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Classic thermal management solutions are becoming inadequate and there is an increasing 
need for fundamentally new approaches. Electrohydrodynamic ionic wind pumps, also 
known as electrostatic fluid accelerators (EFA), have the potential for becoming a critical 
element in electronics thermal management solutions. As the EFA field continues to evolve, 
developing new EFA-based technologies will require accurate models that can help predict 
pump performance metrics, such as air velocity profile, back pressure, and cooling 
efficiency. Many previous modeling efforts only account for electrostatic interactions. For 
truly accurate modeling, however, it is important to include effects of fluid dynamics and 
space charge diffusion. The modeling problem becomes especially challenging for the design 
and optimization of EFA devices with greater complexity and smaller dimensions. This 
paper presents a coupled-physics finite element model (FEM) that accounts for space charge 
generation from a corona discharge, as well as space charge diffusion and fluid dynamic 
effects in EFAs. A cantilever EFA structure is modeled and analyzed for forced convection 
cooling.  Numerical modeling predicts maximum air velocities of approximately 7 m/s and a 
maximum convection heat transfer coefficient of 282 W/(m2K) for the cantilever EFA 
structure investigated.  Preliminary experimental results for a microfabriacted cantilever 
EFA device for forced convection cooling are also discussed.  

Nomenclature 
 

As = area of surface S 
Cp = specific heat capacity 
D = diffusivity of air ions 
E = electric field intensity 
Ee = electric field strength at the surface of corona electrode 
E0 = breakdown electric field strength of air 
have = average convection heat transfer coefficient 
Ic = ion current leaving the ionization zone 
J = current density 
k = thermal conductivity 
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p = air pressure 
q = space charge density 
Q = heat flux in watts 
R0              =   distance from the center of the corona electrode tip to the ionization zone 
Re              =   radius of corona electrode tip 
S = an arbitrary surface 
T = temperature in degrees Kelvin 
æ Tsa = substrate to ambient temperature differential in degrees Kelvin 
U = Velocity vector 
V0 = electric potential at the external boundary of the ionization zone 
Ve = electric potential at the surface of the corona electrode 
Ů0 = dielectric permittivity of free space 
µE = ion mobility in air 
µ = dynamic viscosity 
ɟ = air density 

I. Introduction  
he problem of thermal management in microelectronics is at the center of attention of academia, government 
agencies, and industry worldwide. Rapid development of microelectronics has led to an immense component 

density. Within this decade the size of a single component will decrease to nearly 25 nm. This in turn will amplify 
the already existing problem, which is that each semiconductor component emits heat associated with the electrical 
resistance, leading to a large heat flux from a shrinking surface area. Meanwhile, the progress in MEMS and power 
electronics is also affected by the bottleneck of heat removal. In high-speed MEMS applications, new issues include 
the mechanical heat generation due to friction and the introduction of combustion processes in microdevices. In 
power electronics, high current applications create high heat fluxes that require dramatic improvement in heat 
dissipation methods. Existing cooling devices are no longer efficient in terms of energy consumption and heat 
removal. The decreasing size of microelectronics components and the increasing thermal output density requires a 
dramatic increase of thermal exchange surface from classic heatsink/rotary fan assemblies. However, simple growth 
of heatsink area is no longer a viable option for most applications. Elaborate cooling systems are being developed, 
including those using phase change heat pipes, liquid cooling, refrigeration, novel thermal interface materials (TIM), 
and Peltier devices to spread the heat from high heat flux areas,1 but the last step of heat exchange with the ambient 
environment always remains necessary.  
 Classic rotary fans have been used for forced convection over the last few decades and are still used to enable the 
final heat exchange with the ambient. The classical rotary structural geometry, although used in numerous 
applications, is limited in both scale and design flexibility, due to the necessity of high-speed rotating parts. 
Turbulent flow, vibration, and gyroscopic forces introduce inherent inefficiency and noise to a rotary system. Even 
in the applications for which acoustic noise and vibrations do not present a significant problem, rotary fans are 
difficult to optimize for more than a single air flow circulation pattern, due to their nearly static cross-sectional air 
velocity profile. Electrostatic fluid accelerators (EFAs) offer nearly laminar air propulsion with dynamic airflow 
profiles, controllable air velocities, and a possibility to decrease the effective boundary layer at the solid-fluid 
interface.2,3 In addition, EFA propulsion is achieved without moving mechanical parts, thus enabling flexible design 
and possible integration at the MEMS level.4,5 
 As the EFA field continues to evolve, there is a growing need for accurate models that can help predict pump 
performance metrics, such as air velocity profile, back pressure, and cooling efficiency. Many previous modeling 
efforts only account for electrostatic interactions.6-8 For accurate modeling, however, it is important to include 
effects of fluid dynamics and space charge diffusion. Preliminary coupled-physics modeling has been conduced in 
one-dimensional space without accounting for charge generation,4,9 showing good agreement with analytical models 
for a simple one-dimensional space.10 The modeling problem becomes especially challenging for design and 
optimization of EFA devices with high geometric complexity and small scale. The heat transfer and EFA flow 
characteristics are analyzed using a two-dimensional coupled-physics finite element method model that accounts for 
charge generation, space charge diffusion, and fluid dynamic effects. Preliminary results from a proof of concept 
microfabricated EFA device are also analyzed. 
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II.  Background 
 The mechanism of corona-induced ionic wind propulsion is illustrated in Figure 1. Gas molecules near the 
corona discharge region become ionized when a high intensity electric field is applied between a high tip curvature 
corona electrode and a low tip curvature collector electrode. In the case of a wire or rod electrode, the diameter of 
the electrode is equivalent to the tip curvature of a needle electrode. The ionized gas molecules travel towards the 
collector electrode, colliding with neutral air molecules. During these collisions, momentum is transferred from the 
ionized gas into the neutral air molecules, resulting in the 
movement of gas towards the collector electrode. The operating 
voltage range for corona discharge lies between the corona onset 
and the air gap breakdown voltage.11 Corona induced airflow is 
possible with both positive and negative voltages. It has been 
reported that higher stream velocity can be achieved by using 
positive polarity.12 In general, the selection of polarity depends on 
a large number of factors, which include electrode material, 
device geometry, ozone generation constraints, and others. The 
governing equations describing the interaction of electric charges 
with moving media in an electrostatic fluid accelerator have been 
known for a long time. Comprehensive reviews and tutorials on 
this subject are readily available.11,13-18 

III.  Modeling of EFA  
A. Governing equations for electrohydrodynamic flow 

Electrohydrodynamic flow induced by corona discharge and the resulting heat transfer is described by the 
following equations. The electric potential V  is governed by the P oissonôs equation  

 2
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where q  is the space charge density and 0e  is the dielectric permittivity of free space. The electric potential is 
defined from electric field intensity E as 

 VE ; +É  (2) 
Electric current in the drifting zone is a combination of three effects: conduction (motion of ions under electric field 
relative to entire airflow), convection (transport of charges with airflow), and diffusion. Therefore, current density J  
is given by 

 E q q D qJ E Um; ) + É  (3) 

where Em  is the air ions mobility in an electric field, U  is velocity vector of airflow, and D  is the diffusivity 
coefficient of ions. Current continuity condition gives equation for current density 

 0JÉ ;Y  (4) 
The hydrodynamic part of the problem is described by the Navier-Stokes equations and momentum continuity 
equation for steady state incompressible air flow 

 2p q VU U Ur mÉ ; +É ) É + ÉY  (5) 

 0UÉ ;Y  (6) 
where r  is the air density, p  is the air pressure, and m is the air dynamic viscosity. 
Heat transfer then can be described by thermal conduction and convention 

 & ' pQ k T C TUr; É + É ) ÉY Y   (7) 

where Q is the heat flux, k is the thermal conductivity of the medium, T is the temperature, r is the density of the air, 
and Cp is the specific heat capacity of air.   

The system of equations (1), (4), (5), (6), and (7) is subject to appropriate boundary conditions described below 
for the EFA forced convection heat transfer model investigated in this study. 

    
Figure 1. Ion stream of a DC electrostatic 
air pump, where a high voltage is applied 
between the corona and collector electrodes. 
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Figure 2. Diagram of cantilever EFA device 
structure and operation. 
 

B. Space charge generation  
 Space charge generation by corona discharge in an EFA device can be modeled by applying appropriate 
electrostatic and charge transport boundary conditions at the surface of the ionization zone. A description of the 
boundary conditions for space charge generation estimation is described in this section. 
 The gap between corona and collecting electrodes can be divided into two regions, the ionization and drift zones.  
The ionization zone exists in close proximity to the corona electrode, in which air ionization occurs, and both 
positive and negative ions exist.  The drift region, located between the ionization region and the collector electrode 
contains ions of a single polarity that have been driven out of the ionization region by the electric field. When the 
radius of the corona electrode is much smaller than the distance between corona and collecting electrodes, the 
ionization zone forms a uniform sheath over the coronating region of the corona electrode surface. For the positive 
corona, the electric field strength eE  at the surface of a smooth corona electrode of radius eR  is given by P eekôs 
empirical formula for air at standard conditions11 

 & '2
e 0 e1 2.62 10 /E E R+; ) ö  (8) 

where the corona electrode radius eR  is measured in meters and 0E = 3.23·106 V/m is the breakdown (ionizing) 
electric strength of air. In contrast with the drifting zone, the net space charge density is negligible in the ionization 
zone since it contains charges of both polarities in similar magnitudes. Thus, assuming the electrode tip radius is 
much smaller than the distance between corona and collecting electrodes, the electric potential and electric field 
intensity inside the ionization zone are 
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where Ve is the voltage at the electrode surface, and V is the voltage at a radius r from the center of the corona 
electrode tip within the ionization region. At the boundary between the ionization and drifting zones, the electric 
field strength is equal to the breakdown electric field strength 0E . Using Eq (9) and Eq (10), the external radius of 
the ionization zone can be estimated: 
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The voltage drop through the ionization zone can be found by integrating the electric field strength from eR  to 

0R . As the result, the voltage on the external boundary of the ionization zone is given by 
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At the external surface of the ionization zone, K aptsovôs assum ption is used,19 which states that the ionization 
zone radius remains approximately constant with Ve once a corona is formed. This enables estimation of the surface 
charge density by specifying the electric field strength: 0E E;  at 0r R; . Therefore, space charge generation due to 
corona discharge can be estimated by prescribing voltage V0 to the external surface of the ionization zone at a radius 
R0 from the center of the corona electrode tip to satisfy P oissonôs 
equation.   The charge transport equation is similarly satisfied by 
applying a surface charge density at the external surface of the 
ionization zone such that the resulting electric field at that surface 
located at a radius R0 is equal to the breakdown field intensity E0.   

IV.  Numerical model and procedure 
 A high tip curvature cantilever beam suspended over a flat 

conductive thermal exchange surface, shown in Figure 2, was 
used as the basis for the EFA-induced heat transfer modeled in 
this study. A DC voltage is applied between the corona electrode 
and conductive thermal exchange surface creating ions at the tip 

eq_plasmapotential_r
eq_plasmaEfield_r
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