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ABSTRACT 
We present a multi-physics simulation associated 

with experimental investigation for an 

electrohydrodynamic gyroscope based on ion wind corona 

discharge. The present device consisting of multiple 

point-ring electrodes generates a synthetic jet flow of ions 

for inertial sensing applications. Meanwhile the residual 

charge of jet is neutralized by an external ring electrode to 

guarantee the ion wind stable while circulating inside the 

device’s channels. The working principle including the 

generation and then circulation of jet flow within the 

present device is firstly demonstrated by a numerical 

simulation and the feasibility and stability of the device 

are then successfully investigated by experimental work. 

Results show owing to the ion wind corona discharge 

based approach associated with new configuration, the 

present device is robust and consumes low energy. 
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INTRODUCTION 
Jet flow gyroscope is an inertial sensing device 

utilizing laminar flow to detect angular rate by the 

induced Coriolis force. In these sensors, generating a 

stable jet flow is one of the most challenging technical 

barriers but interesting, yielding several achieved 

approaches [1]–[7] . One of the latest technique is based 

on the corona-discharge principle where a jet flow is 

created by applying a high–voltage between a discharge 

electrode and a reference electrode [8]. This approach 

does not require any vibrating component, and possesses 

several advantages including lower cost and energy 

consumption; tidy and light; and simple operation, 

compared with those by other methods using air pump [9] 

or oscillating piston [10].  

For closed corona discharge based systems, for 

example, systems using the configuration of pin-to-ring 

electrodes, pin plays the role of the corona electrode and 

ring as the collector. For such configuration, ion wind is 

partially neutralized when reaching to the ring surface, 

and the circulatory ion wind inevitably result in residual 

electric charge. This yields a reversed electrical field 

which damages the corona discharge process. Although 

this issue can be fixed using embedded neutralizing 

components or grounding the system, such configurations 

are fairy complicated in designing and manufacturing, and 

there were very limited literature and report so far. 

The system presented in this paper is based on corona 

discharge ion wind but using multiple pairs of point-ring 

electrodes and is developed for inertial sensing 

applications [11]–[13]. The key of this enhancement is 

how to arrange ring electrodes in the new configuration to 

neutralize the residual charge, thus capable of circulating 

a stable ion flow inside the system. In this work, we 

represent the multiphysics simulation and in-depth 

analysis of jet flow in 3D space using OpenFOAM, 

together with experimental investigation to validate the 

feasibility and reliability of the present approach.  

MECHANISM AND MODELLING OF 

DEVICE     
Figure 1 presents a one-third of an axial symmetric 

fluidic network, consisting of three cylindrical ion wind 

chambers which connect together before being linked 

with a working/sensing chamber via a nozzle at the device 

center where hotwires are installed. The dimensions 

(diameter × length) of the ion wind and working 

cylindrical chambers are 5mm × 10mm and 12mm × 

15mm, respectively. For each ion wind chamber, a pair of 

pin-ring electrodes is installed and plays the role of ion 

wind actuator. Pin, a cylindrical electrode of 0.4 mm 

diameter with a spherical tip of 80 µm radius, is placed at 

5 mm from the corresponding ring electrode. At the 

downstream of working chamber, one bigger ring 

electrode is installed to neutralize the residual charge 

caused by ion winds. 

 

Figure 1. A schema of the device: conceptual model 

and mechanism. 



Model shown in Fig. 2 is used to analyze the flow 

characteristics within the system. A multiphysics 

simulation of the model relating to (i) an electrical field 

which induces the migration of ion wind through the 

inter-electrode region and its interaction with air flow 

inside chambers; and (ii) the dynamic behavior of air 

flow, is carried out. Charged ion winds generated by pin 

electrodes moving under the effect of electric field drift 

air flow which, in turn, redistribute themselves across the 

system domain.  

Neglecting the conduction and diffusion of ions going 

through air and considering the steady state, the charge 

density 𝑞 of ion wind caused by the ion drift (𝜇𝐸⃗ 𝑞) and 

ion convection (𝑈⃗⃗ 𝑞) are governed by the equation of 

charge conservation and Gauss’ law, respectively as 

follows 

∇ ∙ (𝜇𝐸⃗ 𝑞 + 𝑈⃗⃗ 𝑞) = 0, (1) 

∇ ∙ (∇∅) = −𝑞/𝜀0, (2) 

where μ =  1.6 × 10−4𝑚2V−1s−1 is the ion mobility; 𝑈⃗⃗  
the velocity of air drifted by the charged ion motion and 

𝜖0 =  8.854 × 10−12 CV−1m−1 the permittivity of air. 

Electric field 𝐸⃗  is a function of the electric potential and 

defined as 𝐸⃗ = −∇𝑉.   

 
Figure 2. Numerical simulation: Geometrical model, 

meshing and boundary conditions. 

Boundary condition on electrodes’ surface is set up 

by the charge density 𝑞𝑠 by the corona discharge. Given 

as a function of the discharge current I, 𝑞𝑠 is determined 

from the I-V experimental curve as follows 

𝑞𝑠 = 𝐼/(𝜇𝐸on𝐴) (3) 

where A is the total area of electrodes generating the 

electric field whose magnitude is greater than an onset of 

Eon = 3.23×106 V/m [14]. The potential applied on the 

pin and ring electrodes are V and 0, respectively. The 

Townsend I-V relationship which is efficient for point-to-

ring configuration as demonstrated in  [15], [16] 

Inside channels, air flow, a self-generating flow 

system of incompressible and steady state, is governed by 

the Navier–Stokes and the continuity equations, 

respectively as: 

∇ ∙ (𝑈⃗⃗ 𝑈⃗⃗ ) − ∇ ∙ (ν∇𝑈⃗⃗ ) = −∇𝑝 +
𝑓𝑒

𝜌
− 2𝜌𝜔⃗⃗ × 𝑈⃗⃗ , (4) 

∇ ∙ 𝑈⃗⃗ = 0, (5) 

where term 2𝜌𝜔⃗⃗ × 𝑈⃗⃗  is the Coriolis apparent acceleration 

by the rotating frame with the angular velocity 𝜔⃗⃗ ; 𝑝 

pressure; ν = 15.7 × 10−3m2 ∙ s−1 the air viscosity; ρ =
 1.2041kg ∙ m−3 the air density; 𝑓𝑒 the electromagnetic 

force acting on the corona and consisting of the Coulomb, 

permittivity gradient, dielectrophoretic and electro-

costriction forces. In this work, since air flow with a given 

temperature gradient is considered, the last three forces 

are neglected and thus, the electromagnetic force includes 

only the Coulomb one and given by  

𝑓𝑒 = 𝑞𝐸⃗ . (6) 

Since air flow is a self-generating system, no particular 

flow condition was applied except the nonslip condition 

on the electrodes and the channels’ wall.  

Boundary conditions and domain meshing are 

detailed in Fig. 2. The solution of Eqs. (1)-(6) together 

with boundary conditions is obtained using our solver 

which was developed using OpenFOAM based finite 

volume method [17]. 

RESULTS AND DISCUSSION 
Simulation results 

Ion wind generated by the corona actuator between 

pin-ring electrodes and migrating through channels is 

numerically illustrated in Fig. 3a&b for two cases where 

the device is at rest and rotates about x axis with a speed 

of 100 rpm. The simulation results demonstrated that a jet 

flow of ions generated by the corona from pin tips 

recirculates to pins through three subsidiary channels to 

define an air flow network inside the device.  

 
Figure 3. Simulating results: Cut view of velocity contour 

demonstrates the generation of jet flow and its circulation 

inside the device in two cases: (a) device at rest and (b) 

device rotates with a given speed.   



In both cases, the simulating observation by Fig. 4 

found that the velocity profile reduces at farther distance 

(L) counted from the nozzle but the jet form of the profile 

is maintained. Figure 4 illustrates the velocity profiles Uz 

plotted with respect to the 𝑥 direction (denoted by Uz/x) 

and respect to the 𝑦 direction (denoted by Uz/y) at several 

different positions 𝐿 = 1, 3, 5, 7, 9, 11 mm from the 

nozzle while the device rotates with an angular velocity of 

100 rpm about X axis. It can be seen that ion wind flow 

deflects around the 𝑦 direction; leading to the asymmetric 

velocity profile Uz/y. This asymmetry acts as the input for 

the hotwire placed inside the working chamber.  

 

 

 

Figure 4: Simulation results: Velocity profiles Uz/x (red 

line) and Uz/y (blue line) at five positions (L = 1, 3, 5, 7, 9 

and 11 mm counted from nozzle to the left side) in 

working chamber when the device rotates with angular 

rates 𝜔𝑥 = 100 rpm 

The velocity 𝑈 of ion wind is estimated from the 

discharge current 𝐼 as: 

𝑈 = 𝑘√𝐼/𝜌𝜇 (9) 

Let 𝛽 be the gradient of the velocity of air flow going 

through the plane of sensing element, the deflection of air 

flow (𝛥𝑈𝜔) can be converted into a variation of air flow 

velocity as follows: 

𝛥𝑈𝜔 = (𝛽𝜔𝐿2 k⁄ )√𝜌𝜇/𝐼  (10) (10) 

By a constant electric current, heat is transferred 

through hot wires by conduction, convection and radiation 

regimes but not radiation because the working 

temperature of sensing elements is not too high in this 

work. In continuous medium, heat conduction is 

determined by Fourier’s law:                                               

q = −k∇T, (7) 

where q is the convective heat flux, k thermal 

conductivity, T the temperature. 

The deflection of ion wind due to Coriolis force leads 

to the asymmetric temperature characteristic of two hot 

wires. Temperature of the hot wires on the side where ion 

wind flows through is lower than one of hot wires located 

on another side.  

δT =
1

Vhw2

∫ T dV
Vhw2

−
1

Vhw1

∫ T dV
Vhw1

 
(8) 

where δT is the temperature difference between two hot 

wires, Vhw1, Vhw2 are volumes of hot wires 1 and 2, 

respectively and T the temperature of each volume unit. 

Experimental investigation 
Experimental investigation is carried out using a 

prototype which was fabricated by 3D printing Objet500 

Connex3 (Stratasys Ltd.). Three pairs of SUS pin – ring 

electrodes whose dimensions fit the simulation parameters 

are connected to a high voltage source (Glassman 

EH10R10). Four tungsten hotwires are installed in the 

main chamber. The device together with air at room 

condition is packed and sealed.  

 
Figure 5: The fabricated prototype is mounted on a 

standard Acutronic turntable. 

The performance of the fabricated sensor prototype is 

evaluated using a standard Acutronic turntable. The 

experiment with equipment and measuring devices is 

shown in Figure 5. The prototype mounted on a turntable 

which can be set at different angular speeds by the rate 

controller of Acutronic system. The speed of the turntable 

is used as the reference output for the experiment.  

As illustrated in Figs 6 & 7, the measured results of 

the angular velocity sensor based on corona discharge and 

the indication of the standard Acutronic turntable are 

completely equivalent. The difference of results measured 

by the two devices is no more than 1%., demonstrating 

that the presented sensor has a good repeatability, the 

sensor speed is almost no different in both the 

acceleration direction (on the left side of graph) and the 

deceleration direction (on the right side of the graph). 



 
Figure 6: Output voltage measured on hotwire plotted 

versus the angular velocity of turntable. 

 
Figure 7: Graph of sensor’s angular rate with standard 

Acutronic turntable. Table (inset) shows the Acutronic’s 

input as the reference angular rate versus our sensor’s 

output during the test. Our device showed good 

performance and high stability. The output (in ˚/s is 

converted from the measured sensivitivy in Fig. 6) 

CONCLUSIONS 
We have presented the multiphysics simulation that 

serves as the design tool for an electrohydrodynamic 

gyroscope and experimental validation of the fabricated 

prototype. Firstly, jet flow of ions generated by a 

configuration of pin-ring electrodes was demonstrated by 

the numerical simulation. Results by the numerical 

simulation are useful in parameter optimization of the 

device. Secondly, the feasibility and stability of the 

present approach based device are successfully 

investigated by experimental works. For inertial 

applications, the present electrohydrodynamic device 

features (i) the robustness owing not to require any 

vibrating component, and (ii) low energy consumption 

inherited from the corona ion wind approach.  
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