. Two of the
samples were heated from room temperature to 800 °C at a rate of 10 °C per minute, while
the other samples were heated to 120 °C and held for sixty minutes and then heated to

800 °C at 10 °C per minute. Two samples of each of the liquids were tested using the

same procedure to ensure accuracy of results.

3.7.2. Differential Scanning Calorimetry

In order to determine the rate of polymerization, differential scanning calorimetry
(DSC) was used to measure the chemical conversion in the curing polyurethane by
evaluating the heat evolution caused by the exothermic reaction. This was accomplished
using a TA Instruments Q1000 DSC machine. The two polyurethane liquid components
were mixed, 5-15 mg were injected into an aluminum pan, the edges crimped to
encapsulate the sample, and rapidly transferred into the DSC machine, all within 30
seconds. In order to keep the polyurethane from expanding outside of the crimped pan,
the foaming agent (water) was previously removed from the polyol during a 60 minute
heating cycle. A small, aluminum reference pan and the pan containing the polyurethane

liquid were brought into the isolated furnace and positioned by an automatic arm. Once the
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chamber came to the correct starting temperature the run began, heating the sample for the
desired heating cycle. Several heating cycles were conducted in order to obtain the
activation energy and rate of cure. The samples were heated from -5°C to 200°C at a rate
of 5°C/min, 10°C/min, 15°C/min, or 20°C/min. The samples were heated at the desired

rate and the heat flow was measured.
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CHAPTER 4. EXPERIMENTAL RESULTS & DISCUSSION
4.1. Experimental Testing

4.1.1. Foaming Pressure Determination

Testing was conducted on each of the three frames to determine the amount of
pressure created during foaming of a panel with densities ranging from 0.39-0.44 g/cm’.
First, Frame A was used with several preload values to examine the pressure created during
foaming. Then, Frame B was used to determine if there were any edge effects, and Frame
C was used to examine the results of scaling up the experiment. The results are described

in detail in the following sections.
41.1.1. Frame A

Tests were run on Frame A at preloads varying from 3.5 — 10 kN with replicates at 6
kN to verify repeatability. For each of the tests 78.5 grams of the mixed polyurethane
liquids were injected into the mold. The initial pressure due to the preload acting on the
frame as well as the final pressure on the foamed area were measured. The density of the
final sample was found and the amount of material that escaped from the mold was noted.

A typical time versus pressure plot is shown in Figure 11.
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Figure 11. Typical time versus pressure curve.

As can be seen in Figure 11, the pressure is initially constant for a period of time
until a spike occurs after several seconds. An initial load is placed on the frame and will
remain constant until the foam reaches the top of the mold and creates an additional load,
therefore increasing the calculated pressure. The length of dwell time is dependent on both
the time the expanding foam takes to reach the top of the mold as well as the amount of
time since mixing the two liquids. The time the foam takes to reach the top of the mold is
based on the geometry of the mold. A larger mold initially filled with a lesser amount of
liquid would lead to a longer dwell time before an increase in pressure is seen. This length
of time may also be dependent on the amount of time between the initial mixing of the two
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liquids and their injection into the mold. The mixing of the liquids for this research was
done by hand and took an average of 20 seconds to complete. For a larger scale panel, such
as those produced at SAS, the liquids are mixed and dispensed with a mixing head, which
takes only seconds to complete. The difference in these mixing times and methods may
play a role in the measured time of the completed reaction. The mixing method may also

play a role in the polymerization reaction due to how well the two liquids were combined.

The results from each of the foaming trials are shown below in Table 2.

Table 2. Foaming results from Frame A.

Pressure, | Pressure,
Preload .initial final Density Flash | Weight
kN (MPa) (MPa) g/cm’ grams | grams
10 3.53 997 0.387 1.0 50.6
8 2.87 .835 0.427 1.9 55.9
6 2.15 666 0.436 4.4 57.0
6 (2™ 2.16 673 0.433 43 56.7
6 (3" 2.13 690 0.407 4.4 53.3
5 1.71 552 0.430 4.0 56.3
3.5 1.21 407 0.384 29 50.2

In order to more closely examine the trends in these results a plot of the flash versus
pressure was constructed and is shown in Figure 12.  Generally, when the amount of flash
was reduced, the pressure was found to increase. This trend can be seen by the linear

trend line, which has a negative slope. With a larger amount of material contained inside

the mold the pressure increase was expected.
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4.1.1.3. Edge Effects

In order to determine the edge effects on the calculated foaming pressure, two frame
sizes were used, with one having twice the surface area of the other. These frames were the
previously mentioned Frame A and Frame B. Frame A had a surface area of 28.2 cm?,
while Frame B had 60 ¢cm? of surface area. The ratio of part area to frame area was 3.67
and 1.71 for Frame A and Frame B, respectively. Thus, the part area was 3.67 times as
large as the frame area for Frame A, and 1.71 for Frame B. The pressure of the foaming
liquids was calculated considering only the inner foam area and then with the foamed area
plus the frame area. These pressures were calculated and compared for each of the two
frames. The percentage difference between these two values were found to be 21.4% for
Frame A and 36.9% for Frame B. With these values varying significantly, it was
determined that the size of the frame played a role in the pressure calculated using this
method. However, the pressure calculated when ignoring the frame and using only the
part area was the same for each of the frames. This shows that towards the end of the
foaming reaction the foaming polyurethane supports all of the load and the frame does not
have any load acting on it. Therefore, when calculating the pressure values, the size of the
frame was neglected and only the part area was used. The molds used for making a larger
scale product at Space Age Synthetics Inc. need to be strong enough to contain the

expanding foam and the pressure applied to the top of the mold needs to be greater than the
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pressure generated in the foam in order to ensure the mold will remain shut during

expansion.

4.1.1.4. Verification of Results

To ensure the pressure generated during the foaming process fell within the
assumed range, a pressure sensitive paper was used. The paper deepens in color as the
pressure increases and measures in the range of 0.482 MPa and 2.41 MPa. To determine
the pressure generated in the foam, the load created during the foaming process was
divided by the area in contact with the load frame, in this case the foamed area in addition
to the frame area. The pressure sensitive paper was laid up inside the mold before the
liquids were injected and left in place throughout the experiment. The calculated
pressures were near the low end of the pressure range capable of being measured with the
paper, which gave a faint color change, thus indicating that the calculated pressures were in
the correct range. The initial pressure on the frame due to the preload was 3 MPa, which
is larger than the maximum value achievable by the pressure sensitive paper, thus turning
the paper to the darkest possible color. The dark square is a result of the initial pressure and
the lighter interior is the area in which the foaming reaction took place. The results from

this test are shown below in Figure 13.
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CHAPTER 5. MODELING PROCEDURE & RESULTS

Analytical modeling was conducted in order to predict the growth rate of a bubble
in the foaming liquid. In order to model the foaming event, an equilibrium scheme of the
process was considered that allowed a prediction of the final radius of the bubbles and
foam pressure after the foam growth process was completed and the system came to a
mechanic and thermodynamic equilibrium. Second, a viscosity controlled isothermal foam
growth was considered assuming the diffusion process was very fast and the viscosity of
the liquid was the limiting factor to the growth of the foam. Then, diffusion controlled
isothermal foam growth was considered assuming that liquid viscosity was very small and
the diffusion of gas into the cell was what limited the growth of the foam. The liquid
polymerization kinetics were discussed and a mathematical algorithm of how to identify
the parameters of the model were shown. Finally, the heat transfer process through the
foam accompanied with the heat released due to polymerization is discussed as the
direction of future research. In order to create a simplified model of the foaming process,
some assumptions were made in order to examine each phenomena individually before
combining them to examine the process as a whole.

The assumptions made for the experimental modeling are summarized and the

equations used in modeling the foam growth are given in the following sections.
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5.1.Assumptions

5.1.1. Equilibrium Scheme

The initial modeling assumed atmospheric conditions since during manufacture at
SpaceAge Synthetics Inc. venting of gasses initially entrapped in the mold is allowed
through machined vents. A constant temperature during the foaming reaction was also
assumed as a simplistic approach. As with each of the modeling approaches, the
assumption was made that each nucleus that formed grew into a single, stable bubble, and
that upon initial mixing of the two liquids all of the CO, gas was generated and dissolved in
the liquids instantaneously. The liquid dimension in the plane of the substrate is much
larger than its thickness and lateral effects are negligible so that the primary bubble growth
may be considered essentially one-dimensional, with growth occurring in the z-direction
(perpendicular to the substrate). A uniform temperature across the cell is assumed, such

that all bubbles and cells associated with them have equal size.
5.1.2. Liquid Viscosity Controlled Bubble Growth

Similarly, the assumption was made that each nucleus that formed grew into a
single, stable bubble and that the primary bubble growth occurs in the z-direction. In this
phase, the viscosity of the liquid was assumed to be the factor that inhibited the rate of the

growth of the bubble and the diffusion of the gas through the liquid is taken as infinitely
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fast. The initial conditions were taken at room temperature and atmospheric pressure for
each of the vanables used. The gas bubble and foam cell were assumed spherical and

concentric.
5.1.3. Diffusion Controlled Bubble Growth

The same assumptions were made that each nucleus that formed grew into a single,
stable bubble and that the primary bubble growth occurs in the z-direction. In this phase,
the diffusion of gas through the liquid was assumed to be the factor that inhibited the rate
of the growth of the bubble and the viscosity of the liquid is taken as infinitely small.
Again, the initial conditions were taken at room temperature and atmospheric pressure for
each of the variables used, and the gas bubble and foam cell were assumed spherical and

concentric.
5.1.4. Glass Loading

The SpaceAge Synthetics Inc. Thermo-Lite composite board contains varying
architectures of glass loading, while the experimental work contained only foam. A burn off
test was conducted to determine the volume fraction of glass in the composite by heating
the sample to a temperature high enough to degrade the polyurethane while leaving the
glass intact. [t was found that a 5.08 cm thick, 0.48 g/cm’ board containing filter material

and continuous fiber mat contained only 2.11% glass by volume. This small volume of
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5.1.5. Sphere Impingement

The simplification of each of the models presented is concerned with only one cell
growing in the liquid. An amount of liquid was divided into several cells, with each cell
being taken as an average spherical bubble growing in the liquid. Each cell was examined
individually without exploring the interference caused by neighboring bubbles. In reality,
neighboring bubbles caused impingement that led to final bubbles that were not completely
spherical. With bubbles in contact with each other, there is a sharing of liquid in the
adjoining cell wall that is not taken into consideration in the modeling presented in this
work. This interference with other bubbles in the foam may be of further interest in a more

complex foaming model.

5.2. Modeling Setup & Results

5.2.1. Equilibrium Scheme

A liquid layer of thickness /) on a plane substrate is considered, as shown in Figure
17.  The liquid initially contains some amount of dissolved gas, which was generated due
to the chemical reaction between the isocyanate and the foaming agent. The concentration
of the gas is measured in kg of gas per kg of liquid and is equal to ¢y, which is larger than
the concentration of this gas dissolved in this liquid at normal conditions (equal to c). Thus,

the liquid is initially oversaturated with gas.
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The number of gas bubble nuclei per unit mass of liquid is given asny.  The total

number of bubble nuclei per unit area of the substrate, N, is

N = nyp(Ty)hy (1.1)

where p,(7;) is the initial liquid density at room temperature.
According to a cell model, a foaming liquid pool that contains a large number of
bubbles can be divided onto many cells [51], with a schematic of the cell presented in

Figure 19.

Figure 19. Schematic of a cell in a foaming liquid.

Each individual cell contains a single bubble and a specific amount of liquid, m

calculated as
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4 1
m, = gn(R;:‘ ~Rp,(T) =— (1.2)
1y

Here R., R, are radius of the cell and radius of the bubble in this cell, and p(T) is
the liquid density at the current temperature. The temperature is assumed to be uniform
across the cell and the foam layer, such that all bubbles and cells associated with them have
equal size.

After the liquid starts foaming the bubble radius and the cell radius increase such
that at some moment the foaming liquid reaches the upper cover that is placed at a distance
h, from the substrate. At this moment, R, is calculated from the equation

gnRSN =h (1.3)

and after this point R, will stay constant. The bubble radius after the foaming

liquid has reached the cover can be calculated using the Equations (1.1) - (1.3) as follows

h

—4-7[R§ - 1 _L_pI(TO) (1.4)
np;(To) | Ay pi(T)

This equation shows that, in general, after the moment in which the foam reaches

the lid, according to this equation, the bubble radius R, may change with temperature.
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Mechanical equilibrium of the bubble is reached if the equation

Pr=Pg ™0 (1.5)

is satisfied. Where o is the liquid surface tension coefficient, pyis the foam
pressure, and p, is the gas pressure in the bubble, which is calculated according to the ideal

gas law

p, =—%~R,T (1.6)

Here my, is mass of the gas in the bubble and R, is the pas constant for the foaming
gas. Combining the Equations (1.5) and (1.6) the following equilibrium condition was

obtained

Pr=gRT~7 (1.7)

The gas mass balance in a cell at the diffusion equilibrium condition can be

formulated in the following form

mc, =m, +mc (1.8)
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where c is an equilibrium gas concentration dissolved in the liquid in the cell, which

is calculated with Henry’s law,

c=Hp, (1.9)

where H is Henry’s Law constant. Combining the Equations (1.6), (1.8), and (1.9)

one can derive the following equation for the mass of gas in the bubble

m,=—0 (1.10)

The Equations (1.4), (1.7) and (1.10) are the set of equations to calculate Ry, m,, and
pr when foaming liquid has reached the cover, if h;/hy, T/T, are known along with all
necessary thermodynamic parameters of the foaming liquid. It is convenient to present the

Equations (1.4), (1.7) and (1.10) in dimensionless form:

ho 1]
R = _Plo) 1.11
’ [ho p/(T)} (-1
T 1]
m = 1 0 e — .
mg |: +c\‘pI(T0)T0 Rh}} (1 12)



Here the unknown variables R;, m,, and prare normalized as

R==t, m=—=b, p,=—L (1.14)
RO § m;c,y / Patm

The following parameters were also used when normalizing Equations (1.4), (1.7),

and (1.10):

1/3
1 3
m=—, RO ={——————————:] s Pum = p“RxT

N dm,p (1) (1.15)
_ (T, _ fo
¢, = Hp,pr pT=210) 5
pg* Roputm

Here R, is the radius of a cell at room temperature, when a bubble nuclei has not yet

been generated, p,, is the gas density at room temperature and atmospheric pressure.
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5.2.1.1. Determination of Values

In order to model the foaming reaction, several material property values needed to
be evaluated. The determination of the initial bubble radius, number of nuclei, surface

tension, and diffusion coefficient are shown below.
Initial Bubble Radius

The initial size of the bubble in the liquid was unable to be measured during the
foaming reaction so a measurement of the final bubble size was taken and the initial bubble
size was predicted from that value. The equilibrium modeling for the initial and final
heights of the liquid was completed and the normalized radius of the bubble ( R, ) was
found to be 1.45 for the modeling parameters used. A microscope with a computer
imaging system was used and an average final bubble radius of 107 um was found for the
experimental setup used. A picture of a cross section of 0.256 g/cm’ density foam is
shown in Figure 20 with the bubble diameter shown for each of the cells measured in the
viewing area.

Table 3 shows the average measured bubble size for two foam densities and two
thicknesses of the PU foam. The average bubble radius was found to decrease with
increasing foam density. When adding a larger amount of liquid into the mold an

increased density will result and smaller bubbles will be created in the foam.
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Number of Nuclei

The number of nuclei per unit mass of liquid at normal conditions, or ny, is

calculated as

4T[pl (T:) )Rn

(1.17)
with R, being calculated as stated above and p,(7,) being the liquid density at
standard conditions. The number of nuclei was found to be 576,600,000 nuclei per

kilogram of liquid.
Surfaée Tension

The surface tension of each of the liquids was measured using the pendant drop
method. The average of the two values was used in the modeling since the two liquids
were mixed in equal proportions by volume. The surface tension of the isocyanate and

polyol mixture was found to be 0.03 N/m.
Diffusion Coefficient

The ability of a gas to diffuse through a liquid is given by a diffusion coefficient.
This coefficient was found to be between 0.5 x 10 — 5 x 10 m%/s for liquids [60]. A

value in the middle of this range was chosen for use in the model, or 2.5 x 10°m%/s. The
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would represent a smaller amount of material placed into a large mold, a smaller ratio being
the opposite. Therefore, a large ratio would allow for greater expansion of the foam and
result in a lesser foam pressure, bigger bubbles, and a larger mass of gas in each bubble
when compared to a smaller ratio. As was shown in Table 3, the foam with a lesser density
(or larger ratio) had a larger bubble diameter and therefore a larger mass of gas in each
bubble when compared to foams with a higher density. Higher density foams contained

several, smaller bubbles which each contained a smaller amount of gas.
5.2.2. Liquid Viscosity Controlled Bubble Growth

The cell model for single bubble growth in foam used in this work was first
developed by Amon in 1982 [51]. A spherical coordinate system with the origin in the
center of the bubble and the cell was used to model liquid motion and gas transport in the
cell (Figure 19). The liquid continuity equation describing liquid kinematics around a

spherically growing bubble is as follows

Lo 1 0(2,) 0 4.2,,° @1
p, dt r-or

where r is the radial coordinate, u(##) is the radial liquid velocity, and d/dt isa
material derivative. The liquid velocity on the bubble/liquid interface is equal to the radial
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ou, oy op, 1 0 ( ) au,J 2u,
|\ |1 Of, 20U 2 2.4
p,( o ar] or H rZ or ' or r? @4

This equation represents a balance between the liquid inertia forces (left side),
pressure gradient, and liquid viscosity forces (second term of right side). It can be seen, that
for the velocity field, Equation (2.3), the viscous term in the Equation (2.4) is equal to zero.
In the case of foam bubble growth the inertia forces can be neglected, since the bubble
growth happens relatively slowly (in comparison with liquid speed of sound). Thus,
dp, / Or = 0 and the liquid pressure can be considered uniform, but time dependent, p;=p(1).

The radial component of stress changes with the radius due to the viscous stresses
as follows

o, =—p+ 2;.1—67 (2.5)

Then the boundary conditions representing the force balance at the bubble/liquid

interface and cell boundary are written as follows

Py p1—2u%%+%9, r=R,
5 b (2.6)
U
=p, —2p—=, =R
Pre=p =202 r=R.
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where pg, prare gas pressure in the bubble, and pressure in the foam. Using these

equations to eliminate the liquid pressure the equation becomes

Oy

ou
+2u—L
or "

r=R, ar

]

|
)

e

+22, (2.7)

pg_pf e Rh

Substituting the velocity field (Equation (2.3)) into this equation gives the following

equation for the radius of the bubble

R, 1dlnp, \R*-R} 20
—p,=dpf =L 4+— L=ty — 2.8
Pe™P1 ”(Rb 3 dt j R R, (28)

Introducing the liquid mass in the cell (Equation(1.2)) the Equation (2.8) can be

rewritten in the following form:

S 3my B
j = RedmoiD) (0 20) Ry dinpy(T) (2.9)
" 4y _3my & R, 3 dt
4np,(T')
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Using Equations (1.14), (1.15) the Equation (2.9) can be presented in the following

dimensionless form:

3 da T, N D

d_fibzﬁb(uwk-;j(,-)g_ﬁ 2_)5_2_9(_” pt L
dt pi(Ty)

(2.10)

The Equation (2.10) can be used to calculate how bubble radius changes in time if
the algorithms for temperature, gas pressure in the bubble, and foam pressure are defined.

In an isothermal situation the last term in the Equation (2.10) becomes equal to zero, or

dR, —={( +=\_. _ 2C
~dt_i=Rb(1+Rb(pg—pf—RTb] (2.11)

The foam growth process can be divided into two periods: a free foam growth
period and a confined foam growth period. In the free foam growth period, the liquid
level is rising (h<h,), and the pressure in the foam is known and equal to atmospheric
pressure (7= pam). Once the foaming liquid reaches the upper cover (h=h;,), the confined
foam growth period begins and the pressure in the foam is calculated.

During the free foam growth period the pressure in the foam is equal to atmospheric

pressure and the bubble radius changes in time according to the equation
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dRy, —=1{ =3\ - 26
——=R 1+R —l""—_.— 2.12
2= By b{pg R,,] (2.12)

where the gas pressure in the bubble is calculated from a combination of the ideal

gas equation

Pe =cobp(Ty) =5 (2.13)
Ry

and the diffusion equilibrium condition

_ -1
i =[1+5*—%W} (2.14)

The Equations (2.13) and (2.14) give the following formula for gas pressure

5. (R, )= —oP L) (2.15)
c,p(T,) + R,

The gas pressure versus bubble radius is presented in Figure 24 by a solid line. The

dashed lines shows 1+ 26‘/1?,, . Points A and B show minimum bubble radius }7,,, that

still can grow, and maximum bubble radius Rs2 at which bubble growth stops naturally if
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At the moment the foam reaches the lid, the foam pressure, p, immediately
jumps from 1 to the value
— - m, 2§
Pr= Copz(To)—_i“:"
Ry R, 2.17)

where the mass of the gas is calculated from the Equation (2.14). This is shown

below in Figure 27.

i
-
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v

0 1, t

Figure 27. Typical foam pressure versus time for viscosity
controlled foam growth.
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According to this model, the entire bubble growth occurs in less than a second,
which is much quicker than is seen in the experimental work. This shows that the
viscosity of the liquid during the foaming reaction is not the limiting factor to the growth of
the foam. In applications where the polyurethane is formulated to react at times of less

than a second, this model would be a closer prediction than in the case of this research.

5.2.3. Gas Diffusion Controlled Bubble Growth

A setup similar to the viscosity controlled bubble growth was assumed for this
phase of the modeling. A spherical coordinated system having the origin in the center of the
bubble and the cell was used to model the liquid motion and gas transport in the cell
(Figure 19). In this section, the bubble size was calculated for a bubble in mechanical and
diffusional equilibrium while the pressure in the liquid is equal to atmospheric pressure (the
expanding foam did not yet reach the cover of the mold). The gas mass balance in a cell

at diffusion equilibrium was formulated in the following form

mc, =m, +m;c

(3.1)

Here ¢y is the initial concentration of gas dissolved in the liquid containing no
bubbles and c¢ is the gas concentration dissolved in the liquid in equilibrium with the bubble

and is calculated using Henry’s Law
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c=Hp,
(3.2)

with A being Henry’s Law constant. The gas pressure in the bubble is given as

Py = Pum t o
b4 atm Rh
(3.3)
The mass of the gas in the bubble is calculated using the ideal gas law
4
p. R,
__"3
m.&'
R T
3.4

By substituting Equation (3.2), Equation (3.3}, and Equation (1.4) into Equation
(3.1) one can derive the equation for the gas balance in the cell in the following

dimensionless form:
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2 =14 (3.6)

The critical gas concentration c, was calculated as 1.82 x 107 , and was found

using the following relations

— =% a2
CD’(E_):O, or ———%_%+4be +§_&=0 , and E’——lzcb(l?b,,) 3.7
Ry Pies Pty Cs

Foaming can be considered as a transition from state A with small bubbles to state B
with large bubblcs. Transition is controlled by the rate of gas diffusion from the liquid into
the bubble. For our PU system, the gas concentrations were found as follows.

The amount of gas dissolved in the liquid at atmospheric pressure and room
temperature, or normal conditions, as well as the start of the foaming process needed to be
determined for use in the modeling. In order to determine the concentration of gas

dissolved at normal conditions, the ideal gas law equation

e pr (3.8)
Pum g—M B
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was used with v, being the volume of gas and M the molar mass. Equation (3.8)

was used along with the equation for the gas concentration

m,
¢, = Hp,, =— (3.9)
m

/

with m,, m; being the mass of gas and liquid in the system. Solving for the mass in

Equation (3.8) and substituting it into Equation (3.9), yields the equation

v, M (3.10)
co= .
¥ palm RT X

By knowing the molar mass of CO; (44 kg/k mol), the gas constant, R (8.31 IV'K
mol) and the temperature, T (300 K), and the density of the liquid (1030 kg/m’) the value

of ¢g interms of the volume of gas to volume of liquid ratio was found to be

v,
¢, =0.00174-% (3.11)

]

with v, and v; being equal to the volume of gas and volume of liquid in the system.
For this system, the amount of water added is 2% by weight, or 20 g of H,0 per kg

of liquid. With water having a molar mass of 18 g/mol, the amount of water added to the
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system is 1.11 moles. Knowing that one mole of water generates one mole of carbon
dioxide gas during the foaming process, the mass of CO, generated can be calculated by
multiplying the molar mass of carbon dioxide by the moles of CO; generated by the system,
1.11 moles. The initial oversaturated concentration of gas to liquid in the system is found to
be,

_ 48.9¢(C0,)

= =4.89x107? (3.12)
1000g (liguid)

[

An assumption was made that the volume of gas to volume of liquid ratio was one
to one, making ¢, equalto 1.74 x 10° kg/kg. When comparing this value to the initial
oversaturated concentration, it can be seen that the system contains significantly more gas
than would be achievable under normal conditions. Therefore, this system has a large

driving force to encourage and allow for foaming.

The diffusion of dissolved gas in the cell is described by the equation

6c+ dc Di(r)_ ﬁc) (3.13)

_é; ulé;__;j@r 5;
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where c(r,?) is gas concentration distribution in the liquid and D is the gas
diffusion coefficient in liquid. The Equation (3.13) is complemented with the initial and
boundary conditions:

cl,=0=c,,
=R, = Hpg, (3.14)

@
or

C

=0

=R,

The first equation of Equation (3.14) states that initially liquid is in the state A,
filled with small bubbles of size R,; and the gas concentration in the liquid is ¢;. The
second equation Qf Equation (3.14) states that current gas concentration at the bubble/liquid
interface is proportional to current gas pressure, with /f being Henry’s constant. The third

equation of Equation (3.14) states that there is no diffusion flux out of the cell.

It is more convenient to transform the Equations (3.13), (3.14) using Lagrangian

coordinates

a%ﬂp,m[’—kim], 0<E<m, R,<r<Rg, 3.15)

Then the derivatives are transformed in the following way:
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(3.16)
(_5_) {QQ) L) campr?l ). re[ R
or J, A o€ ), 4np,
Equation (3.13) and the conditions (3.14) will look as following:
ac ol 3 Yo
% 1ot l|| 22| & (3.17)
ot OE | \ 4mp, o
¢|io=cy, (3.18)
c]M: Hp, (3.19)
oc
b =0 3.20
2| (3.20)

First, an approximate solution was developed for the diffusion problem (Equations
(3.17)-(3.20)), for the beginning of the foaming process when the diffusion boundary layer
did not yet reach the liquid cell’s boundary, based on simple parabolic approximation of

concentration distribution

(& =¢ +[Hpg(r) - ][ ME(%J (3.21)
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After integration over time and using the Equations (3.3) and (3.4) the following

integral of mass is found

The mass of gas in the cell is calculated at state A (see Figure 28)

(patm + 2"0- J4 TER;I
R, )3
M bl (3.28)

R, T

Combination of Equations (3.27) and (3.28) leads to the algebraic equation showing

how diffusion boundary layer thickness change with bubble radius

3(R,)= (3.29)

which in dimensionless variables looks as following
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< RI+26R-\R}+26R%) - & _ ¢
5= —3 " +20 b ( 21;16 G bl)’ S =—, T :_(”L (330)
plcs C_-l_l_._: VVVVV m,

R,

s

The Equation (3.25) using the Equations (3.3) and (3.4) can be transformed into the

tollowing differential equation for growing bubble radius

Hp,, + 2ol ¢
3 am T T T T4
Ry _ gnp2pr T L Ry (3.31)

dt 8(R,) P

Pamfp + 3 )
which in the dimensionless form looks as following
— 2c
dR R TR, ! RE
b = 6Py, =12 b f=—, 1,="2% (3.32)
di 3(R,) R+4s T, D
3

The Equation (3.32) together with Equation (3.30) should be solved using initial
condition

Eb(o) = Ebl (3.33)

until the moment 7 =7, when 3(R,)= I, when diffusion boundary layer will reach

the liquid cell boundary. After that moment another parabolic approximation of
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Further substitution the solution (3.34) in the Equation (3.35) leads to the following
differential equation for unknown parameter B(r)
d

7[Hpg +—§-me] =-32n’p; DR} B (3.36)
!

Gas mass in the bubble m, is calculated from the following mass balance

dm o 4
d[g =4nR§p,D-a§ = 16n2p,2R;‘DS—C =32n*p; Dm, R} B (3.37)

r=R, E=0

Summation of the Equation (3.36) multiplied by m; and the Equation (3.37) leads to

the following form of gas mass conservation in the cell

d 2
E[mg +Hp,m, +§m,3B] =0 (3.38)

After integration over time and using the Equations (3.3) and (3.4) one can get the

following integral of mass
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[palm + i‘c}i nRg

3
b +c, + 20H +2m{23 = M = const (3.39)
m[RgT Rb 3

Mass of the gas in the cell is calculated at state B (see Figure 28)

+c + (3.40)

Combination of Equation (3.39) and Equation (3.40) leads to the algebraic equation

showing how parameter B changes with bubble radius

gm,ZB (3.41)
3 R, mR,T R, mR,T
which in dimensionless variables looks as follows
N
B=o(R,)-o(R,), B= B (3.42)
} Hpmm
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where function (D(]Tb) is defined by the Equation (3.5). The Equation (3.37) using

the Equation (3.4) can be transformed into the following differential equation for growing

bubble radius

3
Ry _ 8np; DmR.T R B (3.43)
dl ! g
R +—¢c
patm [ 3
which in the dimensionless form looks as follows
dR, . R}B(R) . 1 R?
_._b -9pc b b s t=—, 7 _—..—O—- (3.44)
d s 4 D D
R,+-¢o o

The Equation (3.44) together with Equation (3.32) should be solved using the initial
condition

A radius versus time curve is presented in Figure 31.

Similar to the viscosity controlled model, the entire bubble growth occurs in less
than a second, which is much faster than is seen in experimental work. This shows that
the diffusion of gas through the liquid during the foaming reaction is not the limiting factor

to the growth of the foam. Therefore, the polymerization kinetics are found to play a role
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‘tdH dar
total = (T) - (4 1 )
2 odt q

It)
with dH/dt being the heat flow, and g the constant heating rate at which the run was
performed. The experiments were conducted for several different heat rates (g; = 1,2,... N).
Each experimental line gives H,,,/(q;). Some experimental scatter may take place due to

experimental errors or some unknown physical reasons. The average value

1 N
Hlotal = ﬁthoral (ql) (42)
i=l1

will be taken as total heat generation in this polymerization process. The degree of

conversion rate is given as

d 1 dH

«“. - 2 (4.3)
dt H/()Iul dt
with a being the conversion of the liquid polymer and do/dt being the conversion

rate. The conversion rate can be calculated using Figure 32 and is presented

schematically in Figure 33.
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where m and r are reaction orders. In case of constant heating rate (g = cons¢) the

kinetic Equations (4.5), (4.9) can be represented in the following form

ioi=-*iex;{—ﬂ)ou"(1--on)" (4.10)
dT ¢ RT

The two ways of solving for the unknown variables are shown below,

Algorithm L. The differential Equation (4.10) has to be solved for different values
of parameters 4, m, n to achieve the best-fit match with the experimental curve presented
schematically in Figure 34 for a given rate of heating. The matching procedure will be

repeated for various rates of heating, and some mean values for 4, m, n will be obtained.

Algorithm II. Theoretically the Equation (4.10) can be integrated using the method

of separation of variables as following

“I do__AE, ‘TeXp(—B)dB g Lo (4.11)
0

a™(1-a) 4R - B2 RT
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It is clearly visible from Equation (4.11) that experimental data collected from the

Figures 33-35 for selected constant heating rate ¢ should form a straight line in coordinates

E, “exp(-p) “  do E,
X — d s Y — . = 4.12
IR é[ 52 B 6[ B (4.12)

as follows

Y = AX (4.13)

Where 4 is the pre-exponential constant that should be determined. The
experimental data may be plotted for a selected constant heating rate ¢, and for some fixed
unknown yet reaction orders m and n, as shown schematically in Figure 37, and calculate 4
for this particular ¢.

Repeating this procedure for different ¢, one may put all these experimental points
(X,Y) in one plot and come up with some mean value of 4 for some fixed unknown reaction
of orders m and n. Then, the procedure should be repeated for various reaction orders m and

n to achieve a better linear fit.
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TanO = A

<

X

Figure 37. Schematic for the determination of unknown value A.

5.3.2. Polymerization Kinetics Results

The results of the polymerization kinetics for the polyurethane foam used in this
research are shown below. Due to the complexity of the foaming and curing reactions,
these results were not incorporated into the model for the foam growth, but are shown for
possible use in future investigation into the foaming process. Both TGA and DSC results

are shown along with the kinetics modeling results.
5.3.2.1.  Thermogravimetric Analysis Results

Thermogravimetric analysis (TGA) was performed to examine the percentage moisture and
decomposition properties for both the polyol and isocyanate liquids at atmospheric

conditions. The isocyanate was shown to decompose between 250 °C and 300 °C. while
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3.3.2.3.  Demolding Time Prediction

The time for the polyurethane material to cure and solidify varied with temperature
and mold geometry. As found in the experimental results, the heating rate used in the
DSC work played a role in the cure time of the material. With a heating rate of
5°C/minute the polyurethane took 36 minutes to fully cure, while the polyurethane heated
at 20°C/minute took only 9.5 minutes. In the SAS manufacturing process no heat is added
to the part during the curing cycle, making the longer cure time more realistic. The
process employed by SAS is to leave the part inside the mold until the temperature reduces
to an acceptable handling temperature. Using Frame C in this work, the demolding time
was found to be approximately 45 minutes, while Frame A and Frame B took only 30

minutes due to a lesser volume of material which cooled more quickly.

5.4. Heat Transfer Process Through the Foam Accompanied With Polymerization
Heat Release

The foaming process in the liquid, in general, represents a simultaneous action of
multiple phenomena, namely, diffusion between liquid and bubble in the foam cell, viscous
damping of bubble growth in the foam cell, and heat release due to liquid polymerization in
the cell. Due to heat exchange with the surroundings at the top and bottom plates and heat

transfer through the foam (i.e. heat exchange between cells), the temperature distribution in
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where ¢ is the volumetric concentration of bubbles in the foam; p,,c,,4, are
density, specific heat, and thermal conductivity of the liquid. It is accounted for that the
density, specific heat, and thermal conductivity of the liquid is much larger than that of the
gas. The volumetric concentration of bubbles in the foam was calculated knowing bubble

size, and foam cell size as following

3
o= [5’1} (5.4)

where the bubble size, and foam cell size were calculated in the equilibrium
scheme.

The boundary conditions at the top plate and bottom plate are

oT k
ko =52 (r_,-1)
= 1z=0 b (5 5)
oT k, >
gt _T
kf az .'.':h\ hT (T‘:Th] 0)

where kg, hp,kr, k. are thermal conductivity and thickness of the bottom plate

and top plate respectively.
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Equations (5.1), (5.2), along with boundary conditions (5.5) would have to be
solved using computational methods for partial differential equations. The solution of this
problem would allow prediction of foam temperature and degree of conversion in any point

of space and moment of time.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1. Conclusions

The time to fill the mold was found during the pressure determination tests as the
time until a load was seen by the load frame. The initial steady load was taken as the
starting value for each of the tests. After an average of 70 seconds after placing the liquid
in the mold an increase in the load was seen indicating the mold had been filled with the
expanding foam. In reality, this value may be slightly longer due to the fact that the starting
time of the experiment was taken after the liquids were mixed, or 20 seconds into the
reaction. The amount of time for the material to cure and cool was found to be dependent
on the volume of material as well as the mold material. A larger amount of PU foam will
take a longer time to cool than a smaller volume. Also, an amount of PU foam in an
insulating mold will retain heat much longer than a mold made of metal or another
thermally conductive material. When molding new geometries for the first time, the
liquid volume as well as the mold material should be taken into consideration when
determining the amount of time the curing polyurethane will need to be left inside the
mold.

The pressure created by the foam during the reaction was determined to increase
with an increasing applied preload. This was due to the larger applied load minimizing the
amount of material able to escape from the mold. The large preload may also have trapped
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some gas that was initially inside the mold from escaping, which would increase the final
pressure observed during the foaming process. An average pressure of 0.78 MPa was
found to be generated by the foaming process of the rigid polyurethane foam.

In order to determine if the size of the frame played a role in the calculated
maximum pressure, testing was done on two frames, one having twice the contact area of
the other. The difference in size was found to play a role in the measured pressure created
by the foam when including the frame area in the calculations. However, when using only
the foam area to calculate the pressure generated, the size of the frame did not show any
effect. The same pressure was calculated with Frame A and Frame B when having the
same initial parameters (density and preload). A scaled up test was also conducted using
Frame A and Frame C for comparison. The pressure measured using these frames was
found to differ by 8.6%. This shows that the pressure generated may only be affected by
the volume of material inside the frame.

To determine the rate of change of bubble size and final average diameter, several
computer codes were created with the ability to alter the initial parameters (temperature,
mold geometry, viscosity, surface tension, etc.) if necessary. The final average size of the
bubble was found to be closely predicted using the equilibrium condition of the theoretical
model created. Knowing the final bubble size may help to predict the final mechanical

properties of the foam. However, the rate of change in cell size was predicted to occur
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much faster than is seen experimentally. The theoretical modeling of the rate of change of
bubble size examined the viscosity and diffusion effects of the liquids, but did not
incorporate the curing kinetics of the polyurethane liquid due to complexity of the model.
Incorporation of this information may lead to a more realistic prediction of the rate of
bubble growth.

Several assumptions were made in order to create a more simplistic model of the
foaming reaction. Each of these assumptions may lead to a certain amount of error in the
results of the model. The assumption that upon initial mixing of the two liquids all of the
CO; gas was generated and dissolved in the liquids may be a source of error in the model.
In reality, the CO; will be generated as a function of time, not instantaneously, and may
lead to a longer time period for the foaming reaction to occur. The determination of the
concentrations of gas at saturation and the start of the reaction (c;, ¢p) were based on the
chemistry of the reaction, but also an estimation of gas solubility in the liquids. The ratio of
these values gives the drive towards foaming and a change in the ratio will affect the final
results of the model. Also, the assumption that the glass loading does not play a large role
in the foaming reaction may be incorrect and lead to a larger error in the results. The glass
loading may impede or restrict the growth of the bubbles leading to a slower time than was
seen experimentally. The glass may also contain a sizing material that could interact with

the curing or foaming reactions.
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6.2. Recommendations for Future Work

Future work based on this thesis would include an examination of the bubble
growth in the x and y directions in addition to the z (height) direction presented in this
research. This work would expand on the modeling already completed and use the same
values and variables. The current model should be a close assumption of the foaming in
the x and y direction with a change in orientation from the current examination. This is
feasible since the bubble growth is not directional, but rather dependent on the constraints
placed upon it by the mold it is contained inside.

In order to obtain a more realistic time scale for the bubble growth during the
foaming reaction, the curing kinetics and temperature change would need to be
incorporated into the model. Due to the curing liquids, an increase in viscosity and
temperature will occur as a function of time and may lead to a siower growth of the foam.
As was shown, the temperature within the foam increased from 20 °C to 140 °C during the
cure reaction due to the exothermic reaction, which may lead to a non-uniform distribution
of bubbles throughout the thickness of the foam sample. The experimental modeling
presented in this body of work neglected the effects of this temperature change and curing
kinetics due to simplifications of the model as a first attempt to describe the process

analytically. With the use of the equations presented in the modeling procedure along
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with the results found for the curing kinetics, these phenomena may be incorporated into
the model to examine their effect on the bubble growth rate.

Another area of interest to expand this research is in the area of complex geometry
and restricted foam growth. With a final geometry containing varying thicknesses instead
of a constant cross-section, the equilibrium model presented in this research may be used to
determine the maximum pressure generated in the part, or the pressure in the thinnest
section. The research presented on the viscosity and diffusion controlled growth was
focused on unrestrained, or free rise foam growth. A further look into the foaming
dynamics of constrained foam would give a more thorough understanding of the processing

method employed by SAS.
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