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Abstract

The flow of electrically conducting fluids is vital in engineering applications
such as Magneto-hydro-dynamic (MHD) generators, Fusion reactors, cooling
systems, and Geo-physics. In this study, a mathematical model has been for-
mulated to investigate the effect of temperature on power generation in dif-
ferent sections of an MHD Generator with salt solution (Seawater) as the
working fluid. Also, the Lattice Boltzmann method was employed to simulate
the fluid flow in an MHD generator for different inlet temperatures in Python.
The impact of the working fluid’s inlet temperature on power generation has
been established by varying the inlet temperature of the working fluid. The
temperature, velocity, and electrical power profiles along and across the gen-
erator channel have been extracted and analyzed. The results affirm and com-
plement the findings of experimental and analytical studies of MHD power
generation. The study established that high temperature enhances velocity and
pressures at the inlet, facilitating ionization and conductivity of the working
fluid and resulting in peak electric power within one-fifth of the generator
channel. Reduction in temperature towards the outlet results in decreased ion-
ization and low conductivity of the working fluid, accounting for a decline in
electric power. The study further revealed that maximum power is obtained
from the inlet region along a three-fifths section of the generator. The power
then declines in the last two-fifths of the generator channel and stabilizes as-
ymptotically towards the outlet.
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1. Introduction

A magneto-hydro-dynamics (MHD) power generator is a device that generates
electric power using the interaction of moving electrically conducting fluid and a
magnetic field, Sivasubramanian [1]. Electrically conducting fluids are ionized
gases (plasma) and liquid metals such as mercury or sodium, Krishan [2]. The
presence of ions and free electrons in an electrically conducting fluid makes it
suitable as a working fluid in an MHD power generator.

The advantages of the MHD generator are that it consumes less fuel and pro-
duces pollution-free power. It can reach full power level as soon as it is started and
is usually smaller than conventional fossil fuel plants, Awais et al [3]. Also, Bera
[4] stated that MHD power generation is very promising in multimodal power
generation systems when coupled with the thermal power plant. With the devel-
opment of computational fluid dynamics and other computer simulation tools,
opportunities to explore the MHD technique and the systems are open in recent
times. More research investigations are required in various parts of the MHD sys-
tems, such as fluid, electrodes, magnetic field, and the system geometry.

Most of the research in MHD power generation is experimental studies in
which the working fluid is ionized inert gases such as Argon, Xenon, and Neon,
together with seed elements to enhance the conductivity of the gas. The seed ele-
ments used are ionizable materials such as Potassium, Cesium, and other alkaline
compounds, which are dangerous when discharged into the environment. Yiwen
et al. [5] presented a preliminary experimental investigation on MHD power gen-
eration using seeded supersonic argon flow as a working fluid. The segmented
MHD power generator’s induction voltage and short-circuit current were meas-
ured. They observed a decline in performance caused by electrode oxidation and
low magnetic field strength created by permanent magnets.

According to Jinshah et al. [6], the low conductivity property of gas at high tem-
peratures is the main source of issues in MHD power generation. They indicated
that the thermal energy of the gas is directly turned into electrical energy when a
high-temperature, high-velocity conductor is passed through a strong magnetic
field. However, Sene et al [7] reported that thermal effects were insignificant after
they carried out their experiment at room temperature without using any cooling
or heating equipment. Rosa et al [8] discovered that there are essentially no max-
imum limitations to the temperature that an MHD generator can tolerate after
studying Plasma flow in an MHD Power Generation system. They observed that
the Hall effect accentuates an unevenness of the temperature. Therefore, the elec-
trical conductivity of the plasma decreased as the wall was approached, which

caused a voltage drop across the thermal boundary layer.
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Tanaka et al [9] in their experiment analyzed the impact of temperature on the
efficiency and stability of the generator. It was observed that the power output
increased monotonically with temperature, but the enthalpy extraction ratio sat-
urated at high inlet total temperatures exceeding 8000 K. They found that between
6500 K and 7000 K, the plasma transitioned from a homogenous and stable state;
however, the stable plasma properties and structure are not significantly impacted
by load resistance.

Wang et al. [10] analyzed the performance of a Liquid Metal MHD enhanced
Closed Brayton Cycle (CBC) system coupled with a scramjet, revealing significant
insights into power generation capabilities. A multi-stage hybrid-separation
LMMHD generator was proposed, which effectively decouples the void fraction
of the MHD channel from the wall cooling process, allowing for better control of
the void fraction by adjusting the number of stages. Their results indicated that
increasing the void fraction benefits overall power generation performance. Ork
et al. [11] experimented in a shock-tube facility to test Magnetohydrodynamic
electrical power generation. They obtained an enthalpy extraction ratio of about
5.0% by using a disk-shaped MHD generator with radio frequency pre-ionization.

Kimsor et al [12] demonstrated that pre-ionized inert gas plasma can effectively
generate electrical power through MHD processes, achieving an enthalpy extrac-
tion ratio of 4.01% in a disk-shaped generator with radio-frequency pre-ioniza-
tion.

Dominguez-Lozoya [13], in their review of MHD power generation for sustain-
able development, proposed converting ocean energy, specifically waves and tides,
into electricity using MHD generators that utilize seawater or liquid metal as
working fluids. Aoki ef al [14] examined the effect of a magnetic field on seawater
electrolysis by conducting a simulation in a linear-type seawater magnetohydro-
dynamic power generator. They detailed the construction of experimental equip-
ment and an electrochemical flow cell designed for the linear-type seawater mag-
netohydrodynamic (MHD) power generator. Their effort is crucial for studying
the effects of magnetic fields on seawater electrolysis and MHD power generation.

According to Takeda ef al. [15], a seawater MHD power generator is a unique
system that directly transforms seawater flow’s kinetic energy into electric energy
and generates hydrogen gas as a by-product. In their experiment, the electromo-
tive force and the generator output were small under the influence of a large flow
loss of the generator.

The literature indicates that most research on MHD power generation is exper-
imental, utilizing gas as the working fluid. However, few studies explore the pro-
spect of using salt solution (seawater) as the working fluid in MHD generators,

hence the need for further research.

1.1. Novelty

Since most studies on MHD electrical power generation are either experimental

or analytical, the current research mathematically models and simulates the flow
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of hot salt solution (seawater) as a working fluid to help improve understanding
of power generation in different sections of the MHD generator using the Lattice
Boltzmann method (LBM).

1.2. Applications

The findings of this study will help provide knowledge to enhance the production
of clean, renewable, and cheap MHD electric power for domestic and industrial
use. It would also help protect the environment since MHD generators that use
seawater as a working fluid do not necessarily need seeding elements to make it

conductive, as required in gaseous working fluids.

2. Description of the Problem

An incompressible electrically conducting fluid such as salt solution (seawater) is
assumed to flow through an MHD generator duct, where the top and bottom
plates are electrodes and the side plates are insulating walls. A magnetic field is
imposed perpendicularly on the insulated surfaces. A Cartesian coordinate system
is adopted for this study so that the working fluid flows along the x-direction
through the channel. Electrodes are placed inclined to the channel to form a
wedge-like shape. A magnetic field is then imposed along the z-direction. A heated
salt solution with an even temperature of 0.5 lattice units (423.15 K) is injected
into the channel of the MHD Generator. The temperature of the working fluid is
later increased to study the effect of temperature on power generation. The geo-

metric model of the MHD generator is shown below in Figure 1.

Fluid )

Cathode
X

Figure 1. MHD power generator.

2.1. Mathematical Model of the Problem

The fluid flow geometry described above is mathematically modeled by the fol-
lowing governing equations: Continuity, Momentum, and Magnetic induction,
from Equations (1) to (3) as in Foldes et al. [16] and Equation (4) which is the energy

equation.
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The above system of equations models the non-steady incompressible fluid flow

4)

in the MHD generator. In the system of equations, p isdensityand u# and v
are velocities in the x and y directions respectively. Also, B and T are
magnetic and temperature fields respectively. In addition, v, o and «, rep-
resent kinematic viscosity, electrical conductivity, and thermal diffusion coeffi-
cient respectively. Also, S, and S, inEquations (2) and (4) are the momentum
and energy source terms respectively. The effect of the imposed magnetic field on
the fluid is modeled with the magnetic induction Equation (3) obtained from
Ohm’s law and Maxwell’s equations. In this study S, =0, however, the momen-

tum source term S, is denoted by the Boussinesq approximation such that,

Equation (5) models the Buoyancy force due to thermal diffusion where £, is
the coefficient of thermal expansion, g is the acceleration due to gravity, T is

the temperature of the system and 7 is the initial temperature of the working
fluid.

2.2. Boundary Conditions

At the starting point of the flow through the MHD generator, the variables dictat-
ing the flow assume the following values,
{t =0: u(x,O) = Uo,v(x,O) =0,

(6)
B(x,O) = O,T(x,O) =T.

The boundary conditions of the system at the lower and upper walls (elec-
trodes), where L is the length of the channel and A is the distance between the two

electrodes, are stated below,

O<x<L:u(x,y)=0,B(X,J’)=0aT(x»J’)=T

wo

at y=0,
0<x<L:u(x,y)=O,B(x,y)ZO:T(x’y):T

W

at y =h. (7)

In Equations (7), T, isthetemperature at the plate surface. The fluid flow var-

iables across the MHD channel assume the following initial values,
t>0:u=U,,v=0,T=T,,B=B, at y=+h. (8)

From Equations (6) to (8), U,, T;,and B, denote initial velocity, tempera-

ture, and magnetic field respectively.
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The Lattice Boltzmann method is then adopted to simulate the fluid flow in the

MHD generator channel.

3. Problem Formulated with Lattice Boltzmann Method

The Boltzmann transport equation in kinetic theory is obtained from the total
derivative of the particle distribution function, f (x,f,t) where x is a spatial
variable, & isvelocityand, ¢ denotes time. The total derivative of the distribu-
tion function is shown below,

df ¢ of Fo

l:l+§l+_lzg(f), 9)

dt ot “ox moé
where F s force, m is mass and Q(f) is the collision operator. The colli-
sion operator is simplified by using the Bhatnagar-Gross-Krook (BGK) collision
operator shown in Equation (10) as in Mora et al. [17],

a(n- {11 (1)

T

where f“ is the equilibrium distribution function. The equilibrium distribu-

tion function f* is defined by the Boltzmann distribution function as:

» _p (c—u)
4 (p’u)_(znleT)D/2 eXp[ 2RT J (1)

where D denotes the number of dimensions, R is the specific gas constant, T
is temperature and ¢, is the speed of sound such that ¢, =+ RT and lattice

Ax
speed c=—.
P Al

The equilibrium distribution function in Equation (11) is simplified by using

Taylor series expansion to obtain,

2
u-c, (uc,) w-u
“ = I+ — %+l 12
f (p,u) w,p| 1+ CSZ + 26: ch} (12)

where p is macroscopic density, u is macroscopic velocity, w, isthe weight

o

of the velocity set of the distribution of the particles, c, is discrete velocities and

a

2
¢, is the speed of sound. Also, the speed of sound ¢’ :%[Zﬁj . The Macro-
t

scopic density is defined as,
p= oo (13)

The macroscopic velocity is obtained from the momentum of the distribution

defined as,
pu= ZZZO S, (14)

In this study, we adopt the D,Q, Velocity set as in Mohamad [18] shown be-
low in Figure 2, since the study is a two-dimensional fluid flow analysis between

the MHD generator’s lower and upper walls (electrodes).
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Figure 2. D> velocity set.

The velocities ¢, in the various directions « for D,Q, are stated below,
C = (O,O),c1 = (1,0),02 = (0,1),
c3:(—1,0),c4 :(0,—1),c5 :(1,1), (15)
¢ =(-11),¢, =(-1,-1),¢, = (1,-1).

At the wall boundaries, the fluid particles bounce back into the fluid, and the

velocities of such particles are represented by opposite directions called “no slip”

directions,

noslip=[0,3,4,1,2,7,8,5,6). (16)

Also, the weights associated with the various velocity directions for the D,Q,

as in Mohamad [18] are,

(17)

3.1. Momentum Equation Using Lattice Boltzmann Method

To model the momentum of the fluid flow, we discretize Equation (9). Let &=c,
where ¢, denote a discrete velocity set. Then the discretized Lattice Boltzmann
momentum equation with the BGK collision operator without the force terms in
Xiong [19] is shown as Equation (18) below,
_fu
fa(x+caAt,t+At)—fa(x,t):—[Mj. (18)

T

The macroscopic parameters, such as the working fluid’s density and velocity,
are obtained from the distribution function, as in Equations (13) and (14), respec-

tively.

3.2. Magnetic Induction Equation with Lattice Boltzmann Method

The Magnetic induction equation is represented in LBM as follows. Welet z, (x,,?)
be the magnetic distribution function, then the magnetic induction equation is

written in LBM form as,
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z, (x+e, At +At)—z,(x,1) =L(za (x,0)—2z (x,t)), (19)
T

m

where 7, isthe magnetic relaxation time, z’ isthe magnetic equilibrium dis-

tribution function. The magnetic field density of the system is obtained as,
B=Y" z,. (20)

The equilibrium distribution function of the magnetic field =z is givenin Ja-

mali et al [20] as,

zZh=w, (Bﬂ+3ca (uaB —Bauﬁ)), (21)

where w, are the lattice weights for the magnetic field.

The LBM for the momentum source term in Miyan [21] is modeled as,

S, =3w,g pbc, +3w,g Boc,. (22)

where w, denote lattice weights, g and g, are gravity components, S, is
the thermal Buoyancy coefficient. Also, 6 is the temperature of the system and

c,, ¢, are lattice directions.

3.3. Energy Equation with Lattice Boltzmann Method

The energy distribution function 4, (x,t) is defined as,

h, (x+c, At t+At)—h, (x,1)= (ha (x,t)—h:’(x,l)), (23)

1
TT
where 7, isthe thermal relaxation timeand 4.’ isthe thermal equilibrium dis-
tribution function. The thermal equilibrium distribution function of the energy

equation /)’ is given in Kriiger et al. [22] as,

2
. u-c, (uc,) wu-u
h;f:war[u . +(2c4) —202} (24)

s

N s

where W, is the weight of the thermal distribution direction (& ) and the tem-
perature T of the system is estimated as,

=" h, (25)

3.4. Boundary Conditions

We employ a periodic boundary technique at the inlet and outlet of the MHD
power generator system and a bounce-back boundary technique at the system’s
electrodes (wall). Assuming periodicity along the x direction, the inlet and out-
let boundary conditions for the momentum equation are as in Equation (26) and

Equation (27) respectively:
£(0.,8) = £(0,5,i)+ £(0,:,noslip (i) = £ (0,:,noslip(i)) fori=1,5,8, (26)

and,

f(=15i)=f(-2,5,i) fori=3,6,7. (27)
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The bottom and top momentum boundary conditions at the electrodes of the

generator are,

S (b0t i) = Vznlet*(wFluzd[ ]+ wFluid [nosllp[ ]])

(28)

— f [ bot_block,noslip[i]| fori=2,5,6,
[ [top_block,i] = Vinlet * (wFluid ]+ wFluid [ noslip|i] ) 09)

— [ top_block,noslip[i]| fori=4,7.8.

The magnetic boundary conditions are as shown below,

z,[0.:,i]=—z,[ 0,1, noslip[i]] fori=1,5,8, (30)
z,[0..i] ==z, [ 0. noslip[i]] fori=1,5.8, (31)
z,[-Lui]==z,[-Lunoslip[i]] fori=3,6,7, (32)
z,[-Lui]==z,[~L:noslip[i]] fori=3,6,7. (33)

The thermal energy inlet and outlet boundary conditions are as in Equations
(34) and (35),

h [O,:,i] = Tinlet *(wTemp[i] +wTemp [noslip [z]])

(34)
—h[0,:,noslip[i]] fori=1,5,8,
h[-1:il=h[-2,5i] fori=3,6,7. (35)
The bottom and top thermal boundary conditions are as in Equation (36) and
(37),
h[bot_block,i] = Tinlet * (wTemp [i]+wTemp [noslip [l]]) 36)
—h [bot_block, noslip [1]] fori=2,5,6,
h [top_block, i] = Tinlet * (wTemp [z] +wTemp [noslip [l]]) (37)

-h [top_block, noslip [l]:| fori=4,7,8.

Table 1 contains dimensionless parameters of the MHD generator, physical
properties of the working fluid (salt solution/seawater) and other parameters as-
sociated with the Lattice Boltzmann Method in lattice units used for the simula-
tion. Equations (18), (19), and (23) are simulated in Python with the specified
boundary conditions from Equations (26) to (37) and the dimensionless parame-

ter values presented in Table 1.

Table 1. Dimensionless simulation parameter values.

Parameter Symbol Values in Lattice Units
Initial Velocity u, 0.4
Inlet Temperature of fluid 0, 0.5
Initial Magnetic field B, 1.0
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Continued
Density of fluid £o 1.0
Temperature of wall (Electrodes) 0, 0.1
Thermal Expansion coefficient Br 0.00001
Renolds Number Re 200
Prandtl Number Pr 0.6
Dynamic Viscosity H 0.126
Electrical Conductivity of Fluid o 4.31
Electrode Conductivity o, 1.5
Length of Generator / 28
Width of Generator w 26
Fluid Collision Time @, 0.001
Thermal Collision Time o 0.012
Magnetic Collision Time @, 0.011
Magnetic Renolds Number Re, 0.9
Magnetic Prandtl Number Pr, 0.6

4. Results and Discussions

The orientations of the walls (electrodes) of the MHD generator in this study are
inclined to form a wedged-like shape, as shown in Figure 1. However, to validate
the results of this study, the orientations of the electrodes were set parallel to each
other to obtain the standard geometry for Poiseuille flow and the numerical solu-
tion of the cross-sectional velocity profile of the channel compared with the ana-

lytic solution of the Poiseuille velocity profile, Wu et al. [23] as shown in Equation

(38),
u:_ﬁd_p(l_(lj ] (38)
2u dx h

Figure 3 shows the relationship between the present numerical result using the
dimensionless parameters in Table 1, compared to the analytical result of Equa-
tion (38). The simulation was implemented in Python by setting some of the pa-
rameters in Table 1 to zero, i.e, 6, =6, =, =B,=Re, =0 =0,=0 and there-

sult compared with the benchmark Poiseuille flow profile.

4.1. Velocity Profile in the MHD Generator

The velocity profile across different sections of the MHD generator channel is
shown below in Figure 4.

Figure 4 shows that the velocity across the channel at one-fifth of the channel
length is fully developed and high; however, it reduces at four-fifths of the channel
towards the outlet. The reduction in velocity of the working fluid is due to viscous
forces at the walls, Lorentz force in the bulk of the working fluid, and the large
width of the outlet.
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Figure 3. Poiseuille velocity profile.

Velocity Profile Across Channel
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Figure 4. Velocity profile across the MHD generator channel.

4.2. Temperature Profile in MHD Generator

The temperature profile of the working fluid in the MHD generator is shown be-

low in Figure 5.
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Figure 5. Temperature profile of working fluid in the MHD generator.

As can be observed in Figure 5, the working fluid’s temperature declines grad-
ually along the channel towards the exit. An initial inlet temperature of 0.5 lattice
units gradually dropped to about 0.2 lattice units towards the outlet of the MHD
generator channel, which denotes a 60% drop in inlet temperature. The reduced

temperature of the working fluid was due to heat loss at the electrodes/walls.

4.3. Electric Power Profile in the MHD Generator

The electric power, P per unit length from the MHD generator is obtained by
using Equation (39) as presented by Miyan [21] and E-sparX [24] given as,
ouB’

P

P= (39)

where o is the electrical conductivity of the working fluid, u is the velocity,
B is the magnetic flux density of the system and p is the density of the work-
ing fluid. In this study, the net magnet flux B is the difference between the im-
posed magnetic flux B, and the induced magnetic flux due to Lorentz force,
B, =./b: +b}2, . Therefore, the power P in this study is computed by using
Equation (40),

2
— ou(B,-B,
pooulBi=Bu) : (40)
yej
Figures 6-8 show the electrical power profiles in the MHD generator as color-
mapped images and line graphs extracted along and across the generator’s chan-

nel.
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At a constant wall (electrode) temperature of 0.1 lattice units, the various Fig-
ures represent the power produced at three different inlet temperatures of the
working fluid (salt solution). In Figure 6, when the inlet temperature was 0.5, the
electric power produced in the generator increased from 0.4 to peak at 0.7 in the
first one-fifth of the channel. It then gradually dropped and stabilized to 0.2 to-
wards the exit, as in Figure 6(b) and Figure 6(c).

(@) 6,=0.1; 6,=0.5 (b)

w

= 2w/3

Channel width
S
&
w

0.01 0.19 0.38 0.57 0.75
Normalized Power

—— sim. step=3000

o
o
|

Normalized Power
o
N
.

e
N
)

0 o5 20/5 30/5 40/5 ¢
Channel length, ¢

Figure 6. Electric power at inlet temperature, ¢, =0.5.

(@) 6,=0.1; 6,=1.0 (b)

w

2w/3

Channel width, w

w/3

0.01 0.21 0.42 0.63 0.83
Normalized Power

o
o

—— sim. step=3000

e
o
!

Normalized Power
o
S
)

o
N}
)

0 2/5 20/5 3¢/5 46/5 l
Channel length, ¢

Figure 7. Electric power at inlet temperature, 6, =1.
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L ) )

o
N
.

N li P
step=3000 ormalized Power

£/5 20/5 3¢/5 44/5 4
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Figure 8. Electric power at inlet temperature, ¢, =0.5.

However, when the temperature of the working fluid was increased from 0.5 to
1.0 as in Figure 7, the electric power rose from 0.5 to peak at 0.8 in the first one-
fifth of the channel and declined gradually to stabilize at 0.2 towards the exit, as
can be observed in Figure 7(b) and Figure 7(c). Therefore, between Figure 6 and
Figure 7, the net increase in the peak power produced by a 100% increase in the
inlet temperature is 0.1, representing a 14.3% increase in the peak power pro-
duced.

Also, in Figure 8, an inlet temperature of 1.5 caused the power to increase from
0.5 to peak at 0.9 and declined gradually to stabilize at 0.2 towards the generator’s
outlet, as in Figures 8(b) and Figure 8(c). Therefore, comparing the power pro-
duced in Figure 6 and Figure 8, it can be observed that a 200% increase in the
inlet temperature of the working fluid, resulted in a 28.6% increase in the peak
power.

In all these situations, the increased temperature enhanced the velocity and
pressures at the inlet, which facilitates ionization and conductivity of the working
fluid, resulting in appreciable electric power in three-fifths of the generator chan-
nel. However, towards the exit, a drop in temperature resulted in ion recombina-
tion at low temperatures towards the outlet. The low temperature decreased the
ionization and conductivity of the working fluid towards the outlet, accounting
for the decline in electric power generated in the last two-fifths of the generator
channel.

The findings of this study provide insight into the appropriate sections of the
MHD generator from which high power can be tapped. The electrical power pro-
duced by the heated salt solution (seawater) as working fluid in the MHD power

generator would be cheap, renewable, and safe for domestic and industrial use.
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5. Conclusions

In this paper, we have mathematically modeled electrical conducting fluid flow in
an MHD power generator and conducted a simulation using the Lattice Boltz-
mann method. The study analyzed the effect of temperature on power generation
along different sections of the generator channel. Mathematical modeling helps
reduce the cost associated with experimental studies of MHD power generation.

We established that the electric power generated in the MHD generator peaks
along one-fifth of the inlet and gradually declines along the generator channel to
attain asymptotic stability towards the outlet. The drop in electric power near the
outlet region results from ion recombination at reduced temperatures.

Increased temperature increases ionization and enhances the conductivity of
the working fluid (salt solution), which enhances electric power generation in the
generator.

When the inlet temperature of the working fluid was increased by 100%, the
electric power increased by 14.3%, and when it was further increased by 200%, the
power increased by 28.6%.

To tap maximum electric power, electrodes should be placed three-fifths along
the generator channel where significant power is generated.

Further work in this area would consider the effect of different MHD channel

geometries on MHD power generation.
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Nomenclature

a, Thermal Diffusion coefficient £, Velocity distribution function

Br Thermal expansion coefficient 1 Velocity equilibrium distribution function
n Magnetic diffusivity h, Thermal distribution function

o, Dimensionless inlet Temperature W Thermal equilibrium distribution function
0, Dimensionless wall Temperature l Length of the channel

K Thermal conductivity P Pressure

v Dynamic viscosity P Electrical power

4 Non-discretized velocity S, Thermal Source term

P Density of Working Fluid S, Momentum source term

o Electrical conductivity t Time

T Relaxation time T Temperature

T, Magnetic relaxation time " Temperature at wall (Electrode)

T Thermal relaxation time u Velocity in x-direction

Q Collision operator v Velocity in y-direction

B Magnetic field w, Lattice weights

B, Induce Magnetic field w Width of channel

c, Discrete velocity z, Magnetic distribution function

c, Speed P Magnetic equilibrium distribution function
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