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Abstract  

Magnetohydrodynamic (MHD) generators can be used to increase the total efficiencies of fossil power 

plants by adopting a bi-plant design, in which electricity is generated using both a turbine and the MHD 

generator. An MHD generator with an electric output of 10 kW is numerically analyzed herein for 

application to bi-plant method electricity generation. An electrically conductive plasma flue gas, with a 

high temperature of approximately 3000 K from the power plant, was considered for the generation of 

electricity from its flow in the magnetic field, where electricity was produced directly without the turbine 

facility from the MHD generator. Velocity profiles were calculated using an ANSYS code simulation. 

Then, using the magnetic flux density, the electrical output was calculated to design the MHD generator. 

The magnetic flux density, velocity, and geometrical variables affected the power output of the MHD 

generator. The power was proportional to the square of magnetic flux density, whereas velocity and 

power density were constant. 

 

Keywords: Magnetohydrodynamic generator; Magnetic flux density; Velocity; Electrical output 

 

Nomenclatures 

𝐵ሬ⃗  Magnetic flux density [T] 
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d Duct distance horizontal x-direction [m] 

𝐸ሬ⃗  Electric field [kg∙m/(s3∙A)]  

𝐹⃗ Lorentz force [kg∙m/s2] 

I Total current [A] 

Ik Short circuit current [A] 

i Relative current 

𝐽 Current density [A/m2] 

𝑝 Developed system pressure [Pa] 

q Charge [C] 

𝑅୧ Internal resistance [Ω] 

𝑅୐ Load resistance [Ω] 

𝑡 Time [s] 

𝑈ሬሬ⃗  Fluid velocity [m/s] 

V Total voltage [kg∙m2/(s3∙A)] 

v Volume of fluid [m3] 

𝑉଴ Voltage across the fluid [kg∙m2/(s3∙A)] 

W Total power [W] 

Win Input power [W] 

Wmax Maximum power [W] 

Wout Output power [W] 

𝑊  Drift velocity [m/s] 

𝜀଴ Electrical permittivity in vacuum [F/m] (8.85×10−12) 

𝜇଴ Magnetic permeability in vacuum [H/m] (1.257 x 10-6) 

𝜈 Kinematic viscosity [m2/s] 
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𝜌 Density [kg/m3] 

𝜎 Electrical conductivity [1/(Ω ∙ m)] 

𝜔 Cyclotron frequency [1/s] 

𝜏 Free flight time of the electrons [s] 

𝛽 Hall parameter 

𝜂 Efficiency 

 

1. INTRODUCTION  

Coal will be the only fossil fuel resource available by the mid- to late this century due to depletion of oil, 

natural gas, and uranium. Hence, the development of efficient coal-fired power generation technologies is 

necessary to meet the energy demands of the future. However, the environmental problems caused by slag 

occurring during the combustion process of coal, and sulfur oxides and nitrogen oxides should not be 

overlooked. Magnetohydrodynamic (MHD) systems are being considered as an alternative method to meet 

the energy demands of the future.  

The basic operating principle of the MHD generator is the interaction between a magnetic field and an 

electrically conducting fluid. The MHD generator converts kinetic and heat energy directly into electricity 

using plasma as a fluid and can operate at high temperatures compared to other generator technologies. The 

combination of MHD power generators with steam power generators, called the ‘Bi-plant method’, results 

in a highly efficient power generation technology for the conversion of fossil fuel energy into electricity. 

The efficiency can reach 40% to 60% or more.1 In addition, the MHD generator can eliminate harmful 

gases such as carbon dioxide (CO2), nitrogen oxides (NOx), and sulfur oxides (SOx) due to plasma 

interactions.2 However, the disadvantage of MHD generator systems is their high operating temperatures. 

Heat exchangers are needed to generate plasma at such high temperatures.  

MHD generators can be divided into open- and closed-cycle systems according to their thermodynamic 

cycles. The open-cycle system employs the Brayton cycle, in which the thermodynamic operating fluid 
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completes the cycle in the gaseous state. The closed-cycle system employs the Rankine cycle, in which the 

thermodynamic operating fluid circulates through condensation. An open-cycle system allows high-

temperature combustion gases to pass directly through the MHD generator, and a closed-cycle MHD 

generator uses combustion heat from fossil fuels to develop noble gases3. In this study, an open-cycle MHD 

generator system is considered. 

In an MHD generator, high heat energy remains after generation because it operates at high temperatures. 

Therefore, a combined plant method is used to utilize the remaining heat, thus generating more energy and 

thereby increasing efficiency. The principle of operation for a combined open-cycle MHD generator system 

is the addition of a fuel and seed to the combustor. The 1st electrical output (DC) is produced through the 

MHD generator using the heat generated from the combustor, as shown in Fig. 1. The preheated air from 

the emitted gas of the MHD generator is then used in a steam generator to generate the 2nd electrical output 

(AC), and the seed is recovered to recirculate the system. 

The MHD generator device can be separated into a Faraday current generator and a Hall current generator4. 

In this research, we examined the basic characteristics of the Faraday-type generator because its geometry 

is relatively simple, and therefore, its reliability is relatively high compared to Hall-type generators.3 The 

electric power of 10 kW MHD was adopted to adjust to the laboratory scale size. We analyzed 

electromagnetic, hydraulic, and geometrical parameters to determine the MHD characteristics for 

developing an open-cycle system. 

 

2. ANALYSIS OF MHD GENERATOR 

The Faraday-type MHD generator, shown in Fig. 2, is analyzed herein.4,5 In this study, a plasma offgas at 

3000 K is used to give electrical conductivity to the plasma fluid required to generate electricity.6,7 The 

plasma fluid flows in the x-direction, and the magnetic flux is directed along the z-axis. Subsequently, the 

current is generated in the y-direction. The basic equations to solve for the parameters of the MHD generator 
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are the Maxwell equations and Navier–Stokes equation.8 The four vector relations of the Maxwell equations 

and Navier–Stokes equation for the MHD are expressed as9: 

Ampere’s law: ∇ × 𝐵ሬ⃗ = 𝜇଴ ቀ𝐽 + 𝜀଴
డாሬ⃗

డ௧
ቁ;                                  (1) 

Faraday’s law: ∇ × 𝐸ሬ⃗ = −
ப஻ሬ⃗

ப௧
;                                          (2) 

Gauss’s law for magnetism: ∇ ∙ 𝐵ሬ⃗ = 0;                                   (3) 

             Ohm’s law: 𝐽 = 𝜎𝐸ሬ⃗ ;                                                  (4) 

Navier–Stokes equation: 
డ௎ሬሬ⃗

డ௧
+ ൫𝑈ሬሬ⃗ ∙ ∇൯𝑈ሬሬ⃗ = −

ଵ

ఘ
∇𝑝 + 𝜈∇ଶ𝑈ሬሬ⃗ +

ଵ

ఘ
𝐽 × 𝐵ሬ⃗ .           (5) 

Ohm’s law in Eq. (4) can be generalized by considering Lorentz’s force and the Hall effect. In a special 

case, the generalized form is added. First, Lorentz’s force law is given by: 

𝐹⃗ = 𝑞(𝑈ሬሬ⃗ × 𝐵ሬ⃗ ).                                         (6) 

The motion of the electromotive force is added via the electric field (𝐸ሬ⃗ ), and the current density is 

represented by: 

𝐽 = 𝜎(𝐸ሬ⃗ + 𝑈ሬሬ⃗ × 𝐵ሬ⃗ ).                                        (7) 

The MHD generator system uses a plasma material interacting with a magnetic field such that a drift 

velocity perpendicular to the magnetic field is formed in the plasma. The Hall field thus generated, is added 

to the current density in Eq. (7) to yield: 

𝐽 = 𝜎൫𝐸ሬ⃗ + 𝑈ሬሬ⃗ × 𝐵ሬ⃗ ൯ − 𝜎(𝑊ሬሬሬ⃗௘ × 𝐵ሬ⃗ ).                                (8) 

The first hall field term (𝜎𝑊ሬሬሬ⃗௘) is given by10: 

𝜎𝑊ሬሬሬ⃗௘ = 𝜇଴𝐽 =
ఠఛ

|஻|
𝐽 =

ఉ

|஻|
𝐽.                                  (9) 

Finally, the generalized Ohm’s law for an MHD generator is given by11: 

𝐽 = 𝜎൫𝐸ሬ⃗ + 𝑈ሬሬ⃗ × 𝐵ሬ⃗ ൯ −
ఉ

|஻|
(𝐽 × 𝐵ሬ⃗ ).                               (10) 

In the Cartesian coordinate system, the components of Eq. (10) are represented as: 
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𝐽୶ = 𝜎൫𝐸୶ + 𝑈୷𝐵୸ − 𝑈୸𝐵୷൯ −
ఉ

|஻|
(𝐽୷𝐵୸ − 𝐽୸𝐵௬),                       (11) 

𝐽୷ = 𝜎൫𝐸୷ + 𝑈୶𝐵୸ − 𝑈୸𝐵୶൯ −
ఉ

|஻|
(𝐽୶𝐵୸ − 𝐽୸𝐵୶),                       (12) 

𝐽୸ = 𝜎൫𝐸୸ + 𝑈୶𝐵୷ − 𝑈୷𝐵୶൯ −
ఉ

|஻|
(𝐽୶𝐵୷ − 𝐽୷𝐵୶).                       (13) 

Eqs. (14) and (15) define the generalized conditions assumed for the MHD generator. Only the z-component 

of the magnetic flux density is considered since the external magnetic field is generally much higher than 

the x- and y-components. The drift velocity in z direction is negligible because x- and y-direction of 

magnetic flux density is negligible. 

𝐵ሬ⃗ = 𝐵୸                                          (14) 

 𝑈ሬሬ⃗ = 𝑈୶ + 𝑈௬ + 𝑈௭                                    (15) 

Subsequently, Eqs. (11)-(13) are arranged with respect to current density in x- and y- direction using the 

generalized conditions to: 

𝐽୶ =
ఙ

ଵିఉమ ൛𝐸௫ + 𝑈௬𝐵௭ − 𝛽൫𝐸௬ + 𝑈௫𝐵௭൯ൟ,                            (16) 

𝐽୷ =
ఙ

ଵିఉమ
{𝐸௬ + 𝑈௫𝐵௭ − 𝛽(𝐸௫ + 𝑈௬𝐵௭)},                            (17) 

𝐽୸ = 𝜎𝐸୸.                                        (18) 

The electric circuit method in Fig. 3 was applied to analyze the MHD generator specifications with different 

geometrical variables. The graphs of power according to the variables were obtained by the electrical circuit 

method. The voltage across the fluid from the electromotive force and the current are represented as:  

𝑉଴ = BU𝑑,                                     (19) 

𝐼 =
୆୙

ோ೔ାோಽ
.                                     (20) 

The short circuit current (RL = 0) is given by: 

𝐼௞ =
୆୙ௗ

ோಽ
.                                     (21) 

The relative current is represented as the current ratio between the total current and short circuit current: 
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𝑖 =
ூ

ூೖ
=

ோಽ

ோ೔ାோಽ
.                                   (22) 

Power output and efficiency can be represented by the function of the current ratio,12 where maximum 

power density is achieved when Ri is equal to RL: 

𝑊 = 𝑉𝐼 = V଴I୩(1 − 𝑖)𝑖 =
(୆୙ௗ)మோ೔

(ோ೔ାோಽ)
మ
,                           (23) 

𝑊௠௔௫ = 𝑉𝐼 =
௏బூౡ

ସ
=

(஻௎ௗ)మ

ସோಽ
= 𝜎Bଶ𝑈ଶ𝑣,                        (24) 

𝜂 =
ௐ೚ೠ೟

ௐ೔೙
=

௏ூ

௏బூ
= 1 − 𝑖.                                  (25) 

The electrical conductivity, magnetic flux density, and geometrical variables were analyzed for lab scale 

MHD generator. 

The finite element method was used to calculate the electromagnetic conditions of MHD generator. The 

Maxwell equations and the Navier–Stokes equation are represented by Eqs. (26)-(38) for the 3-dimensional 

nodes. 

𝐽௫
௜,௝,௞

=
ଵ

ఓబ

డ஻౤,౰
೔,ೕ,ೖ

డ௬
                                    (26) 

𝐽௬
௜,௝,௞

=
ଵ

ఓబ

డ஻೙,౰
೔,ೕ,ೖ

డ௫
                                    (27) 

𝐽௭
௜,௝,௞

= 0                                       (28) 

డா౰
೔,ೕ,ೖ

డ௬
−

డா౯
೔,ೕ,ೖ

డ௭
= 0                                    (29) 

డா౮
೔,ೕ,ೖ

డ௭
−

డா౰
೔,ೕ,ೖ

డ௫
= 0                                    (30) 

డா౯
೔,ೕ,ೖ

డ௫
−

డா౮
೔,ೕ,ೖ

డ௬
= 0                                    (31) 

డ஻೥
೔,ೕ,ೖ

డ௭
= 0                                      (32) 

𝐽௫
௜,௝,௞

= 𝜎(𝐸௫
௜,௝,௞

+ 𝑈௬
௜,௝,௞

𝐵௭
௜,௝,௞

)                              (33) 

𝐽௬
௜,௝,௞

= 𝜎{൫𝐸௬
௜,௝,௞

+ 𝑈௫
௜,௝,௞

𝐵௭
௜,௝,௞

൯ − 𝛽൫𝐸୶
௜,௝,௞

+ U୷
௜,௝,௞

B୸
௜,௝,௞

൯}                   (34) 

𝐽௭
௜,௝,௞

= 𝜎𝐸௭
௜,௝,௞                                    (35) 



LEE AND KIM 

9 

 

ଵ

ఘ

డ(௣ೣ
೔,ೕ,ೖା௣೓,ೣ

೔,ೕ,ೖ)

డ௫
+ 𝑈௫

డ௎ೣ

డ௫
=

ଵ

ఘ
(𝐽௬

௜,௝,௞
𝐵௭

௜,௝,௞)                       (36) 

ଵ

ఘ

డ(௣೤
೔,ೕ,ೖା௣೤೓,

೔,ೕ,ೖ)

డ௬
+ 𝑈௬

డ௎೤

డ௬
=

ଵ

ఘ
(𝐽௫

௜,௝,௞
𝐵௭

௜,௝,௞)                       (37) 

ଵ

ఘ

డ(௣೥
೔,ೕ,ೖା௣೓,೥

೔,ೕ,ೖ)

డ௭
+ 𝑈௭

డ௎೥

డ௭
= 0                            (38) 

The nodes (i,j,k) are calculated based on the Maxwell and Navier–Stokes equations, and the velocity is 

obtained by using Eqs. (26)-(38). The x- and y-components of the magnetic flux density are negligible due 

to the constant magnetic flux in the device. The variation term in the Navier–Stokes equation is negligible 

since the system is in a steady state, and the viscous term is also negligible due to plat velocity in high 

Hartmann number (=113) condition.13 These terms were ignored to increase the code calculating speed. 

The calculated values were used to analyze the MHD parameters to drive the circulation system. The mesh 

shape of the generator is shown in Fig. 4. 

 

3. RESULTS AND DISCUSSION 

To determine the power changes in the Faraday-type MHD generators, the variables were analyzed for 

electromagnetic, hydraulic, and geometrical parameters. The magnetic flux density is considered the 

primary variable because Ohm’s law (Eq. (10)), the dominant equation in the device analysis, is directly 

affected by the magnetic field. The magnetic flux density generated from the superconducting magnet 

was calculated as a constant.  

The current density induced by the magnetic flux density was proportional to the square of the magnetic 

flux density, as shown in Fig. 5. The velocity condition was 1000 m/s, and the volume of the generator 

was 0.00016 m3. The 5 T of magnetic flux density satisfies the 10 kW power requirement for an electrical 

conductivity of 10 S/m. The electrical conductivity of 10 S/m is desirable for the plasma fluid to increase 

power as it is proportional to the current density as shown in Eq (16)-(18).14 A higher magnetic flux 

density gives a higher power output and is therefore needed to increase efficiency. However, there are 

limitations in the production of an appropriate magnetic flux density. A permanent magnet cannot provide 
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a sufficiently high magnetic flux, and an electromagnet cannot easily achieve the necessary high magnetic 

field conditions owing to the electrode size. Thus, a superconducting magnet was considered here to 

produce a sufficiently high magnetic flux density. However, a higher magnetic field increases the 

electromotive force and needs more superconductors. Therefore, a magnetic flux density of 5 T is applied 

to the MHD generator using the superconducting magnet.7,14 The calculated power from the MHD 

generator, which is proportional to the square of the velocity in Eq. (23), is shown in Fig. 6. The power as 

a function of magnetic flux density and velocity is presented in Fig. 7. Increasing magnetic flux density 

and velocity causes an increase in power. The power is proportional to the cross-sectional area of the duct 

perpendicular to the electrode and the distance along the duct in the x-direction. The velocity of 1000 m/s 

was adopted to obtain maximum power output.14 

The power generation, according to the duct area and duct distance, is shown in Fig. 8 and Fig. 9, 

respectively. For the condition of maximum constant magnetic flux density and velocity, the power has a 

linear relationship with the duct area and duct distance; in other words, power is linearly related to 

volume, implying that the power density is constant for the MHD generator. The duct area and duct 

distance were determined as 0.004 m2 and 0.04 m, giving a total volume of 0.00016 m3 to meet the power 

specification of 10 kW. The minimization of the volume is necessary to overcome the limits of laboratory 

space. 

The velocity profiles for an applied magnetic flux density of 5 T and electrical conductivity of 10 S/m are 

shown in Fig. 10. The characteristic value of flue gas used in our simulation has a mole fraction of 72.6% 

nitrogen, 12.3% oxygen, 3.7% carbon dioxide, 10.5 % water, and 0.9% argon, as represented in Table 1.15 

The fluid inlet boundary condition was a velocity condition of 1000 m/s, and the outlet boundary 

condition was a gauge pressure condition of 0 bar. The maximum velocity of the fluid was 1170 m/s 

when a strong magnetic flux density was applied. The velocity was almost the same between y = 0.0194 

m and 0.0339 m due to the magnetic flux, indicating that the viscosity of the fluid in the middle section 

could be negligible. The Hall effect is a negligible value because electricity is extracted in the y-direction, 
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whereas Hall current is generated in the x-direction, which is the same direction as the fluid flow. The 

current density distribution based on the velocity is described in Fig. 11. The middle part of distance has a 

maximum current density of 53,800 A/m2 due to the velocity distribution of the fluid channel being 

maximized at the middle part. In summary, the electromagnetic and geometrical parameters for achieving 

a 10-kW laboratory scale Faraday-type MHD generator are a magnetic flux density of 5 T, a velocity of 

1000 m/s, and duct area of 0.004 m2, where the duct distance is fixed at 0.04 m, as shown in Table 1. The 

power density was 62,500 kW/m3.  

The result of power density was verified compared with Sivaram’s study4 and NASA research.16 The 

power density of Sivaram’s thesis was 12,500 kW/m3 with an electrical conductivity of 17 S/m, the 

magnetic flux density of 3.3 T, and a velocity condition of 430.3 m/s, at a temperature of 1800 K, for the 

argon gas. If those conditions are taken into our calculation, the power density would be 8,570 kW/m3. 

The difference of 31% was due to temperature differences and type of working fluid. The condition in the 

NASA report was 50,000 kW/m3 for the magnetic flux density condition of 5 T, and a velocity of 1000 

m/s. The difference of 20% was caused due to the difference in electrical conductivity. 

The present study is focused on the characteristic of geometrical and hydromagnetic variables, including 

duct geometry, velocity, and magnetic field, and does not include the heat generation. Therefore, the 

simulation in terms of thermal analysis is needed in future work. 

 

4. CONCLUSIONS 

Electromagnetic and geometrical variables were numerically analyzed to produce a 10-kW Faraday-type 

generator. The power was proportional to the square of the magnetic flux density and velocity and thus 

proportional to the volume of the MHD generator. The velocity and current density profile in which 

magnetic flux density exists in the generator are analyzed. Maximum magnetic flux density and electrical 

conductivity values were adopted to minimize the volume of the generator in the 10-kW condition. The 

total volume of the MHD device was calculated as 0.00016 m3 to satisfy the 10 kW condition. MHD 
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experimental generator, including electromagnets, and combustion devices will be designed using the 

characteristics of the variables identified in this study. 
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Figure captions 

Figure 1 Schematic of bi-plant method using open-cycle MHD generator. 

Figure 2 Schematic of a Faraday-type MHD generator.  

Figure 3 Electrical circuit of the MHD generator. 

Figure 4 Mesh shape of the MHD generator. 

Figure 5 Power according to magnetic flux density. 

Figure 6 Power according to velocity. 

Figure 7 Power according to magnetic flux density and velocity. 

Figure 8 Power according to duct area. 

Figure 9 Power according to duct distance.  

Figure 10 Velocity distribution of MHD generator. 

Figure 11 The current density distribution. 
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Figure 1 Schematic of bi-plant method using open-cycle MHD generator.  

 

Figure 2 Schematic of a Faraday-type MHD generator. 
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Figure 3 Electrical circuit of the MHD generator. 

 

Figure 4 Mesh shape of the MHD generator. 
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Figure 5 Power according to magnetic flux density.

 

Figure 6 Power according to velocity. 
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Figure 7 Power according to magnetic flux density and velocity. 

 

Figure 8 Power according to duct area. 
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Figure 9 Power according to duct distance. 

 

 

Figure 10 Velocity distribution of MHD generator. 
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Figure 11 The current density distribution.  
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Table 1 Specification of Faraday-type MHD generator 

Variables Units Values 

Temperature K 3000 

Power kW 10 

Power density kW/m3 62,500 

Magnetic flux density T 5 

Kinematic viscosity  m2/s 6.88 x 10 -4 

Density of fluid  kg/m3 0.114 

Electrical conductivity  S/m 10 

Velocity m/s 1000 

Duct area m2 0.004 

Duct distance m 0.04 

 


