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ELECTROHYDRODYNAMICS OF ELECTROSPINNING PROCESS

Alexandre F. Spivak, Ph.D.

University of Nebraska, 2000

Advisor: Yuris Dzenis

The emerging technology of manufacturing of polymer nanofibers by the electro-
spinning method is addressed in this dissertation. Rapidly growing interest in the electro-
spinning process is based on a large number of current and potential applications of
polymer nanofibers. Major subprocesses of the electrospinning process, i.e. jet initiation,
steady state spinning, and jet instabilities, are studied analytically in this dissertation. Jet
initiation is treated as a problem of shape evolution of a charged liquid meniscus. A closed
form solution for the meniscus shape is obtained and analyzed and a criterion for jet initi-
ation is derived. A steady state electrospinning model is developed. A governing equation
for the jet radius is derived from the general coupled electrohydrodynamic equations.
Non-linear rheological behavior of the polymer fluids is taken into account. An asymptotic
solution for the long jets is obtained and analyzed. Stability of a rectilinear jet is analyzed
by modeling axisymmetric and non-axisymmetric jet radius fluctuations. An equation for
the critical initial jet radius is derived. It is shown that the initial jet radius does not depend
on the size of the capillary tube. Bending instability of an electrospun jet is considered. A
general model is formulated taking into account viscoelastic properties of a polymer fluid.

Governing equations for the viscoelastic jet bending are derived and analyzed. Numerical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



simulations of the kinetics of bending instability development are performed. A criterion
of bending instability is derived. Experimental studies of the electrospinning process are
also conducted. Experimental observations are compared with the theoretical predictions.
The electrospinning process zone, starting at the point of the first bending instability and
extending to the nanofiber collection area, is experimentally studied for the first time. Spa-
tial distributions of the mass flow rate, current density, and jet segment diameters are
obtained and analyzed. The theoretical and experimental results provide better under-
standing of the complicated electromechanical process and can be used for the design of

improved electrospinning devices.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACNOWLEDGEMENTS

I would like to thank my advisor, Prof. Yuris Dzenis for his guidance, interest, and support
of this research. His keen insight was indispensable to the success of this work. As a serious
researcher, he showed me how to maintain high academic standards by using critical judgment.
From him, I have learned not only on the academic perspectives but also on the aspects of philoso-
phy of human life. I am very grateful for his guidance, encouragement, and criticism of this
research and writing of my dissertation. I am very grateful for his continuous help with my manu-
scripts. I am also grateful to Prof. Darrell Reneker for his strong interest in my research. I appreci-
ate his collaboration and support of the experimental and theoretical study of electrospinning. 1

admire his deep knowledge and understanding of this complex process.

I would like to thank Mrs. Jing Lin who worked as a research technician in the electrospin-
ning laboratory at UNL; Ms. Laura Barnhart who worked as an undergraduate research assistant
(NSF REU program) under the supervision of Prof. Dzenis and me; and Mr. Edward L. Zechmann,
who also worked as an undergraduate research assistant in the electrospinning laboratory. Also, I
would like to thank Mr. Georg Bechtold and Mr. Stefan Schmitt from the Institute of Composite
Materials, University of Kaiserslautern, Germany for hosting my visits and participation in my
research. Special thanks to all members of the Department of Engineering Mechanics at UNL,
especially to Ms. Betty Shtukenholtz. I am indebted to many of my fellow graduate students in the
Department. The past several years with them have been an eternal memorable time for me. My
wife, Eugenija deserves particular thanks for her enduring patience and support, without which
this work could not have been possible. I would like to thank my other family members and friends
who gave me moral support when I needed it the most. This research was supported by the

National Science Foundation through several grants to Prof. Dzenis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

List of Figures
List of Tables

Nomenclature

Chapter 1: Introduction

1.1 Nanotechnology
1.2 Nanoscale and nanostructured materials
1.3 Electrospinning method of manufacturing of polymer nanofibers
1.4 Potential use of electrospun nanofibers
1.5 State of knowledge on the electrospinning process
1.5.1 Experimental results
1.5.2 Instabilities of the electrospinning process
1.5.3 Current research
1.6 Related processes
1.6.1 Conventional mechanical fiber spinning
1.6.1.1 Classification of mechanical spinning methods
1.6.1.2 Spinnability of polymer fluids
1.6.1.3 Dynamics of mechanically driven polymer jets

1.6.2 Electrostatic atomization

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Xi

10

10

13

15

16

16

17

19

20

22



1.6.2.1 Definition and flow mode classification
1.6.2.2 The Rayleigh instability
1.6.3 Comparison of the electrospinning and related processes

1.7 Summary and problem formulation

Chapter 2: Jet Initiation

2.1 Preliminaries

2.2 Approach

2.3 Model development
2.3.1 Meniscus shape approximation
2.3.2 General coupled problem formulation
2.3.3 Closed form solution for electrostatic field
2.3.4 Force balance at meniscus apex

2.4 Analysis
2.4.1 Isobaric solutions of the force balance equation
2.4.2 Meniscus existence and jet initiation

2.5 Experimental observations

2.6 Conclusions

Chapter 3: Steady State Electrospinning

3.1 Preliminaries

3.2 General coupled problem formulation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

22

26

28

30

34

34

38

45

45

47

50

53

55

35

56

59

64

65

65

66



3.3

3.4

35

3.6

3.7

Chapter 4: Stability Analysis of Steady State Rectilinear Jet

4.1

4.2

4.3

4.4

4.5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Weakly conductive fluid approximation
3.3.1 Characteristic charge decay length
3.3.2 Convection-conduction number
Governing equations for a slender jet
3.4.1 Power-law constitutive equation
3.4.2 Reduced one-dimensional governing equation
Analysis
3.5.1 Dimensionless governing equation
3.5.2 Numerical solution
3.5.2.1 Effect of surface tension
3.5.2.2 Effect of viscosity
3.5.3 Asymptotic solution
3.5.4 Analysis of asymptotic exponent
Experimental verification

Conclusions

Preliminaries

Approach

General coupled problem formulation
Reduced one dimensional formulation

Solution for the fluctuation parts of unknowns

68

69

70

72

72

74

75

75

77

77

79

81

84

88

89

91

91

93

95

97

99



4.6

4.7

4.8

4.9

4.5.1

Correlation function for jet radius

Analysis

4.6.1

4.6.2

4.6.3

Jet stability criterion
Simplified jet stability criterion

Effect of conductivity

Experimental verification: initial jet radius

Non-axisymmetric mode instability

Conclusions

Chapter 5: Bending Instability

5.1

Preliminaries

5.2 Approach

5.3 Tllustration of mechanisms: Discrete model of jet bending instability

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

53.1

532

533

Model description
Electrodynamic equations

Numerical analysis

Continuum model of viscoelastic jet segment: elongation

54.1

542

543

544

5.4.5

Intrinsic coordinates

Balance equations

Evaluation of electric force
Viscoelastic constitutive response

Governing electrodynamic equation

102

104

104

107

109

112

114

122

123

123

127

130

130

131

135

141

141

142

142

144

145



5.4.6 Closed-form solution for elastic segment
5.47 Numerical simulation for viscoelastic segment
5.4.7.1 Dimensionless formulation
5.4.7.2 Finite difference model
5.4.7.3 Results and discussion
5.5 Continuum model of viscoelastic jet segment: bending
5.5.1 General two-dimensional problem formulation
5.5.2 Evaluation of transverse electrical force
5.5.3 Governing electrodynamic equation of jet bending
5.5.4 Numerical analysis
5.5.4.1 Dimensionless formulation
5.5.4.2 Finite difference model
5.5.4.3 Results and discussion
5.6 Criterion for bending instability
5.7 Homogeneous elongation of jet between bending events

5.8 Conclusions

Chapter 6: Experimental Analysis of Electrospinning Process Zone

6.1 Preliminaries
6.2 Experimental set-up
6.2.1 Electrospinning apparatus

6.2.2 FEM analysis of electric field distribution

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

146

151

151

152

153

159

159

160

161

162

162

163

164

168

168

170

171

171

172

172

175



6.2.3  Analysis of corona discharge
6.2.4 Polymer fluids studied
6.3 Experimental characterization of the process zone
6.3.1 Electric current density distribution
6.3.1.1 Point probe method
6.3.1.2 Results and discussion
6.3.2 Mass flow rate density distribution
6.3.2.1 Methods of analysis
6.3.2.2 Results and discussion
6.3.3 Jet diameter distribution
6.3.3.1 Method of analysis
6.3.3.2 Results and discussion
6.4 Conclusions
References
Appendices
A Derivation of equation for paraboloid apex curvature
B Introduction to the theory of random processes
C Derivation of equation for electric pressure fluctuation
D Limiting approximate solutions for discrete model of bending event

E Analysis of spinnability of PEO solutions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

177

179

182

182

182

183

185

185

188

191

191

194

198

200

211

212

214

219

224

229



List of Figures

Figure 1.1  Schematic of the electrospinning process.

Figure 1.2 SEM and AFM images of electrospun PBI-nanofibers. The fiber diameter is
about 350 nm.

Figure 1.3  Schematic of the mechanical fibre-spinning process. The polymer liquid feed-
stock is forced through a small orifice into the atmosphere or into a fluid bath

for ossification before winding on a take-up drum [11].

Figure 1.4 Schematics of the jet shapes for gravitational flow of a Newtonian fluid (a),

and conventional mechanical spinning line (b).

Figure 1.5 Schematic of the Rayleigh (varicose) instability of a rectilinear jet in a cone-
jet mode. Surface electric charges are marked by “+”; E is external electric

field and 'V is jet velocity.

Figure 1.6  Fluids and driving forces used in electrospinning, conventional spinning, and

electrostatic atomization processes.

Figure 2.1  Shape evolution of a charged polymer liquid meniscus placed on the surface
of a conductive ball. The experiments performed in the electrospinning labo-

ratory at UNL.

Figure 2.2 FEA model of electrospinning apparatus (a) and equipotential lines inside of

axisymmetrical FEA domain (b).

Figure 2.3 FEA simulation: vector plot of the electrostatic field near apex of a conductive

meniscus approximated by paraboloid of revolution. The length of the arrows

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 3.1

ii

is proportional to the electric field.

Coordinate lines of the coordinates and of the parabolic system. The surface

of the parabolic meniscus is shown by a solid line.

Equipotential lines near conductive meniscus apex computed by the closed

form solution eq. (2.17)

Isobaric solutions of the force balance equation (2.24) for different values of .

Meniscus existence diagram. Evolution of the system parameters with in-

creasing electric field is shown by arrows.

Graphical solution of eq. (2.27). The solutions correspond to the points of in-

tersection of the plotted function and a horizontal line.

A schematic of the experimental set-up for study of jet initiation. The electric

field is shown by dashed lines.

Deformation of a pendant drop held by surface tension on the surface of a

charged conductive ball and the measured parameters.

Measured radius of curvature, , and length, , of the pendant drop versus ap-

plied voltage .

Ratio of characteristic meniscus length to radius of curvature versus applied

voltage, . Calculated critical value is shown by the dashed line.

Steady state jet of an aqueous polyethylene oxide solution (Mw = 900,000 g/
mole, C= 5g/dl). Outer diameter of a capillary tube is about 1 mm. An exam-
ple of a jet starting form the surface of a pendant drop. External electric field

is E = 32 kV/m, initial jet radius is about 64 mm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

iii
Dimensionless jet radius versus dimensionless jet length. Numerical integra-

tion was done for different values of Weber number Nw = {14., 1.4, 0.027,

0.013, 0.007}, Reynolds number was , Euler number , flow index was m = 0.5.

Dimensionless jet radius versus dimensionless jet length. Numerical integra-
tion was done for different values of Reynolds number NR = {0.25, 0.025,
0.0025, 0.00025}, Weber number was , Euler number , flow index was m =

0.5.

Logarithm of Reynolds number plotted for different values of “consistency
index” and “flow index”. The calculation was made for, =40 kV/m, , . Flow

index is varied in a range from 0.25 to 1.5.

Results of numerical integration of the eq.(3.25) for the flow indices .

Variation of the dimensionless jet radius with dimensionless coordinate:
Comparison of the numerical solution of the eq. (3.20) (line) with the experi-

mental data (dots)

Electrospun jet ejected from a meniscus at the end of a capillary tube. The ex-

periments were performed at the University of Akron.

Characteristic jet radius versus ratio of total electric current to flow rate. Dots
show experimentally obtained initial jet radius values; solid line represent the-
oretical predictions. The jet radius was measured for the aqueous polyethyl-

ene oxide (PEO) solution with concentration 6 g /dl.

Non-axisymmetric mode shapes (kj ={1,2,3}) of the jet cross-section fluctu-

ations

Schematic of time evolution of the jet cross-section fluctuations for the first

sine mode perturbations. Here, time moments and correspond to one and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.5

Figure 4.6

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

iv

three quarters of a mode period.

The parameter, eq.(4.67), of the first mode shape fluctuation as a function of

the wave vector .

SEM images of splayed PET-nanofibers. The scale bar is one micron. The ex-

periment was performed in the electrospinning laboratory at UNL.

Images of electrospinning jet with different exposure times: 16.7 ms (a) and

1.0 ms (b). The experiments were performed at the University of Akron.

An example of jet bending instabilities. Expanding loops in the left parts of
the frames represent the second phase instability. Transformation of a nearly
straight thin segment into a wavy jet in the upper parts of the frames represent
the third phase instability. Initial radius of the jet shown on the pictures is
about 100 mm. The exposure time between the frames is about 1 ms. The ex-
ternal electric field is shown by the arrow. The experiments were performed

at the University of Akron.
Illustration of a single bending event.

A schematic of a jet consisting of rectilinear segments (a) and the forces act-
ing on the rectilinear (b) and perturbed (c) segments: w is perturbation deflec-

tion of the segment axis.

A schematic of discrete model of bending instability. The system consists of
three equal particles that are linked by viscoelastic fibers. The particles are
marked by the indices {-1,0,1}. The mass of each particle is denoted by and
the electric charge is denoted by . The fiber length is .

A schematic of symmetric three particle system.

Kinetics of the viscoelastic forces calculated for different values of the param-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



eter Nh, while the value of the parameter, Nq= 10, remains constant.
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solution was obtained for model parameters and . Solid lines plotted for cor-
respond to the first phase in which the force magnitude increases. Dashed

lines plotted for correspond to the second phase in which the force magnitude
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Figure 5.16 Evolution of dimensionless stress distribution along the viscoelastic jet seg-
ment. Numerical solution was obtained for model parameters and . Solid lines
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magnitude decays.

Figure 5.17 Evolution of the dimensionless force maximum calculated for model param-
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ends.
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Total electric current of corona discharge. The measurements were made at
room temperature, atmospheric pressure, and humidity about 80%. The diam-

eter of the lower electrode used as a collector of corona ions was 39 cm.

SEM image of droplet/bead structure obtained by electrospinning of aqueous
PEO solution (Mw = 400,000 g/mole and concentration C= 3 g/dl) at 15 kV.
The experiment was performed in the electrospinning laboratory at UNL by
Laura Barnhart.

SEM image of nanofibers obtained by electrospinning of aqueous PEO solu-
tion (Mw = 400,000 g/mole and concentration C= 10 g/dl) at 15 kV. The ex-
periment was performed in the electrospinning laboratory at UNL by Laura
Barnhart.
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were performed on the PEO solution with molecular weight Mw = 900,000 g/

mole and concentration C= 5g/dl.
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with molecular weight Mw = 900,000 g/mole and concentration C= 5g/dl.

Figure 6.13 Total electric current as a function of applied electrostatic field. The experi-
ments were performed on the PEO solution with molecular weight Mw =
900,000 g/mole and concentration C= 5g/dl.

Figure 6.14 Height profiles of two randomly selected nanofibers. Locations of the lines

are shown on the 2D AFM contour plot.
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kV.

Figure 6.18 Fiber diameter distribution across the deposition area. Applied voltage is 16
kV.

Figure 6.19 Fiber diameter as a function of vertical probe coordinate measured from fiber
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Figure 6.20 Fiber diameter as a function of vertical probe coordinate measured from fiber

collector. Applied voltage is 16 kV. Dashed line indicates the extent of jet in-
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stability zone (distance from collector to cone vertex).

Figure D1  Evolution of the central particle position, , as a function of dimensionless
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