av 1 dU per unit volume

d 1 P
\pdt(y—l p)

>~ pVey

N VeF +nj +H

Internal energy eq. in MHD

,OCCZ,Z;( 1 p)=—pV’V—V‘FC+77j2+H + radiation (flux)

y—=1°F . . .
compression conduction heating
(source; (flux) (source;
reversible) irreversible)
_,0 [ 1 P 1 P d [ P p
L = +pveV =| =9 .
S I Y YA

convection
(flux)




Equation of state (fully ionized)

summation |

Tp - Tc - TMHD

| P =20k, T =2

|: P =nk,T" .. proton's equation of state

P =nk,T .. electron's equation of state

pMHD MHD k MHD k
k. T _ MHD B T _ MHD B T
M+m B P M +m P m
2
pMHD M
_ _ +m
"TM+m m=-
mean mass
MHD MHD k MHD
P = ﬁB T

Equation of state in MHD




Charge conservation equation

subtraction

p

M ———+Ve(p"v")=0 ..proton's mass conservation p’ =

~ apc o 7 — che(nl’_ne)
o7t Vej=0

Charge conservation equation

INMHD, n, ~n, ~n,s0p," " ~0

V'] NOJ _ne(vp—ve)

Charge conservation equation in MHD

MHD
V X B=pu,j isconsistent with this equation.

e
(P"v) =0 electron's mass conservaton P =7,

jze(npvp—neve)



MHD equations

Jp
T Ve (p V) =0 mass conservation

Fluid part

p(g‘;+v Vv):—Vp+J><B+F ... momentum equation

_i

7o)V (5

p=p 5 T .. equation of state

2
) =—pVev-—VeF +nj _ internal energy equation
F.=—x VT

b

0B
ar = =V x (v XB-m,;Vx B) ... induction equation E]ec‘[romagne’[ic paI‘t

V ¢ B =0 ... magnetic flux conservation (initial condition)

V xXB=pu,j ..Ampere's law

E=nj—vxB ..0hm's law



We have 9 quantities: p,v.,v,,v..,P,T,B.B,, B,

We have 9 equations:

d
£+Vo(p]}):0 ...fOI‘p

p(gz’w.vl,):_vpni(vxm xB+F ..forv,v,v,
0

+v-(vfl v):_pv-wv-(m.w)wf .. for P

k
p=pmT . forT

0B _
G =Vx(vxB-ny;VxB) _forB_ B, B.



Summary of MHD



I. Fluid description

D ... fluid element

V.V
o= 0. T w
B B

| gyration radius |
Np

" ln N,

| mean free path |
N, (>> 1): Plasma parameter

[

L,

When typical length scale of a plasma system is much larger than mean free path and/or
gyration radius, fluid element can be defined. => Fluid approach

When typical length scale of a plasma system is much smaller than mean free path and
gyration radius, fluid element cannot be defined. => Kinetic approach



ll. Local Thermal Equilibrium (LTE)

Maxwellian distribution

1 1 2
5 7 2 z my,

100 =550 ) e
1 2

i ¢ in the case of photons => Plank distribution

[ ny: (v) = /H,l
/\ F]

| \ eksT — 1
/ \ | \

T=T

In each fluid element, random velocity component of protons & electrons follows Maxwellian
distribution characterized by a single physical quantity, temperature.

When temperature is different between fluid elements, it is called Local Thermal Equilibrium.
When temperature is the same between them, it is called Global Thermal Equilibrium.



lll. Non-relativistic approximation
Vo << C

IV. Single-fluid model

* Local charge neutrality:

n,~hn,~Nn

Fluid element

* Density of MHD fluid element is close to proton's density:

MHD

m
p EnM+nm=nM(1+M ~nM

I
1830 <<!

* Velocity of MHD fluid element is close to proton's velocity:

VMHD:Mvp+mvg~vp ] . .
=" Ma+m Two-fluid model Single-fluid model

* Velocity of MHD fluid element in B ,—plane is given by E_,,, x B drift (same for proton & electron):

conv

E. xB (— p"P B) X B (— P B) xB .
2 = 2 = 2 =V

B B B




V. Diffusion

dimension of diffusivity = velocity (v) x length (I) = m’/s

« Magnetic diffusivity
7 In N,

35

T

In N, ~ 10 (Coulomb logarithm)

3

N = Nio =52%10 (m’/s) < T~

> what is diffused is magnetic field.

« Kinematic viscosity

S5h

T
pln N,

> what is diffused is proton.

y=221x10""°

(mz/s) X T5/2 p*l

- Thermal diffusivity , — ~c

pec,
—43 —16 TS/2 2 Sho 1 -
a,=4.3x10 oIn N (m7/s)ycT “p "/ B
D
2
S 0ax107 /
ay T B

% what is diffused is electron. o



