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ABSTRACT: In this study, the effect of spinneret geometry, including the entrance angle a of the entrance channel, the length Ls, and

the diameter D0 of the exit channel, on the spinning dynamics of dry-jet wet-spinning of cellulose/1-butyl-3-methylimidazolium chlo-

ride ([BMIM]Cl) solution was simulated by using finite element method. Based on the mathematical model of dry-jet wet-spinning

established in our previous work (Xia et al., Cellulose 2015, 22, 1963) the radial and axial profiles of velocity, pressure, and shear rate

in the spinneret and the profiles of diameter, temperature, and tensile stress in the air-gap region were obtained. From the simulated

profiles, the effect of spinneret geometric parameters on the flow behavior and the pressure drop of polymer solution in the spinneret

and the die-swell ratio near the spinneret was discussed. The entrance angle a of the entrance channel mainly influences the flow

behavior of polymer solution in the spinneret and the die-swell effect near the spinneret. As the decrease of the entrance angle a of

the entrance channel, the vortices in the spinneret could be removed and the die-swell ratio decreases. The increase of the length Ls

of the exit channel results in the increase of pressure drop in the spinneret and the decrease of the die-swell ratio. It is also found

that the increase of the diameter D0 of the exit channel reduces the flow velocity of polymer solution and decreases the pressure drop

in the spinneret at a constant mass flow rate. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43962.
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INTRODUCTION

Using direct solvents such as N-methylmorpholine-N-oxide1–3

and ionic liquids4,5 to produce regenerated cellulose fibers is an

alternative to the viscose-technology. For such nonderivative

technology, although both wet-spinning5,6 and dry-jet wet-spin-

ning7–9 routes were reported, the later route is commonly

applied in the industry-scale process. The essential difference

between wet-spinning and dry-jet wet-spinning routes could be

summarized into two points. One is that an elongational flow is

added into the air-gap region in which the extruded solutions

are precooled and even translated into gels. Meanwhile, the

polymer chains are stretched and oriented at a certain tensile

stress before fibers enter into the coagulation bath during dry-

jet wet-spinning process.10,11 The effect of air-gap conditions on

the fibers during dry-jet wet-spinning process has been investi-

gated for various polymer solutions.8–11 In fact, the other differ-

ence between wet-spinning and dry-jet wet-spinning is the

spinneret. The length of the spinneret for wet-spinning is short

and the shear flow of the concentrated solution during the spin-

neret could be ignored while the length of spinneret for dry-jet

wet-spinning is usually longer which is similar to that of the

melt spinning, in which the shear flow of the concentrated solu-

tion must be considered.

From the bits and pieces of information, the effect of spinneret

geometry on the spinning technology and structure of fiber

could be seen obviously.12–17 Kirichenko et al.12 reported that

the effect of spinneret geometry on the regularity of the proper-

ties of Capron cord yarn. It was found that in the case of yarns

spun through circular spinnerets the irregularity of the diameter

and birefringence is greater than that for yarns spun through

rectangular spinnerets. A test of the effect of spinneret hole

length on fiber diameter was carried out by Bostwick13 and it

was found that the long holes extruded less materials than the

short holes for a homogeneous polymer solution. Wang et al.16

studied the effects of flow angle and shear rate within the spin-

neret on the separation performance of poly(ethersulfone) ultra-

filtration hollow fiber. The results showed that the flow angle in

the spinneret provides another variable in controlling the pure

water permeability, solute separation, pore size, and pore size

distribution of hollow fibers. Also, Chen et al.17 investigated

that the port angle of the spinneret had a significant influence

on the character of the resultant Janus nanofibers. By
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manipulating this parameter, Janus nanofiber with tunable

structures in terms of width, interfacial area, and also volume

of each side can be fabricated. From above discussions, although

we get the point that spinneret geometry affects structure and

properties of fibers greatly, how the way changes or what is

happened in the spinneret is still an issue. It is not easy for us

to conquer this issue by experiments as the dimension of the

spinneret is pretty tiny and the manufacturing process of the

spinneret is complicated.

As the development of computer technology, simulation is used

as a powerful tool to solve some issues which are not easy to be

measured by experiments, and directly has been widely used in

scientific and industrial fields. Some considerable effects also have

been done by some researchers.18–22 Zhou et al.18 proposed the

optimum spinning condition for the desired noncircular fiber

based on the numerical experiments and the optimum spinning

condition was well validated by experiments. The numerical sim-

ulation could be very efficient in the design and process of

shaped fibers. In our past work,21 the effect of spinneret geome-

try on flow behavior of spinning dope in the spinneret was

reported. However, only an isothermal model was adopted to

simulate the flow behavior in the spinneret and some important

spinning parameters were ignored, such as air-gap lengths, draw

velocity, surrounding temperature, and humidity. Afterwards, a

compressive model22 was established to disclose the dynamics of

dry-jet wet-spinning, in which the effect of viscoelasticity of poly-

mer solution, flow behavior in the spinneret, and nonisothermal

effect in the air-gap region was considered.

Continued with our previous work, the effect of the geometric

parameters of the spinneret on the dynamics of dry-jet wet-

spinning of cellulose/[BMIM]Cl solution was investigated by

numerical simulation in this work. As the spinneret parameters

including the entrance angle a of the entrance channel, the

length Ls, and the diameter D0 of the exit channel varied, the

profiles of velocity, pressure, and shear rate in the spinneret and

profiles of velocity, diameter, temperature, and tensile stress in

the air-gap region were obtained and then flow behavior, pres-

sure drop, and die-swell ratio were discussed further.

MATHEMATICAL FORMULATION

Description of Dry-Jet Wet Spinning Process

In dry-jet wet-spinning process, as shown in Figure 1, a poly-

mer filament is extruded from a spinneret into an air-gap

region at a mass flow rate W and temperature Ti. The filament

is then elongated at an ambient temperature Tamb by a take-up

device with a take-up speed V1. The filament cools as it passes

through the air-gap region with a specific length L, and orienta-

tion begins to occur at a certain take-up force. There is a reduc-

tion in diameter of the filament in the air-gap region at a

certain take-up speed V1. However, after the filament reaches a

distance, the value of filament diameter could not have an

obvious reduction and roughly equals to the value on the first

roller if we neglect the diffusion process in the coagulation

bath. In this case, we think the filament has already reached

complete deformation before entering the coagulation bath.

Therefore, the correlation of Vd 5 V1 is obtained and we will

focus on this situation in the current work. In addition, in

order to study the spinneret geometric effect on dynamics of

dry-jet wet-spinning, the fluid flow will be discussed in the

domain Z0�Z�Z2, shown in Figure 1.

Governing Equation

In dry-jet wet-spinning process, the flow under consideration is

in the steady state and nonisothermal viscoelastic flow without

phase transition encountered in the air-gap region. It is

assumed that the flow direction is vertically downward and the

flow field is axisymmetric. A cylindrical coordinate system is

used, as shown in Figure 1.

Continuity Equation. Cellulose/[BMIM]Cl solution is assumed

as an incompressible viscoelastic fluid and the cooling medium

is atmospheric dry air. Neglecting the mass transfer process

between fluid and cooling medium, the continuity equation can

be written as eq. (1).

r � t50 (1)

where t is the velocity vector.

Momentum Equation. Surface tension and air friction have a

little effect on the force balance equation due to the large vis-

cosity of cellulose/[BMIM]Cl solution.23,24 Therefore, the

momentum equation can be written as eq. (2).

q
ot
ot

1t � rt

� �
5qg1r � s2rp (2)

where q is the density of fluid (for polymer and solvent system,

q is a function of concentration and temperature); g is gravity

acceleration (9.8 m/s2); p is the hydrostatic pressure; s is the

total extra stress tensor; D is the rate-of-deformation tensor.

D5
rt1rtTð Þ

2
(3)

Energy Equation. Neglecting the heat conduction along the

axial direction of the fluid, only the heat transfer process

Figure 1. Schematic illustration of forming process of the dry-jet wet-

spinning process (D is the diameter of entrance channel, D0 is the diame-

ter of exit channel, Ls is the length of exit channel, a is the entrance angle,

other parameters in this figure will be discussed in detail in the article).

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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between cooling medium and fluid is taken into consideration.

Therefore, the energy equation can be written as eq. (4).

qCp

dT

dt
52r � q1s : rm (4)

where Cp is the heat capacity (for polymer and solvent system,

Cp is a function of concentration and temperature); q is the

heat flux.

Constitutive Equation. The constitutive equation is an equation

which can be used to describe the viscoelastic flow of polymer

melts or solutions. According to our previous study,22 an expo-

nential PTT model captures the viscoelastic rheological proper-

ties of cellulose/[BMIM]Cl solution properly, which takes the

following form:

exp
Ek
h

tr sð Þ
� �

s1k 12
n
2

� �
s
r

1
n
2

s
D

� �
52hD (5)

where

s
r

5t � rs-rtT � s2s � rt (6)

and

s
D

5t � rs1s � rtT1rt � s (7)

are, for steady state, the Upper-Convected and Lower-Convected

derivative of the total extra stress tensor s, respectively; k is the

relaxation time. E and n are two important model parameters. e

is elongational parameter, which has a strong influence on the

elongational behavior of the material. n is mobility factor, which

is related to the slip between the molecular network and the

continuum medium. The characteristic feature is that PTT

model incorporates memory effect of material, which is able to

describe the viscoelasticity of polymer solution perfectly.

The effect of the temperature on the viscoelasticity of

polymer solution complies with time–temperature superposi-

tion. Therefore, the relaxation time k and viscosity h can be

expressed as25:

k Tð Þ 5aT k T0ð Þ (8)

h Tð Þ 5aT h0 T0ð Þ (9)

where T is the absolute temperature of polymer solution; T0 is

the reference temperature of polymer solution; aT is shift factor,

which can be obtained from the Arrhenius equation.

ln ðaT Þ5ln
h

h0

� �
5

DH

R

1

T
2

1

T0

� �� �
(10)

In which DH is the flow activation energy, which can be calcu-

lated from shear viscosity data at various temperatures using

the Arrhenius equation. R (58.314 J K21 mol21) is the gas

constant.

Boundary Conditions

Let Ci, Cw, Cf, Cc, and Co denote the inflow, wall, free face, cen-

terline, and outlet boundaries, respectively. The boundary con-

ditions for the dry-jet wet-spinning process under consideration

may be written as

Ci :t5t rð Þ; s5s rð Þ and T 5 Ti (11)

Cw :t50 and T 5 Tw (12)

Cc :tr50; s:nt5 0 and q � n50 (13)

Co :tz5 V1; Fr5 0 and q � n50 (14)

where Ti is the temperature on inflow boundary, Tw is the tem-

perature on wall, n and t are the outward normal and tangent

unit vectors to the boundary, q is the thermal flux, V1 is take-

up speed, Fr is the traction force in radial direction.

The free face conditions can be described as:

Cf :s � n50; t � n50 and q � n5h T 2 Tambð Þ (15)

where h is the heat transfer coefficient, which is related to mate-

rial properties and specific process.

NUMERICAL METHOD

The spinneret is composed of an entrance channel and an exit

channel, shown in Figure 2. In this study, spinnerets with vari-

ous entrance channels and exit channels are designed to investi-

gate the effect of spinneret geometry on the spinning dynamics.

There are three geometric parameters of spinneret we discussed,

including the entrance angle a of the entrance channel, the

length Ls and the diameter D0 of the exit channel. In addition,

the diameter D of the entrance channel and the length of the

spinneret Lt is assumed as 2 mm and 3.6 mm, respectively. The

length L of air-gap region we adopted is 180 mm. The reason

why we employed this value is based on experimental data dis-

cussed in our previous work.22

Simulations are performed by using POLYFLOW software (ver-

sion 14.5), which is a finite-element computational fluid

dynamics software. Figure 2 is the two-dimensional spinning

model and finite element meshing. Because a large velocity gra-

dient generally occurs near the die exit, finer meshes are divided

near the die outlet and sparser meshes are adopted in the direc-

tion away from the die with the successive ratio of 1.02. Within

each element the velocity and temperature component are

approximated by using quadratic interpolation function, the

pressure by a linear function, while the stress is approximated

by an Elastic-Viscous Splitting of the Stress/Streamline-Upwind

Figure 2. Two-dimensional spinning model and finite element meshes.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(EVSS SU) form. EVSS is a technique of finite element methods

where the extra stress tensor is split into purely elastic and vis-

cous components. SU integration of the governing equation

coupled with finite element treatment of equation of motion

and continuity extends the limit of convergence of the numeri-

cal method. Therefore, the combination between EVSS and SU

produce a stable and accurate discretization for flow of visco-

elastic fluids in smooth geometries. The numerical convergence

criterion is 1026.

INPUT PARAMETERS

The simulations were performed on 6 wt % cellulose/[BMIM]Cl

solution in this study. The polymerization degree of cellulose

was 505 and [BMIM]Cl was synthesized and purified in our

Table I. Physical and Rheological Parameters of 6 wt % Cellulose/

[BMIM]Cl Solution Used in the Simulations

Properties Parameters

Density, q (kg/m3) q 5 1234.9–0.505 T

Heat capacity, Cp (kJ/kg�K) Cp 5 1331.7 1 2.743 T

Heat transfer coefficient,
h (W/m2�K)

h 5 k�(v/S)n,
k�59.81, n50.24

Flow activation energy,
DH (kJ/mol)

60.8

Zero shear viscosity at
353 K, h0 (Pa s)

196.8

Relaxation time at 353K, k (s) 0.35

Elongational parameter, e 0.03

Mobility factor, n 0.02

Table II. Processing Parameters for Dry-Jet Wet-Spinning of 6 wt %

Cellulose/[BMIM]Cl Solution Used in the Simulations

Processing parameter Value

Diameter of entrance channel,
D (mm)

2

Diameter of exit channel,
D0 (mm)

0.15, 0.20, 0.30, 0.60

Length of exit channel, Ls (mm) 0.20, 0.40, 0.60, 0.80

Entrance angle, a (8) 30, 45, 60, 90

Mass flow rate, W (g/min) 0.1236

Spinning temperature, Ti (K) 353

Ambient temperature, Tamb (K) 293

Take-up speed, V1 (m/s) 0.12

Air-gap length, L (mm) 180

Figure 3. The profiles of (a) veloctiy streamline, (b) pressure, (c) velocity, (d) shear rate, in the spinneret (Z0�Z�Z1) with various entrance angles a

of exit channel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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laboratory. The water content of [BMIM]Cl measured by the

Karl Fisher titration (ZSD-2 Shanghai Anting Electric Instru-

ments Co. Ltd., China) is less than 0.1 wt % with a precision of

0.05%. The physical and rheological parameters of 6 wt % cellu-

lose/[BMIM]Cl solution are summarized in Table I, which cor-

responding to the material parameters in the simulations. These

parameters were reported in our previous study,22 so the data

was cited directly in this work. The processing parameters are

summarized in Table II.

RESULTS AND DISCUSSION

The entrance angle a of entrance channel, the length Ls and the

diameter D0 of the exit channel are the key parameters for the

designing and processing of the spinneret. Meanwhile, the effect

of the above parameters on the fiber formation could not be

neglected. As the effect of the spinneret parameters on the spin-

ning results is difficult to be measured by experiments, the

dynamics of dry-jet wet-spinning of cellulose/[BMIM]Cl solu-

tion with various spinneret parameters was investigated by the

model we established above. The radial and axial profiles of

velocity, pressure, diameter, temperature, and stress along the

spinning line from the inlet of the spinneret to the end of the

air-gap region will be discussed in detail to illustrate the effect

of the spinneret parameters on flow behavior, the pressure drop,

and die-swell ratio of the polymer solutions.

During the dry-jet wet-spinning process shown in Figure 1, the

flow of polymer solution consists of two processes, one process is

Figure 4. Comparison of overall pressure drop DP at different entrance

angles a of entrance channel.

Figure 5. The profiles of (a) veloctiy, (b) diameter, (c) temperature, (d) tensile stress, in the air-gap region (Z1�Z�Z2) for the solution extruded from

the spinneret with various entrance angles a. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Comparison of die-swell ratio B at different entrance angles a

of entrance channel. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the contraction flow in the spinneret and the other is the elonga-

tional flow in the air-gap region. Therefore, we will discuss the

effect of spinneret geometric parameters on the spinning dynam-

ics starting from the flow behaviors in the spinneret.

The Entrance Angle a of the Entrance Channel

In this section, a variable entrance angle a of the entrance chan-

nel with definite Ls 5 0.60 mm and D0 5 0.20 mm is firstly

employed. The input parameters and the boundary conditions

are consistent with we discussed above.

The comparison of profiles of velocity streamline, pressure,

velocity, and shear rate in the spinneret with different entrance

angles a of the entrance channel under definite Ls 5 0.60 mm

and D0 5 0.20 mm is shown in Figure 3. It is found that the

entrance angles a has little effect on the profiles of pressure,

velocity, and shear rate in the spinneret. However, there are vor-

tices existing in the corner of the spinneret and the size of these

vortices decreases with the decrease of entrance angles a of the

entrance channel, shown in Figure 3(a). These vortices can lead

to “dead” region, which increase the residence time of fluids in

the spinneret and reduce the efficiency of transportation. Fortu-

nately, the vortices are completely removed when the entrance

angle a 5 458, which suggests that the fluids can flow steadily in

the spinneret. It is reported that the formation of vortices not

only relates to the rheological properties of polymer solu-

tion,26,27 but also correlates the geometry of flow channel.28,29

Therefore, it is a direct and effective way to eliminate the vorti-

ces by decreasing the entrance angle a of the entrance chan-

nel.30–32 In addition, the variation of entrance angles a has little

effect on the overall pressure drop DP in the spinneret, which is

defined as the pressure drop for flowing from the start area to

goal area, shown in Figure 4.

Figure 5 shows the comparison of profiles of velocity, diameter,

temperature, and tensile stress in the air-gap region for the

solution extruded from the spinneret with different entrance

Figure 7. The profiles of (a) veloctiy streamline, (b) pressure, (c) velocity, (d) shear rate, in the spinneret (Z0�Z�Z1) with various lengths Ls of exit

channel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Comparison of overall pressure drop DP at different lengths Ls

of exit channel.
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angles a of the entrance channel under definite Ls 5 0.60 mm

and D0 5 0.20 mm. It can be found that there is little change of

velocity, diameter, temperature, and tensile stress in the air-gap

region as the variation of entrance angle a. However, the varia-

tion of entrance angle a of the entrance channel influences the

die-swell ratio B, which is defined as B 5 Dmax/D0. Here, Dmax

is the maximal value of diameter; D0 is the diameter of the exit

channel, shown in Figure 6. As shown in Figure 6, the depend-

ence of entrance angle a on die-swell ration B could be divided

into two parts. The part 1 shows that the die-swell ratio B

increases with the increase of entrance angle a in the range

from 308 to 608 and could be concluded as following equation:

B 5 1.470 1 6.667 3 1024a. During the part 2, as the entrance

angle a increases, there is no significant variation in die-swell

ratio B. The equation could be expressed as B 5 1.470. It also

indicates that elastic deformation could reach the maximal value

at a certain entrance angle a. For this phenomena, it could be

attributed to the extending of the flowing length, which makes

the polymer chains have more sufficient time to relax, as well as

the reduction of the velocity gradient along the flow direction

with the decrease of the entrance angle a.

The Length Ls of the Exit Channel

Next, the effect of the length Ls of the exit channel on the

dynamics of dry-jet wet-spinning of cellulose/[BMIM]Cl solu-

tion will be discussed. Here, the entrance angle a of the

entrance channel and the diameter D0 of the exit channel are

fixed at 458 and 0.20 mm, respectively. The input parameters

and the boundary conditions are consistent with we discussed

above.

Figure 7 shows the comparison of profiles of velocity streamline,

pressure, velocity, and shear rate in the spinneret with different

lengths Ls of the exit channel under definite D0 5 0.20 mm and

a 5 458. It can be found that the variation of the length Ls of

the exit channel has little effect on the profiles of velocity

streamline, velocity, and shear rate. As fluid elements approach

the contraction, they begin to converge into trickle and flow

more rapidly into the downtown, shown in Figure 7(a). This

tapering effectively reduces the cross-sectional area of flow and

contributes to the pressure drop, shown in Figure 7(b). In order

to show the variation of velocity in the spinneret clearly, the

data along the centerline was extracted and plotted in Figure

7(c). From the initial stage of the spinning line, there is no

increase in the velocity and an abrupt increase of velocity was

observed at a location approximately 2.5 mm. The velocity

Figure 9. The profiles of (a) veloctiy, (b) diameter, (c) temperature, (d) tensile stress, in the air-gap region (Z1�Z�Z2) for the solution extruded from

the spinneret with various lengths Ls of exit channel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. Comparison of die-swell ratio B at different lengths Ls of exit

channel. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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starts to increase dramatically in the vicinity of the contraction

area.

As shown in Figure 7(b), the pressure in the spinneret varies

greatly with the length Ls of the exit channel. It can be found

that the pressure keeps increasing with the increase of the length

Ls, but the shape of pressure profile along the flow path are

similar to each other. For each pressure profile, there is almost

no decay in the pressure in the initial region. The pressure

begins to decrease linearly when the solution is flowing in the

vicinity of the contraction. The presence of an abrupt contrac-

tion during pressure driven flow of polymer solution gives rise

to an additional pressure drop associated with relevant storage

and viscous dissipation of the deformation energy.33 In order to

estimate the dissipated energy in the spinneret, overall pressure

drop DP is employed, shown in Figure 8. It can be found that

the overall pressure drop DP increases linearly with the increase

of length Ls of the exit channel, which suggests that it is easier

for longer channel to dissipate energy in the spinneret.

Figure 9 shows the comparison of profiles of velocity, diameter,

temperature, and tensile stress in the air-gap region for the

solution extruded from the spinneret with different lengths Ls

of the exit channel under definite D0 5 0.20 mm and a 5 458.

Obviously, the variation of the length Ls of the exit channel has

little effect on the profiles of velocity, diameter, temperature,

and tensile stress. As shown in Figure 9(a), there is a reduction

in velocity profile in the region close to the spinneret, which

corresponds to the die-swell phenomena in diameter profile

shown in Figure 9(b). When the polymer solution is flowing

Figure 11. The profiles of (a) veloctiy streamline, (b) pressure, (c) velocity, (d) shear rate, in the spinneret (Z0�Z�Z1) with various diameters D0 of

exit channel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Comparison of overall pressure drop DP at different diameters

D0 of exit channel.
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through the spinneret, there is a mix of shear and extensional

deformation. Therefore, most of energies are stored in the form

of elastic deformation. When the fluids are extruded from the

exit channel, elastic deformation recovers and die-swell effect

occurs. Figure 10 shows the comparison of die-swell ratio B at

different lengths Ls of the exit channel. As shown in Figure 10,

the die-swell ratio B decreases linearly with the increase of the

length Ls of exit channel and could be concluded as following

equation: B 5 1.557 2 0.132Ls. It is found that the die-swell

ratio B decreases from 1.533 to 1.454 with the length Ls of the

exit channel increasing from 0.20 mm to 0.80 mm. It means

that the increase of the length Ls of the exit channel can help to

reduce the die-swell effect in the polymer processing, which is

attributed to the relaxation of polymer chains.34,35

The Diameter D0 of the Exit Channel

Beside the length Ls of the exit channel, the diameter D0 of the

exit channel is another important parameter for the spinneret.

In this section, we will discuss the effect of the diameter D0 of

the exit channel on the dynamics of dry-jet wet-spinning of cel-

lulose/[BMIM]Cl solution. The length Ls of the exit channel

and the entrance angle a of the entrance channel are fixed at

0.60 mm and 458, respectively. The input parameters and the

boundary conditions are consistent with we discussed above.

Figure 11 shows the comparison of profiles of velocity stream-

line, pressure, velocity, and shear rate in the spinneret with dif-

ferent diameters D0 of the exit channel under definite

Ls 5 0.60 mm and a 5 458. It can be found that the variation of

the diameter D0 of the exit channel has a significant effect on

the profiles of velocity streamline, pressure, velocity, and shear

rate in the spinneret. At a constant mass flow rate W, the varia-

tion of diameter D0 results in different extrusion velocities

shown in Figure 11(a,c), which also affects the shear rate in the

spinneret shown in Figure 11(d). As shown in Figure 7(c), poly-

mer solution acts like creep flow in the initial region, so there is

no much difference in velocity. Afterwards, the velocity profiles

start to increase and diverge due to the contraction flow. The

overall pressure drop DP in the spinneret is also affected greatly

by the diameter D0 of the exit channel, shown in Figure 12. It

can be found that the overall pressure drop DP decreases dra-

matically when the diameter D0 of the exit channel is in the

range from 0.15 mm to 0.30 mm. Afterwards, as the diameter

D0 of the exit channel increases, there is little effect on the over-

all pressure drop DP. It also indicates that more deformation

energy is dissipated in the spinneret with a smaller diameter.

Figure 13. The profiles of (a) veloctiy, (b) diameter, (c) temperature, (d) tensile stress, in the air-gap region (Z1�Z�Z2) for the solution extruded

from the spinneret with various diameters D0 of exit channel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 14. Comparison of die-swell ratio B at different diameters D0 of

exit channel. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Figure 13 shows the comparison of profiles of velocity, diame-

ter, temperature, and tensile stress in the air-gap region for the

solution extruded from the spinneret with different diameters

D0 of the exit channel under definite Ls 5 0.60 mm and a 5 458.

The variation of the diameter D0 of the exit channel has an

obvious effect on the profiles of velocity, diameter, and tensile

stress in the air-gap region. As shown in Figure 13(b), for the

polymer solution extruded from the exit channel with a small

diameter (D0 5 0.15 mm), the diameter of fiber increases in a

smooth fashion firstly and then drop gradually. In contrast, for

the polymer solution extruded from the exit channel with a

large diameter (D0 5 0.60 mm), one observes a fast increase of

diameter of fiber and then reduce abruptly till diameter close to

the final diameter. The diameter D0 of the exit channel also

influences the die-swell effect shown in Figure 14. As shown in

Figure 14, the die-swell ratio B decreases exponentially with the

diameter D0 of the exit channel and could be concluded as fol-

lowing equation: B 5 2.801exp(218.182D0) 1 1.446. The die-

swell ratio B firstly reduces sharply with the increase of the

diameter D0 of the exit channel from 0.15 mm to 0.30 mm.

Afterwards, as the diameter D0 of the exit channel increases, the

die-swell ratio B decreases slowly. As it is known that the

increase of the diameter D0 of the exit channel leads to the

reduction in velocity in the spinneret, which also results in a

small shear rate in the spinneret. It is not helpful for polymer

chains to generate orientation and stretch in the spinneret.

Therefore, little elastic energy of polymers chains has been

stored in the spinneret and then lead to a reduction in die-swell

phenomena. As shown in Figure 13(d), the tensile stress is non-

uniform in the radial direction and the surface tensile stress is

always much higher than the centerline tensile stress. For the

surface tensile stress, there is a relatively large value when the

filament is extruded from the spinneret. For a very small dis-

tance beneath the spinneret, there is a drop in surface tensile

stress, which due to the sudden change of the boundary condi-

tions from nonslip to free-surface.36 Afterwards, the surface ten-

sile stress starts to increase at a certain take-up speed. For the

centerline tensile stress, it starts to increase gradually when the

filament comes out from the spinneret. The tensile stress differ-

ence between surface and centerline approaches gradually with

the increase of the distance from the spinneret. Another intrigu-

ing thing is that the stress difference becomes small with the

increase of the diameter D0 of the exit channel. The uniform

tensile stress may result in the uniform microstructure of the

filament, ultimately leads to the excellent fiber properties.37

CONCLUSIONS

The effect of spinneret geometry, including the entrance angle a

of the entrance channel, the length Ls, and the diameter D0 of

the exit channel, on the dynamics of dry-jet wet-spinning of cel-

lulose/[BMIM]Cl solution was predicted by the numerical simu-

lation technology. From the simulated results, the entrance

angle a of the entrance channel mainly influences the flow

behavior of polymer solution in the spinneret, which also leads

to a significant effect on the velocity distribution in the spin-

neret and die-swell ratio near the spinneret. The decrease of the

entrance angle a of the entrance channel could remove the vor-

tices in the corner of the spinneret and reduce die-swell ratio B.

However, the variation of the entrance angle a has little effect

on the profiles of velocity, diameter, temperature, and tensile

stress in the air-gap region. It suggests that a steady flow and an

appropriate orientation of polymer solutions in the spinneret

could be achieved by optimizing the entrance angle a of the

spinneret. The length Ls of the exit channel only affects the

pressure drop in the spinneret and die-swell ratio B near the

spinneret significantly. By varying the length Ls of the exit chan-

nel, the spinability of the polymer solutions could be adjusted

by controlling the pressure drop and the die-swell ratio B.

Besides, at a constant mass flow rate and draw velocity, the

increase of the diameter D0 of the exit channel is an effective

way to reduce the extrusion velocity, pressure drop, and shear

rate in the spinneret, resulting in a reduction in the die-swell

ratio B as well as tensile stress.
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