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THE ENHANCEMENT OF WEAKLY EXOTHERMIC
POLYMERIZATION FRONTS

D. M. G. COMISSIONG, L. K. GROSS AND V. A. VOLPERT

ABSTRACT: The propagation of one-dimensional waves resulting from chemical re-
actions in a sandwich-type two-layer setting is considered. One layer, termed the
polymerization layer, contains the monomer and initiator molecules needed for the
initiation of a self-propagating polymer front. The other layer will be referred to as
the enhancement layer, and it contains the necessary reactants to support a highly
exothermic self-propagating reaction wave. Heat exchange occurs between the lay-
ers, and as a result, there is a net diffusion of heat away from the region undergoing
the more exothermic reaction. As frontal polymerization (FP) reactions are known
not to be very exothermic, an overall transfer of heat from the enhancement layer
into the polymerization layer takes place. An analysis of the basic state of the sys-
tem is carried out to investigate the effect of heat transfer on the polymerization
reaction. An enhancement layer is shown to promote FP. This analysis is applicable
to the manufacture of thin polymer films by FP.

KEYWORDS: Enhancement layer, frontal polymerization, free-radical polymeriza-
tion, mathematical model, traveling wave.

1. Introduction

Frontal polymerization (FP) refers to a chemical process whereby monomer
molecules are converted to polymer chains in a spatially localized reaction
zone. The self-propagating polymerization front travels through the reaction
vessel leaving the polymer in its wake. The first FP experiments were per-
formed in 1972 by Chechilo et. al. [1]. FP has been subjected to intense
theoretical and experimental study within recent years (see e.g. [2], [3] and
the references therein).

FP is a more energy efficient process than traditional polymerization tech-
niques presently used in industry. Upon initiation of the polymer front, no
additional heat source is required to propagate the front through the reac-
tion vessel. This self-propagating front is sustained via thermal diffusion and
exothermic Arrhenius reaction kinetics.
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FP has the potential for producing novel materials that cannot be obtained
by traditional polymerization methods. Experimentalists have used FP to
produce, for example, uniform composites, hydrogels, copolymers, highly
homogeneous polymer blends, and functional gradient materials [4].

The reaction mechanism in FP is similar to that of self-propagating high-
temperature synthesis (SHS). In SHS, a combustion wave is generated and
subsequently travels through the reaction medium, converting powdered re-
actants into ceramics or metallic alloys. Materials produced by SHS are
highly uniform, and the procedure is simple, easy to manage, and fast. How-
ever, FP waves are significantly less exothermic than the aforementioned SHS
combustion waves. As slowly propagating wave fronts are prone to instabil-
ities (see e.g. [5]), it is therefore more challenging to produce homogeneous
products via FP. Further study of FP may lead to its use in manufacturing,
yielding similar advantages to those gained with SHS.

In recent years, experimentalists have achieved polymer film preparation
via FP [6]. Crivello and coworkers successfully utilized FP in thin reaction
zones with certain oxirane and oxetane monomers by using photoactivated
initiators [7], [8]. While in previous studies of FP, the heat produced by
the initial FP reaction was sufficient for the generation of a polymer front
and for its subsequent self-propagation through the reactant mixture, exper-
imentalists have witnessed that this is often not the case for thin reaction
layers. This is because of additional energy losses that are characteristic of
wave propagation in this geometry. Loss of heat causes a decrease in frontal
speed, quenching the reaction. It is also known that fronts which travel at a
reduced speed are subject to various instabilities. Indeed, frontal instabilities
are commonly associated with FP reactions. They lead to the formation of
inhomogeneous polymer products. Clearly, if a way could be found to en-
hance polymerization fronts, some of the difficulties outlined above could be
overcome.

The purpose of this study is to suggest a method for the enhancement of
weakly exothermic polymerization fronts. We show that preheating the re-
actants causes more complete polymerization and more stable propagation
of the front. With this goal in mind, we introduce a secondary reaction into
the system by adding an enhancement layer to the mixture. This layer will
contain the reactants necessary for initiating a highly exothermic chemical
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FIGURE 1. System under study

reaction front, thus acting as a supplementary heat source. The frontal poly-
merization reaction will be contained in a zone referred to as the polymer-
ization layer. Our model will permit heat exchange between layers, allowing
heat to be transferred into and out of the FP reaction zone. Furthermore,
when the enhancement front precedes the polymerization front, heat will low
into the region directly ahead of the approaching polymer front.

We consider one-dimensional chemical wave propagation in a sandwich-
type two-layer model. This particular configuration is attained via separate
energy-conservation equations in each layer that are coupled through volu-
metric heat-transfer terms. The mathematical analysis of a similar model
was outlined by Shkadinskii and Krishenik [9] in the context of combustion
studies. We have utilized a generalization of this model recently [10] to con-
sider the effect that an inert material has on propagating polymerization
fronts when heat transfer is allowed. Unlike the case with an inert layer,
heat is now generated by the supplementary layer. We perform an analysis
of the basic state of the system, and illustrate the enhancement effect for FP.

2. Mathematical Model

We consider two adjacent thin layers. Omne layer consists of a reactive
mixture, which initially contains a monomer and initiator, and in which the
polymerization process can occur. The other layer also contains a reactive
mixture which can undergo an exothermic chemical conversion. We assume
that the exothermic reaction in the second layer can be described by a simple
one-step net reaction A — B. Next, there is thermal contact between the two
layers, and therefore there is heat exchange between the layers as illustrated
by Figure 1. As discussed previously, the second more exothermic reaction
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serves the purpose of enhancing propagation of the insufficiently exothermic
polymerization wave. We will refer to the second layer as the enhancement
layer, while the first layer is the polymerization layer. In order to formulate
a mathematical model we first discuss the polymerization process occurring
in the first layer.

The polymerization process is the free-radical polymerization which in-
volves a standard sequence of chemical reactions [11, Chapter 3]. The pro-
cess begins when the initiator decomposes, forming two radicals. Each radical
can then combine with a monomer, initiating a polymer chain. A polymer
chain grows by combining with another monomer to form a longer chain, and
terminates by combining with a radical, either another growing chain or an
initiator radical. Thus, the kinetic scheme involves the decomposition step,
initiation step, propagation step and the termination step. These kinetics
equations can be simplified using the steady-state assumption. Use of this
assumption has been justified in the context of a FP problem in [12]. After
applying this, we obtain the following mass balance equations.

ol

k=0,
g Tl

oM
ot

These equations account for the change in the initiator and monomer concen-
trations due to the chemical reactions. Here [ and M are the concentrations
of the initiator and the monomer, respectively, t is the time, and k4 and k,
are the decomposition and the polymerization reaction rate parameters which
depend on the temperature T of the polymerization layer. This dependence
is given by the Arrhenius law

+kNIM = 0.

kg = kSexp{—FEy/(RT})}, k.= k'exp{—FE,./(RT})},

where R is the gas constant, kg, kY and Ej,, E, are the frequency factors and
activation energies of the two reactions.

Next, we need to formulate the energy balance in the polymerization layer.
Since the main heat producing step is the propagation step [13], the heat
equation has the form

¢01,018T1 = ¢)\18 gl + 0QipikeVIM — o(Ty — Ty). (1)
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Here A; is the thermal conductivity, ¢; is the specific heat and p; is the
mixture density. The rise in temperature induced per unit concentration of
reacted monomer is
@ = Q1/c1. (2)

Next, Ty is the temperature of the enhancement layer, and ¢ is the ratio of
the thickness of the polymerization layer to the total thickness of the two
layers. The last term of the heat balance equation describes heat exchange
between the two layers.

The reaction process in the enhancement layer can be described by the
system of two equations. The kinetic equation that represents the mass
balance is written for the concentration A as

HA
o kA =0,

where
ko = ky exp{—FE./(RT3)},

with k¥ and F, being the frequency factor and the activation energy of the
reaction, respectively. The heat balance in the enhancement layer has the
form

0Ty 0T,

(1= @)eape—==(1-— ¢))\2W + (1 = 9)Qopoke A — a(To = Th).  (3)
Here )y is the thermal conductivity, co is the specific heat and py is the
mixture density. The rise in temperature induced per unit concentration of
reacted A is

g2 = Qa/ca. (4)

In a fixed coordinate frame r, —oo < T < oo, the wave propagates along
the z-axis in the direction of decreasing . We introduce a moving coordinate
system x = T — ¢(t) where ¢ is the location of a characteristic point of the
wave at time t. Thus, ¢; = dp(t)/dt < 0 is the velocity of the polymerization
front.

We rewrite the equations in the moving coordinate system and further
simplify the problem making use of the fact that the activation energies of
the decomposition and polymerization reactions are large, which results in
narrow reaction zones. In the limit of infinite activation energy the reaction
zone shrinks to a moving surface, termed a front. The same is true for the
enhancement reaction. In this case the equations must be solved without the
reaction terms both ahead of and behind the reaction fronts and matched at
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the reaction fronts by satisfying certain matching conditions. The reaction
fronts in the two layers do not have to be situated at the same spatial loca-
tion, i.e. at the same x. By introducing the moving coordinate system and
choosing the characteristic point of the polymerization wave to be the loca-
tion of the front, we fix the polymerization front at x = 0. The enhancement
front is at x = a(t), which is unknown and has to be found in the course of
solution of the problem. Thus, we solve the reactionless equations

ol ol
E _ @t% - 07 (5)
oM oM
ﬁ - @t% =0, (6)
oT oT 0*T
5~ Py~ Mg —ali-T) (7)
0A 0A
E - 9015% =0, (8)
oT: oT: 0T
T iy e ) )

between the fronts as well as in the regions ahead of both fronts and behind
them. Here

)\1 )\2 « « (10)
E— Ro = —_—, 1 = E— Ny = —
apl’ 2 ap L aped 0 ap(l—9)

We remark that it is not known a prior: which of the two fronts goes ahead of
the other, i.e. whether a(t) is positive or negative. Figure 2 is an illustration
of the case where a(t) is negative. If a(t) > 0 then we solve the above
equations for —oo < x < 0, 0 < x < a(t) and a(t) < x < oo, while in the
case a(t) < 0 the regions are —oco < x < a(t), a(t) < z < 0, and 0 < x < oo.

Boundary conditions far ahead of the wave describe the initial state of the
layers:

R1 —

r = —0O0: T1:T2:T0, M:M(), I:](), A:AO

Here, T} is the initial temperature, and I, M, are the amount of the initiator
and monomer present in the initial mixture. Far behind the wave the final
state is described by

x=+4oo: T} ="1Ty,=Ty.

This last condition states that far behind the reaction front the polymeriza-
tion temperature goes to a constant value 7T, and that because of the heat
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FIGURE 2. Schematic of the temperature distribution in the
problem. Here the polymerization front is located at x = 0 and
is labeled by (1). The enhancement front is located at z = a < 0.
In this diagram, the enhancement front (2) is shown to be more
exothermic, and ahead of the polymerization front.

exchange between the layers, the enhancement temperature attains the same
value. We remark that the final temperature 7 is unknown, and must be
determined in the course of solution of the problem.

The matching conditions [10] have the form

o1,

[Tl]o =0, [T2]a =0, m [%

] = q1(Moy — My) ey,
0

oT:
K2 [8_302] ) = @ Ao(pr + ar),

¢ = Fi(Ty), My = Myexp(—jo), (pi+a)”=Fp(Ti).
The brackets denote a jump in a quantity across the front
[U]O - /U‘HC:OJ“ - U|£C=0_7 [U]a - /U‘x:a(t)* - /U‘x:a(t)*-

Next, Tp; and M, are the temperature and monomer concentration at the
polymerization front (i.e. at x = 0), respectively, Tjs is the temperature at
the enhancement front (i.e. at x = a(t)). Finally, the functions Fy and F
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are given by

k1 kORT2 . E Joen — 1
Fi(Ty) = =40 exp (o — =) (/
0

2(]1M()Ed RTbl Ui
k0 E,— FE
0 = 2/ [p—< S —
kakORTE, E,
F(Thp) = —4 2= — )
2T) = 50 4B, " RT,

dn) ,

1

We remark that the form of these functions is the same as those often used in
mathematical models for FP. For the details of the derivation of the functions

Fy and Fy, the reader is referred to [10] and [5].

3. Steady State Analysis

In this section we determine stationary solutions of the above problem,
which correspond to uniformly propagating one-dimensional traveling waves
in the original problem. Our primary objective is to determine the effect that

the enhancement layer has on the propagating polymerization front.

We solve the following reactionless equations ahead of the fronts, behind

the fronts and between the fronts

T
@ =°
/@'1655;1 — ﬂdzl — oq(ﬁ — T\g) =0,
dA
o
/{2% — ﬂ% — ag(fg — T\l) =0

subject to the boundary conditions

—

r = —O&0: flzfQIT(), M:Mo, f:I(),

Tr = 400 : fngngf,

(11)

(12)

(13)

(14)

(15)

(16)
(17)
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and the matching conditions

. . dT, . —
[Tl}o = [T2]a =0, kK d—xl 0 = —qu(My — M,), (18)
dT: _
K2 d—; = —Q2UA07 (19)
. . a7, dT,
T} — 0, [T} — 0, ek | Y 20, (20
{ 1, 2o & dx 2 dx . (20)
R -~ — -~ -~ kg Eq— Ee
u’ = F(Tyn), My,= Myexp(—jo), Jjo=2 10@ exp ———=, (21)
d RTy
ut = Fy(Typ). (22)

Note that we supplemented the matching conditions from the previous section
by (20) which manifest the continuity of the polymerization temperature and
its derivative at the front of the enhancement reaction, and visa versa. Here
the quantities with the hats denote the stationary solution, and u is the speed
of the uniformly propagating wave. The solution of the problem depends on
whether @ is greater than or less than zero. Consider first the case @ > 0.
The solution that satisfies (11)-(17) can be written in the form

. ]\/@, x <0 R Iy, <0
Mz)=< M, 0<z<a , I(z)=12 0, O0<z<a ,
( My, > a 0, 2> a
R ( A(), x <0
Alx) =1 Ay, O0<z<a , (23)
L0, z>a
To + Cyexp(rez) + Csexp(Asz), x <0
~ B By + By exp(Aix) + Bs exp(Aox) ~
Ty + C)exp(Mx), r>a
Ty + koCo exp()\gx) + k3Chs exp()\gx), r <0
~ _ By + k1B exp()\lx) + ko By exp()\gx) ~
Tow) = +k3 B3 exp(Asz), O<z<a, (25)

Ty + k1Crexp(Miz), x>a
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Here Ay, Ao, and A3 are the roots of the characteristic equation
/€1/€2)\3 — a(/ﬁl + /iQ))\z + (@\2 — 1k — Oég/ﬁjl))\ + 6(041 + 042) = 0. (26)

It can be shown that this equation has three real roots for all ay > 0, as > 0,
k1 > 0, ke > 0, u > 0. Moreover, one of these roots is always negative (we de-
note it by A1), while the other two roots are always positive (we denote them
by Ay and A3). It is convenient to write this equation in the nondimensional
form as

KO — (14 k)2 4+ (1 — ol /& — a6+ + ¥ /K = 0. (27)

Here p . p

0 __ "2 0__ M 0o k2
K = pt a] = =01, Gy = =0, (28)

K1 :
Vi = 5)\1, (j = 1,2,3) (29)
and k; in (25) are given by
v —v;

fo=1— 2 30
: - (30)

Applying the matching conditions (19), (20) to the above solution for the
temperatures we determine the final temperature ff and the constants (7,
Cy, C3 and By, Bi, By, Bs. These solutions are listed in the Appendix.

Next, we determine the propagation velocity @, the temperatures T, »1 and
T, »2 at the reaction fronts as well as the distance @ between the fronts. The
equations that relate these four quantities are

W =F(Ty), @ =F(T)) (31)
and R R R
Tbl = T() + Cz + C3, sz = Tf + lel exp()\la), (32)

which follows from the definition of T\m and T\bz as the temperatures at the
fronts and solution (24), (25). Nondimensionalizing equations (31), (32) and
using

~

M, = exp(—jo) (33)
we obtain

~ -1
Z 8 ~ = Jo ex ( ) —1
~2 2 2 eV1 — p{n
= 1 0 e Jo — 7 d 34
u” = ug (1 +0101)" exp (1+0161> (Joe /0 p 77) ,  (34)
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~ Z,0
u2 = Uzg(l + 0'292)2 exp (TOng) (35)

o) ean(v) — v9) — esvz(v) — 13)
qrY vavzeges(vr — o) (11 — v3) (2 — 13)
1 — e_./j\O
vovs(v1 — 12)(v1 — v3)
{1+ (v — vo —v3) — Vi 4+ V3 + V2 + 1u3

— vy + na(vy — ) + vs(vy — 1s) }, (36)

€1+1:—

X

Oé(l)(l/l — V9 — Vg) + V13 — l3
KOvsug(vy — 19) (1) — 13)
al (V=11 — )1+ — vy — 13+ vo13)
X\ 00 € 0 :
ay + ok nai (v — ) (v — vs)

Here 6; and 6, are the nondimensional temperatures at the fronts,

Ty — T, )
01 — bl al) 92 — b2 a2’ (38)
q1 My 72 Ao

where T, = Ty + g1 My and T, = Ty + ¢ Ag are the adiabatic temperatures
(i.e. the final temperatures in the case that no heat exchange between the
layers is allowed and conversion in the polymerization process is complete).
Note that the right-hand sides of (36), (37) implicitly depend on u through
the constants af and a9 as well as the nondimensional characteristic roots v.
Next, the function jo in (34), (36), which is given by (22), and which can be
understood as a measure of incompleteness of the chemical conversion (see
(33)), can be written in the form

- 74,01 o/ k0 E,—E,
= 7. €X -_ |, x = — X —_— ] .
Jo= P\ TT  g) J %0 P\ "R,

Oy +1=— Fg(l—e)y  (37)

Note that 30 > j, and the jo—dependent factor in (34) goes to one as 30 — 00,
while 1 — 0 in this limit. As a result, u goes to the adiabatic propagation
velocity u,; that occurs in case of complete conversion and is given by

RT? E.
uZ, = i L/Tok? exp < ) : (39)

g MoEqg RT
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Similarly,
u?, = ZAL(TE% kY exp (_R%2> : (40)
Finally,
olzqz{\io, 02:(]7:320’ e]—eAJa (1 =1,2,3), —212]1\1?, 41)
7 — E;leé\fo’ Z, = (Ea —R];}i%Mo’ Z - Eg%;;lo’ (42)

with Z., Z4., Z, being analogous to the Zeldovich number that is used in the
combustion theory.

To determine the nondimensional front temperatures #; and 6, as well as
the propagation velocity © and the distance @ between the fronts we need to
solve the system of equations (34), (35), (36) and (37). The characteristic
roots v are solutions of (27) and depend on the parameters of the problem
as well as . The system can be reduced to a single equation for 6; which we
solve numerically. This is done in the following manner. First, u? is already
defined in terms of #; in (34). We can use this to determine 6y from (35) in
terms of #;. The roots v; can be found in terms of %2 from the characteristic
equation (27). From (37) we can find an expression for e; in terms of 6;.

Finally, using
)06
_ _ )\_1 _ A1 <V1>
es = exp (Aoag) = (exp (A1ag)) = e ) , (43)

e

e3 = exp (Aza0) = (exp (A1ap)) (i_j) = 61(%3 = €1<Zj>a (44)

we see that (36) reduces to the aforementioned single equation for #;. We
are then able to determine the other unknown quantities while ensuring that
a > 0; this being an assumption that led to our solution.

In the case @ < 0 the solution procedure is similar to the one presented
above. We again derive a system of four equations for 6y, 65, © and a. The
first two equations are the same as (34), (35), while (36), (37) are replaced
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0 0
aq aq

q/‘6061V1 (V1 - V3) (V1 - Vz) B HOqV1V2V3
, v —vy—13) (1 +al) —v?4+v2 412
+ (1 —exp (—Jjo)) <( 1= v v ) —vit vt

vovg (11 — 1) (11 — 13)
2 2 2 2
y (—V11/21/3 + o3 + ViV — V3V + ViV — V1V3>
Y

91+1:

o (0 —2) (0h — %) (45)

1 af (11 — vy — 13) + V113 — 1oU3

KV vovs (1) — o) (V1 — 13)

Le (V22—I/2—a1>(1+a1+V11/3—I/1—I/3>
2 a1vy (11 — 19) (V9 — 13)

) (1 —exp (—Jo))

(
(Mot
(46)

We use the same solution method to reduce these to a single equation for 6,
which we solve numerically for the case a@ < 0.

4. Results and Discussion

Our objective is to investigate the effect the enhancement layer has on the
polymerization reaction front. We will show that the polymerization front is
supported by heat exchange with a more exothermic reaction.

We set the parameters for all the numerical calculations as follows

J»=1,2.=8,Z4.=6,21 =8,01 =0.4,00 = 0.4, 441 = U2 = 1.

It is not feasible to solve the system analytically because of the large number
of parameters in the model. However, by using specific values which are
typical of these types of reactions, our results are indicative of a more general
result. For simplicity, we make the heat diffusivities equal in both regions
(ie. kO =1).

To start, we define

_ K1 _ K2
ai :Oél—z, as :Oé2—2.
Uy Uy
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F1GURE 3. Graph showing the dimensionless front temperature
in the polymerization layer (6;) against the dimensionless heat
release ratio (q)

As we set the adiabatic velocities u,; = u, = 1, and k1 = ko, it follows
whenever a; = as, the heat exchange coefficients are equal in both the poly-
merization and enhancement layers (i.e. a3 = as). Upon increasing the value
of a1 = as, we augment the values of the heat exchange coefficients a; = .
This implies an increase in inter-layer heat transfer.

The parameter 6; will also play a key role in the discussion. From the
definition of #; given in (38), it follows that less negative values indicate
polymerization reaction temperatures (f »1) that are closer to the theoretical
adiabatic reaction temperature (7,1). This corresponds to more complete
polymerization reactions, indicating that polymerization is enhanced as de-
sired.

Consider also the dimensionless parameter g given in (41). We observe that
for ¢ < 1 the enhancement layer contains the more exothermic reaction, and
for ¢ > 1, the polymerization reaction is the more exothermic one. With this
in mind, we can refer to ¢ as the heat release ratio. As previously stated, we
expect the best results when the more exothermic reaction is contained in
the enhancement layer (i.e. ¢ < 1).

To begin our investigation we take a; = a2 = 0.5, and we observe the effect
that a change in the heat release ratio ¢ has on the front temperature of the



THE ENHANCEMENT OF WEAKLY EXOTHERMIC POLYMERIZATION FRONTS 15

-0.087

T T
— - al=a2=0.5
— al=a2=1.0
al=a2=2.0

-0.0875

-0.088

-0.0885 -

-0.089

-0.0895 -

-0.09

Dimensionless front temperature in polymerization layer

-0.0905 -

70091 L L L L L L L L L
0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Dimensionless heat release ratio (q)

FIGURE 4. Magnified view of Figure 3 for the dimensionless front
temperature in the polymerization layer (0;) against dimension-
less heat release ratio in the range 0.9 < ¢ < 1.0

polymerization layer #;. In order to see the effect that a greater inter-layer
heat exchange would have on the system, we increase the values a; = as = 1.0
and further still to a; = as = 2.0, and repeat our calculations. Figure 3
illustrates that, in general, larger heat exchange coefficients result in more
negative values of ;. Clearly, greater inter-layer heat exchange results in less
complete polymerization reactions. We therefore focus on the lower values
for the heat exchange parameters a;, where i = 1,2. We see from Figure 3
that the optimal range for the heat release ratio ¢ (i.e. the range that results
in the least negative values for 6;) is approximately 0.9 < ¢ < 1 for the
parameters under investigation.

In Figure 4 we illustrate the range 0.9 < ¢ < 1 for the values a; = 0.5,
1.0. We are interested in this range for the heat release ratio ¢ since the
results indicate that reaction conditions are better for polymerization. We
may explain this result in the following manner. The more exothermic the
reaction, the faster the corresponding velocity of the reaction front. When
the enhancement reaction is much more exothermic that the polymerization
reaction or vice-versa (i.e. ¢ < 1 or ¢ > 1), the fronts are too far apart for an
enhancement effect to be felt in the polymerization layer. As such, we achieve
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F1GURE 5. Graph showing the value of the dimensionless poly-
merization front temperature (6;) for various values of the heat
exchange parameters a; = ao. Here the heat release ratios are set
to ¢ =10.9,q =0.95,¢g = 1.0 in descending order

best results when the enhancement reaction is more exothermic one (¢ < 1),
but not too exothermic to precede the polymerization front by too large a
distance. We remark that if the supplementary reaction was too exothermic,
and heat exchange was allowed far away from the polymerization front, the
bulk polymerization reactions could occur far away from the frontal reaction
zone. However, our goal is to suggest a way to promote polymerization in
the frontal mode.

We proceed to set the heat release ratio to ¢ = 0.9. We then determine the
polymerization front temperature 6; for a spectrum of values of a1 = as. In
this way we are able to observe the effect that capacity of inter-layer heat
exchange has on the completeness of the polymerization reaction. Next, we
repeat our calculations for heat release ratios of ¢ = 0.95 and ¢ = 1.0. The
results are shown in Figure 5. Once more we note that optimal conversion
in the polymerization layer (i.e. less negative values for ;) are achieved
when the enhancement reaction is the more exothermic one (¢ < 1), and
when inter-layer heat exchange is relatively small (0.05 < a; < 0.4). The
smallest of the three heat release ratios (¢ = 0.9) is shown to give the best
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F1GURE 6. Graph showing the value of the dimensionless posi-
tion of the enhancement front (a) for various values of the heat
exchange parameters a; = ao. Here the heat release ratios are set
to g =0.9,¢q =0.95,¢ = 1.0 in descending order

conversion rates for polymerization, but we note that at a; = 0.4 and beyond,
the smallest heat release ratio (¢ = 0.9) begins to lose its advantage, as the
values achieved for 6, approach the curve for the fixed heat release ratio of
q = 0.95.

To illustrate this further for the same set of parameters, we also find the
corresponding values of dimensionless position of the enhancement front @ .
We recall the the polymerization front is located at the origin x = 0, and
that both fronts propagate along the x-axis in the direction of decreasing .
A negative value of @ indicates that the polymerization front is behind the
enhancement front whereas when @ > 0, the polymerization front is ahead.
As heat exchange is allowed, @ < 0 indicates that the enhancement reaction
front will be a heat source for pre-heating the reactants in polymerization
layer before the arrival of the front, which is the effect we wish to achieve.
Our results are illustrated in Figure 6. We note that when a; = 0.4 for ¢ =
0.9, @ is small in magnitude and negative, indicating that the enhancement
front is slightly ahead of the polymerization front. Indeed, beyond a; = 0.4,
the polymerization front takes the lead as the curve begins to show that @
> 0. When the fronts are very close together, there is less chance that the
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F1GURE 7. Graph showing the value of the dimensionless posi-
tion of the enhancement front (@) against the dimensionless front
temperature in the polymerization layer (6;). Here the heat re-
lease ratios are set to ¢ =0.9,¢ =0.95,¢q = 1.0

polymerization reactants will be pre-heated prior to the arrival of the front.
This is a likely reason for the loss of efficiency noted for the heat release ratio
of ¢ = 0.9 close to and beyond a; = 0.4 in Figure 5.

We summarize our findings by plotting values of the polymerization layer
temperature #; against the enhancement front position @ in Figure 7. It is
clear that the most complete polymerization reactions (i.e. least negative 6,
values) are obtained when the heat release ratio ¢ is smallest (meaning that
enhancement layer contains the more exothermic reaction).

5. Conclusion

We have considered the steady propagation of a polymerization front in a
thin layer superimposed by another layer undergoing an exothermic chemical
reaction. We developed this one-dimensional two-layer sandwich model for
the purpose of investigating the possibility of enhancing FP reactions in thin
layers. As a result of the large number of parameters in the equations, we
first made the system dimensionless, and then performed an analysis of the
basic state of the system. We captured the completeness of the polymeriza-
tion reactions in the FP layer to quantify the enhancement effect. Specifi-
cally, we graphed trends in the dimensionless parameter 6, which relates the
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polymerization front temperature to the theoretical adiabatic temperature
of polymerization.

The enhancement effect was most pronounced when the front in the super-
imposed supplementary layer was ahead of the polymerization front in the
lower FP layer. An explanation of this is the overall heat transferred from
the hot product region of the superimposed enhancement layer to the preheat
zone of the lower FP layer. As a result, the monomer and initiator mixture in
the F'P layer are heated prior to the arrival of the front, and the approaching
polymerization front encounters a pre-heated reactant mixture. This ensures
more complete conversion from monomer to polymer product in the FP layer.
In order to allow this effect to be optimal for FP, heat exchange between the
layers must be small, and the reaction in the enhancement region should be
the more exothermic one.

We can conclude from our analysis that the presence of a heat source
slightly ahead of the polymerization layer benefits weakly exothermic poly-
merization fronts. We have illustrated such enhancement by superimposing
a layer containing a supplementary chemical reaction on top of the FP layer
and by moderating the amount of heat exchange allowed between layers.
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6. Appendix

The coefficients C;, B; and Ty in the temperature equations (24) and (25)
are

Ch = {kQVQ (]ﬂg — 1) + ksvs (1 — ]{32> + A (1/2 (1 — ]ﬂg) + 3 (]{32 — 1)) /61}
X {I/1V2 (]{IQ — ]€1 + ]{31]{33 — kzkg) + Vo3 (]{32161 + ]Cg — ]{32 — ]Cg]fl)
+ 13 (—]ﬂlk}g + koks — kg + kl)}_l, (47)
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CQ = {A (V3 (kl — 1) + 11 (1 — ]{33)) /62 + ]431V1 (kg — 1) + ]{331/3 (1 — ]{31)}
X {V11/2 (]{32 — ]ﬂl + ]431]63 — ]ﬂng) + 12143 (kflkg + ]ﬂg — ]{2 — ]ﬂgkl)
+ vy (—kiky 4 ksky — ks + ki) } 1, (48)

Cg = {A (Vl (1 — ]{32) + 19 (kl — 1)) /63 + ]{32V2 (1 — ]{31) + ]{311/1 (]{32 — 1)}
X {V11/2 (]{32 — ]ﬂl + ]431]63 — ]ﬂng) + U3 (kflkg + ]ﬂg — ]{2 — ]ﬂgkl)
+ vivs (—kiky + ksky — kg + K1)} 1, (49)

By = {kiks (vo — v1) (v3to + 1) + k1ks (11 — v3) (vato + 1) + ksvst (ve — 1)
+ koks (3 — o) (Lito + 1) + kyvato (v3 — v2) + koot (11 — v3)}
X {v1va (ko — k1 + kiks — kaoks) + vovs (kiks + ks — ko — ksky)
+ vvg (—kiko + ksks — ks + 1)}, (50)

B1 = {]{331/3 (1 — ]{32) + ]ﬂQl/g (]{33 — 1)}
X {V11/2 (]CQ — ]ﬁ + k1k3 — ]{2]{3) + 10143 (klkg -+ ]{3 — ]CQ — ]{3]{1)

+ 113 (—]ﬂ1]€2 + ]433]62 — ]ﬂg + ]{31)}_1, (51)
A
B2 = 6_2 (1/3 (1 — ]fl) + 11 (kg — 1))
X {I/1V2 (kQ — ]431 + klkg — ]{32]{33) + Vol/g (klkg + ]{33 — kQ — ]433]61)
+ v1ws (—kiky + ksky — ks + k1) } 1, (52)
A
B3 = . (v1 (ke = 1) +v2 (1 = k1))

X {V11/2 (kz — k1 + k1ks — kgkg) + U3 (]Clkg + kg — ko — kgkl)
+ 113 (—klkg + ksko — k3 + ]{31)}_1. (53)
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Ty = {kokivo + k1kovsvo Ty — ki ke — kikovsinTy — kskivs
+kiviks — k1o A — ko Ty — kivsvsToks — kiksvorn Ty + ks A
+ ki3 Ty + ksvgko + kv Toks + koo Ty — koo
— kowoks + v1ko A — kskovov Ty — kovs A + k3o + vseToks
— kv Ty — Aviks} * {kovskive + kovovy — kv —

klyleVg + ]{33V3V1]€2 + kyV2V1k3 — ]{331/3V1 + ]{33V3V2

— k2V3V2 — k31/3]€11/2 -+ ]C11/1V3 — k2V2V1k3}_1, (54)
where we take
K
A = o My,
R2
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