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ABSTRACT

A COMPUTER SIMULATION OF RIGID
POLYURETHANE FOAM FORMATION

By

P. V. S. R. Krishnam Raju

A computer simulation of polyurethane foam forma-
tion, based on available literature data, is presented in
this work. The model describes the prepolymer, or 2-step,
process for producing foam. A brief description of foam
formation is presented and followed by the chemistry of
selected model compounds. The kinetics of the model com-
pounds are given in a mathematical form which is useful for
modeling the actual reaction and heat transfer steps in the
foaming process. A relation between extent of reaction,
polymer chain length, and time of reaction is derived. A
relation between the number average molecular weight and
chain length is also derived. The kinetics of the cross-
linking and foaming reactions are presented in a mathemati-
cal form. A heat balance is made on the system to determine
the time necessary to evaporate the blowing agent and the
adiabatic temperature rise in the system. A computer program
was written based on all of the above mathematical equations.

After the results are obtained a comparison between
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experimentally observed data and the computer simulation
shows that the models are correct in their essential fea-
tures. This is believed to be the first successful computer
simulation of a 2-step polyurethane foam formation process
which includes: (1) the prepolymer formation step, (2) the
subsequent polymerization, crosslinking, and gel stages of
the reaction; and (3) the heat transfer and blowing agent

evaporation steps.
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INTRODUCTION

Unlike many other great discoveries in chemistry,
polyurethanes are not the outgrowth of an accidental find-
ing, but are the result of painstaking and systematic
efforts to develop new polymers. Polyurethanes are among
the most recent additions to the many commercially impor-
tant classes of polymers. The term polyurethane is more
one of convenience than of accuracy, since these polymers
are not derived by polymerizing a monomeric urethane
molecule, nor are they usually polymers containing pri-
marily urethane groups. The polyurethanes include those
polymers which contain a significant number of urethane
groups regardless of what the chemical structure of the
rest of the molecule may be.

The polyurethane foams in rigid types were devel-
oped during 1941-1945 by Bayer (3) and flexible types were
reported first in 1952 by Hochtlen (14). The urethane
foam industry developed first with diisocyanate-polyester
combinations and more recently with diisocyanate-polyether
combinations which are now used in largest volume. The
polyester systems employed a 'One Shot' technique in which
polyester, diisocyanate, foaming agent, cataly;ts and foam

stabilizers are all mixed in one step, and permitted to
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foam. The first commercial use of polyethers employed a
'Pre Polymer' process, in which the polyether and
diisocyanate were first reacted to form a prepolymer which
was subsequently mixed with a catalyst, blowing agent, and
stabilizers to produce foam. By the end of 1958, a one
shot process for polyether foams was developed. This
newer technology, and especially the very low foam den-
sity available from it, marked a further economic improve-
ment in this industry.

At present the industrial technique of polyure-
thane foam formation is at an advanced stage. Unfortu-
nately the details of the process are not very well
described in the literature. This might be due to the
heavy industrial competition in this field. Furthermore,
partly due to the complexity of the process, a detailed
mathematical analysis of the kinetics of the polymeriza-
tion and foam formation is not available. This lack makes
process analysis, trouble shooting, process scale-up, and
plant design more of an art than a science.

The main goal of this work was to treat the kinet-
ics and foam formation as a step-by-step process, so that
the prepolymer, foaming and crosslinking reactions can be
represented by mathematical equations. It was expected
that the application of computer techniques to the mathe-

matics of such a problem would prove fruitful, and that a



computer simulation of the foaming process, in its entirety,
would result.

Because of the diverse types and large numbers of
polyurethane foam formulations and processes in use, a
general model was not developed. Instead a simulation
was based upon a specific two step prepolymer process
for producing polyurethane foam from tolylene diisocyanate
and a diol using triethylene diamine as a catalyst and a
Freon blowing agent. Variations in the reactant type,
catalyst, or blowing agent may be incorporated in the
program by appropriate modifications. The system chosen
to model is of commercial importance. Some literature
data for this system exists and makes possible comparison

of the data with simulation predictions.



THEORY OF FOAM FORMATION

An understanding of the formation of rigid poly-
urethane foams involves consideration of the organic
chemistry of the polymerization reactions leading to gas
formation and molecular growth. In this section a brief
description of foam formation along with the prepolymer
step is presented. This is done in order that the reader
can better understand and appreciate the organic chemistry
and kinetics of the polymerization reactions which are
presented in the next sections.

Two types of processes are generally used for
producing rigid urethane foams. They are 'One Shot' and
'prepolymer' processes. The computer program of this
work is based on the prepolymer process.

In the prepolymer process the reaction of iso-
cyanate with hydroxyl terminated low molecular weight
polymer is completed first. The amount of isocyanate
present is in excess, so that when the reaction is com-
pleted, the prepolymer formed will contain only isocyanate

end groups.



o) (o)
" "
2R(NCO)2 + HO v OH = OCN - R - NHCO “Wn OCHN - R - NCO

diisocyanate hydroxyl isocyanate terminated
terminated prepolymer ()
polymer

R - Alkyl or Aryl Group

This reaction is exothermic and is catalysed by amines and
tin compounds.

The isocyanate terminated prepolymer is then
foamed in further reaction using a catalyst, and cross-
linking and blowing agents. In rigid urethane foams
'flurocarbon' is generally used as a blowing agent. The
crosslinking reactions are exothermic, so the flurocarbon
evaporates due to the heat liberated. In rigid urethane
foams, the catalyst is chosen so that there is a balance
between the exothermic crosslinking reactions and endo-,
thermic flurocarbon evaporation. The gas evolution and the
polymer growth must be matched so that the gas is entrapped
efficiently to produce a closed cell foam with good insulat-
ing properties and the resulting polymer has the right
strength at the end of the gas evolution to maintain its
volume without collapse or gross shrinkage.

In the model 'triethylene diamine' is used as a
crosslinking agent. It has been experimentally shown that
this substance acts both as a catalyst and a crosslinking

agent (10,11). The isocyanate terminated polymer will react



with triethylene diamine to form substituted urea.
Flurocarbon and triethylene diamine are added to the pre-

polymer to start the foaming and crosslinking reactions.

o) (o)
" "
20CNVVWNCO + H2N - R - NH2 = OCNVUNHCHN - R - NHCHNVAWWNCO

prepolymer diamine (B)

The reaction is exothermic. It is also a chain extension
reaction. Since the reactivity of the isocyanate group
is high, even when it is part of a polymer chain, and the
chain also contains active hydrogen atoms, crosslinking
occurs with the virtual elimination of the isocyanate
groups (6). The substituted urea will react with excess

isocyanate to form a crosslink as indicated below (16).

0

20CNVWAUNHCHN = R = NHCHNVVWNCO + OCNVAWNCO

OCNVAVYVWNHCHN - R = NCHNVAWNCO

70
= Biuret (C)
Crosslink ? H
T—H
0 ‘|3=°
n
OCNVVUNHCHN - R = NCHNVNNAVNCO
”
(0]

The crosslinking does not occur unless excess isocyanate
is present. This is the main reason for using excess

isocyanate in the prepolymer step.



CHEMISTRY OF FOAM FORMATION

Urethane foam formation is the result of a series
of rather complex chemical reactions leading to the forma-
tion of many chemical bonds other than the urethane groups.
Instead of describing the exact reactions that take place
during the foam formation, the reactions of model com-
pounds are described in this section. This approach pro-
vides enough information to develop a kinetic model.

The reaction of an isocyanate with a hydroxyl

compound produces urethane.

RNCO + R'OH = RNHCOR' (D)
Isocyanate also reacts with amine to form substituted urea.

"
RNCO + R"NH2 = RNHCHNR" (E)

Isocyanate also reacts with substituted urea and urethane

to give a Biuret and Allophanate linkage, respectively.

0
n "
RNCO + RNHCHNR" = RNCHNR"
CONHR (F)
Biuret



RNCO + RNHCOR' = RNCOR'
CONHR (G)

Allophanate

The last two reactions lead to branching and crosslinking.
All the reactions described are exothermic. The reaction
'G' leading to the Allophanate formation is neglected in
the model due to the fact that it is many times slower
than the reaction 'F' which is considered to be slow by
itself (16).

The relative rates of these isocyanate reactions
in uncatalysed dilute systems is approximately one for
reaction with urethane, to one hundred for a reaction with
substituted urea, to about four hundred for a reaction with
alcohol (16). The rates of these reactions are also influ-
enced by the electronic structure of the reactants and
steric hindrance.

One should bear in mind the possibility that rela-
tive rate data obtained in dilute solution may not be an
accurate guide to rates in non-solvent systems, where the
reaction medium changes markedly, as in foam formation.
With these limits, however, the reactions of model com-
pounds provide a starting point from which to build an

understanding of urethane foam chemistry.



KINETICS

It was mentioned earlier that, in foam formation,
one should ensure a proper balance between the exothermic
crosslinking reactions and the endothermic flurocarbon
evaporation. To obtain a computer simulation it is neces-
sary to develop a thorough understanding of the kinetics
of foam formation. The kinetics of the reaction of iso-
cyanate with alcohol, amine, and urea are described sep-
arately. Next these kinetics are extended to describe the
reactions of diisocyanate with diol, diamine, and diurea,

the actual compounds in the foaming system.

A. Reaction of Isocyanate With Alcohol

The mechanism and kinetics of the reaction of
isocyanate with alcohol have been studied more thoroughly
than those of any other isocyanate reactions. The first
quantitative study of isocyanate, hydroxyl reaction was
that of Davis and Farnum (8). A more detailed study of
this reaction was reported by Baker and coworkers (2).
The uncatalysed reaction between a monoisocyanate and

alcohol is,

Ko
R - NCO + R'OH -+ RNHCOOR'

where Ko is the uncatalysed reaction rate constant.

9
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The mechanism for the above reaction as proposed by Baker

and Gaunt (2) is

K1l e
R-N=C=0+R'-0-H 2 R-N=C-0
(__
K2 .
° Complex
R' = 0 ~-H
o
e
R-N=C-0
) L K3 L} L
. + R' - 0 - H > RNHCOOR' + R'OH
R' -0 -H
®

Here the alcohol acts as a catalyst in producing the complex.
The rate of disappearance of isocyanate is given by

d (NCO)

Tt = K; (NCO) (OH) - K, (Complex)

where ( ) refers to the concentration of the particular com-
ponent present in the parenthesis.

The rate of formation and disappearance of Complex is

given by

d(cogglex) = K, (NCO) (OH) - Kj(Complex) - K3(OH) (Complex)

At steady state,

d(Complex) _ 0; . (Complex) = K; (NCO) (OH)
dat (K2+K3 (OH))
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For the entire reaction,

_ 4(NCO) - d (urethane)
dt dt

= Ko (NCO) (OH)

A slight manipulation gives the uncatalysed reaction rate

constant as
Ko = KlK3(OH)/(K2 + K3(OH))

The kinetics for the base catalysed reaction of

isocyanate and alcohol are next considered.
K
RNCO + R'OH + B +» RNHCOOR' + B

where B is the catalyst.

The reaction mechanism proposed by Baker et al. (2) is,

Ky <)
R-N=C=0+B —;élR -N=C-0
2 .
. Complex
g @
e

Ky'!
: 3
+ R'OH -+ RNHCOOR' + B

By the same type of mathematical treatment as done for
uncatalysed reaction, the reaction rate constant for the

catalysed reaction is obtained

# = Kl'KB'(B)/(Kz' + K3'(OH))
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The experimentally observed rate constant for the catalysed
reaction of isocyanate with alcohol is the sum of the rate

constants for the uncatalysed and catalysed reactions.

K = Ko + K
exp

1l

K1K3(OH)/(K2 + &, (0M) * K1'K3'(B)/(K2' + K,' (0H))
The catalytic function of alcohol raises doubt whether or
not any reaction occurs by truly an uncatalysed mechanism.

If the reaction is not catalysed by an external catalyst,

it was experimentally shown that alcohol does act as a
catalyst (9). However, in a catalysed system, the uncata-
lysed reaction rate constant is of a very small order of
magnitude compared to the catalytic reaction rate constant.
The overall reaction rate constant can therefore be simpli-

fied as

K = Ku + Kc(B)
exp

(If one assumes that the overall reaction rate constant
is independent of hydroxyl concentration.)
where Ku is the uncatalysed reaction rate constant.
Kc is the catalytic coefficient for the particular
catalyst.
The above assumption that the overall reaction rate con-
stant is independent of hydroxyl concentration was verified

by Baker and Holdsworth (2).
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B. Reaction of Isocyanate With Amine

Systematic studies of the reaction of isocyanate
with amine were carried out by Craven and Baker (2). Upon
the basis of their observations they suggested the follow-

ing mechanism.

1. Spontaneous Reaction:

K
1
ArNCO + ArNH2 —;9 Complex 1

2

K3

Complex 1 + ArNH, - (ArNH)ZCO + ArNH

2 2

sub urea

2. Product Catalysed Reaction:

K3'!
Complex 1 + (ArNH)2 co - 2(ArNH)2CO

Ar > alkyl or aryl radical, at steady state;

d (Complex)

dt =0

Then a slight mathematical manipulation gives,

Ka = K, (K, (NH,) + K,'(sub urea))/ '
173 2 3 (K2 + K3(NH2) + K3 (sub urea))

where Ka is the overall rate constant for the isocyanate
amine reaction.
For the initial stages of the reaction when the

concentration of substituted urea is very small
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Ka = KlK3(NH2)/(K2 + K3(NH2))

If K2 is also small and can be neglected compared to
K3(NH2) then Ka can be assumed to be constant for the
initial stages of the reaction.

For the final stages of the reaction when the
concentration of the substituted urea is large compared to

that of amine then,

Ka = K,K,'(sub urea)/
(K2

173 + K.,' (sub urea))

3

Since Kz is much smaller than K3' (sub urea) then Ka can
be assumed to be constant for the final stages of the

reaction.
On the whole the rate constant for the amine,

isocyanate reaction may be assumed to be constant for the

entire reaction.

C. Reaction of Isocyanate With Ureas

Because of the relatively high temperatures
required and the many side reactions possible at these
temperatures, the reaction between isocyanate and substi-
tuted urea is a difficult one to study kinetically with
satisféctory results. Though the initial reaction leads
to biuret, the active hydrogens in this compound are as
active as those in the original substance, so many side

reactions take place. Dissociation of biuret and other
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products may occur at higher temperatures. Kinetic data
about this reaction are not available in the literature

so the rate constant for this reaction is assumed to be

constant for the entire reaction.

D. Reactions of Diisocyanate With Diol,
Diamine and Diurea

The kinetics of these reaction have to be con-
sidered, since these are the main ingredients of the foam-
ing system.

The reactions of diisocyanates with diol are more
complicated kinetically than are those of monoisocyanates
previously described. The initial reactivity of diiso-
cyanate is similar to that of monoisocyanate substituted
by an activating group, in this case a second isocyanate
group. As soon as one isocyanate group has reacted with
alcohol, the remaining isocyanate group has a reactivity
similar to that of a monoisocyanate substituted by a
urethane group. A urethane group in meta or para position
has only a mild activating effect, much less than an
isocyanate group in meta or para position. So the reactivity
of a diisocyanate having both isocyanate groups on one
aromatic ring should decrease significantly as the reaction
passes approximately fifty percent completion.

An example illustrating these effects is 2,

4-tolylene diisocyanate.
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NCO

NCO

The most reactive group should be the 4-position isocyanate,
"which is activated by 2-position isocyanate group. The
2-position group has similar activation initially by the
4-position group but compensating deactivation by the
l-position methyl group. After the 4-position isocyanate
group has reacted with alcohol, the 2-position isocyanate
group is even less reactive than initially because of
strong deactivation by the l-methyl group, far overshadow-
ing the very slight activating tendency of the 4-position
urethane group. This example was verified experimentally
(15). The data from the experiments for the reaction of

diisocyanates with n-butanol are:

Isocyanate Reactant K x lO2 K x 103
2,6-Tolylene Diisocyanate 1.5 2.46
2,4-Tolylene Diisocyanate 3.3 2.77

To illustrate the above-discussed material a com-
puter program was written for the formation of uncatalysed
urethane polymer from diisocyanate and diol. One program
was run taking into consideration that the rate of reaction

decreases significantly as the reaction crosses fifty percent
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completion. The results obtained are compared with another
set of results on the same system but on the assumption
that both isocyanate groups have equal reactivity through-
out the entire reaction. The results from both the above
cases are then compared with the values obtained experi-
mentally by Bailey et al. (1), on the same system. All

the results are tabulated in Appendix A.

From the table in Appendix A, one may conclude
that the results obtained by taking into consideration the
unequal reactivity of isocyanate groups are in close agree-
ment with the experimental values.

The reactions of diisocyanate with diamine are
considered next. Since in the foam formation, diamine is
added to isocyanate terminated prepolymer, where the
isocyanate groups are not on the same aromatic ring, but
are far apart, both the isocyanate groups have equal
reactivity toward diamine. Therefore the rate constant for
this reaction is the same for both the isocyanate groups.

Similar reasoning applies to the reaction of
diisocyanate with diurea, where the reaction rate constant

is the same for both the isocyanate groups.



DEVELOPMENT OF FINAL

MATHEMATICAL EQUATIONS

The kinetic expressions derived so far must be put
in a mathematical form which allows solution with the
computer. This section deals with the mathematical treat-
ment of various expressions. Relations between extent of
reaction and chain length and number average molecular
weight and chain length are also derived for bifunctional

monomers.

A. Mathematical Treatment of Prepolymer

The prepolymer reaction can be represented
simply as:
Ko

Diol + Diisocyanate = Urethane

(OH) (NCO)
In the development of the kinetics for the hydroxyl,
isocyanate reaction it was concluded that the overall reac-
tion rate constant is dependent only on the catalyst con-
centration. Therefore fixing the catalyst concentration
fixes the overall reaction rate constant. The decrease in
the reaction rate constant as the reaction crosses fifty

percent completion will be taken into account in the com-

puter program. Thus, the prepolymer step can be represented

18
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in mathematical form as:

g__(gEcL)= -Ko (0H) (Nco) = (gtm "

Knowing Ko and initial concentrations of diol and diiso-
cyanate the above equation can be solved on the computer

using 'Eulers method.' The Eulers algorithm is of

the form
Yi = Y(x0) + h t(xo0,Y(x0))
Yi = new value of Y
Y(x0) = old value of Y

h = step size
t(x0,Y(x0) )= derivative of Y with respect to x at the old

value of Y

The algorithm is repeated for subsequent steps until Yi
exceeds some desired upper limit. The smaller the step
increment, the better are the results. The solution would
give the change in reactant concentrations with respect to
time. Then, from these, extent of reaction can be calcu-
lated with respect to time.

The extent of reaction is defined as the fraction

of OH groups that have reacted at a particular time.

B. Molecular Weight of the Prepolymer

The molecular weight of the prepolymer is of

prime concern from the practical viewpoint, for unless the
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polymer is of sufficiently high molecular weight, it will

not have desirable strength characteristics. It is there-
fore important to consider the change in polymer molecular
weight with reaction time.

The residue from each diol and diisocyanate (sep-
arately) in the polymer chain is termed as a structural
unit. The repeating unit in the chain consists of one
structural unit. The number average degree of polymeriza-
tion Xn is defined as the average number of structural
units per polymer chain. Thus Xn is simply given as the
total number of monomer molecules initially present divided

by the total number of molecules present at time 't'.

Xn = (M)o/ (M)

The number average molecular weight Mn, defined as the
total weight of a polymer sample divided by the total number

of molecules in it, is given by

Mn = Mo Xn (1)

where Mo is the mean molecular weight of one structural unit.
In order to determine Mn, Xn should be known. A relation
between Xn and extent of reaction is derived below, for a
reaction containing only bifunctional monomers.

For the polymerization of the bifunctional monomers
HOV v OH and OCNVWWNCO where OCNVAWWNCO is present in excess,

the number of OH and NCO groups is given by NA and NB,
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respectively. NA and NB are equal to twice the number of
HOVW“OH and OCNVVYWCO molecules, respectively. The
stoichiometric imbalance 'r' of the two functional groups
is given by r = NA/NB. The ratio 'r' is always defined so
as to have a value equal to or less than unity, but never
greater than unity. The total number of monomer molecules
is given by

(NA + NB)

5 = NA(l1 + 1/r)/2

The extent of reaction 'p' is introduced here and
defined as the fraction of OH groups which have reacted at
a particular time. The fraction of NCO groups that have
reacted is given by 'rp'. The fraction of unreacted OH
and NCO groups is (l-p) and (l-rp), respectively. The total
number of polymer chain ends is given by the sum of the
total number of unreacted OH and NCO groups. Since each
polymer chain has two chain ends, the total number of
polymer molecules is one-half the total number of chain
ends or

(NA(1L - p) + NB(1 - rp))/2

The number average degree of polymerization is the total
number of HOVYWOH and OCNVVVNCO molecules initially present

divided by the total number of polymer molecules.

Xn = NA(1 + 1/r)/2/(NA(1L - p) + NB (1 - rp))/2

(1 +r)/(1 +r - 2rp) (J)
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The extent of reaction 'p' may be calculated as a function
of time and temperature from the previously discussed
polymerization kinetics. At some critical chain length,
or equivalently at some critical extent of reaction, chain
branches in the system reach a concentration such that
crosslinking and gel formation begins. This critical
extent of reaction, 'Pc', marks the onset of the cross-
linking stage of the process. Prepolymers are formed by
reacting to extents of reaction of less than 'pc'.

C. Mathematical Treatment of the
Crosslinking Step

The crosslinking reactions taking place in the foam
formation can be simplified as

K1
Isocyanate + Amine = Sub Urea

K2
Isocyanate + Sub Urea = Biuret
In the development of the kinetics of the above reactions
it was concluded that the reaction rate constants for the
various reactions can be assumed to be constant for the
entire reaction. Also from the kinetics these equations

can be mathematically represented as,

d (NCO)

—3c - -Kl(NCO)(amine) - Kz(sub urea) (NCO) (K)
d (amine) _ _ .
a3t - Kl(NCO)(amlne) (L)
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d (sub urea)

3t = Kl(NCO)(amine) - Kz(sub urea) (NCO) (M)
QLQi%%gEL = K2(sub urea) (NCO) (N)

Knowing K initial concentrations of diisocyanate and

1 Xor
diamine, the equations can be solved on the computer using
'Eulers method.' The solution gives the rate of variation
of the concentration of the reacting species with respect
to time. The heat evolved during crosslinking is calcu-
lated by knowing the moles of sub urea and biuret formed,
with respect to time. The amount of heat required to evap-
orate the flurocarbon can be calculated knowing the weight
of the flurocarbon and its enthalpy of vaporization. The

temperature rise in the system is obtained from a heat

balance.



COMPUTER MODEL

The computer program was written for a 'prepolymer'
process for producing rigid polyurethane foam, with the
specific system comprised of (1) diol, (2) diisocyanate,
(3) triethylene diamine, (4) flurocarbon. The reasons
for selecting the particular system were mentioned earlier.
The three variables in the computer program are (1) weight
of diol, (2) weight of diamine, (3) required foam density.
For a given foam density and given weight of diol and
diamine, the computer program calculates the time required
for prepolymer formation and the foam time.* From the
results obtained one can judge whether the particular for-
mulation is suitable for foaming or not.

The computer program is broadly divided into two
parts, one describing the prepolymer step and the second
describing the crosslinking and foaming reactions. The
calculations for the prepolymer reaction are done in the
following manner on the computer.

1. For a given weight of diol the equivalent
amount of diisocyanate required is calculated. The calcu-
lated weight is then corrected for the specified NCO/OH

ratio.

*Defined on page 29.

24
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2. Concentrations of diol and diisocyanate are
calculated and the ratio of initial concentrations is
found.

3. The mathematical equation (H) representing
the prepolymer formation is solved using Eulers method,
with very small time increments.

4. From the heat balance, the maximum temperature
increase in the mixture is obtained, assuming an adiabatic
reaction system.

5. The kinetic chain length and number average
molecular weight are determined using relations (J) and (I).

6. The change of reaction rate constant with
temperature is taken into account using an Arrhenius
equation, K = A exp (AE/RT).

7. The decrease in the overall reaction rate
constant is taken into account once the extent of reac-
tion crosses fifty percent, (as discussed for tolylene
diisacyante in the kinetic section).

The crosslinking reactions are solved on the com-
puter in the following order:

1l. Weight of amine is calculated from the per-
centage amine charged. The weight of surfactant is also
calculated.

2. The weight of Freon required is calculated for
a given density of foam, using the relation from the lit-

erature (4),
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F = 28.21/p°"?

flurocarbon %

where F

o
Il

required foam density, lbs/cu. ft.

3. The concentration of amine and isocyanate in
the foaming mixture is calculated.

4. The mathematical equations representing the
crosslinking reactions (K,L,M,N) are solved on the computer
by using Eulers method.

5. The amount of heat liberated is calculated
from the amount of biuret and substituted urea formed.

6. The heat required for Freon to evaporate is
obtained.

7. The temperature rise in the foam mixture is
calculated under the assumption that there are no heat
losses from the system.

8. The change of reaction rate constants with
respect to temperature is taken into account using an
Arrhenius equation.

The computer model was developed assuming that
the following quantities are known; these are also the

input parameters for the computer program:

1. Hydroxyl number of diol
2. Weight of diol
3. Density of diol

4. Molecular weight of diol
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5. Percentage of isocyanate in 2,4-tolylene diisocyanate
6. Density of diisocyanate
7. Molecular weight of diisocyanate
8. Density of diamine
9. Density of substituted urea
10. Heat evolved during the formation of one mole of
sub urea
11. Heat evolved during the formation of one mole of biuret
12. Heat of vaporization of Freon at its boiling point
13. Rate constant for diol-diisocyanate reaction
14. Rate constant for diisocyanate-diamine reaction
15. Rate constant for diisocyanate-diurea reaction
16. Required foam density
17. Mean molecular weight of a structural unit
18. Desired ratio of NCO/OH
19. Density of Freon
20. Required percentage of diamine
21l. Specific heat of foaming mixture

For the simulation model all of these quantities
were obtained from the literature. Typical values are
in computer output in Appendix B.

The program is written in such a way that the heat
liberated during the cfosslinking reactions is initially
utilised toward heating the foaming mixture, until the boil-
ing point of Freon is reached. At the boiling point of

Freon, the mixture remains at that temperature until all the
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Freon has evaporated. This is the outcome of the assump-
tion that there are no heat losses. In actual foaming
operation, generally cooling is provided. 1In such a sit-
uation the heat removed could be simply added to the exist-
ing program.

The computer program along with its output for

one particular run is attached in Appendix B.



DISCUSSION OF THE RESULTS

The computer program was tested for variations in
required foam density and percentage of trirethylene diamine
added for a given weight of diol. All the results are not
presented here, but three of the results for different
runs are given in Table 1.

In order to interpret the results given in Table 1,
one must know the definitions of cream time and foam time.
They are defined as follows:

Cream time: It is the time required for the solu-
tion to get supersaturated with the gaseous blowing agent.

Foam time: It is the time required for the foam
to reach its maximum volume.

From the literature it is known (16) that for a
rigid polyurethane foam, the cream time is approximately ten
seconds and the foam time is approximately 60-120 seconds.
The simulation provides reasonable estimates for the quanti-
ties as shown in the table. Most of the foam formulations
used in industry contain a triol or a quadrol. These com-
pounds give a highly crosslinked structure to the foam,
compared with the diols. Since in the model only diols
were used, there were no data available in the literature for
this particular system, to compare the details of the results.

29
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The data obtained from one of the local firms (12)
which manufacture rigid urethane foam by the prepolymer
process, using flurocarbon as a blowing agent and diamine

as a catalyst, are as follows:

Foam Density Foam Time Cream Time
lbs/cu.ft. Seconds Seconds
1.5 to 1.6 80-85 2-3

These data agree very well with the results predicted by the
computer program for that particular foam density. However,
the amount of catalyst present in the industrial formula-
tion was not known (12).

The results of the second computer run indicate
that the particular foam formulation represented by the input
data does foam, but it takes a very long time. To reduce the
time necessary for foaming, the percentage of diamine would
have to be increased.

The results of the third computer run indicate that
the particular foam formulation does not attain the required
foam density. The blank in the foam time means that the
blowing agent did not evaporate completely. This is due to
the fact that sufficient heat was not evolved to evaporate
all the blowing agent. This indicates that not many cross-
links were formed, which is the outcome of using less diamine.

The prepolymer step results are in agreement with

the values available in the literature.
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During the final stages of the crosslinking, when
the chains start becoming stiffer the rate of collision
of the molecules may be much slower than when the chains
were free to move around. This was not taken into consid-
eration in the model. This might result in a slightly
longer time requirement for the crosslinking step than pre-

dicted by the program.



SUMMARY AND CONCLUSIONS

A plausible computer simulation of a 2-step, rigid
polyurethane foam process was developed successfully. The
results of the simulation appear to affirm the reliability
of the essential features in the model. Polyurethane foam
formation is the result of a series of rather complex chem-
ical reactions, with simultaneous rapid changes in the tem-
perature and viscosity of the medium. Predictions of the
model are dependent on the accuracy of kinetic rate constants
available, as the reaction medium changes. The rate con-
stants that were used in the simulation were obtained from
dilute solution literature data. These may not be a reliable
guide, where the reaction medium changes markedly; however,
they appear to give reasonable first estimates for the pro-
cess simulations run.

With the availability of more accurate rate data,
and the amounts of heat evolved during the various reactions,
one would be in a better position to judge the model. How-
ever even now with the limited knowledge of the rate data,
one could easily say that the model is predicting the results
in the right direction, and in the right order of magnitude.
The next step in developing the model would involve experi-
mental studies aimed at providing some of the missing quanti-

ties mentioned above.
33
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PROG2AM URTHANE (INPUT,OUTPUT)
ees THIS PROGRAM TESTS THE MOOEL FIR THE FORMATION OF PLOYURETHANE FOAMS
REAL ° MHOH, MHNCO,KO,MHA MO ,K1,K2, HHPREPH
cesecssasteccnsasssREAD IN VARIABLES.ossoscassossastsncsacesess .
PEAD 1,0HNO,OZONCO,HOH,HO,K1,K2,00H, HHOH, ouco.nunco.Ko.nun.ur.oa.
10S,HSUBI, HA,NFNSTT T4 RATIO) OF 5 PA»SPHEAT
1 FORHAT (7F10.4)
CeovonecsesneseesssPRINT INPUT VARIABLESsessessscecsscossanns
PRINT 2, 0HNO, HOH N0, HMOH, 22 2NCO 4D NG, HHC O, DA 5 HHA

OO0, OO0

2 FOSMAT (1H1,30X,*INPIT VARIARLESH
1777,10%,54YL0XYL NUMIFR OF NTOL = *,27X,F15.6,
277710X S HETICAT OF DIOL = *,33X,F15,56,%G3AUS?,
377 19X *OENSITY CF DIGL = %,37%,F15.6,%GRAMS/LITER*®,
4/77110X, *MOLFECILAR WZIGHT OF IOl = *,23X,€15.6,
5/77710X *OERCENTARE OF TSCCYNATE = % ,27X,F15 .6, YPERCENT*,
677+111%4 *DENSITY oF ISOCYNATF = %,32X,F15,64%GRAMS/LITER?,
T77101Xy *MOLECULAR WEIGHT OF TSOCYNATE = %,22X,F1545,
877,81X *DFHSITY OF AYIME = *,35X,F15.5,*GRANS/LITER®,
9/7+13X,¥HOLFCULA® WZIGHT NF AMING = %,25XsF15,6)

PRINT 30,05, Hshan, N3, b

30 FoiAT (77,19X,*OENSITY OF SU3STITUTED JREA = *,25X sF15.6,%*GAMS/
g;{iigxszggfi EVOLVED BY THE SORMATION OF ONE MOLE OF SUBUREA = *,
g{(ééeé,'ucAr EVOLVED FOR ONE MOLE OF BIJRET FORMED = *,8X,F15.6,
6/7,10X *HEAT OF VAPQRISATION AF FOEQY = $119%1F15.6, 1KCALY
T77210%1¥RATE CONSTANT FOR OH NGO REACTION'= 115X, F 1546, SL/MOLE

PPINT 40,K1,K2,0°NSITY,MQ,RATIO,NE,PA,SPHEAT _

40 FORIAT (77, 10X, *2ATE CONSTANT FOR NCO'NA2 REACTTON = *14X,F15.6,
%55;2°éeé*5** CONSTANT FOR NCO SUBUREA REACTION = *,10X,F15.6,%L4
6/77319%, Y2EQUIRED FOAM NENSITY = ®,28X,F15.6,*LAS/CU.FT. *

5773 10X, mEAN HOLECULAR WEIGHT OF Fun $TR0CTORAL UNITS = *,7X,F15.6

61//910Xp'RATIO OF NCOJ/ = "]#‘("‘-1)06'

777910X, *DENSITY OF FRE on = *,36X,F15,6, *LOS/CU.FT.*

877,10X, *PERCENT AMINE = %,36X,F15,65*2ECENT

9/7,10X,*SPECFIC HEAT OF FOAMING MIXTURE = YT, F15. 6,'CAL/H.C.')
c,.....EQUIVALENT WEIGHTS OF DIOL AND ISOCYANATE ceee soeee

FHO4=56.,1%1010./0HNO .
EWNCO= 42,%100./PER]NCO . -

c . ’ )

Ceeeee THE WEIGHT OF ISOCYANATE REQJIRED FOR A GIVEN WEIGHT OF DIOLesvees
THNCO= (WOH/ENOH) *EWNCO

g-..........TOTAL HETGHT OF ISOCYAVATE RENQUIRZDsececvecssosscese

WNCO=TWNCO*RATIO )
THEIGHT=HOH+WNCO

c

g.......'.'.....voLUMrs OF OIOL AN) ISOCYA"A‘E......tooooooao
VOH=WOH/DOH
VNCO=HNCO/NNCO

¢ . VoL=voHevNCO

Ceoooese s INTIAL CONCENTRATIONS OF DTOL AND ISOCYAMATEsesssoss

. COOH= ROH/(MHOH'VOL)‘Z
" CONGO= NNCO/(WNNCO’VOL)'Z 0

eescsscesssesRATIO OF INTIAL CONCINTRATIONSesesesoces
RIGONC=COOH/CNNCO

(113
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. 207
224

322

332

£ O WAt
oad oV

T O OO0 OO0 OO0

_PRINT 3,40H,WNTN,COOH, CONCOv’

RMA I(an.' PREPOLY A ’
T 0F JINL = *,23X,

(O TSOuYNAT = ¢ AMSH,

L CONCENTRATION O : 15. B ﬂOLcSILITFQ‘

L _COMCIMTRATION _JF NCO 1 E1%.8 WOLESILIT‘Q‘

OF INITIAL CONCINTRATIONS oF “oft 70 CD = %,£15.8

E INTIAL CONCEMNTPATINMS ceeccescccsce

c

I I K> =d
;CHHZL\
K,UH

H
)
I
I
(o}

,v -4HHH'-4\

CeocveeccseeesSTO

COH=CO0H
CNCO=CONCO * -

c
E eecccccsssccsecess CALCULATIONS FOR THE FORMATION OF PREPOLYMERecscccee

PPINT 301 . . .
301 SOQﬂAT H1 456X, *PREPCLYMER FORMATION REACTINNS®*)

L/ TX*TIHE®, 13!.'UOHDT',13X,‘DNCODT"1MX.‘CNC3"15X'
.'EXTPEAC'.17X. *)

5X,*SEFONDS® s 7X, *MIL ES/LITERSECe* s 4Xs *MOLES/L ITER. SEC o*
ES/LITE=%, B8Xe*WOLES/LITER®)

TIALIZING VACPIABLESeecoeesccccaccoe

LIOO
-
+—t
=
m

NSO 0.

O Ittt T L =4
CORM4NMCR
SENN-MAN O
4, O U
H O<raee oo o
=il ne

c .
g.o.....QOOOEULEQS “ETHODII.....OO....C' °

DT=0,01
OOHDT==KO*NOH*CNCO
DNCODT=-K0¥COH¥CNCO
COH=COH+NIHOT*0T -
CNCO=CNCO+INCONT*DT . .
DUGT=KO¥COH*CNCO :

sessscecesscnens JHEAT EVOLVED DURING POLYMERIZATION.«eecones
HEATEV=HEATEV+ (DUDT *HU*DT*VOL) ,

L J ....l.TEMPERATURE OF PREPOLY”ER ‘IXTUO-EFQOQ...'.........
T1=(HEATEV®1000.0/ (THEIGHT*0.5)) :
TEMP=T1420,0 : .
TIME=TIME+DT :

"..'I....EXTENT OF REAcrIoN.I...l........‘.

EXTREAC=1.0-(COH/COOH)

....CQQ‘.QC.CHAIN LENG"‘....‘...QQ..QQ.Q
XN=(1.+RICONC) /(1. 4RICONC-2,%ICONC*EXTREAC)

e+ «REOUCTION OF QEACTION RATE CONSTANT AFTER 50 PERCENT OF REACTION...
IFIEXTREAC.GE.0.5) K0=0.0895

ceeesCHANGE OF REACTION RATE CONSTANT WITH TEMPERATUPE.scces

EC‘fXD(é11500 e0/71.98721%((1,0/7297.00-(1.0/7(T=4P+273,.011))

QOO OO -

- ---K0=K*
IF(EXTREAC.GE.0.9399) GO TO 29
CONTINUE : .
21 PRINT 5,TIME,DOHNTLONCCDT4CNCOyCOHy EXTREAC, XN
EgQ;gfsél'T(Elﬁ.GD)
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07 29 PRINT3IS,TIMF, DOHﬂT'DNCODT,CN“O'COH'EXTQEAC,XN
431 35 FORMAT (/.7(:1 «6))
31 53 CONTTHUE

g...l..’..........l.HoLEcULAk uEIqu OF PREPOLY"ER.............I..C....;

MWPICTPY=M] =X
PRINT 8, wwpocpn TEYP

oEp
St
W

1F12.4,10X, *FINAL TEMPERATURF OF PREPOLYMER =
Becocoass HEIGHT OF AMINE coveecoococs

463 PA= PAII
445 °  AMINE=T H‘IGHT'PA/(io-PA)

c
E....'."EIGHT OF SURFACTANT.‘....C.O
%51 ; SURFACT=0,01*HOH t )
g...rne WEIGHT OF FLUPOCARBON REQUIRED FOR A GIVEN DENSITY OF FOAMiscaes
453 PRSENTF=23. 24/ (DNSITY)**0,90 ‘
460 PRSFUTF=PISFNTF/100,
462 WF= PRSENTF'THEIGHT/(1-PRSENT-
. 8..‘......CODQOQOQQVOLUME AND HEIG*T OF FOA" HIXTURE........."‘........
466 VA=AMINE/DA
479 VS=SUSF ACT/DS
472 VF=WF/OF
L7 VFO..H%X VOH4+VNCN+VA+VS+VF
501 . WFOAMMX= THFIGHT+HF+A*IME+SURFACT
€.  CONCENTRATION OF ISOCYANATE IN THE END GROUPS OF PREPOLYMERsseoos
505 ECNCO={ (COOH*EXTPEAC) +CONCO® (1 .0~(RICONC*EXTREAC))) /2.0
€+« +CONCENTRATION OF AMINE ANO ISOCYANATE IN FOAM MIXTUREeeosss
520 FMXCNCO=(ECNGO+CHCO) #VOL ZVF 08 MMX
524 CA=AMINF/ (MWA®VFNANNY)¥*2.0
630 CNCO=FMXCNC O
532 PRINT 13,CNCOyGA,HE
543 13 FOB4AT (1H1,45%,* FOAMING REACYINN INPUT VARTABLES *,
1/77,10X,*INITTAL CONCENTRATION OF ISOCYNATE IN FOAMING MIXTURE =
2.E18. 8, *MOLES/LITER®,
37/7,10X, *TNITTAL CONCENTRATION OF AMINE IN FOAMING MIXTURE = *,4X,
«€15,8,*MOLES/LITER®,
$//7,10X4 *WEIGHT OF FLOUROCARBIN IN FOAMING MIXTURE = *,12X,E15.8,
c 6*GRAYSS) 4 :
g......CALCULATIONS FOR THE FOAMING ANN CROSSLINKING REACTIONSeeeccscsoe
543 CAN=CA ' '
545 # 302
550 302 FORMAT_ (////,55X,*CROSSLINKING RFACTIONS*)
550 _ POINT 300
§54 300 FORMAT (////I.RX.'YIHF‘ SINCIOTS 6X, *DADT* 1 EX %03 T 5x
1,%080T*,8X, *CNCO%,7X ix.ocsuau-.ax.‘ce*,ix 5
2HRENFTE®,6X 4 *TEMPH)
| 558 PRINT 303
560 303 FORMAT (742X s®SECONDS®+5X,*MOLES/® 45X, *MOLES/* *MOLES/¥*,5X,
: . 1%HOLES /%, 3X, ¥ MOLFS/LIT % 01X, *9OLES/LIT * 01Xy ® MRV I y1X,s
Z2eMOLES/LIT %, 4Xys*KCALY98Xy *KSAL%,8Xy *DEG C*)
560 PRINT 304
S64 . 304 FORMAT (13X, *LIT/SEC.%,3X,*LIT/SEC.* *,3Xy*LIT/SEC.*y 3X,*LIT/SEC,*)
E.........O.INTI“LIZING VARIABLESO'......Q...... * -
S64 CSU3U=0.0 ’
565 €B=0.0
566 TIMZ=0.0 . -
667 HEYOLVD=0.9 ‘
570 J2TOTAL=50
$72 I2EveERY=10

8 FO°HAT(/I//,5X.'HUWBER AVERAGE MOLECULAR HEIGHTFngPREPOLYNER = %

.
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573 58 IZK'I’TOTALIIZEVERY
577 0 22 K=1,
601 c 00 12 I=1, IZEVEPY .
gocooooooEULEPS METHODe o cvev oo
602 or =9,1
603 ONCIIT=-K1*CNCO*CA-K2*CNCO*CSUBU .
611 . BADT==-K1*CNCO®CA .
613 DSURUUT=K1'CHP0'C‘-KZ'CSUQU‘CVCO
617 080T=K2*CNCN*CSU
621 CNCQ:CNCO*)NCODT’DT
624 CA=CA+ )ADNT*NT
627 CSU3Y=CSU3U+ISURUOT*0T
632 CB=334+20DT* 0T -
635 IF{OSU3UJT.LE,0.0) GO TO 900 . -
c'...........HEAt EVOLVcD DUQIhG CQOSSLINKING PEACTIONS..Q. ‘..
gz; HEV?LV)OHEVOLVDG(OSUSUDT'HSUSUO)BJT'HB)'VFOAHHX'DY
65% 990 HEVOLVI=HEVOLVO+(DBIOT*HB*VFOAMMX*DT)
65 901 CONTIMNUE
£56 ¢ TINE = TIME+DT .
C....r..tfﬂprATURE OF THE FOAMING HIXYURE......
660 FTEMO= (H‘VOLVO‘lDOO D)/(HFOAHHX‘SPHEAT)
666 ¢ TTIEMP=FTEMP+20,0
CeoseoseosHEAT REQUIRED FOR THE FLU2NCARBON TO EVAPORATE secesccvccscene
.6780 c HREQAFTE=HF*HF . . N
E...ASSUHPTION THAT TEMPERATURE 00ZS NOT RAISE WHEN-FPEON IS EVAPORATING
672 1IF (TTCMD GE 23.77) GO TO 43 ’
€75 - TEMP=TTEY
677 GO TN 65
677 43 IF (HEYCLVD-HREQFTF) 44,45,456
702 Ly TEMP=23,77
. 704 G0 TO 66
704 45 TEMP=23.77
706 GN 19 56
706 46 STEMP=(HFEVOLVD-HREQFTE)*1000, BIIHFOANHX’SPHEAT)
715 TENP=STEMP+23.77
E.....CHAVGE OF REACTION RATE CONSTANT HITH TEMPERATURE«seses
717 6€ EC=cX2((11500,0/1.,9872)*((1.0/7293.0)-(1.0/ (TEMP+273,0))))
736 Ki=0.,150
737 K2=0,015
761 Ki=K1*€(C
743 K2=K2*cC
744 SCA=A2*0,0002
766 12 COMTINUE
751 22 PRINT 109, TIME,DNCOOT,DADT,D5U3UDT,080T,CNCO,CA,CSUBU,CB,HEVOLVD,
1HOENFTE,TEMP
1907 ¢ 100 FORHAT (/,12(E11,3)) i
%....-.....COUNIEPS FCR PRINT STATIMENTS.eescsvoes
1007 IF (I2TOTAL.EQ.50) GO TO 55
1011 IF (I2TNTAL.TD,100) G0 TO 5k
1014 IF (I2TOTAL.EQ.1050) GO TO S7
1917 GO T2 25
1920 55 I2T31AL =100
13122 12EVERY=50
1323 G0 TD 58 .
1024 €6 J2T0TAL=1050
1926 I2EVERY =150 '
1927 GO T2 <8
1030 57 12730TA4L=9000
1332 J2EVERY=600
1233 GO T2 &8
1034 25 CONTINUVE
EnD
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Computer Output

INPUT VARIABLES

HYDROXYL NUMSER OF DIOL = $7.000000

NEIGHT OF DIOL = 10000.000000GRAS
DENSITY 0% OIoL = 1090.000000GRAMS/LITER
MOLECULAR WEIGHT OF DIOL = . 1900,000000

PEPCENTAGE OF ISOCYNATE = . 37.000000PERCENT
DENSITY OF ISOCYNATE = ) © 1270.903000GRAMS/LITER
MOLECULAR HEIGHT OF TSOCYNATE = 174.030000

DENSITY OF AMINE = 1000.000000GRAMS/LITER
HOLFCULAR HEIGHY OF AMINE = 116.030000

DENSITY OF SUBSTITUTEO UREA = 1000.009090GRAMS/ LITER
HEAT EVOLVED B8Y THF FORMATION OF OME MOLE OF SUBUREA = 20.000093KCAL

HEAT EVOLVED FOR ONE MOLE OF BIURET FORMED = 15.000000KCAL

HEAT OF VAPORISATION OF FREON = «043500KCAL

RATE CONSTANT FOR QH NCO REACTION = ) «4&7500L/7MOLE. SEC.
RATE CONSTANT FOR NCO NH2 REACTION = «150000L/MOLE.SEC,
RATE COMSTANT FOR NCO SUBUREA RECACTION = e . +015000L/. MOLE.SEC.
REQUIRFD FOAM DENSITY = ' 1.500900LBS/CU.FT,
HEAN MOLECULAR WEIGHT OF THO STRUCTURAL UNITS = '1037.000000

RATIO OF NCO/OH = 1.020000 '

DENSITY OF FREON = . 1480.000000L3S/CUFT,
PEPCENT AMINE = - 3.000000PERCENT
SPECFIC HEAT OF FOAMING MIXTURE = «600000CAL/MN.C,

PREPILYHER INPUT VARIABLES

HEIGHT OF NIOL = " 1.00000300E+04LGRANS
HETGHT OF ISOCYNATE = 1.176413E 4+ 03GRAMS

INITIAL CONCEMTRATION OF QH = 1.04214539E¢00MOLES/LITER
INITIAL CONCENTRATION OF NCO = 1.338728155+00M0LES/LITER

RATI0 OF INITIAL CONCENTRATIONS OF OH TO NCO =. 7,78459306E-01
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00+3023720°9
00+435056T0°8
00+326%210°9
00+3586970°¢9
0043299110°9
00+3£2620C°9
00+30£3£00°9
00+3T0T266°2
0043962686°L
00+43%92086°Z
0043559096 °Z
00+3522966°2
00+303€956°L
00+3T509T6°L
00+3£9%9989°¢
00+3962250°2
00+39%00T9°2
0003668252°2
0043999€69°2
00+3278%919°2
00+4324£0975°2
00+4369830%°L
00+368%952°2
00+3260280°2
004391%9209°9
00+4312£0%9°9
00+43022¢5€°9
00+39990£0°9
0043729099°S
00+3£086%2°S
00+3528008°%
004390%792€°%
00+3T2906£8°¢
00+3270558°8
00+37£2£69°2
80+43290T24°2
00+32£T20%°2

NX

T0=-3<£04€6°6
T0-56n5666°6

. T0-3T6T8E6°6

10-3592466°6
10-3681266°6
T0-326%966°6

T0-3%£9566°6"

T0-3855966°6
16-3972:66°6
T0-39%5166°6
T0-365%696°6
10-38589%6°6
T0-35T9£86°€
T0-389¢646°6
T0-36T5126°6
10-3212596°6
103249509 °6
36-39T5056°6
10-32220€6°6
T0-3958226°6
10-3209506°6
T0-3189€20°6
10-380269%°6
T0-3671138°6
10-3672£92°6

-$0=3%02202°6

10-32771923°6
16-369¢625°6
T0-3566%0%
10-379992°6
TC-3265£%0°6
T0-3659282°¢
T0=-3£9§£2%%°¢
TC-3£02010°9
10-328244%°L
10-3852008°9
T0-3996v56°S

ov3aax3

%0-3976£T2°T
"0-366275°T
w0 -37%9€84° 3
%0-352105£°2
%0-30¢0626°2
%0-3T99059°¢
%0-3567055°%
%0~35T5TL22°8
%0-3629650°4
%0-307£279°¢
£0-3755860°%
£6-3£95695° %
£0-3906204° %
£0-3522627°2
£0-3£59559 °2
£0-3%92218°¢
£0-39€8 287
£0-345695T°¢
£0-3%69£%°9
£0-3T%2680°9
20-3%€5700°Y
20-3256552°F
20-3229725°%
20-3507896° 7
20-34:9299°2
20-36£2060°¢
20-395%969°F
20-3594606° 0
20-3220002°9
20-3020159°4 °
20-3967296°6
10-3299492°%
T0-3%608T9° T
10-302£590°2
10-3%+91g9°2
T0-39e598L 8
T0-3CF009T
¥3111/S30K
HOD

-

’

/

T0-32%0496°2
T0-3T4£296°2
T0-3£T2296°2
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NOMENCLATURE

(B) - Concentration of catalyst

(Complex) - Concentration of complex

Mn - Number average mulecular weight

M, - Molecular weight of the structural unit
(NCO) - Concentration of isocyanate

(NHZ) - Concentration of amine

(OH) - Concentration of hydroxyl compound

p - Extent of reaction

r - Ratio of initial concentration of diol to diisocyanate
R - Alkyl or aryl radical

(Sub. Urea) - Concentration of substituted Urea

Xn - Number average degree of polymerization

Nomenclature for the Computer Program

AMINE - Weight of diamine

CA - Concentration of diamine in foam mixture

CAO - Initial concentration of diamine in foam mixture
CB - Concentration of biuret

CNCO - Concentration of diisocyanate

COH - Concentration of diol

CONCO - Initial concentration of diisocyanate

COOH - Initial concentration of diol

45



46

CSUBU - Concentration of substituted urea

DA - Density of diamine

DADT - d(diamine)/dt

DBDT - d(biuret)/dt

DENSITY - Required foam density

DNCO - Density of diisocyanate

DNCODT - d(NCO)/dt

DOH - Density of diol

DOHDT - d4(OH)/dt

DS - Density of surfactant

DSUBUDT - d(sub urea)/dt

DT - Time increment

EWNCO - Equivalent weight of diisocyanate

EWOH - Equivalent weight of diol

EXTREAC - Extent of reaction

FMXCNCO - Concentration of diisocyanate in foam mixture
HB - Heat evolved per mole of biuret formed

HEVOLVD - Heat evolved during crosslinking reactions

HF - Heat of vaporisation of Freon at its boiling point
HREQFTE - Heat required for the Freon to evaporate
HSUBU - Heat evolved per mole of substituted urea formed
Ko - Rate constant for diol-diisocyanate reaction

K1l Rate constant for diisocyanate-diamine reaction

K2 - Rate constant for diisocyanate-disubstituted urea reaction
MO - Mulecular weight of a structural unit

MWNCO - Molecular weight of diisocyanate
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MWOH - Molecular weight of diol

MWPREPM - Number average molecular weight of prepolymer

PRSENTF - Percent Freon required

RATIO - Ratio of hydroxyl to isocyanate groups required

RICONC - Ratio of initial concentrations of diol to isocyanate

SPHEAT - Specific heat of foaming mixture

SURFACT - Weight of surfactant

TEMP - Temperature

TWEIGHT - Total weight of the prepolymer mixture

TWNCO - Theoretical weight of diisocyanate required for a
given weight of diol

VA - Volume of diamine

VFOAMMX - Volume of foam mixture

VNCO - Volume of diisocyanate

VOH - Volume of diol

VOL - Total volume of prepolymer mixture

VS - Volume of surfactant

WF - Weight of Freon

WFOAMMX - Weight of foam mixture

WNCO - Total weight of diisocyanate required

WOH - Weight of diol

XN - Number average degree of polymerization
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