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This study focuses on a numerical investigation of an initial stable jet through the air-sealed electro- 

centrifugal spinning process, which is known as a viable method for the mass production of nanofibers. 

A liquid jet undergoing electric and centrifugal forces, as well as other forces, first travels in a stable 

trajectory and then goes through an unstable curled path to the collector. In numerical modeling, 

hydrodynamic equations have been solved using the perturbation method—and the boundary integral 

method has been implemented to efficiently solve the electric potential equation. Hydrodynamic 

equations have been coupled with the electric field using stress boundary conditions at the fluid-fluid 

interface. Perturbation equations were discretized by a second order finite difference method, and 

the Newton method was implemented to solve the discretized non-linear system. Also, the boundary 

element method was utilized to solve electrostatic equations. In the theoretical study, the fluid was 

described as a leaky dielectric with charges only on the surface of the jet traveling in dielectric air. The 

effect of the electric field induced around the nozzle tip on the jet instability and trajectory deviation 

was also experimentally studied through plate-plate geometry as well as point-plate geometry. It was 

numerically found that the centrifugal force prevails on electric force by increasing the rotational 

speed. Therefore, the alteration of the applied voltage does not significantly affect the jet thinning 

profile or the jet trajectory. Published by AIP Publishing. https://doi.org/10.1063/1.5001808 

 
 

I. INTRODUCTION 

Fibers with diameters of 100–500 nm, known as 

nanofibers, have attracted considerable attention in the last 

decade—owing to their unique characteristics and potential 

applications with regard to medical textiles, filtration, pro- 

tective textiles, electronics, and optics.1 So far, many differ- 

ent techniques such as force-spinning,2 electro-spinning,3,4 

melt blowing,5 phase separation,6 self-assembly,7 and tem- 

plate synthesis8,9  have been introduced for the fabrication  

of polymer nanofibers. Among them, electro-spinning is a 

well-established and intensively investigated methodology, 

and it appears to be the only known technique that is suit- 

able to fabricate continuous nanofibers. However, a major 

shortcoming of electro-spinning is the low production rate 

compared to conventional fiber spinning. Heretofore, several 

efforts have been made to increase the production rate of 

nanofibers. 

One of the mass production methods of nanofibers is to 

utilize centrifugal force rather than electric force (as in electro- 

spinning) or to combine centrifugal and electric forces simul- 

taneously. Force-spinning,10 electro-centrifugal spinning,11
 

centrifuge spinning, a liquid jet undergoes centrifugal force, 

Coriolis force, viscous effects, and air drag.2 Coriolis and drag 

forces serve to bend up the jet trajectory. In fact, air resistance 

causes the liquid jet to deflect, progressively. 

When the liquid jet is exposed to the high-speed air- 

flow, the jet loses its solvent rapidly. Therefore, it becomes 

more difficult to elongate the jet, which leads to thicker 

nanofibers.1 Recently published work has presented the air-

sealed electro-centrifugal spinning as a mass produc-  tion 

method of nanofibers which eliminates the air resis- tance in 

centrifuge spinning.12 In current work, air-sealed electro-

centrifugal spinning has been used for experimental 

purposes. 

Studies on the irrotational curved liquid sheets and jets 

have been done by Vanden-Broeck and Keller,13 Entov and 

Yarin,14 Dias and Vanden-Broeck,15 Finnicum et al.,16 Cum- 

mings and Howell,17 Hohman et al.,3 and Reneker and 

Yarin.18
 

Wallwork et al.,19 Decent et al.,20 Wong et al.,21 and 

Părău et al.22 experimentally and numerically investigated the 

prilling process for the production of fertilizers, considering a 

air-sealed   centrifuge   spinning,1     and   air-sealed   electro- 
centrifugal spinning12  all have proven successful as viable 

rotational jet. 
Dabirian et al. 23–25 have experimentally investigated 

methods to mass-produce polymeric nanofibers, allowing a 

significant increase in yield and simplifying the production. In 
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electro-centrifugal spinning. They found that increasing the 

electrical voltage has no effect on the nanofiber diameter, 

and the diameter of the nanofibers increases with increas- 

ing rotational speed. Also, a proper adjustment of the solu- 

tion concentration, applied electric voltage, and rotational 

speed causes a significant increase in the production rate of 
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nanofibers—rather than that of the electro-spinning process. 

Valipouri et al.1 presented a numerical and experimental inves- 

tigation on liquid jet dynamics through air-sealed centrifuge 

spinning. They observed fairly good agreement between the 

isolated jet trajectory and the model-predicted  one. Also, 

the liquid jet trajectory through air-sealed centrifuge spin- 

ning as well as non-isolated centrifuge spinning was exper- 

imentally studied; and it was found that the non-isolated jet 

curved more compared to the others, which is due to air 

drag. 

The present study focuses on investigating the behavior 

of an incompressible Newtonian leaky dielectric jet through 

air-sealed electro-centrifugal spinning. We considered only 

the steady stretching process of the liquid jet. Electro- 

hydrodynamic (EHD) equations were derived using the per- 

turbation method. The electrostatic equation—which is the 

Laplace equation—was solved using the boundary integral 

technique, as conducted by Lac and Homsy.26 In order to 

describe the dynamics of electric charge transport at the fluid- 

fluid interface, we used the charge conservation equation as 

proposed by Saville.27 The main essential transport mecha- 

nisms in this equation are as follows: the charge accumulation 

at the interface due to conduction and the jump in the conven- 

tional charge current in the bulk across the interface; surface 

convection of the interfacial charges; the effect of stretching of 

the interface; and surface conduction. In the present study, due 

to low flow rates and high voltages, the charge convection term 

can be eliminated from the governing equation. Moreover, 

by assuming an instantaneous migration of electric charges 

toward the interface, a concentration change due to the surface 

dilation in the transport of electric charges is negligible, and the 

electric current across the interface will become continuous. 

Hence, the surface charge conservation equation is reduced to 

a boundary condition at the interface. This model, which was 

well adopted for the leaky dielectric systems, is called the static 

model for surface charges. Moreover, the proposed numerical 

method to solve the governing electrical equation is capable 

of mimicking the effect of the nozzle in the applied elec-  

tric field without considering its geometry. Subsequently, the 

resulting irregularity around the nozzle will be automatically 

compensated. In addition, the effect of unevenness of the elec- 

tric field around the nozzle tip was experimentally studied 

through plate-plate geometry as well as point-plate geome- 

try. It was observed that connecting the high voltage source 

to the nozzle will result in more irregularity in the electric 

field around the nozzle. This irregularity causes instabilities 

and elongates the jet in a shorter distance from the noz-     

zle at the low applied electric field. For the sake of valida- 

tion, current numerical results were compared to experimental 

results. 

 

A. Spinning process 

The spinning process was carried out through air-sealed 

electro-centrifugal spinning, introduced as follows (Fig.1).  

A syringe filled with a solution was held close to a rotat-  

ing cylindrical receptacle. A nozzle attached to the syringe 

was electrified by applying an electric field between the noz- 

zle and the cylindrical collector. When the rotational speed of 

the rotary head and the electric potential difference increase 

enough to exceed the surface tension, a fluid jet ejects from 

the tip of the nozzle. The electric force and the centrifugal 

force stretch the jet, making it very fine. The jet is collected 

in the form of a nanofiber mat on the metallic cylindrical 

collector. 

 
II. GOVERNING EQUATIONS 

The equation of continuity and momentum is applied to 

an incompressible Newtonian fluid as 

∇ · u = 0, (1) 

ρ 

. 
∂u 

+ (u · ∇) u

Σ 

= −∇p + ∇ · τ − 2ω × u − ω 

× (ω × r) + ρg, (2) 

where u is the velocity; ρ is the density; p is the pressure; 

τ is the deviatoric stress tensor, which is composed of two 

hydrodynamic (τH ) and electric (τE ) components; ω is the 

 

 

 

FIG. 1. The air-sealed electro- 

centrifugal spinning setup which 

proposed by Valipouri et al.1 Setup 

components are shaft (1), flange (2), 

back transparent plastic cover (3), 

metal collector (4), internal rotary 

plastic cylinder (5), wire (6), internal 

rotating cylinder cladding (7), needle 

and syringe (8), internal rotary plastic 

cylinder cover (9), and front transparent 

plastic cover (10). Poles of high 

voltage source are  connecting  to  

shaft (1) and metal collector (4) by 

sliding mechanism which slides in a 

groove on the external surface of the 

metal collector, respectively. This is 

point-plate geometry if part No. 7 is 

eliminated; otherwise, this is plate-plate 

spinning geometry. 
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angular velocity; r is the position vector on the jet surface; TABLE II. Dimensionless numbers. 

and g is the gravitational acceleration vector. For a leaky 

dielectric fluid, electric force is only applied on the fluid- 

fluid interface. Hence, the electric force will be a bound-  

ary term, and the induced current will be formed only by   

the application of boundary conditions on the interface.28 

Saville27 determined the jump condition of normal and tangen- 

We = ρU2 a 

x = a 
0 

Re = ρUa 

ε0 εo E2 
β = 

ρU 

Fr  = U
2

 

εio  = εi
 

Rb = U  

σoi  = σo
 

tial Maxwell electric stresses at the interface as presented in 

Eqs.(3)and(4), 

" E " T  " 2 2 " 
 

in a prilling process. They expanded the velocity components, 

pressure, radius, and position components of the jet trajec- 

tory in an asymptotic series by assuming that the jet is a 

 

 

t ·  τE   · nT = qs(E · t). (4) 

In these equations,  ( )   denotes the jump, outside–inside, of 

( ) across the interface; ε0ε indicates the electric permittiv- 

ity of the fluid; qs is the electric charge surface density; and 

n and t are the unit normal and the tangential vectors to the 

free surface, respectively. In this study, electric charges were 

modeled as static, and the electric charge density was obtained 

explicitly from the equation qs = ε0 εE n .26,27 Across the jet 

interface, E t is continuous but E n undergoes a 

discontinuity due to the difference of physical properties of 

the two fluids.26 In order to consider electric stresses in the 

momentum equation, the jump condition was applied across 

the interface. Additionally, surface tension results in pressure 

in continuity and momentum equations as well as bound-  

ary conditions and, after a few manipulations, obtained the 

governing equations of the jet behavior. Specific assumptions 

such as circular cross section for the jet were considered— 

and the position of the centerline was not affected by the 

small perturbations. Their boundary conditions included the 

jump in the pressure magnitude(5)and  kinematic  bound- 

ary conditions on the surface. In the present study, only the 

stable region was investigated. Hence, time-dependent terms 

could be eliminated, and the governing perturbation equa- 

tions for the electro-hydrodynamic behavior of the axisym- 

metric jet correspond to Eqs.(6)–(9), with known electric field 

components, 

discontinuity across the interface. The pressure jump on the 
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2ū 

"

.
n

Σ 

· (pI − τ) · nT " = 

.
γ κ

Σ 

, (5) + 
  1   

. .

X̄  + 
1 

Σ 

Z̄ − X̄  Z̄ 

Σ 

= 0, (7) 

" t " 0 Rb2 s 
s s 

 

 
 

 

is the unit tensor. The dimensionless parameters were listed 

in TableI,  where   U  is the velocity of the jet at the noz-   

zle outlet; a is the radius of the nozzle; R is the jet local 
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s  

= 0. (9) 

radius; X, Y, and Z are the jet axis coordinates; and En,t are 

the normal and the tangential electrical components on the 

interface. The dimensionless numbers in this study include 

Webber, Reynolds, Froude, Rossby, Beta, aspect ratio, electric 

permittivity ratio, and conductivity ratio—as listed in TableII, 

where µ is the dynamic viscosity, the magnitude of the exter- 

nal electric field is E0, ε0εo is the electric permittivity of the 
external fluid, the distance between the nozzle tip and the 
center of the rotating cylinders is s0, and ω is the angular 
speed. 

The basis used for solving the equations governing the 

electrified jet through air-sealed electro-centrifugal spinning 

is  the  perturbation  theory  proposed  by  Părău  et  al.,22   who 

used this methodology to simulate the behavior of a bent jet 

 
 

TABLE I. Dimensionless parameters. 

The applied coordinate system is an extension of the 

cylindrical polar coordinates, (s, n, ϕ), where s is the arc- 

length along the jet axis and (n, ϕ)  is  the  polar coordi- nate 

in any cross section of the jet. The centerline was described 

by a Cartesian coordinate system (X(s, t), 0, Z(s, t)). This 

system was established and is shown in more detail     in 

Fig.2. 

The origin of this Cartesian coordinate system is the center 
of the nozzle outlet, and the jet position vector can be written 

as r̄cl  = X̄ ei + Z̄ ek , where ei  and  ek  are unit vectors in the 
Cartesian coordination system. The angular velocity is defined 
as ω = ωej. 

Equations(6)and(7)are described as momentum equa- 

tions in axial and radial directions—in which the oi and io 

indices represent the quantitative ratio of the exterior to inte- 

rior fluid and vice versa, respectively. As should be expected 

in a slender jet theory, we assumed that the cross section 

ū =  u t̄ = tU p̄ =    p  
ρU 

s qs 

ε0 εo 
Ē 

n,t 
En,t 

E0 

of the jet remains circular and that the momentum does not 
depend on ϕ at the leading order. Readers are referred to 

R̄  = R s̄  = s X̄  = X Ȳ  = Y Z̄  = Z Părău et al.22  for further details regarding the derivation of 

where γ is the surface tension, κ is the surface curvature, and I 

X̄ 2  + Z̄ 2  
= 1, (8) 

interface is directly proportional to the average of surface 
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long, slender object. They then substituted these expansions 2 
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s s ss 
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in Eq.(5), 29
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   governing equations and the implementation of a perturbation 
 
 

 
 

FIG. 2. Sketch of a curved jet in the X Z plane and a cross section of a curved jet. 

 

 
analysis. According to ds̄2   = dX̄ 2  + dZ̄ 2, the arc-length can 

be obtained from Eq.(8).  Equation(9)was  obtained  based 

on the kinematic boundary condition. From this equation, it 

has  been  observed  that  ū R̄ 2   is  constant,  and  by  using  the 

boundary condition R̄ (0)  = ū (0)  = 1 at the nozzle tip, the 

axial velocity will be obtained as ū  = 1/R̄ 2. In Eq.(6), the 

pressure (which is composed of hydrodynamic and electro- 

static pressure components) can be calculated by the following 

equation: 

p̄ = 
   1    ū s β 

. .
1 − εioσ2 

Σ 
Ē 2   − (1 − εio) Ē 2 

Σ

. (10) 

 
process time arising from viscose relaxation and diffusion, tF 

is the convective flow time, which can be defined as the ratio 

of the flow length scale to the flow characteristics speed, and 

s is the surface gradient. In this equation, the first term on 

the left represents charge relaxation, the second term describes 

charge convection at the interface, and the third term denotes 

changes in concentration due to dilation of the surface. Also, 

the term on the right stands for charge transport to the sur- 

face by electro-migration. For a steady flow motion and the 

assumption of instantaneous migration of charges to the inter- 

face, t /t « 1, Eq.(13)is reduced to the continuity of the 

In present study, due to the assumption of instantaneous migra- 

tion of electric charges to the fluid-fluid interface, electric 

stresses are not included in the radial momentum Eq.(7). 

Electrical phenomena are described by Maxwell’s elec- 

tromagnetic equations. However, in the absence of external 

magnetic fields conditions, if the characteristic time scale of 

magnetic phenomena (tM ) is much smaller than the character- 

istic time scale of electric phenomena (tc), magnetic effects 

can be ignored completely and the electrostatic equations pro- 

vide for an accurate approximation.27 Moreover, charges in 

the leaky dielectric fluid only accumulate at the interface, 

which can be considered as a boundary effect, modifying the 

external electric field.27,28 Therefore, for a leaky dielectric 

fluid system, the governing equation is reduced to the sim- 

ple electric current continuity law and can be represented as 
follows: 

electric current at the interface. It is also used as a bound- 

ary condition to solve the equation for the electric current 

equation. 

In this study, the physical and electrical properties of the 

fluids are constant. Hence, the potential distribution(12)can be 

transformed into a potential Laplace equation which would be 

solved by a boundary integral approach, similar to the approach 

of Lac and Homsy.26 They stated that the extent of the elec- 

tric field on the surface is the average of interior and exterior 

electric fields in the vicinity of the interface. By applying  

the boundary condition of electric current continuity across 

the interface, i.e.,   (σE   n = 0)  , and by applying the exter- 

nal electric field with the assumption of no free charges on 

the surface, the dimensionless boundary integral equation of 

electric field for each of the surface elements can be obtained 

using Eq.(14), 

∇ · (σE) = 0, (11) 
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Σ  

, (14) 

 

irrotational property of the electric field, it can be consid- 
ered as the gradient of an electric potential E = Ψ and we 
have 

∇ · (σ∇Ψ ) = 0. (12) 

To complete the description, a charge conservation equa- 

tion is required at the interface. By ignoring the charge 

diffusion mechanism, this equation can be written as 

follows:27
 

where p, q, and (r̄)pq are field point, source point, and the dis- 

tance between these two points, E is the applied electric field 

vector, and S̄ is the fluid-fluid interface, respectively. The first 

term on the right side of this equation represents the applied 

electric field at each point of the computational domain, and 

the second term represents the electric field correction at each 

point due to the existence of a potential surface. This equation 

includes two variables of Ep, the electric field vector at each 
t ∂qs t point, and (Ē on )q , the electric field normal to the surface. Lac 
  c 

+
 c .

u · ∇sqs − qsn · (n · ∇) u
Σ 

= "−σE · n" , (13) and Homsy26 primarily solved this equation for each point of 

 
 

where tc is the electrostatic time scale identified by the ratio of 
the dielectric permeability and conductivity, tP is the transport 

the surface, obtained by the dot product of both sides of this 

pq 
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where σ is the electric conductivity of the fluid. Due to the p (S̄ )q 

on q 



 

equation by the unit normal vector of the field point (p). 

Using this approach, the electric field normal to the surface 

in each 
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point can be obtained as in Eq.(15), Similar to all studies in spinning, only a certain length 

of the jet is analyzed, and the end of the jet is truncated. 

1 + σoi .
Ē 
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1 − σoi 

4π 
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(r̄)pq · (n)p 

(r̄)3 
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q
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Σ

q
. 

(15) 

 

Computing the normal and tangential components of an 
external electric field in the 3D  domain, only components  
in the ϕ = 0 plane were extracted according to the govern- 

After the calculation of the normal component of the electric 

field and its substitution into Eq.(14), an electric field vector 

will be obtained for surface points. Thereafter, the tangential 

component of the electric field can be obtained with a vector 

subtraction, as in Eq.(16), 

ing assumption (slender jet with circular cross section area). 

In the simulation, the external electric field is obtained by 

analytically solving the Laplace equation between two cylin- 

ders for the electric potential. An external electric field can 

be achieved in polar coordinates using Eq.(19)which was 
non-dimensionalized by the magnitude of electric field as 

.
Ē 

t t
Σ

p
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Eq.(20),    
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Σ 2  
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E  = 
1 ∆Ψ . (20) 

III. NUMERICAL SOLUTION 

In the present study, we analyze the interface behavior 

of a rotating liquid jet surrounded with air under an exter- 

nal electric field. In order to numerically solve the boundary 

integral Eq.(15), the boundary element method was imple- 

mented. This numerical method required the initial surface 

in order to perform the calculations. Hence, it was primarily 

assumed that the electric field does not exist and that the liq- 

uid jet leaves the nozzle with the radius of a with a determined 

flow rate of Q = Uπa2 under the centrifugal force. Under these 

conditions, the initial surface was obtained, subsequently, and 

applying the electric field will provide the actual, final jet 

profile. 

The idea of singularity cancellation in a boundary integral 

equation in a 3D domain was adopted from Kirkup.30 He pro- 

posed a correction formula for a Gaussian quadrature over a 

triangular element to eliminate the singularity of the integrand, 

Eq.(17), 

0 − 
a ln Rcollector 

Due to the fluid’s electrical conductivity used in the current 
study,  σoi  tends to zero, and the effect of this parameter     
in the governing Eqs.(6),(10), and(14)will be neglected. 
Therefore, the terms including σoi  were  eliminated  from 
the governing equations for the simulations—since the sec- 
ond fluid surrounding the jet is also air, εio = εi, in  this 
study. 

With the normal and tangential components of the elec- 

tric field being as described above, the nonlinear equations 

(6)–(8)can be solved using a Newton method. In this set of 

equations, the derivatives are discretized using a second-order 

central difference scheme, and the downstream jet conditions 

can be obtained from a second order extrapolation of the last 

internal grid points. 

 

IV. RESULTS AND DISCUSSION 
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A. Simulation and comparison with experiment 

In this section, the spinning process through air-sealed 

The coordinate system under consideration with regard to the 

electric problem is a right-handed and orthogonal coordinate, 

with the origin on the jet axis at the nozzle outlet. Hence, the 

distance of each point on the surface of the jet to the origin can 

be calculated by Eq.(18), 

r̄ = 
.
X̄  + R̄ Z̄s cos ϕ

Σ 
ei + 

.
R̄ sin ϕ

Σ 
ej + 

.
Z̄  − R̄ X̄ s cos ϕ

Σ 
ek . 

The initial interface profile is divided into N equal triangular 

elements, located between the nozzle tip and the end of the jet 

where it is assumed to be truncated. The linear elements are 

defined by three nodes at each end and a node at the center 

of the element, which is defined as the calculated node, and 

Gaussian points are distributed around this node to estimate 

the surface integral of Eq.(17). A singular element which has 

source and field points (i.e., p and q) is subdivided into three 

elements on a singular point to eliminate the singularity of inte- 

grand(17); meanwhile, a correction was done on the Gaussian 

quadrature over sub-elements.30
 

= 

I 
. 

Ē
 

(18) 

2 n p 

p Hence, the simulated length should be long enough to avoid 

the occurrence of any numerical errors. 

Since the tangential electric field component is continued Ē 
k 

, (19) 
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electro-centrifugal spinning system is experimentally 

inves- tigated, and the suggested numerical method for 

electro- centrifugal spinning will be validated by 

comparing the simulation and experimental results. The 

electro-centrifugal spinning setup was first introduced by 

Dabirian et al.24 to pro- duce nanofibers by means of 

electric and centrifugal forces. Electro-centrifugal spinning 

suffered from a stream of air surrounding the nozzle. The 

high-speed airflow caused the liquid jet to dry rapidly, 

resulting in thicker nanofibers. Thus, Valipouri et al.1 

enhanced centrifuge spinning by isolating it from the 

surrounding air by means of a rotating collector. They 

achieved agreement between the numerical and 

experimental results in nanofiber production only by 

centrifugal force. Also, they conducted experiments 

regarding nanofiber production by electric and centrifugal 

forces simultaneously.12 The setup used in the current study 

is based on that of Valipouri et al.1,12 because there was 

good agreement between their numerical and experimental 

findings for centrifugal spinning. This setup uses electric 

and centrifugal forces, which act as a driving force 
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TABLE III. Properties of the utilized Newtonian leaky dielectric fluid 

(volume fraction of 85% glycerol and 15% water) at 20 ◦C. 

ρ 
. kg 

Σ 
µ (Pa s) γ 

. 
mN 

Σ 
ε (  ) σ  

. 
µS 

Σ 
a (mm) 

 

1228 0.138 64 40 1.28 0.35 

 

to draw the fluid out of the nozzle—requiring a higher rota- 

tional speed—and the flow rate is calculated by averaging the 

time needed for a specific amount of liquid to discharge. 

Hohman et al.3 figured out that the protrusion length of 

the nozzle through the capacitor plate has a noticeable effect 

on the non-uniformity of the electric field in the vicinity of 

the nozzle in an electro-spinning process. To explain this find- 

ing, they propounded the existence of a fringe field near the 

nozzle tip. Accordingly, in the present study, certain experi- 

ments were prepared using a Newtonian leaky dielectric fluid 

(volume fraction of 85% glycerol and 15% water—with the 

properties listed in TableIII) and different setups to induce the 

electric field near the nozzle. 

The initial jet development in the scope of air-sealed 

electro-centrifugal spinning was photographed using a Canon 

EOS 6D DSLR camera, a 200 mm f /4d Micro Nikkor lens, and 

a Canon 430 EXII speed light. The electric field was formed 

by a high voltage power supply with a maximum nominal volt- 

age of 30 kV and two aluminum electrodes. Additionally, the 

solution viscosity, electrical conductivity, and the surface ten- 

sion were measured by a DV II + Pro viscometer, an EU 

3540 conductivity meter, a DCAT 11 surface tension instru- 

ment, and a Libror AEU–210 balance measurement device, 

respectively. 

In this study, the effect of electrode configuration on the 

electric field around the nozzle tip was experimentally studied 

through a plate-plate geometry, with the nozzle tip protruding 

from the top of a capacitor plate, and also through a point-plate 

geometry, with one of the electrodes directly connected to the 

nozzle. Moreover, the radius of the inner cylinder and the spin- 

ning distances were adjusted to 5.3 cm and 8 cm, respectively. 

Corresponding dimensionless numbers to the conditions of 

spinning experiments are listed in TableIV. 

 

TABLE IV. Dimensionless numbers corresponding to the conditions of 

spinning experiments. 

We × 103    Re × 102    Fr × 102    Rb × 10   

. 
β  

Σ . 
  ∆Ψ  
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x × 103
 

 

 
 

 

 

 

 

 

 

 

 
FIG. 3. Electro-centrifugal spinning process for point-plate geometry and a 

constant distance of 5.7 cm between the nozzle tip and the collector, and 

operating parameters [rotational speed (rpm), flow rate (ml/min), and applied 

potential differences (kV)] are (a) (1440, 0.36, 9), (b) (1440, 0.27, 11), and 

(c) (1080, 0.12, 14). 

 

 

The experimental results for the point-plate geometry are 

illustrated in Fig.3. As can be seen in Figs.3(a)and3(b)for a 

constant rotational speed, increasing the applied potential dif- 

ference changed the jet instability from whipping into spiral 

instabilities. In addition, the jet trajectory deviated slightly 

more from the straight path. It has been previously found 

that the centrifugal force without the presence of the elec- 

tric field could not create whipping instability.1,2 The possible 

reasons for whipping or spiraling instability could be the non- 

uniformity of the electric field in the vicinity of the nozzle. 

Also, Fig.3(c)illustrates that jet deviation increased with 

decreasing rotational speed. 

The experimental results for the plate-plate geometry with 

the metal nozzle protruding from the capacitor plate are illus- 

trated in Fig.4. Figures4(a)and4(d), as well as Figs.4(b) 

and4(e), show that increasing the potential difference (under 

a constant rotational speed) will lead to a more pronounced 

deviation of the jet trajectory. The jet starts to exhibit insta- 

bility, but this is suppressed by reducing the protrusion length 

of the nozzle. By comparing Figs.3(c)and4(c), it can be 

observed that, for the same operating parameters, there is an 

increase in the jet trajectory’s deviation from a straight line, 

while the instabilities decrease using plate-plate geometry. As 

a result, it can be stated that a capacitor plate attached to the 

nozzle will reduce the non-uniformity of the electric field. In 

addition, to diminish electric field irregularities close to the 

2 
0 

 
Point-plate geometry (Fig.3) 

Rcollector −s0 nozzle by the capacitor plate, the protrusion length of the noz- 

zle is also an important parameter in jet instabilities, similar 

   to the electro-spinning process.3 

The difference between these two mechanisms is the 

lifting of the electric field’s unevenness near the nozzle for 

plate-plate configuration. To make a clear comparison between 

Plate-plate geometry (Fig.4) 
 

 

β × 10 6
 

a 0.9 3.6 4.0 2.2 0.9 3.7 

b 2.0 5.4 8.7 3.8 0.4 3.7 

c 0.7 3.1 2.9 2.5 1.2 3.7 

d 1.0 3.8 4.3 2.3 0.6 4.6 

e 1.6 4.9 7.1 3.4 0.8 4.0 

point-plate and plate-plate geometries, jet trajectories obtained 

from Figs.3and4were illustrated in Fig.5. 

By comparing point-plate and plate-plate geometries, it 

can be concluded that the metal plate attached to the nozzle has 

decreased the electric field irregularities as the jet instabilities 

occurred at a longer distance from the nozzle. Furthermore, 

the jet’s stability is increased by increasing the uniformity of 

   the electric field by a plate-plate mechanism. 

E 

a 1.6 4.9 7.1 3.0 0.7 4.6 

b 0.9 3.6 4.0 2.2 2.0 4.6 

c 0.2 1.6 0.8 1.3 16.1 4.6 
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FIG. 4. Electro-centrifugal spinning process for plate-plate geometry, and operational parameters [rotational speed (rpm), flow rate (ml/min), applied potential 

differences (kV), and nozzle protrusion length (mm)] are (a) (1440, 0.27, 15, 42), (b) (1260, 0.40, 15, 42), (c) (1080, 0.23, 15, 42), (d) (1440, 0.28, 22, 23), and 

(e) (1260, 0.36, 25, 34). 

 

 
 

 

 

 

 

 

 

FIG. 5. Quantitative comparison between experimental 

results of point-plate (a) and plate-plate (b) geometries. 

Moreover, there is a comparison between point-plate and 

plate-plate geometry result in (a). 

 

 

 

 

 

 

 

 

 

 
In our numerical model for the electrified jet, we assumed 

that the position of the central axis of the jet is not affected 

by the small perturbations. However, it is necessary to 

provide experimental conditions in line with  the  numeri- 

cal model to correctly compare these results. Experimental 

results of Fig.4show that the plate-plate configuration with 

the nozzle protruding from a metal plate is more consis-   

tent with the assumptions of the present simulation. More- 

over, experimental evidence showed that the electric field 

generated by nozzle protrusion length of 23 mm is closer    

to the numerical model assumptions used in this study 

[Fig.4(d)]. 

In order to validate this  proposition,  a  comparison  

was conducted between our numerical model results and 

experimental results. Figure6shows a comparison of the 

experimental parameters of TableIIIand  the  correspond- 

ing dimensionless numbers used in numerical simulations, 

as listed in TableV. As shown by the figure, good agree- 

ment is achieved for the proposed electrode configuration 

(i.e., plate-plate geometry) and the static model for surface 

charges. 

 
To bring the numerical model assumptions closer to the 

physical conditions of the experiment, the effect of gravity 

forces is also included to the governing equations by adding 

Z̄s/Fr and X̄ s/Fr terms to Eqs.(6)and(7), respectively. 

 
B. Numerical study on electro-centrifugal spinning 

In spinning processes, it is quite popular to use electric and 

centrifugal forces separately—but there have been no recent 

attempts to carry out numerical investigations and experiments 

on combinations of the two aspects. Therefore, we worked on 

a numerical comparison of centrifugal spinning ( ∆Ψ = 0) and 

electro-centrifugal spinning ( ∆Ψ Ç 0) for a fluid with spe- 

cific physical properties as listed in TableVI. Also, TableVII 

shows the dimensionless numbers used in the numerical 

simulation. 
Figure7depicts the effects of the electric potential differ- 

ence on a steady jet trajectory in the X̄ Z̄ plane and on the jet 

radius along the axis at different rotational speeds. As can be 

seen, increasing the applied potential difference at a constant 

rotational speed increases the deviation of the jet trajectory 
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FIG. 6. Comparison of numerical results (dashed line) 

and experimental results (solid line) for electro- 

centrifugal jet behavior. Operational parameters are [rota- 

tional speed (rpm), flow rate (ml/min), and applied poten- 

tial differences (kV)] (a) (1350, 0.37, 25) and (b) (1440, 

0.30, 22). 

 

  
 

 

 

from a straight line in the X̄ Z̄  plane—which is in agree- 

ment with the experimental results shown in Figs.3(a)and 

3(b). However, increasing the rotational speed will reduce the 

influence of the applied potential difference on the jet behav- 

ior. Moreover, it is predicted that the jet  thins out faster as  

it moves away from the spinneret by increasing the applied 

 
 

TABLE V. Dimensionless numbers based on the parameters in TableIII. 
 

 

We × 103 Re × 102 Fr × 102 Rb × 10 β × 10 5 x × 103
 

c 1.1 4.0 4.9 2.6 7.0 4.6 

d 1.7 5.0 7.5 3.0 3.5 4.6 

potential difference. In fact, the increase of the applied poten- 

tial difference leads to an increase in the jet driving force. How- 

ever, the effect of the applied potential difference is suppressed 

at a high rotational speed. 

It can be concluded that, at a high rotational speed, the 

applied potential difference has no significant effect on the jet 

behavior (i.e., trajectory and radius profile) as shown by the 

experimental results of Dabirian et al.25
 

 
C. Parameters study 

In order to analyze the effects of fluid physical proper- 

ties, geometrical parameters, and flow characteristics on the 

   behavior of the electrified jet, we studied the effects of various 
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TABLE VI. Fluid properties and geometrical characteristics. 

ρ 
. kg 

Σ 
µ (Pa s) γ 

. 
mN 

Σ 
ε (  ) σ  

. 
µS 

Σ 
Q  

.
 ml 

Σ 
a (mm) s0 (cm) Rcollector (cm) 

 
1260 1.67 64 42.5 1.0 0.5 0.35 5.3 13.3 

 

 
TABLE  VII.  Dimensionless numbers used for the numerical  simulation of TABLE VIII. Dimensionless numbers used in the parameters study. 

electro-centrifugal spinning based on the parameters in TableVI.    
   We × 103 Re × 103 Fr Rb × 10 β × 10 4 x × 103 ε 

 

 

io 

∆Ψ (kV) ω (rpm) 
   1 10 0 5 3 10 15 

15 25 35 500 1000 1500    

β × 10 5  We × 103   Re × 103   Fr Rb × 10  x × 103 

0.7 1.8 3.6  1.1 4.0 0    4.1  2.0 1.4  9.4 
 

 

 

dimensionless numbers. TableVIIIrepresents the main dimen- 

sionless numbers considered in the simulations. The effect 

of dimensionless numbers can be investigated by changing 

one of the numbers in a specific range while keeping others 

constant. The simulation results are illustrated in five distinct 

diagrams in Fig.8and will be discussed in more detail in the 

following. 

two previously mentioned forces dominate the viscose force. 
Therefore, increasing We, Re, and β numbers or decreasing 
the Rb number will result in a more pronounced jet thinning 
(Fig.8). 

In Fig.8, jet trajectory in the  X̄     Z̄  plane and radius pro- 

file along the jet axis for different s number are presented. 

This dimensionless number shows the ratio of nozzle radius 

to distance between the rotation center and the nozzle tip. By  

reducing  this  ratio,  jet  deviation  trajectory  from  the  Z̄ 

As can be seen in Fig.8, decreasing the We number or 
increasing Re, Rb, and β numbers causes an enhanced jet cur- 

axis  in  the  X̄ 
increased. 

− Z̄ plane is decreased and jet elongation is 

vature or jet deviation trajectory from the Z̄  axis in the X̄ Z̄ 

plane. 

In electro-centrifugal spinning, centrifugal and electric 

forces act against viscose and surface tension forces. Jet forma- 

tion means that centrifugal and electric forces prevail surface 

tension. Moreover, any shape change—such as jet thinning 

or  jet  trajectory  deviation  in  the  X̄  − Z̄  plane—means  that 

It can also be concluded that—unlike electro-spinning, 

where the  jet  profile  at  the  nozzle  exit  is  spherical  for  

a specific range of dimensionless numbers—the  jet  pro-  

file in electro-centrifugal spinning has a  conical  shape.  

This indicates that, due to the  presence  of  the  centrifu-  

gal force, the effects of surface tension are smaller in this 

process. 

 

 

 

 

 

 

 

 
 
 

        

FIG. 7.  Effect of the electric potential difference at different rotational speeds on the jet trajectory in the X̄ Z̄  plane (first row) and the jet radius profile along 

the jet axis (second row). 



 

 

 

 

 

 

 

 
 

 

 

FIG. 8. Effects of dimensionless numbers We, Re, Rb, β, and x on the jet trajectory and jet radius profile. 

 

 

V. CONCLUSION 

 
In this study, a numerical model was suggested for predict- 

ing the behavior of a Newtonian leaky dielectric rotary jet in 

an external electric field. The electro-hydrodynamic equations 

include continuity, momentum, and electric potential equa- 

tions. In order to validate the numerical model, a comparison 

was carried out between the numerical results and the experi- 

mental results of the present study. This comparison indicated 

that very good agreement exists between the model results and 

the experiment. 

To match the model assumptions with the real physi-  

cal conditions in the experiment, several electrode geometries 

were investigated in the experimental setup, including a direct 



 

 

connection between the high voltage source and the nozzle 

(i.e., point-plate geometry) or a metal plate from which the 

nozzle protrudes (i.e., plate-plate geometry). The difference 

between these two mechanisms lies in a reduction of the elec- 

tric field irregularities in the vicinity of the nozzle. It was 

observed that the protrusion length of the nozzle noticeably 

affects the electric field near the nozzle. Moreover, empirical 

results showed that the mechanism that matches the numerical 

formulation of the current study is the one in which the high 

voltage source touches the metal plate that is attached to the 

nozzle. 

Centrifugal force is the reason for the jet deviation from 

a straight path to a curved path. At the high rotational speed, 

the centrifugal force exceeds the electric forces and electro- 

centrifugal spinning becomes centrifugal spinning. An analy- 

sis of the effects of dimensionless numbers on the jet behav- 

ior indicates that increasing the Re, Rb, β, and s numbers 

and reducing the We number will lead to an increased jet 

deviation trajectory. Further, increasing We,  Re,  and  β—as 

well as reducing Rb and  s —leads to a more pronounced jet 

stretching. 
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