
Materials, Interfaces, and Electrochemical Phenomena

Theoretical Analysis on Extrusion Die Flow
of Electronic Packaging Materials

Jing-Pin Pan and Ta-Jo Liu
Dept. of Chemical Engineering, National Tsing Hua University, Hsinchu, Taiwan 30043

Ping-Yao Wu
Materials Research Laboratories, Industrial Technology Research Institute, Hsinchu, Taiwan 31015

A mathematical model has been de®eloped to describe the extrusion die flow of reac-
ti®e electronic packaging materials. This model assumes that the flow is 1-D in the
manifold of the die, but the flow obeys the 2-D Hele ] Shaw model in the slot section. A
realistic ®iscosity expression that includes the effects of chemical reaction and heat
transfer has been adopted. A linearly tapered coat-hanger die was selected for illustra-
tion and the packaging material was chosen to be the epoxy system. Some example
calculations are presented to illustrate the effects of se®eral parameters on the flow
distribution. Two optimization approaches were adopted to impro®e the uniformity of
the flow; both the Taguchi method and the method of inserting a specially designed
choker bar are applicable. Howe®er, using a choker bar appears to be more effecti®e
and flexible.

Introduction
Many electronic packaging materials are made by preci-

sion coating processes. These materials are usually in the form
of thin films or tapes. For example, films that serve as insula-

Ž . Ž .tion in tape automated bonding TAB Lau et al., 1990 ,
Ž . Ž .flexible printed circuit boards FPC Gilleo, 1992 , or tape

Ž . Ž .ball grid array T-BGA Lau, 1995 , to name a few, are made
by precision coating of materials on specific polymer film

Žbases. The materials usually involve various polyimide Im-
. Ž .aizumi et al., 1992 or epoxy Hirrekorn and Emmons, 1990

systems. One of the important requirements for these insula-
tion films or tapes is that the thickness be uniform; other-
wise, the insulation effect will be jeopardized. For example, if
the film thickness of FPC with typical circuitry varies 10%,

Ž .the impedence will vary 14% Tummala et al., 1989 and the
Žinternal stress under thermal cyclings will vary 10% Lau,

.1993 . Control of the coating film is therefore critical to these
materials.

It is generally agreed that extrusion slot coating is an effec-
tive means for making electronic packaging films. The discus-
sion of this coating method can be found in several recently
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Žpublished books Cohen and Gutoff, 1992; Gutoff and Co-
.hen, 1995; Kistler and Schweizer, 1997 , and the coating win-

dows for this method were examined both theoretically and
Žexperimentally Ruschak, 1976; Higgins and Scriven, 1980;

.Lee et al., 1992; Yu et al., 1995; Ning et al., 1996 .
To carry out extrusion slot coating successfully, the extru-

sion die has to be properly designed and constructed so that
a uniform liquid sheet can emanate from the die’s slot exit
and deposit on the polymer substrate.

Theoretical studies on the design of extrusion dies have
been extensive; however, most work has focused on nonreac-
tive polymeric liquids. Only a few technical articles examined
the design and performance of extrusion die for the reactive

Ž . Ž .materials. Debry et al. 1986 and Charbonneaux 1988 stud-
ied the film extrusion of thermosetting materials and found
that significant buildup on the interior wall of the extrusion
die may occur if the gel point is exceeded. More recently Pan

Ž .et al. 1997 analyzed the extrusion die flow for slowly react-
ing materials; they assumed that the fluid viscosity was time-
dependent and the reaction rate was slow, so they extended
the popular lubrication theory for nonreactive fluids to the
reactive systems.

For electronic packaging materials such as polyimide or
epoxy systems, reaction may occur inside the extrusion die. It
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Figure 1. Geometry of a linearly tapered coat-hanger
die.

is possible to prevent the chemical reaction by lowering the
die temperature, using a smaller amount of additive, or adding
inhibitors; however, if these measures are taken, the selec-
tion of solvent systems or additives will be limited, and reduc-
ing the die temperature will increase the product cost. There-
fore it is advantageous to develop a mathematical model that
can predict the extrusion die flow with chemical reaction ac-
curately, so that the uniformity of the liquid film at the slot
exit of the die can be properly controlled.

Ž .This article extends the work of Pan et al. 1997 to de-
velop a complex mathematical model that can describe the
extrusion die flow with chemical reaction more realistically.
Two approaches to improve the flow uniformity are also stud-
ied.

Mathematical Formulation
The extrusion die we study is a linearly tapered coat-hanger

die, as shown in Figure 1; owing to symmetry, we only con-
sider the right-half of the die. A coordinate system can be
imposed as shown in Figure 1; here the x-axis coincides with
the straight edge of the tapered manifold, the y-axis repre-
sents the cross-machine direction, and the z-axis represents
the machine direction. The angle between the slot section
and the edge of the manifold is u .

In practice the slot gap is usually much smaller than the
characteristic length of the manifold, so we may assume that

Ž .the mainstream in the manifold is a one-dimensional 1-D
flow, and moves from the center toward the end of the mani-
fold. On the other hand, the flow in the slot section basically
follows the 2-D Hele]Shaw model, as in the case of reaction

Ž .injection molding Garcia et al., 1991 . The following assump-
tions are also necessary for the mathematical model:

1. The chemical reaction is not fast enough, so the flow is
steady and locally fully developed in the manifold.

2. The fluid is incompressible.
3. The viscous effect is the dominant factor, so the effects

of gravity and fluid inertia can be neglected. The entrance
and end effects are also negligible.

4. Since the diffusion coefficients for polymeric liquid sys-
tems are small, the effect of molecular diffusion is neglected.

5. The solution inside the die is assumed to be Newtonian,
owing to low degree of conversion.

6. There is no significant temperature rise, so the thermal
properties of the fluids can be assumed to be constant.

7. Heat transfer through conduction in the flow direction
can be neglected.

All of these assumptions are reasonable, based on true ma-
terial properties. For reactive materials such as epoxy sys-

Žtems, the fluid viscosity h can be expressed as Halley and
.Mackay, 1996

aq baag
hsh . 1Ž .0 a y ag

The reference viscosity h is a function of temperature,0
that is,

yb ŽTyT .0h s Ke . 2Ž .0

Therefore,

aq baag yb ŽTyT .0hs K e . 3Ž .
a y ag

For the epoxy system, the reaction rate usually can be ex-
Ž .pressed as Halley and Mackay, 1996

m2m1RrC s dardts k q k a 1y a 4Ž . Ž .Ž .0 1 2

wyE rŽR T .x wyE rŽR T .x1 g 2 gk s k e , k s k e . 5Ž .1 10 2 20

On the basis of the preceding assumptions, the pressure
Ždroprflow rate equation in the manifold is as follows Liu,

.1983 :

4lh dP
Qs y . 6Ž .ž /h dx

Here l is a shape factor and its value can be found elsewhere
Ž .Liu, 1983 .

Substituting Eq. 3 into Eq. 6,

4lh dP
Qs y . 7Ž .Ž .aq ba ž /yb ŽTyT . dx0K a r a y a eŽ .g g

The conservation of species in the manifold is

da m22 m1Q y h k q k a 1y a s0. 8Ž . Ž .Ž .1 2dx

The energy balance equation in the manifold is

dT
2rC Q y h x T yT y h RD Hs0, 9Ž .p m wdx

with

dC da
Rsy sC . 10Ž .0dt dt
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Since the Hele]Shaw model is assumed to be valid for flow
in the slot section, the following governing equations are in-
troduced:

­ q ­ qy z
q s0 11Ž .

­ y ­ z

32 ­ P w
q s 12Ž .y Ž .aq baž /3 ­ y K a r a y aŽ .g g

32 ­ P w
q s 13Ž .z Ž .aq baž /3 ­ z K a r a y aŽ .g g

da da m2m1q q q yw k q k a 1y a s0 14Ž . Ž .Ž .y z 1 2dy dz

­ T ­ T
rC q q rC q y2h T yT ywRD Hs0. 15Ž .p y p z s w­ y ­ z

Since the loss of flow in the manifold is equal to the amount
that enters the slot section, the following material balance
equation is used:

dQ
sy q. 16Ž .

dy

2 2Here qs q q q is the volumetric flow rate per unit die' x y

width. The flow distribution at the slot exit can be repre-
sented by q. The following dimensionless variables are de-
fined as:

QsQrQ , x , y , z s x , y , z rL,Ž . Ž .0

q , q , q s q , q , q r Q rLŽ . Ž .Ž .y z y z 0

1r43hs hrh , h s Lw r 12l sin uŽ .Ž .0 0

3P s PrP , P s3KQ r 2w , T s T yT rTŽ . Ž .0 0 0 0 0

17Ž .

After substituting the dimensionless variables into the pre-
ceding governing equations,
Ž .I Manifold

A h4 dP®
Qs y 18Ž .Ž . yb T Taq ba ž /0e dxa r a y a eŽ .g g

da C0 m22 m1Q y D h k q k a 1y a s0 19Ž . Ž .Ž .am 1 2dx R0

dT N s T yTum w 0
Q y yT

dx G r Tz n 0

P Cem 0 m2m1 w xy k q k a 1y a s0, 20Ž .Ž .1 2G Rz 0

with

lh4 3 h2 LR0 0 0
A ' ; D '® am3 ž /2 Q CLw 0 0

2 rC Qh r D HR h p 0m n 0 0
N ' ; P ' ; G ' 21Ž .um em zk k T k Lc c 0 c

Ž .II Slot section

­ q ­ qy z
q s0 22Ž .

­ y ­ z

­ P 1
q s 23Ž .y aq ba yb T Tž / 0­ y a r a y a eŽ .g g

­ P 1
q s 24Ž .z aq baž / yb T T0­ z a r a y a eŽ .g g

­a ­a C0 m2m1q q q y D k q k a 1y a s0 25Ž . Ž .Ž .y z as 1 2­ y ­ z R0

­ T ­ T 2 N L T yTus w 0
q q q y yTy z­ y ­ z G w Tz 0

P Ces 0 m2m1 w xy k q k a 1y a s0, 26Ž .1 2G Rz 0

with

L2 wR D HR Lw h w0 0 s
D ' ; P ' ; N ' . 27Ž .as es usQ C k T k0 0 c 0 c

The material balance equation becomes

dQrdysy q. 28Ž .

It is assumed that at the die entrance, ys0, the inlet
volumetric flow rate and temperature can be specified. If
catalysts and curing agents are injected just before the fluid
enters the die, the initial conversion can be set as zero;
otherwise, the conversion a should be detected at the die
entrance, and the detected value is the initial conversion.
Mathematically, there is no difficulty in solving the model
with different values of a . We therefore set a as zero for
illustration. At ys1, there is no outflow, and at the slot exit
the fluid pressure should be atmospheric, so the required
boundary conditions are

i Qs1, T s0, and a s0 at ys0.Ž .
ii Qs0 at ys1.Ž .

29Ž .
iii At outlet, P s0.Ž .
iv At the wall plane of symmetry, ­ Pr­ ys0.Ž .

It should be noted that a general mathematical model was
developed. Since the heat-transfer coefficient for the flow
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Table 1. Geometric Parameters of the Coat-Hanger Die
for Illustration

Parameters Dimension

L 30 cm
u 18
l 4 cm1
h 0.41 cm0

Ux 00
w 0.02 cm

Uad 0.25

U Ž .adhs h 1y x q x .0 0

system is difficult to evaluate, we examine two limiting cases
for heat transfer inside the die: the isothermal case repre-
sents the condition of perfect heat transfer, while the adia-
batic case represents no heat transfer between the fluid and
the wall of the die body. The energy equation is not consid-
ered for the isothermal condition. As for the adiabatic condi-
tion, the boundary condition on the wall is ­ Tr­ ns0. The
real situation should be between these two limiting cases.

The preceding governing equations with corresponding
boundary conditions can be solved numerically by the finite-

Ž .element method Wen et al., 1994; Wen and Liu, 1995 with
slight modifications. Some interesting example calculations
are presented in the next section.

Example Calculations
We illustrate the application of the present mathematical

model by some example calculations. The dimensions of the
linearly tapered coat-hanger die displayed in Figure 1 are
given in Table 1. This die was the same as the one examined

Ž .by Pan et al. 1997 , and the dimensions were chosen such
that a uniform liquid sheet could be delivered for a fluid with
no chemical reaction. Some required physical properties of

Ž .the fluid are given in Table 2 Keenan, 1987; May, 1988 .
There are several dimensionless groups that appear in the

mathematical model that influence the flow distributions at
the slot exit. Instead of examining the effect of each group on
the flow distributions, we focus only on three parameters}
the reaction constant k , which controls the reaction rate;1
the inlet flow rate Q , which controls the residence time dis-0
tribution; and the reaction heat D H, which controls the tem-
perature variation}because these variables are adjustable,
and in practice they can be varied to improve the flow distri-

Table 2. Physical Properties of the Epoxy System
for Illustration

Parameter Unit Value
3r grcm 1.2

Ž .C Jr g K 1.533p
y3Ž .k Jr cm K s 1.7=10c

D H Jrg ;10]30
3C grcm 1.00

3Ž .R gr cm s 1.0= k0 1
T K 3000
a } 1
b } 1
m1 } 1
m2 } 1

Ž .h grcm s 0.10

Table 3. Values of the Dimensionless Groups in Terms
of k , Q , and D H1 0

Values in Terms
of k , TypicalDimensionless 1

UGroup Definition Q , and D H Range0
2ŽD Damkohler h LR rQ C 5.043 k rQ 0.02]0.15am 0 0 0 0 1 0

.number for manifold
2ŽD Damkohler L wR rQ C 18 k rQ 0.06]0.54as 0 0 0 1 0

.number for slot
2ŽP Peclet number D HR h rk T 0.332 k D H 0.03]0.30em 0 0 c 0 1

.for manifold
ŽP Peclet number D HR Lwrk T 1.184 k D H 0.12]1.07es 0 c 0 1

.for slot
Ž .G Graetz number rC Q rk L 36.1=Q 36.1]108z p 0 c 0

UQ ;1]3 cm3rs, k ; 0.01]0.03 secy1, D H ;10]30 Jrg.0 1

butions. After substituting the parameters in Tables 1 and 2
into these groups, they can be expressed as functions of k ,1
Q , and D H. The results are presented in Table 3. We exam-0
ine the effects of varying k , Q , and D H on the flow distri-1 0
butions at the slot exit.

We now examine the cases of varying k and Q for1 0
isothermal flow. The effect of the reaction constants k and1
k on the flow distributions at the slot exit is shown in Figure2
2. As the reaction constant increases, the flow uniformity de-
teriorates. This is because a larger reaction constant will ac-
celerate the chemical reaction and cause the fluid viscosity to
increase much faster. The conversion data corresponding to
the three cases in Figure 2 at the slot exit indicate that a
larger reaction constant will yield higher conversion, particu-
larly near the end of the manifold, where the residence time
of the fluid is longer.

The effect of the inlet volumetric flow rate Q on the flow0
distributions is given in Figure 3. If the flow rate is higher,
the residence time for fluid inside the die is shorter, so the

Figure 2. The effect of the reaction constants k and k1 2
on the flow distributions at the slot exit; Q =1.0
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Figure 3. The effect of the inlet volumetric flow rate Q0
on the flow distributions at the slot exit; k =1
0.02, k =0.02.2

reaction is less complete and the fluid viscosity variation is
not as significant as the case with a lower flow rate. The trend
of conversion is predictable, so the results will not be pre-
sented here.

As for the adiabatic operating condition, we examine the
effect of the reaction heat D H. After examining the fluid
temperature distributions at the slot exit, it is found that in-
creasing D H will only cause the fluid temperature to rise
slightly, particularly at the die end. The results in Figure 4
indicate that the effect of increasing D H on the flow distri-
butions is less important. Basically the reaction heat for the
epoxy system in this study is not significant, so we can con-
clude that if the physical properties of the fluid and the oper-
ating conditions are close to those contained in Tables 2 and
3, the assumption of isothermal flow is reasonable.

It is obvious that the flow distributions presented in Fig-
ures 2 and 3 are not acceptable. From the production view-
point, the variation in the film thickness should usually be
within 5%. Thus the key question is how to improve the flow
distributions to an acceptable level. We examine two ap-
proaches that can improve the flow distribution.

The first method we apply to improve the flow distribu-
Ž .tions is the Taguchi method Roy and Taguchi, 1990 . To ap-

ply the Taguchi method, we need to design an observation
value and then select a group of parameters. By examining
the sensitivity of each parameter on the observation value, a
combination of a few parameters can be selected to optimize
the observation value.

For our case, the observation value Y is designed as:

q y qmax min
Y s =100, 30Ž .

qmax

where q and q are the maximum and minimum flowmax min

Figure 4. The effect of the reaction heat D H on the flow
distributions at the slot exit; Q =1, k =0.01,0 1
k =0.02, b =0.02.2

rates per unit die width at the slot exit. If the perfect flow
Ž .distribution is reached, Y s0. The value 1yY can be viewed

as an indicator of flow uniformity.
We examine the sensitivity of six parameters, and three

Ž .different levels values are selected for each parameter. The
parameters and the values of the three levels for each param-
eter are listed in Table 4.

With the values available in Table 4, Y can be computed by
solving the mathematical model repeatedly. The results of
eighteen cases are given in Table 5.

The sensitivity of each parameter on the flow distributions
can now be determined. The sensitivity S for each parame-i j
ter can be computed with is A, B, C, D, E, F and js1, 2,
3. For example, if Case A corresponds to the parameter ad,
then

57.3q28.1q39.1q60q15.7q89.4
S s s48.2 31Ž .A1 6

22.5q77.7q83.6q20.4q100q14.8
S s s53.2 32Ž .A2 6

36.4q43.8q18.1q100q2.6q17.6
S s s36.4. 33Ž .A3 6

Table 4. Values of Each Parameter and Level

Level

Case Parameter 1 2 3

A ad 0.125 0.25 0.5
B u 18 28 38
C w 0.01 cm 0.02 cm 0.03 cm
D l 2 cm 4 cm 6 cm1
E x 0 0.1 0.20
F h 0.15 cm 0.27 cm 0.41 cm0
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Table 5. Geometric Parameters of the Coat-Hanger
Die and the Y Value

Parameters

Die ad u w l x h Y1 0 0

1 1 1 1 1 1 1 57.3
2 1 2 2 2 2 2 28.1
3 1 3 3 3 3 3 39.1
4 2 1 1 2 2 3 22.5
5 2 2 2 3 3 1 77.7
6 2 3 3 1 1 2 83.6
7 3 1 2 2 3 2 36.4
8 3 2 3 1 1 3 43.8
9 3 3 1 3 2 1 18.1

10 1 1 3 3 2 2 60.0
11 1 2 1 1 3 3 15.7
12 1 3 2 2 1 1 89.4
13 2 1 2 3 1 3 20.4

U14 2 2 3 1 2 1 100
15 2 3 1 2 3 2 14.8

U16 3 1 3 2 3 1 100
17 3 2 1 3 1 2 2.6
18 3 3 2 1 2 3 17.6

Uq is close to zero before the end of the die, so Y is set to be 100.min

Table 6 lists the values of S for the six parameters; the casesi j
with lower S are more favorable. S appears to be the low-i j C1
est, which implies that by reducing the slot gap w, the flow
uniformity can be improved most effectively. It is also ob-
served that S is relatively small, so by enlarging the cross-F3
sectional area of the manifold at the die entrance, the flow
uniformity can be improved. Enlarging the manifold will re-
duce the flow rates, however, and once a critical value of h0
is reached, its effect will be reversed. Three example calcula-
tions are presented in Table 7. In these cases the dimensions
of the die are selected following data in Table 1 and the reac-
tion parameters are varied. The flow uniformity is not accept-
able before changing any geometric parameter; however, by
reducing w from 0.02 cm to 0.01 cm, and by fine-tuning the
die angle u , the flow uniformity can be significantly im-
proved. The reason for selecting u for fine-tuning is because
the data in Table 6 indicate that it is the least sensitive pa-
rameter to flow uniformity.

It should be mentioned that even if reducing the slot gap w
can be an effective means of improving the flow uniformity,
the pressure inside the die will also increase significantly. The
data in Table 7 indicate that if the slot gap reduces 50%, the
flow uniformity is improved satisfactorily; however, the pres-
sure will be seven times higher, which may cause mechanical
distortion of the die body and other production problems.

We can also improve the flow uniformity by inserting a
specially designed choker bar into the slot section. This choker
bar usually has a rectangular cross section. The idea of using

Ž .a flexible choker bar was first proposed by Wu and Liu 1994 ,

Table 6. Sensitivity of Different Parameters

Ž .j level
Ž .i item 1 2 3

Si j
A 48.2 53.2 36.4
B 49.4 44.6 43.8
C 21.8 44.9 71.1
D 52.9 48.5 36.4
E 49.5 41.1 47.2
F 70.1 37.6 27.4

Ž .and it was also adopted by Pan et al. 1997 for slowly react-
ing systems. The choker bar we propose to insert is displayed
in Figure 5, and consists of a thicker part and a thinner part.

Ž .The boundary between the two parts is a shape function l y2
that is yet to be determined by the optimization procedure to
improve the flow uniformity. For illustration, we consider a
case with an uneven flow distribution, as shown by the solid
line in Figure 6. If a regular choker bar with a rectangular
cross section is inserted, we find that the flow distribution
only varies slightly, as the dotted line in Figure 6 indicates.
This is quite interesting, because a regular choker bar is usu-

Ž .ally helpful for nonreactive flow systems Wu et al., 1995 .
For a reactive system, the regular choker bar can only reduce
the fluid’s residence time, but it cannot vary the residence
time distribution; therefore, the flow distributions that de-
pend heavily on the degree of reaction will not be affected.

Ž .We can adopt the approach of Chiou et al. 1998 to design
a choker bar that can improve the flow distribution. The un-
even flow distribution, as represented by the solid curve in
Figure 6, indicates that higher flow rates appear in the cen-
tral area of the die; therefore, a choker bar should be de-
signed to create a higher resistance for flow in the central
region. Since the solid curve appears to be smooth, we can
assume that the resistance should be smoothly created. The
design procedure is as follows:

Ž .1. We assume that the taper function l y of the special2
choker bar has the form of a polynomial, as shown in Figure
5, and we select a fourth-order polynomial for illustration:

l y s1q a yq a y2 q a y3q a y4 , 34Ž . Ž .2 1 2 3 4

where the coefficients a are determined through an opti-i
mization procedure. The initial guesses of a are obtained byi
approximating the flow distributions of the solid line in Fig-
ure 6.

2. We define an objective function F as follows:

2F ' qy1 dy. 35Ž . Ž .H

Table 7. Optimal Die Design for Different Reaction Systems by the Taguchi Method

Reaction Parameters Geometric ParametersReaction Uniformity Before
System k k m1 m2 a b L w u l h x ad Uniformity Varying w and u1 2 1 0 0

A 0.02 0.02 2 2 1 1 30 0.01 7 4 0.15 0 0.25 0.992 0.798
B 0.02 0.02 1 1 1 1 30 0.01 7 4 0.15 0 0.25 0.992 0.748
C 0.02 0.02 2 2 2 2 30 0.01 8 4 0.15 0 0.25 0.988 0.588

February 1999 Vol. 45, No. 2AIChE Journal 429



Figure 5. A linearly tapered coat-hanger die with an adjustable choker bar.
Ž . Ž . Ž .a Overall geometry; b choker bar and the shape function l y .2

Ž .Once the initial profile of l y is obtained, the mathemati-2
cal model is solved to determine the flow distribution q.

3. An optimization code is called the Hooke algorithm
Ž .Kuester and Mize, 1973 . A new set of a is searched toi
minimize F. This procedure is repeated until the optimal val-
ues of a are found. Once F approaches zero, the flow distri-i
bution will be uniform.

The optimal values in Eq. 34 are found as follows:

l y s1q0.0133 yy0.7584 y2 q1.2715 y3y0.8786 y4.Ž .2, II

36Ž .

Ž .With l y determined, we again solve the mathematical2
model to determine the flow distribution q. The results are
displayed in Figure 6. It is clear that by choosing a specially

Figure 6. The effect of choker bars on the flow distribu-
tions at the slot exit; Q =1, k =0.02, k =0 1 2
0.02.
For the regular choker bar, H s1 cm, w s 0.5 W. For the1

Ž .optimal choker bar, l 0 s1 cm, w s 0.5 W.2 1

designed choker bar, the flow distribution can be improved
effectively. It should be noted that inserting an optimal choker
bar will also increase the pressure inside the die; however,
the pressure will only be two times higher, much lower than
the cases based on the Taguchi method. Therefore we can
conclude that inserting a specially designed choker bar can
be an effective means for improving the flow uniformity. For
a different system, another specially designed choker bar can
be inserted without altering the basic die geometry.

Conclusion
We have presented a mathematical model to describe the

extrusion die flow of reactive electronic packaging materials.
The extrusion die we used for illustration is a linearly ta-
pered coat-hanger die. The mathematical model assumes that

Ž .the flow is one-dimensional 1-D in the manifold and that
the 2-D Hele]Shaw model is valid for flow in the slot section.
The viscosity expression includes the effects of chemical reac-
tion and heat transfer.

Some example calculations were carried out to demon-
strate the applicability of the model, and the epoxy system
was adopted for illustration. The effects of three parameters,
namely, the reaction constant, the inlet flow rate, and the
reaction heat on the flow distributions, were examined. For
the epoxy system studied, the effect of reaction heat is less
important, so the assumption of isothermal flow is reason-
able.

The flow uniformity deteriorates rapidly for systems with
chemical reaction. Two approaches were adopted to improve
the flow distributions: the Taguchi method was studied first
and the sensitivity of six parameters on the flow uniformity
was examined, with the slot gap appearing to be the most
sensitive parameter. By reducing the slot gap, the flow distri-
bution can be significantly improved. However, reducing the
slot gap will cause a tremendous increase in pressure inside
the die, which may be a negative factor for practical design
and operation.

The other approach is to insert a specially designed choker
bar into the slot section. The choker bar is designed so that
higher resistance will be created for areas with higher flow
rates. Through the help of the Hooke algorithm, an optimiza-
tion procedure was carried out to select the shape function of
the choker bar.
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The shape function under study was assumed to be a
fourth-order polynomial, and the coefficients of the polyno-
mial were determined through the optimization procedure. It
was found that the specially designed choker bar can effec-
tively improve the flow uniformity. So inserting a specially
designed choker bar in the slot section appears to be an ef-
fective and flexible means of delivering a unform liquid sheet
with reaction.
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Notation
a,bsconstants, Eq. 1

Csepoxy concentration
C sinlet epoxy concentration0
C sheat capacity of the fluidp

E , E sactivation energies, Eq. 51 2
D Hsreaction heat
h, hssquare root of the cross-sectional area of the manifold,

dimensional and dimensionless
h ssquare root of the cross-sectional area at the die entrance0

h , h sheat-transfer coefficients in the manifold and in the slotm s
section, respectively

K sconstant, Eq. 2
K sthermal conductivityc

k , k sreaction constants, Eq. 41 2
K , K sconstants, Eq. 510 20

Lsone-half of the die width
m1, m2sconstants, Eq. 4

nsdirection normal to the wall
P, P sfluid pressure, dimensional and dimensionless
Q, Qsvolumetric flow rate, dimensional and dimensionless

Q sinlet volumetric flow rate0
q , q svolumetric flow rates per unit die width in the y and zy z

directions, respectively
r shydraulic radius of the manifoldn
Rsreaction rate

R sinitial reaction rate0
R sgas constantg

Sswetted perimeter of the manifold
T , T sfluid temperature, dimensional and dimensionless

T sreference temperature0
T , T swall temperature, dimensional and dimensionlessw w

tstime
wsslot gap
x smanifold enlargement factor, Table 10

Greek letters
a sreaction conversion

a sreaction conversion at gel pointg
b sconstant in Eq. 2
r sfluid density
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