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Abstract 

Juri Volodin 

University of Tartu, Institute of Technology 

Modeling and experimental study of the Biefeld-Brown effect 

Bachelor's thesis 2021 

Supervisors: Prof. Alvo Aabloo, Assoc. Prof. Andreas Kyritsakis, Prof. Vahur Zadin 

 

This work introduces the computational model of the Biefeld-Brown effect, thrust generation 

in the air-filled asymmetric capacitor due to the ionization process on the smaller electrode, and 

the transfer of potential energy of electric field into kinetic energy of ionized particles and 

further momentum transfer to neutral particles via collision mechanism. This phenomenon is 

numerically simulated and experimentally studied to utilize it for drag reduction purposes in 

the transportation industry. If thrust is generated tangentially to the surface, it mobilizes the 

boundary level of air and decreases the drag. This computational model does not consider any 

drag calculations. The emphasis is on the Biefeld-Brown effect as the first step for further 

research. The 2D finite element model was created for numerical simulation as the studied 

system was long enough to neglect the edge effects. Several types of experimental setups were 

proposed and tested for thrust measurement. The experimental setup for more precise thrust 

measurement was developed. 

 

Keywords: Biefeld-Brown effect, FEM, corona discharge, electrohydrodynamics, ion 

thruster, drag reduction 

CERCS: P200 
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Lühikokkuvõte 

Biefeld-Brown’i efekti modelleerimine ja eksperimentaalne uurimine 

Uurimistöö eesmärgiks on luua Biefeld-Brown´i efekti arvutuslik mudel. Biefeld-Brown’i efekt 

tekib asümmetrilises õhuga täidetud kondensaatoris, mille väiksema elektroodi läheduses 

ioniseeruvad õhu osakesed. Tekkinud ioonid hakkavad elektrivälja mõjul liikuma (elektrivälja 

potentsiaalne energia konverteeritakse liikuvate ioonide kineetiliseks energiaks) ja  põrkuvad 

neutraalsete osakestega, andes edasi impulsi, mille tulemusena tekib tõukejõud. Kirjeldatud 

nähtust uuritakse töös arvutuslikult ja eksperimentaalselt. Uuritava süsteemi piisav pikkus 

võimaldab luua 2D lõplike elementide mudeli küljeefekte arvestamata. Tõukejõu mõõtmiseks 

töötati välja ja viidi läbi mitu erinevat katset, mille tulemusena arendati välja uus katsekorraldus 

tõukejõu täpsemaks mõõtmiseks. Loodud arvutuslik mudel ei käsitle õhu takistuse arvutusi, 

vaid keskendub Biefeld-Brown’i efekti enda uurimisele ning on aluseks edasisele teadustööle. 

Kui nimetatud efekti tekitatud tõukejõudu rakendada pinnaga tangentsiaalselt, paneb see 

liikuma piirpinnal oleva õhukihi ja vähendab seeläbi õhutakistust – seetõttu saaks uurida 

Biefeld-Browni’i efekti tõhusust õhu takistuse vähendamisel transpordis. 

 

Märksõnad: Biefeld-Brown’i effect, FEM, koroona lahendus, elektrohüdrodünaamika, 

takistuse vähendamine 

CERCS: P200 
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Notations/Abbreviations 

Notation/ 

Abbreviation 

Unit Explanation 

BB effect  Biefeld-Brown effect 

EHD  Electrohydrodynamics 

FEM  Finite element method 

𝐸0 V/m Breakdown electric field strength of air, 3.31·106 V/m 

𝐸𝑆 V/m Electric field strength on the boundary of the air ionizing 

electrode 

𝑟0 cm Radius of an ionizing electrode 

𝜀0 C /(V·m) Dielectric permittivity of free space  

𝜀𝑟 ∅ Relative permittivity of the air 

𝜇𝐸 m2 /(V·s) Mobility of charged molecules in the air medium, 1.8×10-4 m2 

/(Vs) 

𝜌𝑎𝑖𝑟 kg/m3 Air density 

θ N/kW Thrust power efficiency 

ϕ N/m2 The thrust's ratio to the area of the fluid flow 

𝐷 m2/s Charge diffusion coefficient, 5.3×10-5 m2/s 

𝐻 g/𝑚3 Absolute humidity 

𝑇 N Thrust 

𝑝 Pa Air pressure 

𝑬 V/m Electric field strenght 

𝑱 A/m2 Electric current density 

𝜇 kg/(m·s) Dynamic viscosity of a fluid (air), 1.8 × 10-5 kg/(m·s) 

𝜌 C/m3 Space charge density 
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1 Introduction 

Electrohydrodynamics (EHD) describes the dynamics of electrically charged fluids. In EHD, 

ionized particles, their interactions, electric fields, and the surrounding fluid are studied.  

The Biefeld-Brown effect is an electrohydrodynamic effect observed in an air-filled capacitor, 

commonly asymmetric, when a sufficiently high voltage, starting from several kilovolts, is 

applied on the electrodes of the capacitor. In this case, the electric field strength close to one of 

the electrodes reaches the dielectric breakdown strength of the air. Thus, air molecules are 

ionized and directed by the electric field to the other electrode(s). This movement eventually 

generates thrust in the direction of the positive electrode in a symmetric capacitor. In an 

asymmetric capacitor, though, the force is directed towards the electrode with smaller curvature 

and larger radius. 

Thorough research and estimations on the viability of the utilization of the BB effect in 

propulsion were conducted by Wilson in his paper for NASA in 2009 [1]. He investigated and 

compared known geometries for thrusters that utilize the BB effect. The goal for the technology 

to be competitive with existing propulsion systems was set. Namely, thrust power efficiency θ 

= 20 N/kW and thrust effective pressure (the thrust's ratio to the fluid flow's area) ϕ = 20 N/m2. 

In the paper, the goal for θ = 20 N/kW was achieved, but not for ϕ. Therefore, it was concluded 

that the BB effect does not seem to be applicable in propulsion. Since then, there was no 

significant improvement in the field. However, a few attempts were made to utilize the Biefeld-

Brown effect to decrease air friction [2], [3]. In these articles, it is claimed that EHD thrusters 

can induce a drag reduction reaching 30%. This thesis will concentrate on understanding the 

Biefeld-Brown effect and its potential application for drag reduction of moving objects. 

Although BB thrusters are not suitable for propulsion, several qualities make them very 

interesting for active airflow control near the surface of a moving body. First of all, they have 

no moving parts. Secondly, they have rapid response times. Thirdly, they can be miniaturized 

and installed in large quantities on the surface of a moving object. 
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1.1 Motivation of the research 

1.1.1 Importance of the scientific field 

Nowadays, efficient transportation is vital for the functioning of society. It is increasingly 

important in logistics to attain maximal speeds while decreasing fuel consumption. In dense 

atmospheres, the aerodynamic drag of a vehicle has a quadratic relationship with its speed. 

When the running speed reaches 300 km/h, the aerodynamic drag can account for more than 

80% of the total drag. For increasing maximal speed, a new concept was proposed, namely the 

Hyperloop. It is a system of vacuum-sealed tubes and a vehicle that electromagnetically 

levitates at high speed along the tube [4], [5]. While it is an ambitious project with no doubt in 

its future value in transportation, it is still difficult and expensive to implement within the 

existing transportation infrastructure.  

1.1.2 The state of the art 

An alternative approach would be to decrease the air friction utilizing the BB-effect on the 

surface of a vehicle, e.g. an aircraft or a rocket. This approach can increase the maximal speed 

of a vehicle as well as potentially decrease fuel consumption. Moreover, this topic has not yet 

been studied very deeply. As to the author's best knowledge, there were only few publications 

about the utilization of corona discharge to decrease the drag [2], [3]. 

In recent years, another type of air ionization device is extensively studied for drag reduction 

purposes, the so-called dielectric barrier discharge plasma actuator [6]–[9]. It is an alternating 

current plasma generating device, with one of the electrodes covered by a dielectric material. 

This type of thruster can work with lower voltages. 

However, it is much more challenging to control this type of thrust by a magnetic field, as the 

generated airflow contains regions of both positive and negative ions. In contrast to that, the 

DC corona discharge is more suitable for manipulation with magnetic fields. Matsoukas and 

Ahmed [10] were able to increase the thrust of an EHD thruster by several percent by simply 

placing a permanent magnet close to the system of electrodes. No more studies were conducted 

considering the influence of magnetic fields on the corona discharge drag reduction efficiency 

and control. 

1.1.3 Beyond the state of the art 

In future research, it is desired to find the most efficient arrangement of electrodes and magnets 

on the surface for this system to be applicable in the transportation industry. Also, appropriate 

https://www.sciencedirect.com/topics/engineering/aerodynamic-drag
https://www.sciencedirect.com/topics/engineering/quadratic-relationship
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materials have to be chosen for the electrodes and the magnets to be applicable in this area. To 

achieve this goal, it would be important to create and experimentally validate a precise 

magneto-electrohydrodynamic model coupled with a drag reduction calculation. 

1.1.4 The gap for improvement 

Building this type of model is challenging as it combines many different phenomena, such as 

fluid dynamics, electromagnetics and different drag calculations. So, it is reasonable to 

subdivide it into several models and start with a model predicting the thrust dependence on the 

voltage. This model should also describe the physical behavior of ionized air and its interaction 

with neutral air, predict velocities and volume forces for their implementation in the next 

models. For this reason, several aims have been set to accomplish in this thesis.  

1.2 Objectives 

This thesis will concentrate on the following objectives: 

• Increase understanding of the Biefeld-Brown effect and clarify the origin of the thrust 

force as well as gain initial information about the safety of employment of the BB effect. 

• Create a model of the Biefeld-Brown effect utilizing the finite element method (FEM) 

in the software package for equation-based multiphysics modeling COMSOL 

Multiphysics® [11].  

• Create an experimental setup and conduct experiments to validate the simulation model.  

• Propose further steps of research for creating a drag reduction system for moving 

objects. 
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2 Overview of Beifeld-Brown effect 

2.1 Literature review on electrohydrodynamics and the Biefeld-

Brown effect 

Niccolo Cabeo firstly studied EHD effects in 1629. He noticed that sawdust particles attract to 

electrified bodies and are repelled after touching [12]. However, Cabeo was not able to explain 

the true nature of the effect. Thus the discovery of EHD can be attributed to Francis Hauksbee 

in 1709, who recorded that an electrically charged tube generates a weak wind [13]. 

The Biefeld-Brown effect was discovered around 100 years ago by Paul Biefeld and Thomas 

Townsend Brown and was falsely connected to antigravity properties of high magnitude electric 

fields. However, this connection appeared to be undoubtedly wrong, and this way diverted the 

attention of many serious-minded researchers from this question for some time. In 1960 Brown 

was granted another patent, titled "Electrokinetic Apparatus," where he introduced the concept 

of dielectric fluid movement and disconfirmed any electro-gravity explanation [14].  

De Seversky reproduced Brown experiments with an asymmetrical capacitor for propulsion and 

created a new term "Ionocraft." The results of his work were published in Popular Mechanics 

magazine in 1964 [15]. He prognosed that ionocraft will be able to lift significant weights. 

Unfortunately,  he couldn't create devices that could lift weights larger than hundred grams.  

Fig. 1 Futuristic illustration from Popular Mechanics magazine [15]. 
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First, theoretical work on the topic by Cheng was published in 1962. Cheng made three essential 

conclusions about EHD propulsion. Firstly, he concluded that a more significant thrust could 

be achieved more economically by increasing the electrode area than operating in the abnormal 

glow region. Higher thrust is observed in an abnormal glow region, but it is accompanied by 

larger power consumption. Secondly, for the same thrust, the discharge current density of the 

corona and consequently the power consumption may be decreased by using gases with larger 

ion mass and smaller saturation ionization constants. Hence, smaller ion mobility µ results in 

reduced power consumption for a particular thrust. Lastly, it was concluded that the thrust and 

the discharge current increase with the square of the gas pressure [16]. 

A second theoretical paper by Christenson and Moller was published in 1967 [17]. In their 

work, they employed for the first time the Navier-Stokes equation for their 1D model of an 

EHD thruster and validated it with experimental results. The experimental setup consisted of 

sharp-pointed aluminum rods mounted on plexiglass for the emitter electrode and collecting 

electrode, which consisted of concentric aluminum rings. The experimental thruster efficiency 

was about twice smaller than predicted by their model. Christenson and Moller concluded that 

approximately 90% of the input energy was lost in the form of heat and therefore, for practical 

applications it is necessary to reduce the ion mobility µ of air molecules by at least 2 orders of 

magnitude, which will lead to a competitive efficiency level of approximately 30%. However, 

it is important to mention that this conclusion was made based on the particular geometry of 

the system, thus cannot be directly applied to other more improved geometries.  

In the same period, particularly in 1961, there was another similar work by Robinson [18]. He 

mentioned the relatively low conversion rate of the EHD system and some production of ozone 

as well as a tiny amount of nitrogen dioxide during the negative corona. Fortunately, the 

positive corona is more efficient for propulsion and, at the same time, produces significantly 

less ozone. Bondar and Bastien [19] showed in their work that energy conversion efficiency 

increases up to 7.5% if the thruster operates with a flow velocity of 50 m/s. In 1988, Robert 

Talley was the first to conduct experiments with the BB effect in a vacuum chamber [20]. Talley 

did numerous experiments with gas pressures reaching down to 1.33 ∙10-4 Pa. He used a torsion 

pendulum with asymmetrical electrodes placed in a manner that the generated thrust caused the 

pendulum to rotate. He reported that no significant force was observed in a vacuum. Talley 

explained the small movements of the device by the interaction of electrodes with the vacuum 

chamber. Thus, it once again suggests that the origin of the force is the electrostatic interaction 
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between charged air molecules and electrodes and the consequent transfer of momentum to 

neutral molecules. After Talley's report, there was a decline in research on the topic.  

In recent decades, interest in the Biefeld-Brown effect recommenced due to its potential 

application in propulsion technologies [1], [10], [21]–[24]. 

2.2 Biefeld-Brown effect simple theoretical model 

Before starting with numerical simulations of the BB effect, it is useful to acquire an intuitive 

understanding by deriving a few simple formulas for the thrust 𝑇 and power efficiency 𝜃. First 

of all, the mechanism of generation of ionized particles appears to be the corona discharge in 

the vicinity of the charged electrode. It is considered to happen through photoionization of an 

air molecule and consequent avalanche in the direction of a positively charged electrode [25]. 

In this thesis, only the positive corona discharge is addressed because of its ability to generate 

a larger thrust than a negative corona [26].  The space close to a charged electrode, where 

particles are ionized, is generally called the ionization region or the corona discharge region. 

The rest of the interelectrode region, where the directed movement of charged particles as well 

as collisions with neutral air molecules take place, is called the drifting region. 

Christenson and Moller [1], [17] showed that the equation for thrust 𝑇 can be simply derived 

by assuming that the electric field is uniform in the ionization region, which is certainly not 

true, but they used it as an approximation for a simple model derivation. There is now 

production of ions outside the ionization region; hence the product of ion density 𝑛𝑗  and flow 

cross-section 𝐴 is constant in the drifting region. A single ion experiences an electrostatic force 

𝑇𝑗 is 

Fig. 2 Thrust creation in asymmetric capacitor [24]. 
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𝑇𝑗 = 𝑒𝐸 (1) 

where 𝐸 is the electric field strength in the drifting region, and 𝑒 is the unit charge. The total 

force 𝑇 on all ions is then  

𝑇 = 𝑁𝑇𝑗 = 𝑁𝑒𝐸 (2) 

where 𝑁 is the total number of ionized molecules in the flow and equals to 

𝑁 = 𝑛𝑗𝐴𝑑, (3) 

where 𝑑 is the distance between electrodes, 𝐴 is a cross-section of flow. The current can be 

expressed as 

𝐼 = 𝑣𝑗𝑒𝑛𝑗𝐴, (4) 

where 𝑣𝑗  is the average ion velocity, given by 

𝑣𝑗 = 𝜇𝐸 (5) 

 in which 𝜇 is the ion mobility. This way, the total thrust is 

𝑇 = 𝑁𝑒𝐸 = 𝑛𝑗𝐴𝑑𝑒𝐸 =
(𝑣𝑗𝑒𝑛𝑗𝐴)𝑑𝐸

𝜇𝐸
=

𝐼𝑑

𝜇
 

(6) 

The last equation clarifies that the thrust is associated with the attraction of ions' flow to the 

cathode and its repulsion from the anode.  

Now it is possible to derive the thrust power efficiency 𝜃 

𝜃 =
𝑇

𝑃
=

𝐼𝑑

𝜇𝐼𝑉
=

1

𝐸𝜇
  

(7) 

Equation (7) shows a trade-off between maximal thrust and power efficiency, because stronger 

electric field generates more significant thrust while decreasing power efficiency. An 

alternative approach is to decrease the ion mobility 𝜇, which slightly depends on the humidity 

of the air [27]. Christenson and Moller theorize that pulsing of the electric field could potentially 

decrease the effective mobility, but have no evidence of accomplishing that experimentally 

[17]. 

2.3 Environmental and safety concerns 

It is vital to estimate the environmental and health impact of the Biefeld-Brown effect before 

striving to apply it. Nitrogen oxides and ozone can be generated as a consequence of the 
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Biefeld-Brown effect device operation. Robinson was the first who raised the concern about 

ozone and nitrogen oxides formation by the BB effect [18]. A concentration of ozone of 0.1 

ppm is commonly accepted as the maximum allowable concentration for long periods of 

exposure [18]. Robinson in his paper mentions that a thruster, which operates with negative 

corona near sparkover, generates 0.8 ppm of ozone. The author suggests using thrusters in 

parallel to reduce ozone formation. It is also added that the amount of nitrogen oxides is 

significantly smaller, though the particular number is not given in the paper. Fortunately, the 

positive corona regime is more efficient for propulsion and drag reduction purposes and 

generates much less ozone, which is also beneficial. However, even the negative corona regime 

would be appropriate and ecologically sustainable for outside usage, since the half-life time of 

ozone in still and humid air is approximately 40 minutes. It decreases even more with air 

movement [28]. Hence, the BB effect can be potentially scaled up without any significant harm 

to the environment and human health. More detailed mechanisms of ozone and nitrogen oxides 

formation are described by Pancheshnyi [29]. Finally, the Biefeld-Brown effect operates with 

high voltages; therefore, standard high voltage safety requirements have to be fulfilled. 
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3 Methodology of the research 

3.1 System description 

In this thesis, a simple system of electrodes was simulated utilizing Comsol Multiphysics 5.5, 

and then a prototype was built to experimentally verify the validity of the simulated physics. 

The system consisted of two electrodes of different sizes: a large aluminum cathode and a small 

anode made from other metals (copper, tin, brass). The parameters of the electrodes are given 

in Table 1. 

In the simulated system, the volume between two electrodes can be divided into two regions: 

the region close to the corona electrode, where the ionization occurs, and the drifting region. 

The drifting region comprises of all the other space between the electrodes where ionized 

molecules move in the electric field generated by the two electrodes, collide with neutral 

particles and transfer the momentum that they previously acquired from electrostatic 

Fig. 3 Geometry of the studied system. 



15 

 

interactions with the electrodes [30]. This way, the potential energy of the electric field is partly 

transferred into the kinetic energy of airflow.  

Parameter Value 

Length of electrodes 100.0 mm 

Distance between electrodes 16.5 mm, 31 mm, 51.5 mm 

Cathode metal Aluminum 

Cathode width 3.08 mm 

Cathode height 21.7 mm 

Cathode polarity Grounded 

Anode metal Brass, copper, tin 

Anode diameter 0.18mm, 0.47mm, 0.48mm, 0.52mm, 0.94mm 

Anode polarity Positive 

Table 1 Parameters of studied system. 

 

 

3.2 Electric Field 

In order to calculate the electric field 𝑬 in the air-filled domain we can take the gradient of the 

electrostatic potential 𝑉 

𝑬 = −𝛁 𝑉. (8) 

The electric potential 𝑉 can be calculated by solving Poisson's equation 

∇2𝑉 =
𝜌

𝜀0𝜀𝑟
 , (9) 

where 𝜌 is the space charge density, 𝜀0  is the dielectric permittivity of free space and 𝜀𝑟  is the 

relative permittivity of the air. Eq. (9) is solved with the Dirichlet boundary conditions 𝑉 = 0 at the 

cathode and 𝑉 = 𝑉0 at the anode, where 𝑉0 is the applied voltage. 
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3.3 Electric current flow 

Three processes contribute to the electric current flow in the system: conduction through the 

motion of ions relative to the airflow, convection (transport of charges with the airflow), and 

diffusion of charges from regions with larger volume charge density 𝜌 to regions with lower 𝜌 

[30]. Conduction is given by 𝜇𝐸𝑬𝜌, where 𝜇𝐸 is the mobility of charged molecules in the air 

medium. The convection process here is the product of the velocity vector of the airflow 𝑼 and 

the space charge density 𝜌. Diffusion is motivated by the difference of volume charge densities, 

so it is given by −𝐷∇𝜌, where 𝐷 is the diffusion coefficient of ions. Combining these three 

terms together yields the total electric current density  

𝑱 = 𝜇
𝐸

𝑬𝜌 + 𝜌𝑼 − 𝐷𝛁𝜌. (10) 

Assuming that there is no ion generation in the drifting zone, 𝑱 obeys the continuity equation 

𝛁 ⋅ 𝑱 = 0 (11) 

  

3.4 Fluid flow 

The fluid flow in the system is solved by assuming laminar flow conditions. As such, we 

compute the velocity and pressure fields for the flow of a single-phase fluid. The laminarity of 

the flow is assessed and described by the Reynolds number. The Reynolds number is the ratio 

of inertial forces to viscous forces in the fluid. The Reynolds number is defined as 

𝑁Re =
𝜌𝑣𝑑

𝜇
 , 

(12) 

 

where 𝜌 is the density of the fluid, 𝑣 is the fluid velocity, 𝜇 is the dynamic viscosity of the fluid, and 

𝑑 is the characteristic length. This important dimension defines the scale of a physical system [31]. A 

flow remains laminar as long as the Reynolds number is below a particular critical value. At 

higher Reynolds numbers, disturbances tend to grow and cause the transition to the turbulence 

regime. This critical Reynolds number depends on the model [32]. Fluid speeds generated by 

the thruster do not surpass 5m/s, so the flow is slow enough to make a few assumptions. We 

can consider the fluid to be incompressible and the flow to be laminar. 

The fluid flow behavior described by the pressure and velocity fields is found by solving 

Navier-Stokes and continuity equations. 



17 

 

 

3.4.1 Continuity equation 

The continuity equation or transport equation, describes the transport of some quantity 

enforcing its mass conservation. Mathematically, it is described in the following way 

𝜕𝜌𝑎𝑖𝑟

𝜕𝑡
+ 𝛁 ⋅ 𝒋 = 𝜎 , 

(13) 

where 𝜌𝑎𝑖𝑟 is the volumetric density of the quantity, here let it be the air density, 𝑡 is time, 𝒋 is 

the flux of the quantity and 𝜎 is the generation of the quantity per unit time per unit volume. In 

case of quantities that cannot be created or destroyed, such as mass, 𝜎 is equal to zero. So, the 

equation takes a simpler form 

𝜕𝜌𝑎𝑖𝑟

𝜕𝑡
+ 𝛁 ⋅ 𝒋 = 0 . 

(14) 

Moreover, if the fluid is incompressible, then it has a constant density, and the equation is even 

more simplified 

𝛁 ⋅ 𝒋 = 0 . (15) 

This essentially means that no mass or other quantity is generated inside the volume, and the 

amount entering the volume is equal to the amount leaving it.  

As 𝒋 = 𝑼𝜌𝑎𝑖𝑟, where 𝑼 is the velocity of the fluid and 𝜌𝑎𝑖𝑟 is the density, we can divide both 

sides of the equation by the density and get the following equation 

∇ ⋅ 𝑼 = 0 . (16) 

  

3.4.2 Navier-Stokes equations 

Navier-Stokes equations express the conservation of mass and momentum for Newtonian fluids 

[33]. They are derived by applying Newton's second law to the motion of fluids and assuming 

that the stress in the fluids is the sum of the pressure term and a diffusing viscous term 

(proportional to the gradient of the velocity). Mathematically, Navier-Stokes equations are 

expressed in the following way 

𝜌
𝑎𝑖𝑟

𝑼 ⋅ ∇𝑼 = −∇𝑝 + 𝜌𝑬 + 𝜇∇2𝑼 , (17) 

  



18 

 

where the left-hand side of the equation is the acceleration part of Newton's second law, and 

the right-hand side is the sum of forces existing in the system. 𝜌𝑎𝑖𝑟 is the fluid density, 𝜌 is the 

volume charge density from equations (9) and (10), 𝑼 is the fluid velocity, 𝑝 is the pressure, 𝐸 

is the electric field strength, and 𝜇 is the dynamic viscosity. The first term on the right-hand 

side of the equation is the pressure gradient forcing the fluid to flow in the direction of the most 

significant change in pressure. The second is the external electric force. The third term is a 

diffusion term. In the Navier-Stokes momentum equation, the viscosity operates as diffusion of 

momentum. 

3.5 Simulation procedure 

3.5.1 Finite Element Method 

In order to numerically solve the above system of partial differential equations, we shall use the 

finite element method (FEM) [34], [35]. For this, it is necessary to divide the system geometry 

model into small non-overlapping simple shaped pieces, called subdomains or cells, the set of 

which is called mesh. For example, linear sections are used in 1D, triangles or quadrilaterals in 

2D and tetrahedra or hexahedra in 3D. The points where the corners of neighboring elements 

intersect are called nodes. The partial differential equations are then solved using this mesh by 

approximating the solution as a linear combination of piecewise low-order polynomial 

functions (shape functions) as 

𝐹(𝑥) = ∑ 𝐹𝑘𝑁𝑘(𝑥)

𝑘

, (18) 

  

where  𝐹(𝑥) is the unknown solution, 𝐹𝑘 is its values on the 𝑘-th node, and 𝑁𝑘 is the shape 

function (or element) associated with the 𝑘-th node. The shape functions are non-zero only in 

the vicinity of their associated node and 𝑁𝑘(𝑥𝑛) = 𝛿𝑘𝑛, i.e. each shape function is zero in every 

node except for the one associated with it. Fig. 4 is a schematic illustration of a field, 𝐹(𝑥) in 

1D, that is approximated using the FEM. In this case, 𝐹(𝑥), is a continuous function that is 

approximated using piecewise linear functions in an element. Utilizing this approximation and 

the above properties of 𝑁𝑘(𝑥), the differential equation is turned into a (sparse matrix) linear 

system of algebraic equations, which can then be solved numerically [36]. 
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3.5.2 COMSOL Multiphysics 

For modeling the studied system, the COMSOL Multiphysics software was utilized [11]. The 

Electrostatics module was used to solve equations (8) and (9). Electric currents equations (10) 

and (11) were solved using the Convection-diffusion equation module, while the Laminar flow 

module was picked for solving equations (16) and (17). 

3.5.3 Simulated geometry and mesh description 

Several types of model geometries were simulated numerically. The most promising geometry 

for the model will be presented here in more detail. It consists of a 0.18 mm in diameter copper 

anode and an aluminum cathode with the standard dimensions described earlier. The distance 

between the electrodes is 31.5 mm. It is possible to see in the appendix material from Fig. 26 

that the mesh is dense inside the ellipse region in the middle of the model. This was necessary 

for the adequate calculation of fluid flows in this domain. The total number of elements in the 

model is 47327. 

The remaining part of the model was still necessary for the correct calculation of the electrical 

potential. In Fig. 5 it is possible to see the larger electrode and the mesh around the small anode. 

Such a dense mesh was necessary for a precise enough calculation of the space charge density.  

Fig. 4 Finite element approximation for a one-dimensional case. A 

continuous function is approximated utilizing piecewise linear functions 

in each element [36]. 
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In Fig. 27 and Fig. 28 in the appendix, it is possible to see that the mesh on the surface of 

electrodes changes from triangular to rectangular. This rectangular mesh is called boundary 

layer mesh. Referring to COMSOL Multiphysics guide: "A boundary layer mesh is a mesh with 

an element distribution that is stacked or dense in the direction normal to a boundary. It is 

created by inserting structured layers of elements along specific boundaries and merging the 

outer layer with the surrounding structured or unstructured mesh. This type of mesh is useful 

for many fluid flow applications, especially when coupled to mass and energy transfer, where 

thin boundary layers need to be resolved "[32].  

3.5.4 Boundary conditions 

For solving the set of previously described governing differential equations, boundary 

conditions have to be imposed. There is a slip wall condition applied on the boundary of the 

electrodes and the outer walls. It enforces the dot product of the velocity field with the normal 

vector on the boundary to be zero. The zero pressure point constraint is applied to the bottom 

corners of the model. For the electrostatics, zero potential is applied on the outer walls of the 

aluminum electrode, and a varying potential (9kV-29kV) is forced on the smaller electrode. A 

Dirichlet boundary condition 𝜌0 = 0 is set for the space charge density on the boundary of the 

Fig. 5 Mesh close to the electrodes. 
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collector electrode and the outer walls. On the boundary of the small electrode, a boundary 

value 𝜌 = 𝜌0 was enforced, with the value of 𝜌0 adjusted to satisfy the condition 

𝐸𝑆 = 𝐸0 (1 +
0.586

𝑟0
0.34 ) 𝐾𝐻

−0.2 , 
(19) 

  

where 𝐸𝑆  is the electric field strength on the boundary of the air ionizing electrode, 𝐸0  the 

breakdown electric strength of air, 𝑟0 is the radius of the electrode in cm and  

𝐾𝐻 = 1 + 0.012𝐻0.624 , (20) 

  

where 𝐻 is the absolute humidity expressed in  
𝑔

𝑚3
 . If the voltage applied on the anode is sufficient 

for corona inception or, in other words, air ionization, then the electric field strength on the 

surface of the anode is equal to 𝐸𝑆  and stays the same even though the applied voltage is 

increased [25]. An establishment of a dynamic equilibrium explains this phenomenon. The 

increase of the electrode voltage enlarges the electric field strength and the space charge density 

in the electrode vicinity. The increased space charge density enhances the screening effect of 

the electric field. Hence, the electric field strength is limited by the negative feedback 

mechanism of the space charge density. However, for significantly smaller and larger 

electrodes, the equation representing 𝐸𝑆 is not precise. However, the conditions studied in this 

thesis are well within the fitting regime.  

3.6 Experimental setup design 

An experimental setup was built to validate the simulated physics model. The purpose of the 

setup was to measure the thrust generated by the system of electrodes as a function of voltage 

and current. Several setups were built to achieve good measurements. For the first attempt the 

same approach as in existing scientific literature was taken [1], [26], [37]. A stand for electrodes 

was build from dielectric and put on the scale. When voltage was applied on the electrodes, the 

created thrust was measured by the scale. In a few papers, the scale was covered by a grounded 

aluminum foil to screen it from strong electric fields [1], [26]. Fig. 6 illustrates the main idea 

behind this approach. 
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Fig. 6 Setup representing the initial approach [37]. 

 

Unfortunately, this solution was not satisfying enough because the aluminum foil used as a 

faraday cage for the scale also plays a role of a second grounded electrode, increasing or 

decreasing the thrust depending on the orientation of the system of electrodes. Moreover, it 

impedes the free movement of the air.  

Another experimental setup was created to address this issue. The idea was to move the scale 

as far as possible from the electrodes. Thus, the test weight on the scale and the system of 

electrodes were connected by a string situated on two pulleys. The limiting factor for a precise 

measurement was the friction force of the pulleys and the continuous elongation (creeping) of 

the string which was made of nylon. 

Fig. 7 a) The final experimental setup, b) The system of electrodes 
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Afterwards, taking the above issues into consideration, the final experimental setup was 

designed. In this design the scale was placed on a lamp, close to the ceiling. A 30 cm long 

wooden rod was put on the scale and a string made of glass fiber was used to suspend the plastic 

construction with the electrodes from the wooden rod. Glass fiber is an appropriate material for 

the string as it has a larger Young's modulus than nylon. Thus, no creeping effect is observed, 

while it does not conduct compared to a steel wire. The system of electrodes is suspended far 

from any conductors, possibly impeding the electric field and obstacles hindering the movement 

of the air. The distance between the scale and the system of electrodes is approximately 2.3 m. 

The photo of the electrode arrangement is presented in Fig. 7 b). In this figure the distance 

between the electrodes is 16.5 mm.  

 

3.6.1 Measurement apparatus and circuitry 

The current in the system was measured by taking the voltage drop on a 21.93 kΩ resistor, 

connected in series with the system of electrodes. The total voltage in the system was measured 

by the voltage source. The voltage source, as well as the cathode, were grounded. The circuit is 

represented in Fig. 8.  

Fig. 8 Experimental setup circuitry. 
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The characteristics of the utilized measurement equipment are described in Table 2. 

 

Device Characteristics 

DC voltage source 0-30kV, max. output current 0.5mΩ, model 

name AHVAC30KVR5MABT 

Multimeter Model FLUKE 117 TRUE RMS 

Scale 50g max, 0.001g precision 

Anemometer Sefram 9862 hot wire anemometer 

Table 2 Characteristics of the measurement equipment. 

 

3.6.2 Measurement procedure 

Seven different electrode configurations were tested (different anode metals, distances and 

anode diameters).  For every configuration, voltage was increased from 0 kV to 30 kV or to the 

breakdown voltage with intervals of 1 kV. When sufficient voltage was applied to the 

electrodes, the thrust was generated and measured by the scale. After increasing the voltage, 

sufficient time was given to the system to reach the equilibrium state. The accuracy of the 

measurement system was checked by putting an exact weight of 0.2220 g on the aluminum 

electrode and confirming that the scale display shows 0.222 g before every measurement. 

Therefore, it was verified that the system is put on the scale symmetrically, and no torque is 

present. 
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4 Results and discussion 

4.1 Simulation results 

The length of the simulated model is several times larger than its height and width. So, it was 

possible to conduct simulations in 2D, significantly decreasing the computational times while 

keeping a high accuracy, as the edge effects were negligibly small. The most promising 

simulations were demonstrated by the configuration of electrodes, where the small electrode 

diameter was 0.18 mm, and the distance between the electrodes was 31.5 mm. The most 

interesting voltage regime was around 26 kV, as it will be shown in the experimental part. 

Therefore, the major part of 2D plots will demonstrate the physical behavior of this 

configuration. Similar plots could be generated for every electrode configuration and voltage 

regime, though it would lead to a generation of about 600 plots.  

4.1.1 Mesh convergence 

Simple mesh convergence tests were conducted. It was checked that twice increasing the 

number of elements in the model changes the thrust values only by 0.1%. However, decreasing 

the number of elements created more significant differences in the thrust. Hence, the total 

number of elements in the model was set to be 47327.  

4.1.2 Electric potential 

The size of the model was chosen 

in such a way that it did not 

influence the electric potential. It 

can be observed in the appendix 

material in Fig. 29. The boundary 

condition for the potential on the 

edges of the air domain was 𝑉 = 0. 

The distribution of electric 

potential close to the electrodes is 

depicted in Fig. 9. Largest values 

of 2.6 ⋅ 104 V for electric potential can be observed close to the air ionizing positive anode. The 

potential on the cathode is equal to zero. 

Fig. 9 Calculated electric potential in V (magnified). 
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4.1.3 Electric field 

Inspecting the direction of the electric field as depicted in Fig. 10, one notes that the electric 

field between the electrodes is relatively uniform, pointing from the small positive anode 

towards the larger cathode, with a magnitude between 0.4 and 1.4 MV/m. The white streamlines 

show the direction of the electric field. In the appendix Fig. 30 an electric field of 14 MV/m 

can be observed close to the anode. In this figure the electric field around the anode also seems 

rather uniform. 

4.1.4 Space charge density 

The space charge density has a drop-shaped form with a tip pointed towards the larger electrode. 

The space charge density close to the small electrode is relatively uniform but slightly shifted 

towards the large electrode. The largest space charge density is located in close vicinity to the 

anode and reaches magnitudes of 3 ⋅ 10−4  
C

m3 . 

 

 

 

 

Fig. 10 Calculated electric field in MV/m. 
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4.1.5 Velocity of the air 

Velocity plots describe the movement of the air. In Fig. 12 the average velocities are around 

1.3 m/s. It is possible to see that turbulent regions are formed at a distance of 0.5 m from the 

system of electrodes. In Fig. 13 it is easier to observe the highest velocities of 2.59 m/s close to 

the large electrode. In this region, the air was maximally accelerated by the capacitor, but has 

not yet started losing the momentum due to the friction forces.  

Fig. 11 Calculated space charge density in C/m3. 
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Fig. 13 Calculated velocity plot of air movement in m/s (magnification). 

Fig. 12 Calculated velocity plot of air movement in m/s. 
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4.1.6 Volume force  

The volume force in every node is calculated as a product of the space charge density and the 

vector of electric field strength. In Fig. 14 (left) the direction and the magnitude of the volume 

force vector field are depicted by the red arrows. The red arrows are mainly directed towards 

the large electrode. The thrust generated by the system is the integral of a vertical component 

of the volume force. From Fig. 14 (right) one can deduce that a very large volume force is 

generated close to the anode, but it is almost symmetrical. So, it does not contribute to the thrust, 

but consumes energy.  

 

4.2 Experimental results 

As previously mentioned, the experimental investigation is divided into three parts: comparing 

different metals for the anode material, investigating the inter-electrode distance influence on 

the performance, and comparing the performance of systems with anodes of different diameters. 

Fig. 14 Calculated volume force (left) and magnified volume force near the anode (right) in N/m3. 
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4.2.1 Metal comparison 

Three different metal wires (tin, copper, brass) were used as anodes to identify the metal 

influence on the produced thrust. In all three tests, the inter-electrode distance was kept 31.5 

mm. The diameters slightly varied as 0.47 mm, 0.48 mm, and 0.52 mm for brass, tin and copper 

respectively, as it was impossible to find identical wires. 

It was assumed that such a small difference in diameter does not significantly influence the 

system's behavior, and if any important effect is associated with the type of metal, it would be 

visible. As depicted in Fig. 16,  Fig. 15, and Fig. 17, the type of the anode metal does not 

0

1

2

3

4

5

6

7

8

9

8 10 12 14 16 18 20 22 24 26 28 30

T
h

ru
st

 (
m

N
)

Voltage (kV)

Metal comparison

Tin

Copper

Brass

Fig. 15 Consumed power dependence on voltage for different metals in W. 

0

0.5

1

1.5

2

2.5

8 10 12 14 16 18 20 22 24 26 28 30

P
o

w
er

 (
W

)

Voltage (kV)

Metal comparison

Tin

Copper

Messing

Fig. 16 Thrust characteristics of different metals. 



31 

 

significantly influence the thrust, power, and thrust power efficiency characteristics. The 

difference in diameter can explain the small existing variations in thrust. The only important 

fact to mention is that more conductive metals initiate breakdown at smaller voltages than less 

conductive ones.  

 

4.2.2 Diameter of the electrodes 

The diameter of electrodes influences the thrust and power consumption more than the type of 

metal. The thrust voltage dependence can be observed in Fig. 18. Depending on the electrode 
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diameter, corona discharge starts at different voltages due to the local electric field enhancement 

on the electrodes with a smaller radius. It is evident that systems that generate more thrust 

consume more power, as shown in Fig. 19 depicting the power consumption. The thrust power 

efficiency in the regime with a considerable thrust is approximately 10 N/kW, which 

corresponds to the existing literature [1]. Thrust efficiency is slightly better for larger 

electrodes, which is explained by the fact that larger electrodes generate smaller local electric 

field around the emitting electrode (anode). As we have seen in Fig. 14, the volume force around 

the anode is quite symmetrical. Therefore, the increase in field strength speeds up the ionization 

0

0.5

1

1.5

2

2.5

3

3.5

4

8 10 12 14 16 18 20 22 24 26 28 30

P
o

w
er

 (
W

)

Voltage (kV)

Electrode wire diameter comparison

0.94 mm

0.52 mm

0.18 mm

0

10

20

30

40

50

60

70

80

8 10 12 14 16 18 20 22 24 26 28 30

T
h

ru
st

 p
o

w
er

 e
ff

ic
ie

n
cy

 

(N
/k

W
)

Voltage (kV)

Electrode wire diameter comparison

0.94 mm

0.52 mm

0.18 mm

Fig. 19 Power dependence from voltage for wires with different diameters. 

Fig. 20 Thrust power efficiency dependence from voltage for wires with different diameters. 
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rates and increases the charge densities, but simultaneously generates more significant 

symmetrical thrust from the anode. As symmetrical thrust does not contribute to the overall 

thrust, it is considered as energy loss. 

4.2.3 Inter-electrode distance comparison 

The brass electrode with 0.47 mm diameter was used to determine how inter-electrode distance 

influences the thrust and power characteristics. Fig. 21 represents thrust voltage dependencies 

for different inter-electrode distances. First of all, when voltage is being increased, breakdowns 

occur earlier for small inter-electrode distances. Thrust voltage dependence is sharper for 

smaller distances. Considering both effects, it is more reasonable to use intermediate inter-

electrode distances to avoid breakdowns and have a sufficiently sharp thrust voltage curve. The 

distance of 31.5 mm was the most appropriate for the particular geometry of the experimental 

setup. A larger thrust requires a more powerful power supply. The power consumption is 

depicted in Fig. 22. Also, from the given figures, it is possible to approximately determine the 

starting voltage for the corona discharge. Fig. 23 shows that thrust power efficiency is very low 

for the distance of 16.5 mm, although for 31.5 mm and 51 mm, it is similar in the region of 

sufficient thrust (20kV-30kV). 
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4.2.4 The optimal tradeoff between thrust and efficiency 

It was analyzed that increasing the voltage, there is an increase in thrust, but the decrease in 

thrust power efficiency. So, there should be a particular voltage with simultaneously large 

enough efficiency and thrust. A thrust efficiency product was proposed for the estimation of 

thrust and efficiency at the same time. No units are used for that product as it would not have 

any physical meaning. One can depict from Fig. 24 that for many electrodes, the most 

productive voltage is 26 kV. At the same time, the curve of the most promising electrode 

configuration is marked by magenta markers. It is a copper electrode with a diameter of 0.18 

mm and an inter-electrode distance of 31.5 mm. Graphs of the other electrodes are not so 

distinguishable from each other. This was done to emphasize the difference between the most 

promising electrode and the others. However, in every graph, we can see a local maximum with 

a smaller value than the absolute one. It suggests the change of the mechanism of corona 

discharge and has to be studied in more detail.  

 

 

Fig. 24 Thrust efficiency product dependence on voltage for different electrodes. 

4.3 Physical model validity 

To compare simulation and experimental results in this thesis, the most efficient configuration 

described in the previous chapter was chosen. Other electrode configurations were also 

compared, but the results were almost identical. Therefore, these are not represented here. 
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Fig. 25 The comparison of experimental thrust results with simulation. 

In Fig. 25, the dashed line represents the thrust results obtained from the experiment, and the 

continuous line represents the thrust results from the simulation. The simulation model can be 

considered sufficiently precise as in the most crucial region for thruster application (19-29 kV), 

the average difference between experimental and simulation results was 1.5%. At the same 

time, the average percent deviation from the mean in experimental results was 3.2%. Therefore, 

it can be concluded that experimental and simulation methodology was chosen correctly, and 

the model is suitable for further development. The velocity measurements were also taken by 

the hot wire anemometer. The results were very similar to the simulation, but no precise 

measurements were taken. Precise velocity measurements will be conducted for validation of 

the next models. 
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5 Conclusions and outlook 

5.1 Conclusions 

The objectives of this work to increase the understanding of Biefeld-Brown effect and clarify 

the origin of the generated force, as well as to gain insight into the safety of the effect, were 

fulfilled. The force in the Biefeld-Brown effect comes from the transfer of potential energy of 

electric field into kinetic energy of ionized air molecules and the consequent momentum 

transfer to neutral molecules by a collision mechanism. The Biefeld-Brown effect can be 

considered environmentally friendly, but as high voltages are required for corona discharge 

generation, common high voltage safety requirements should be fulfilled. 

A finite element method model simulating the Biefeld-Brown effect was developed utilizing 

the software package for equation-based multiphysics modeling COMSOL Multiphysics. 

Velocity, pressure, space charge density, potential, electric field strength, and volume force 

distributions were calculated, and the thrust was evaluated. 

An experimental setup was created. It was concluded that different metals do not significantly 

influence the effect. Though, electrodes with higher conductivity favor breakdowns at smaller 

voltages applied. Electrodes with small diameters are more useful for generating thrust as 

their thrust×efficiency product is higher. Moderate inter-electrode distances are 

recommended for use because small inter-electrode distances favor early breakdowns, and too 

small thrusts are generated with large inter-electrode distances.  

The simulation model was successfully validated. In the region of interest (19-29 kV), the 

average difference between experimental and simulation results was 1.5%. 

The steps for the future research will be proposed in the following chapter. 

5.2 Outlook and future research 

Several steps are proposed for future research. 

• Create a 3D drag evaluation model of an Ahmed body [38] and couple it with the 

existing thrust simulations of the BB effect for drag reduction calculations. 

• Validate the numerical model with a drag experiment in a wind tunnel.  

• Research possibilities for miniaturizing the electrodes. 



38 

 

• Research the possibilities to optimize the positioning and real-time operation of multiple 

BB thrusters on a vehicle, taking advantage of their electric controllability. 

• Confirm observations that the employment of permanent magnets can influence the 

efficiency of the Biefeld-Brown effect [10]. 

• Introduce magnetic fields into the Ahmed body drag reduction simulations. 

• Find the most effective positioning of electrodes and magnets on the surface. 

• Validate simulation results with experiment. Conduct drag tests of Ahmed body in a 

wind tunnel with different positioning of electrodes and magnets on its surface. 

Successful fulfillment of these objectives would fill the gap between the current state of the art 

and the desired future. 
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Appendix 

Less, though still important figures of the thesis are placed in the appendix for more interested 

readers to familiarise themselves. 

Mesh figures 

 

 

Fig. 27 Bottom side of aluminum cathode. 

Fig. 26 Mesh of simulated system. 
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Figures of the simulation results 

 

Fig. 28 Mesh of the positive copper anode. 

Fig. 29 Electric potential in V. 
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Fig. 30 Calculated electric field close to the anode in MV/m. 
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