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Abstract The generation of electric power through the conventional conversion systems may no

longer be sufficient to keep pace with the increasing electricity usage and demands. Therefore, an

enhancement to these systems can be made by incorporating a topping unit to the existing power

plants (thermal, hydroelectric), a direct energy conversion system. Among such is the Magnetohy-

drodynamics (MHD) system. In an MHD conversion system, electricity is generated when heat

energy is converted into electrical energy without the use of mechanical rotating parts. Additionally,

the heat energy (ionised gas) required inside the MHD system usually comes from the combustion

of fossil fuels. However, this system is still under development in developing countries like South

Africa. The current study aims to investigate through simulations and theoretical modelling two

existing Open-Cycle Gas Turbines (OCGT) in South Africa (Ankerlig and Gourikwa), which can

be converted into Combined-Cycle MHD Gas-Steam Turbines (CCMGST). The processes involved

by incorporating the MHD system with these conventional turbines have been further discussed.

With setting up a CCMGST in South Africa, the obtained modelling results project an additional

generation of electric power which will further improve the existing power generation.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the past years, electric power has been generated using con-
ventional systems such as thermal, hydro and nuclear plants.

In these systems, most of the energy obtained during the com-
bustion of fossil fuel is firstly converted into mechanical energy
before being converted into electrical energy. The electric
power generated from these plants requires huge capital costs

and often raises several environmental concerns through the
pollution they constantly yield. Additionally, the output
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efficiency that can be realised from these systems is about 40–
45% (Kaushik et al., 1995; Masood et al., 2014; Ayeleso et al.,
2015. For the past 50 years, many researchers have been think-

ing of new energy alternatives and methods that can help to
improve the overall efficiency of the conventional power
plants. One of such methods is to incorporate to the existing

plants a topping unit such as a Magnetohydrodynamic,
MHD system, which is a direct energy conversion system
(Vishal and Anand, 2013). In the present study, the mode of

operation and the theoretical description of an MHD conver-
sion system are presented in Section 2. Section 3 presents the 2-
dimensional CFD modelling of a fuel fluid flow through a
convergent-divergent nozzle using Ansys Fluent Computa-

tional Software. Section 4 provides the theoretical modelling
of MHD system and the positive outcome its integration to
the Ankerlig and Gourikwa power stations could have in

South Africa through means of analytical results.

2. The MHD system

2.1. Mode of operation

The MHD conversion system was initially discovered by
Michael Faraday and later extended on a small scale by
Ritchie in 1832 (Ritchie, 1932; Aoki et al., 2012; Parsodkar,

2015). In this system, the conductive fluid (natural gas, plasma)
is injected from a combustion chamber and flow through an
expansion nozzle at high velocity before entering the MHD

duct. Inside the MHD duct, the fluid becomes ionised and their
velocity is decelerated by a strong magnetic field, B, which cre-
ates a retarding force (Lorentz force) that is perpendicular to
the direction of the fluid (Parsodkar, 2015). The resulting pos-

itive and negative ions of the ionised fluid are then collected by
the electrodes placed at 90� to the induced magnetic field, thus
producing an electric current (Li et al., 2007; Ayeleso et al.,

2015; Mgbachi, 2015).
The configuration of MHD generators varies due to the

way the electrodes are connected to the external load. These

generators can be categorised as Faraday’s generator (contin-
uous electrodes, segmented electrodes and diagonally con-
nected electrodes), Hall generator and Disc generator
(Ayeleso et al., 2015). The detailed procedure and implementa-

tion of all these types of Faraday’s generators have been dis-
cussed by Ajith and Jinshah (2013).

2.2. Types of fluid cycle in MHD system

An MHD system can be designed either as an open-cycle sys-
tem or a closed-cycle system.

2.2.1. Open-cycle system

In the open-cycle system, the primary fuel (coal, oil or natural
gas) is first processed and burnt in the combustion chamber at

high pressure and temperature of about 2300–2700 �C
(Masood et al., 2014). To achieve such high temperatures,
the compressed air which is usually used to burn the fuel inside

the combustor must not be less than 1000 �C. The hot gas is
then seeded with the injection of a small amount of ionised
potassium carbonate or caesium to increase the gas electrical

conductivity. Subsequently, the high pressurised fluid leaving
the combustor is expanded through a convergent-divergent
nozzle and enters the MHD duct at high velocity of about
1000 m/s, as shown in Fig. 1 (Goel and Shukla, 2015). The

hot exhaust gases leaving the MHD duct can be recovered
using a heat recovery steam generator to produce more steam
that can be used for the bottom unit steam turbine. Subse-

quently, the seed material is separated from sulphur, S and
nitrogen, N2 and then recycled back into the combustor
(Kayukawa, 2004; Islam et al., 2013; Salvatore and

Alessandra, 2014; Masood et al., 2014; Goel and Shukla,
2015; Sharma and Gambhir, 2015). The achievable power
capacity of this system is about 100 MW and an efficiency of
about 60% can be realised with better heat recovery systems

(Vishal and Anand, 2013).
An open-cycle Faraday type MHD generator such as the

pulsedMHDgenerator ‘‘Sakhalin”was developed in the former

Soviet Union. This generator consists of an MHD channel of
4.5 m long and is equipped with continuous electrodes (inlet
area, 0.9 m � 1 m and outlet area, 1.6 m � 1 m). In addition,

the working fluid used in the Sakhalin generator is solid propel-
lant with amass flow rate of about 800 kg/s. Themaximum elec-
tric power output obtained from this generator is about

510 MW (Ishikwa et al., 2007), (Vishal andAnand, 2013). Other
components of the Sakhalin generator are a plasma generator
(combustor) with temperature of about 3800 K, an air-core
magnet system consisting of two racetrack coils, a magnetic flux

density of up to 2.5 T and a combustor pressure of about 4.0–
5.6 MPa. In 1975, an open-cycle MHD generator was further
developed by the USSR with a capacity of 25 MW and a mass

flow rate of about 50 kg/s (Vishal and Anand, 2013). Subse-
quently, in 1979, a joint USSR effort generator was developed
with a medium capacity of 10 MW and a mass flow rate of

about 50 kg/s (Vishal and Anand, 2013). In another study,
Avco-Everett Research Laboratory,Massachusetts successfully
demonstrated a test on segmentedMHD generator in 1959. The

working fluid used inside this generator was arc heated argon
seeded with powdered potassium carbonate with a velocity of
about 240 m/s (Mach 0.7) and an operating temperature of
about 2800 K. An output power of 11 kW was obtained from

this generator (Kantrowitz et al., 1962; Sutton and Sherman,
1965; McClaine et al., 1989).

There have also been some computational investigations

involving the optimisation of combustion chamber geometry,
injection timing and duration of the ionised fluid flowing into
the MHD duct. In 2015, a study led by Martinas and co-

workers has modelled the finite volume and the combustion
inside a direct injection natural gas engine using non-
premixed combustion (Martinas et al., 2015). Another study
was thereafter conducted to improve significantly the quantity

of power that can be generated in coal fired plants using MHD
system (Poonthamil et al., 2016).

2.2.2. Closed-cycle system

In the closed-cycle system, the inert gas is heated by a high
temperature heat exchanger 1 (about 2000 �C) and seeded with
caesium vapour to get ionised. The ionised gas then flows

through the MHD duct to produce DC power. The exhaust
hot gas from the MHD duct is recovered and recycled to pro-
duce more steam through the heat exchanger 2, as shown in

Fig. 2. The combustion products are sent to the stack after
removal of heat in the heat exchanger 1 (Ajith and Jinshah,



Figure. 1 Open-cycle MHD system (Sharma and Gambhir, 2015).

Figure. 2 Closed-cycle MHD system (Goel and Shukla, 2015).
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2013; Goel and Shukla, 2015). The closed-cycle MHD genera-
tor is not commonly used unlike the open-cycle MHD genera-

tor. However, the achievable power capacity of this system is
about 200 MW and an efficiency of about 60% can be realised
(Kayukawa, 2004; Vishal and Anand, 2013; Ajith and Jinshah,

2013; Islam et al., 2013; Goel and Shukla, 2015; Sharma and
Gambhir, 2015).

2.3. Possibility of MHD generation in South Africa

The two gas turbine power stations selected for this study are
the South African Ankerlig and Gourikwa Open-Cycle Gas
Turbines (OCGT). In the Ankerlig power station, there are
nine electricity generating units grouped into two phases, com-

prising of 4 and 5 units, with each unit consisting of a gas tur-
bine, GT, (148.2 or 149.2 MW). The combined nominal
capacity of all the nine units is about 1338 MW (Phase-1:

149.2 MW � 4 units + Phase-2: 148.2 MW � 5 units)
(Eskom, 2014; Pollet et al., 2015). While in the Gourikwa
power station, there are five electricity generating units, with
each unit also consisting of a gas turbine. The combined nom-

inal capacity of all the five units is about 746 MW
(149.2 MW � 5 units) (Spalding-Fecher, 2011; Pollet et al.,
2015). Primary fuel like coals, natural gas (propane) and petro-
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leum derivative (kerosene or diesel) are presently used in these
stations (Eskom, 2014; Silinga and Gauché, 2014). The opera-
tion of the Ankerlig and the Gourikwa OCGT begins when the

atmospheric air is compressed and mixed with the fuel inside
the combustion chamber (1030–1200 �C). The resulting fuel–
air mixture is then burnt to produce a high velocity gas which

is used to turns the turbine shaft connected to the rotor of the
generator. As the rotor turns inside the stator, electricity is
generated and distributed through a high voltage transmission

system (Fig. 3). An efficiency of about 35% can be realised
from OCGT stations (Eskom, 2014). The Ankerlig and Gour-
ikwa OCGT can be converted into a more efficient Combined-
Cycle Gas-Steam Turbines (CCGST), as shown in Fig. 3.

The combination of a Brayton cycle (gas turbine) to a
Rankine cycle (steam turbine) is often referred to as a
combined-cycle. The idea of converting the OCGT to a

CCGST is to utilise the hot exhaust gases (about 600 �C)
energy exiting from the gas turbine to create steam (water
vapour) in a heat recovery steam generator (HRSG) to drives

the bottom unit as a steam turbine. The mechanical energy
produced from the steam turbine is then converted to electrical
energy using the generator. Subsequently, a condenser is used

to convert the exhaust steam from the steam turbine back into
the HRSG through a cooling process. The steam turbine gives
another 30% efficiency making the overall generating effi-
ciency of the CCGST to be about 65% (Eskom, 2014;

Energy without Carbon, 2015). Taking Gourikwa power sta-
tion as a case study, it was estimated that each converted
CCGST unit will generate an additional 80 MW capacity, with

a total nominal capacity of approximately 1146 MW
(80 MW � 5 units + 746 MW) (Eskom, 2014). While in the
Ankerlig power station, each converted CCGST unit will also

generates an additional 80 MW capacity, with a total nominal
capacity of approximately 2058 MW (80 MW � 9 units
+ 1338 MW).

In addition, with the increasing electricity usage and
demands in South Africa, these total nominal capacities can
be substantially improved by combining to each unit of the
CCGST, an MHD system. Therefore, from now, the focus will
Figure. 3 Example of a conventional system using a Combined-

cycle gas-steam turbine system (Energy without Carbon, 2015).
be centred on the possibility to couple an MHD topping unit
to the Ankerlig and Gourikwa CCGST. The advantage of this
system is that the exhaust heat rejected by the MHD topping

unit can be re-used by the CCGST, as shown in Fig. 4.

2.4. MHD system description

2.4.1. Analysis of MHD generator

The conductive fluid flowing inside an MHD generator moves

with high velocity, , through a magnetic field which slow down
their motion. As the fluid cut through the magnetic force lines,
an electrical energy is then generated. The force, F, and the

electric field, E, acting on the fluid particles is given by Ajith
and Jinshah (2013) and Islam et al. (2013),

F ¼ QðEþ �BÞ: ð1Þ
The open circuit voltage, V, inside the MHD generator can

be determined from the fluid velocity, magnetic field, B, and

the distance, l, between the electrodes, as given by Ajith and
Jinshah (2013) and Poonthamil et al. (2016),

V ¼ Bl: ð2Þ

The maximum flowing current inside the MHD generator is

given by Ajith and Jinshah (2013) and Poonthamil et al.
(2016),

Imax ¼ BAr
2

; ð3Þ

where r is the electrical conductivity of the fluid and A is the
electrode surface area.

The maximum voltage inside the MHD generator is given
by Ajith and Jinshah (2013) and Poonthamil et al. (2016),

Vmax ¼ Bl� Imax

l

rA
: ð4Þ

The output power, P, that can be extracted from the MHD

generator is given by Ajith and Jinshah (2013),

P ¼ VI ¼ I2RI ¼ V

RI þ RL

� �2

� RI: ð5Þ

In an open circuit MHD system, the maximum power,
Pmax, that can be extracted from the generator electrodes is
given by Ajith and Jinshah (2013) and Sivaram et al. (2015),

Pmax ¼ V2

4 � RI

¼
2B2l2

4 � l=rA ¼
2B2r
4

� Al; ð6Þ

where Al is the volume of the MHD generator, RI is the inter-

nal resistance and RL is the external load resistance.
2.4.2. MHD equations

The MHD equations for fluid flow include the Navier–Stokes

momentum equation, mass continuity equation Maxwell’s
equation and ohm’s Law.

The differential form of Navier–Stokes momentum equa-

tion can be written as (Aoki et al., 2012; Ajith and Jinshah,
2013),

q
@

@t
þ ð�rÞ

� �
¼ qþ gr2 �rPþ j� B: ð7Þ

The mass continuity equation can be written as,



Figure. 5 Nozzle geometry.

Figure. 4 Combined-cycle MHD gas-steam turbine (CCMGST) system.
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@q
@t

þr � q ¼ 0: ð8Þ

The Maxwell’s equation can be written as,

E ¼ � @B

@t
: ð9Þ

The Ohm’s laws equation can be written as,

r� B ¼ lmj; ð10Þ
where q is the fluid density, P is the fluid pressure,
j ¼ rðEþ�BÞ is the current density, j� B is the MHD body

force, g is the fluid dynamic viscosity and lm is the magnetic
permeability.

3. Two-dimensional modelling of a fuel fluid flow through a

convergent-divergent nozzle

The commonly used fuel in Ankerlig and Gourikwa thermal
plants is diesel. Thus, this fuel has been selected for the present

fluid flow modelling. In this model, the diesel exhaust flowing
from the plants combustion chamber passes through a conver-
gent and divergent nozzle before entering the MHD system

(Fig. 5). The purpose of the nozzle is to accelerate the fluid
velocity up to the required Mach number.

The supersonic propelling nozzle (Fig. 5) uses heat energy

of the fuel exhaust to accelerate the fluid (gas) to a very high
speed (Surya Narayana and Sadhashiva Reddy, 2016). The
nozzle geometry and the compressible flow analysis were
performed using Ansys Fluent 16.2 Software. The boundary
conditions are also set in such a way that when the fluid

pressure increases at the nozzle inlet, their velocity must
be very low (Subsonic). As the fluid passes through the noz-
zle throat, the pressure begins to decrease (Sonic) and the

velocity distribution increases towards the nozzle outlet
(Supersonic).

For the simulation parameters, a quadrilateral dominant

shaped mesh is used for all the calculation. The mesh sizes were
carefully chosen to attain sufficient accuracy within a reason-
able computational time and no critical errors were discovered.



Figure. 7 Contour of nozzle temperature.
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The complete mesh results consist of 2790 elements and 2912
nodes. The nozzle problem setup and boundary conditions
are listed in Table 1 (Velikhov et al., 1999; Hardianto et al.,

2008; Tu et al., 2008; Deshpande et al., 2014; ANSYS Inc,
2015; Butt and Arshad, 2015).

3.1. Convergent-divergent nozzle simulation results

From the contour of velocity distribution (Fig. 6), the diesel-
air exhaust is minimum at the inlet (68 m/s) and continue to

increase along the nozzle throat up till the nozzle outlet
(1088 m/s). The velocity magnitude is Mach 1 at the nozzle
throat section. This state is also known as the choked flow con-

dition. The Mach number at the nozzle outlet is approximately
2.35 (Fig. 6).

From the contour of temperature distribution (Fig. 7), the
temperature of the gas fluid ismaximum at the inlet and continue

to decrease along the nozzle throat up till the nozzle outlet. The
magnitude of temperature at the outlet is 1782 K (Fig. 7).

From the contour of pressure distribution (Fig. 8), the gas

fluid pressure is maximum at the inlet and continue to decrease
Table 1 Nozzle problem setup and boundary conditions.

General setup Solver type: density-based,

2D space: planar,

Time: steady

Velocity formulation: absolute

Models Energy equation: On

Viscous model: Standard k-epsilon model,

Standard wall function

Materials Fluid: diesel-air species,

Density: ideal-gas,

viscosity = 1.72e-05 kg/m-s,

Thermal conductivity = 0.0454 W/m-K,

Mass diffusivity = 2.88e-05 m2/s

Cell zone boundary

condition

Fluid domain

Boundary

conditions

Inlet: pressure-inlet,

Gauge Total Pressure = 3e5 Pa = 3 bar,

Outlet: pressure-outlet,

Gauge Total Pressure = 0 Pa,

Inlet Temperature = 2000 K,

Outlet Temperature = 300 K (for

initialisation purpose only)

Figure. 6 Plot of Mach number and velocity along the nozzle

wall position.

Figure. 8 Plot and contour of pressure along the nozzle wall

position.
along the nozzle throat up till the nozzle outlet. The sudden
reduction of pressure after the nozzle throat is due to shock
wave just after the throat section (Fig. 8).

4. Theoretical modelling of an MHD system coupled to Ankerlig

and Gourikwa CCGST

The high-speed (supersonic velocity) exhaust gas fluid (Fig. 6)
exiting the nozzle outlet, can be used as an input data for the
modelling of MHD topping unit in Fig. 4. The MHD system

can be modelled theoretically using the parameters described
in Table 2 (Sawhney and Verma, 1988, 1995; Velikhov et al.,
1999; Ishikwa et al., 2007; Hardianto et al., 2008).

4.1. Theoretical results

The maximum voltage and power that can be obtained from
the MHD topping unit are given by Eqs. (4) and (6) Ajith

and Jinshah (2013) and Poonthamil et al. (2016),
Table 2 Proposed MHD models.

Parameters Model 1 Model 2

Simulated diesel exhaust velocity (v) 1088 m/s 1088 m/s

Magnetic field (B) 2 T 2.5 T

Diesel exhaust conductivity (r) 15 mho/m 20 mho/m

Electrode surface area (A) 1 m2 1.6 m2

Distance between the electrode (l) 1 m 1.6 m
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Model 1:

Vmax ¼ 2176� 1088 ¼ 1088V;

Pmax ¼ ð1088Þ2 � ð2Þ2 � ð15Þ � ð1Þ � ð1Þ
4

¼ 17:76 MW: ð1unitÞ

Model 2:

Vmax ¼ 4352� 2176 ¼ 2176V;

Pmax ¼ ð1088Þ2 � ð2:5Þ2 � ð20Þ � ð1:6Þ � ð1:6Þ
4

¼ 94:7 MW: ð1unitÞ
For the Ankerlig and Gourikwa CCGST stations, the

MHD system will produce a total power capacity of

160 MW (17.76 MW � 9 units) and 89 MW (17.76 MW � 5
units), respectively (Model 1). Similarly, a total capacity of
852.3 MW (94.7 MW � 9 units) and 473.5 MW
(94.7 MW � 5 units) will be produced in the second model

for both stations (Table 3). The conversion efficiency of the
MHD topping unit in each model can be determined as follows
(Ajith and Jinshah, 2013; Poonthamil et al., 2016):

Model1 : g ¼ Vmax

B
¼ 1088

1088� 2
� 100 ¼ 50%:

Model1 : g ¼ Vmax

B
¼ 2176

1088� 2:5
� 100 ¼ 80%:

From the conversion of OCGT to CCGST, the power
capacity of Ankerlig station was increased from 1338 MW

(Phase-1: 149.2 MW � 4 units + Phase-2: 148.2 MW � 5
units) to 2058 MW (80 MW � 9 units + 1338 MW), while in
the Gourikwa station, the power capacity was increased from
746 MW (149.2 MW � 5 units) to 1146 MW (80 MW � 5
Table 3 Summary of CCMGST output power calculations for Mo

Model 1 parameters GT

units

OCGT

(MW)

OCGT to CCG

increments (M

Ankerlig

Station

Phase-1 4 597 a 320 d

Phase-2 5 741 b 400 e

Gross Output Power

[Phase 1 & 2]

9 1338 720

Gourikwa

Station

Gross Output Power 5 746 c 400 f

Model 2 Parameters GT

Units

OCGT

(MW)

OCGT to CCG

Increments (M

Ankerlig

Station

Phase-1 4 597 a 320 d

Phase-2 5 741b 400 e

Gross Output Power

[Phase 1 & 2]

9 1338 720

Gourikwa

Station

Gross Output Power 5 746 c 400 f

Model 1 & 2 OCGT: a149.2 MW (Ankerlig Phase-1 gas turbine unit) �
(Gourikwa gas turbine unit) � 5.

Model 1 & 2 OCGT to CCGST increments: d80 MW (1 unit of incre

increment) � 5.

Model 1 MHD: g17.76 MW (Ankerlig Phase-1 MHD unit) � 4; h17.76 M

unit) � 5.

Model 2 MHD: j94.7 MW (Ankerlig Phase-1 MHD unit) � 4; k94.7 M

unit) � 5.
units + 746 MW), as shown in Table 3. This gives an overall
generating cycle efficiency of about 65%. The coupling of
model 1 MHD unit to each of the 9 electricity generating units

in the Ankerlig CCGST station projects a total nominal capac-
ity of approximately 2218 MW for the CCMGST plant, as
shown in Table 3. Similarly, the coupling of model 1 MHD

unit to each of the 5 electricity generating units in the Gour-
ikwa CCGST station projects a total nominal capacity of
approximately 1235 MW for the CCMGST plant.

Furthermore, the coupling of model 2 MHD unit to each of
the 9 generating units in the Ankerlig CCGST station projects
a total nominal capacity of approximately 2910 MW for the
CCMGST plant (Table 3). Similarly, the coupling of model

2 MHD unit to each of the 5 generating units in the Gourikwa
CCGST station projects a total nominal capacity of approxi-
mately 1620 MW for the CCMGST plant. Hence, the overall

generating efficiency of these power plants has increased. To
achieve these gross output capacities, the ionised hot gas at
the MHD exhaust is passed into an air heater, where the gas

is recovered and re-used in the gas turbine unit (Fig.4). Simi-
larly, the gas turbine exhaust is also recovered by a steam
recovery system with supplementary firing.

5. Conclusions

This study has investigated the possibility of coupling an

MHD system to South African power stations, namely Anker-
lig and Gourikwa. Based on the proposed theoretical models, a
significant observation was that an increment in fluid electrical
conductivity, magnetic field, electrode surface area and the dis-

tance between the electrode may positively influenced the total
capacity of the MHD coupling. From this investigation, the
additional power capacity obtained when incorporating the

MHD generator with these power plants can be used to
dels 1 and 2.

ST

W)

CCGST (OCGT+

Increment), (MW)

MHD

(MW)

CCMGST total

capacity (MW)

917 71 g 988

1141 89 h 1230

2058 160 �2218

1146 89 i �1235

ST

W)

CCGST (OCGT

+ Increment), (MW)

MHD

(MW)

CCMGST Total

capacity (MW)

917 378.8 j 1295.8

1141 473.5 k 1614.5

2058 852.3 �2910

1146 473.5 l �1620

4, b148.2 MW (Ankerlig Phase-2 gas turbine unit) � 5, c149.2 MW

ment) � 4, e80 MW (1 unit of increment) � 5, f80 MW (1 unit of

W (Ankerlig Phase-2 MHD unit) � 5; i17.76 MW (Gourikwa MHD

W (Ankerlig Phase-2 MHD unit) � 5; l94.7 MW (Gourikwa MHD
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improve electricity generation in South Africa. Aside of using
the MHD generator for commercial and industrial purposes
only, it could also be used to increase the speed and efficiency

of railway engines. Additionally, the MHD can be of great
benefit in many other fields such as plasma physics, bio-
engineering and aerodynamics.
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