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ABSTRACT: As one type of high-performance fibers, the
polyimide fibers can be prepared from the precursor poly-
amic acid via dry-spinning technology. Unlike the dry-spin-
ning process of cellulose acetate fiber or polyurethane fiber,
thermal cyclization reaction of the precursor in spinline with
high temperature results in the relative complex in the dry-
spinning process. However, the spinning process is consid-
ered as a steady state due to a slight degree of the imidization
reaction from polyamic acid to polyimide, and therefore a
one-dimensional model based on White-Metzer viscoelastic

constitutive equation is adopted to simulate the formation of
the fibers. The changes of solvent mass fraction, temperature,
axial velocity, tensile stress, imidization degree, and glass
transition temperature of the filament along the spinline were
predicted. The effects of spinning parameters on glass transi-
tion temperature and imidization degree were thus discussed.
VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 113: 3059–3067, 2009
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INTRODUCTION

Polyimide fibers are one series of high-performance
fibers, possessing advantageous properties of chemi-
cal inert, excellent mechanical properties and out-
standing thermal stability, and they are thus
extensively used in aviation, spaceflight field, and
others.1,2 The fibers can be prepared by one-step or
two-step processing methods. In one-step method, the
polyimide solution in m-cresol or p-chlorophenol is
used to prepare the fibers via wet spinning or dry-jet
wet spinning. Unlike the one-step processing, the pre-
cursor polyamic acid (PAA) solution in dimethylfor-
mamide (DMF) and N, N-dimethylacetamide
(DMAC) is used to prepare polyamic acid fibers in
two-step method, and then the precursor fibers were
in situ transformed to the corresponding polyimide
fibers by chemical or thermal cyclization reaction.3

Dry-spinning technology of polyimide fibers is a two-
step process, in which polyamic acid solution forms
the precursor fibers via solvent vaporization in the
spinning column with high temperature. The precur-
sor fibers are transformed into polyimide fibers by
part cyclization reaction in the heating column and
part imidization in postheat treatment.
Dry-spinning model focuses on the solvent mass

fraction, temperature, axial velocity, and tensile stress
along filament. Fok and Griskey4 solved the solvent
mass balance via experimental method. Ohzawa
et al.5,6 proposed a comprehensive one-dimensional
model based on an assumption that tensile stress
along filament was a constant. Brazinsky et al.7 gave a
two-dimensional model of cellulose acetate (CA)/ace-
tone and compared their calculations with experimen-
tal data. Sano and Nishikawa8,9 studied dry-spinning
mechanism including heat transfer coefficient, air
drag, etc., and simulated the spinning process of poly-
vinyl alcohol by the model in which solvent radial
distribution was involved.10 Based on this model,
theoretical calculation for producing CA fiber was
given.11 All of the models mentioned above were
based on the assumption that spinning drop solutions
are Newtonian fluid and the viscoelastic rheological
behavior was not considered. Recently, the work on
dry-spinning by Gou and McHugh12,13 presented a
modified model with viscoelasticity as well as solidifi-
cation mechanism. They also developed a two-dimen-
sional model in ternary system, giving more detailed
simulation of CA/acetone/water spinning solu-
tion.14,15 For PAA/DMAC spinning system, water
mass fraction is less than 0.3%, so a binary system is
adapted for dry-spinning model in this article.
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In previous reports, it is easily understood to
assume the steady state of the dry-spinning process
solution because of no chemical reaction for the
spinning dopes, such as the dry-spinning formation
of CA/acetone and polyvinyl alcohol/water. How-
ever, the polymer for polyamic acid precursor may
involves the chemical reaction in a heating column
during spinning process. A relative steady state in
the dry-spinning process must be assumed to set up
modified models and to simulate the spinning pro-
cess. In our experiment, we found that cyclization
reaction degree of polyamic acid during the spin-
ning is very low, and the spinning system can be
assumed as a steady state at this spinline from 0 to
120 cm. As the spinline is more than 120 cm, it exists
a slight imidization reaction from the precursor to
polyimide, the spinning process is still considered as
a steady state since the absolute value of the imid-
ization degree is very low. Based on the assumption,
we gave a modified model to simulate spinning pro-
cess of polyimide and calculated the imidization
degree of precursor polyamic acid.

MODEL DEVELOPMENT

To calculate more efficiently, some assumptions are
proposed as follows:

a. The system is at steady state;
b. The density is a constant;
c. Filament is axial symmetry and the cross-section

is circle;
d. Neglect radial variation of the system;
e. Neglect surface tension; and
f. Neglect water in the solvent, so as the produced
water by imidization reaction.

Figure 1 shows the schematic diagram of dry-
spinning process. Spinneret has many holes in
industry practice, but to study the dry-spinning
process conveniently, a single filament is adopted
for the simulation. The z axis is the traveling direc-
tion of filament, an axisymmetric spin stream
is extruded from spinneret at the top of cabinet
(z ¼ 0). A counter hot air is pumped from bottom
of spinning cabinet (z ¼ 10 m) and exits at the top
(z ¼ 0).

Continuity equation

Mass variation of spinning drop is attributed to
evaporation of solvent. Since the mass of polymer
does not lose in the spinning process, mass flow rate
of polymer WP is as follows:

dWp

dz
¼ 0 (1)

For mass flow rate of solvent WS:

WS ¼ AðzÞVðzÞqwSðzÞ (2)

dWS

dz
¼ �2

ffiffiffiffiffiffiffi
pA

p
kyMSðys � y0Þ (3)

where A is the cross-section area of filament, V is ve-
locity of threadline, q is density of solution, and wS

is mass fraction of the polymer. Combining eqs. (1),
(2), and (3) gives the following expression:

dwS

dz
þ 2

ffiffiffiffiffiffiffi
pA

p
kyMSðys � y0Þ
WP

ð1� wSÞ2 ¼ 0 (4)

where wS is average mass fraction of solvent, ky is
mass transfer coefficient on the gas side of filament
surface, ys is molar fraction of solvent on the gas
side of filament surface, y0 is solvent molar fraction
in the bulk gas phase, and MS is molecular weight
of solvent. Molar concentration of solvent on the gas
side is calculated by Ohzawa’s method:6

cS ¼ PSwS;0 expð1� wS;0Þ (5)

Figure 1 Schematic presentation of dry-spinning process.

3060 DENG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



lnPS ¼ 9:9925� 2750:5

209:62þ ðT þ 273:15Þ (6)

wS ¼ wS;0 þ 4ðw0
S � wS;0Þl�2

1 exp �l21DPSz

VR2

� �
(7)

where PS is vapor pressure of solvent, wS,0 is solvent
mass fraction on filament surface, R is radius of
threadline, l1 is a constant, DPS is mutual diffusion
coefficient, and w0

S is initial value of mass fraction.
There is no available experimental mutual diffusion
coefficient data for PAA/DMAC system, an empiri-
cal equation for SPUU/DMAC system is used
here.16

DPS ¼ 8:315� 10�7 exp
�14; 001xS þ 24; 809

8:314ðT þ 273:15Þ
� �

(8)

Momentum equation

As we know, air drag of filament is related to its
surface area. In dry-spinning process, solvent evapo-
ration leads to filament becoming thinner, and there-
fore the surface area of the filament decreases,
which is different from melt-spinning process. The
momentum equation of melt-spinning can be used
in dry-spinning after modifying the air drag term.17

Neglecting surface tension, the following momentum
equation can be given as

dF

dz
¼ qAV

dV

dz
þ pRCfqaðV � VzaÞ2 � qgA (9)

In this equation, F is tension, R is the filament ra-
dius, Cf is coefficient of friction drag, qa is the den-
sity of air, Vza is the counter air flow velocity, and g
is acceleration of gravity. The term on left side of
the equation is the tension in the filament, and the
terms on the right side represent the inertia, air
drag, and gravity.

Energy equation

The energy equation is as follows:

qCpVz
dT

dz
¼ 2

R
½hðTa � TÞ � DHvkyMsðys � y0Þ� (10)

where h is the convective heat transfer coefficient, Ta

is air temperature, T is filament temperature, DHv

evaporation heat of the solvent, and Cp is heat
capacity of solution. The terms in bracket on right
side represent heat transfer between air and filament
and evaporation heat of solvent respectively. The
term on left side is the total energy variation.

Sano11 estimated heat transfer coefficient of fila-
ment presented by the following equations.

Nu ¼ 0:35þ 0:146
���ReP � ð1:03Re0:36w � 0:685Þ

���0:50 (11)

Rew ¼ 2RVqa=la (12)

Nu ¼ 2ah=k (13)

ReP ¼ 2RVza=ua (14)

here Nu is Nusselt number, Re is Reynolds number,
and ua is air viscosity.

Viscoelastic constitutive equation

The previous models were mostly based on
Newtonian constitutive equation. However, spinning
solutions are non-Newtonian fluid, exhibiting a
viscoelastic rheological behavior.18 We give a visco-
elastic constitutive equation based on White-Metzer
model in this article. White-Metzer models with the
contravariant form can be given as follows:

si
j þ k

@sij

@t
¼ g0D

ij (15)

where s is stress tensor, D is strain tensor, k is relax-
ation time, and g0 is zero shear viscosity. Equation
(15) further becomes eq. (16)

s11 � kð2 _es11Þ ¼ 2g0 _e
s22 þ kð_es22Þ ¼ �g0 _e
s33 þ kð_es33Þ ¼ �g0 _e

8<
: (16)

where _e istensile strain rate. After some algebra,
eq. (17) can be obtained

s11 ¼ 2g0 _e
1�2k _e

s22 ¼ s33 ¼ �g0 _e
1þk _e

(
(17)

The definition of elongational viscosity is

ge ¼
r11

_e
¼ s11 � s22

_e
¼ 3g0

ð1� 2k _eÞð1þ k _eÞ (18)

On the other hand, r11 ¼ F=A, combining eq. (18),
the following equation is obtained:

Fð1� 2k _eÞð1þ 2k _eÞ ¼ 3g0A _e (19)

For simple extensional flow of 1-D model, tensile
strain rate is:

_e ¼ dV

dz
(20)

Relaxation time k is an important parameter in
spinning dynamics, which is related to zero shear
viscosity, concentration and temperature of polymer
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solution. According to the relaxation time theory of
Rouse,19 an equation of k can be obtained as follows:

k ¼ 6g0M

p2RqTð1� wSÞ (21)

Dewitt et al.20 calculated relaxation time of poly-
isobutylene/naphthane solution by eq. (21), the
result coincides with the experimental value.

Properties of polymer solution

Dry-spinning simulation and related reports for
polyamic acid/DMAC system are not published pre-
viously, thus part parameters for the models is
unknown. Here, we summarize all the parameters as
follows.

1. Density—We assume density is a constant,
according to ideal mixing rule

1

q
¼ wP

qP
þ w0

S

qS
(22)

2. Heat capacity—Neglecting the heat of mixing,
heat capacity of solution is expressed as fol-
lows:

CP ¼ /pCP;p þ /sCP;s (23)

3. Evaporation heat

DHv ¼ RTcTb;r
3:978Tb;r � 3:938þ 1:555 lnPc

1:07� Tb;r

� �
(24)

where Tc is critical temperature, Pc is critical
pressure, Tb is atmospheric boiling point, Tbr ¼
Tb/Tc. The calculated result is 13,208 J/mol.21

4. Viscosity of polymer solution—Van Krevelen’s
method22 is used to estimate zero shear viscos-
ity of PAA/DMAC system.
a. If temperature is high enough to Tg, T �

TS ¼ 1.2Tg,

g0 ¼ KPm
n ð1� xsÞn expðDE=RTÞ (25)

In this equation, K, m, and n are constants,
g0 is in poise, DE is flow activation energy,
Pn is degree of polymerization, R is the uni-
versal gas constant, and T is in K.

b. If temperature is near to Tg or less than Tg,
namely, TS � T � Tg or Tg � T

logg0ðTÞ ¼ logg0ðTSÞ � c1ðT � TSÞ
c2 þ ðT � TSÞ (26)

where, c1 and c2 are constants. For dry-spin-
ning process, eq. (25) is used and we can
further get:

lng0 ¼ lnAþ B lnð1� wSÞ þ C=T (27)

According to the rheological date of Yang et
al.23, the calculated parameters of A, B, and C
are 1.48, 9, and 943, respectively. For PAA/
DMAC system, even though viscosity would
reduce due to a slight degradation of PAA at
high temperature, the assumption that viscos-
ity of the dope is not affected by this factor,
because time that filament stays in spinning
path is very short and the degradation can
be neglected. Experimental data support this
assumption.

5. Glass transition temperature—Glass transition
temperature for polymer solution is given by
the following equation.

Tg ¼
Tg;p þ ð2:5Tg;s � Tg;pÞ/s

1þ 1:5/s

(28)

Tg,p and Tg,s represent glass transition tempera-
tures of polymer and of solvent, respectively.
For PAA/DMAC system, glass transition tem-
perature of the polymer is related to imidiza-
tion degree.24 The imidization degree of PAA
can be calculated by the following equation.25

lnð1� bÞ ¼ �A exp � Ea

RT

� �
t (29)

The relation between glass transition temperature
and imidization degree of PAA is as follows24:
a) b � 0.84,

Tg;p ¼ 90:4bþ 128:4 (30)

b) 0.84 � b � 0.96,

Tg;p ¼ 533:3b� 243:68 (31)

c) 0.96 � b,

Tg;p � Const (32)

Tgs is estimated by Tg,s/Tm ¼ 2/3, and here Tm

is �20�C.

Properties of quench air

1. Density of air

qa ¼ 0:351=Tf (33)

Here, Tf is arithmetic mean of filament tempera-
ture and quench air temperature.

2. Viscosity of air

ua ¼
1:446� 10�5T1:5

f

Tf þ 113:9
(34)
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3. Air drag coefficient

Cf ¼ 0:68
2RqaðV � VaÞ

ga

� ��0:8

(35)

Numerical approach

The computation of dry-spinning model is to solve a set
of highly coupled differential equations. Here, fourth
order Runga-Kutta algorithm method is used to solve
the equations. Considering the swell effect, we adopt
initial value of 1.5 as spinneret diameter at Z ¼ 0. Since
there is no available datum of mass transfer coefficient
of PAA/DMAC system, a value of h/ky ¼ 8 cal/(g mol
�C) is used. Initial values for the simulation are listed in
Table I, and the algorithm procedure is as follows:

1. At z ¼ 0, it is difficult to calculate the initial value
of filament tension. Gou and McHugh12 assumed
an initial tensile stress between 104 and 105 dyn/
cm2 (0.1–1 N/cm2). According to their data, an
initial value of filament tension of 0.5 N/cm2 is
assumed in this article. The initial value of tem-
perature and mass fraction is dependent on the
solution. The initial values of velocity and radius
of filament are calculated by mass flow rate of so-
lution and spinneret diameter. The initial value
of imidization degree is 0.05.

2. (dV/dz)z¼0 is determined by trial and error until
filament velocity matching with take-up veloc-
ity.11 In our calculation, the tolerance error is 10�3.

RESULTS AND DISCCUSION

Model prediction

Flash evaporation occurs near the spinneret due to a
high temperature difference between solution and

heating air flow in the spinning column. As shown
in Figure 2, mass fraction of solvent immediately
decreases after runout of spinneret. At the begin-
ning, namely near the z ¼ 0, high free solvent con-
tent inside the filament results in solvent diffusion
caused by heat transfer and mass transfer; whereas,
when solvent content decrease to near zero at z >
120 cm, the filament completely becomes solid fiber.
The variation of filament velocity below the spin-

neret is illustrated in Figure 3. Near the spinneret,
the solution flow is easily drawn, leading to the
increase of velocity. With the evaporation of the sol-
vent, the filament gradually becomes the viscous
flow, and then the solidification of the filament
results in an approximately constant velocity of the
fibers.
The change of the filament tension along the spin-

line with air drag and without air drag is shown in
Figure 4. Apparently, the two curves sharply
increase near the spinneret. The one without air
drag soon reaches a plateau because of the

TABLE I
Initial Values for the Simulation

Parameters Values

Temperature (T) 80 �C
Mass fraction of solvent (w0

2) 30%
Mass flow rate of solution (W) 0.02 g/s
Diameter of spinneret (d) 0.35 mm
Velocity of quench air (Vaz) 50 cm/s
Temperature of quench air (Ta) 250 �C
Length of spinline (L) 1000 cm
Initial imidization degree of PAA (b0) 0.05
Glass transition temperature of PAA (T0

g) �2 �C
Heat capacity of polymer (Cp,P) 2.1 J/(g �C)
Heat capacity of solvent (Cp,S) 3.19 J/(g �C)
Take-up velocity(VL) 350 cm/s
Density of polymer (q1) 1.050 g/cm3

Density of solvent (q2) 0.937 g/cm3

Total pressure (P) 1 atm

Figure 2 Variation of solvent mass fraction along
spinline.

Figure 3 Variation of the filament velocity along spinline.
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solidification and the reduced stretchability. The
other one with the air drag keeps gradually increas-
ing due to the increasing surface area of filament
along the spinning path.

As reported by Kotera et al.26, solvent content in
the solution has an influence on the temperature and
imidization degree of the fiber. Therefore, both the
temperature and imidization degree of the filament
do not obviously increase at the relative high mass
fraction of solvent. As shown in Figure 2, mass frac-
tion of the solvent decreased to zero and filament
thus solidified at 	 120 cm. After that, many proper-
ties of filament obviously changed, such as filament
temperature and imidization degree. To discuss the
properties in detail, the spinline is divided into two
sections, namely z < 120 cm and >120 cm.

Figure 5 shows the temperature change of the fila-
ment along the spinline at the first section of z < 120
cm. Apparently, the filament temperature decreases
from the initial 80�C to 	 70�C at the spinline of 52
cm due to flash evaporation. As heat transfer

between filament and hot air is equal to evaporation
heat of solvent, the filament temperature decreases
to a minimum value, and then temperature rises
quickly.
As shown in Figure 6, imidization degree of the

filament does not obviously change due to more sol-
vent in the filament and low temperature at the sec-
tion of z < 120 cm. As solvent quickly evaporated,
glass transition temperature (Tg) gradually increases,
and the curve is near a plateau at z ¼ 	 120 cm,
indicating the glass transition temperature equal to
the value of polymer at this time. The Tg of the poly-
mer is related to imidization degree, so the Tg of the
filament is mainly dependant on solvent evaporation
because of no change of imidization reaction at z <
120 cm.
At the second section of z > 120 cm, the filament

temperature and imidization degree is very different
from the first section. Figure 7 shows the tempera-
ture change along the spinline at this section. Appa-
rently, the filament temperature quickly rises due to

Figure 4 Variation of filament tension along spinline.

Figure 5 Variation of filament temperature along spinline
as z < 120 cm.

Figure 6 Variation of imidization degree and glass transi-
tion temperature.

Figure 7 Variation of filament temperature along spinline
(z > 120 cm).
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heat transfer and is up to air temperature at z ¼
	 500 cm. As shown in Figure 8, there exists imid-
ization reaction after solidification of the filament,
and imidization degree slightly increased along the
spinline, which is different from the first section
(z < 120 cm). However, the absolute value of imid-
ization degree increases only by 0.18% in the whole
spinning path, which conforms to our initial assump-
tion of a low imidization degree. If effect of reaction
heat on temperature is considered, eq. (10) can be
transformed into the following equation:

qCpVz
dT

dz
¼

2

R
hðTa � TÞ � DHvkyM2ðy2 � y0Þ þ 273W1b

V

� �
ð36Þ

where, the last term at right side refers to the contri-
bution of the reaction heat, equal to 70.59 kJ/mol at
240�C.27 As a matter of fact, this contribution of the
reaction heat can be neglected since the imidization
degree is only 0.18%. Therefore, as calculated by
eq. (36), the trend of the filament temperature along

the spinline with the contribution of the reaction
heat is very similar to the Figures 5 and 7. In the
second section, glass transition temperature is a pla-
teau due to no solvent in the filament, as shown in
Figure 8.

Effect of spinning parameters

The dry-spinning process can be controlled by
changes of parameters, such as media temperature
and mass flow rate. The effects of mass flow rate
and quench air temperature effect on imidization
degree and glass transition temperature are dis-
cussed below.
As shown in Figure 9, the solidification point

shifts to far from the spinneret as increasing mass
flow rate. At a fixed spinline, namely at a same z
value, the increase in the mass flow rate results in
the decrease of the filament temperature. The reason
is that more solution flows into the spinning path,
which decreases the specific surface area of the fila-
ment and thus decreases heat transfer of per unit

Figure 8 Variation of imidization degree and glass transi-
tion temperature along spinline (z > 120 cm).

Figure 9 Effect of mass flow rate on filament temperature.

Figure 10 Effect of mass flow rate on imidization degree
of the filament.

Figure 11 Effect of air temperature on imidization degree.
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mass. The same reason leads to decreasing imidiza-
tion degree, as shown in Figure 10.

The media temperature has an influence on imid-
ization degree. As show in Figure 11, increasing air
temperature results in relative high imidization reac-
tion rate, leading to the increase in imidization
degree. On the other hand, Figure 12 gives the
change of the glass transition temperature of the fila-
ment with the media temperature, indicating a slight
effect of the air temperature on the glass transition
temperature due to the change of imidization
degree.

CONCLUSIONS

To simulate dry-spinning process of polyimide
fibers, assumptions of low imidization degree from
the polyamic acid precursor to polyimide and the
steady state in the dry-spinning process are pro-
posed. A modified one-dimensional model based on
White-Metzer viscoelastic constitutive equation is
used to predict the changes of solvent mass fraction,
temperature, velocity, and tension of filament along
the spinline (z). The results show that the dry-spin-
ning process can be divided into two sections. At
first section of z < 120 cm, flash evaporation of sol-
vent in the heat-spinning path results in the sharp
decrease of the solvent mass fraction, which domi-
nates the formation of the filament. Filament temper-
ature first falls down and then rises up at this
section, and the velocity, tension, and glass transi-
tion temperature of filament increases along the
spinline. Imidization degree does not obviously
change in the first section. At section of z > 120 cm,
on the other hand, mass fraction of solvent is zero
and filament becomes a solid one. Velocity and glass
transition temperature of the filament are constant
along the spinline, whereas there exists a slight

increase in imidization degree. Moreover, the spin-
ning parameters have an influence on the formation
process. Increasing mass flow rate leads to solidifica-
tion point moving far from the spinneret and the
decrease in imidization degree. Relative high media
temperature in the spinning path causes the increas-
ing imidization degree, even though this increasing
absolute value is very low.

NOMENCLATURE

A Cross-section area of filament, cm�2

cS Molar concentration of solvent on the gas
side, mol/L

Cf Coefficient of friction drag, (�)
Cp Heat capacity, J/(g �C)
d Diameter of spinneret, cm
DPS Mutual diffusion coefficient
F Tension, N
g Acceleration of gravity, m/s2

h Heat transfer coefficient, W/(m2 K)
ky Mass transfer coefficient on the gas side,

h/ky ¼ 8 cal/(g mol �C)
L Length of spinline, cm
M Molecular weight, g/mol
g0 Zero shear viscosity, Pa s
Nu Nusselt number, (�)
Pc Critical pressure, atm
Pn Degree of polymerization, (�)
PS Vapor pressure of solvent, hpa
R Filament radius, cm
Re Reynolds number, (�)
T Temperature, �C
Tb Atmospheric boiling point, �C
Tbr Tb/Tc, (�)
Tc Critical temperature, �C
Tf Arithmetic mean of filament temperature

and quench air temperature, �C
Tg Glass transition temperature, �C
Tm Melting point temperature, �C
V Velocity of treadline, cm/s
VL Take-up velocity, cm/s
Vza Counter air flow velocity, cm/s
w Mass fraction, (�)
wS,0 Solvent mass fraction on filament surface,

(�)
w0

S Initial Solvent mass fraction of spinning
solution, (�)

W Mass flow rate, g/s
y0 Solvent molar fraction in the bulk gas

phase, (�)
ys Molar fraction of solvent on the gas side

of filament surface, (�)
b Imidization degree of PAA, (�)
q Density of solution, g/cm3

ua Air viscosity, Pa s
s Stress tensor, Pa

Figure 12 Effect of air temperature on glass transition
temperature.
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k Relaxation time, s
_e Tensile strain rate, s�1

D Strain tensor, (�)
DE Flow activation energy, J/mol
DHv Heat of evaporation of the solvent per

unit mass, J/mol

Subscript and Superscript

P Polymer
S Solvent
0 Initial value
z z direction
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