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Abstract

Turbulence is a thermodynamic system composed of a lot of vorticons rather
than disturbance to random moving particles. The transport coefficients de-
rived from the definition on turbulence show that the anomalous transport is
a natural result of present turbulence in Tokamak plasma and provides an
important theoretical reference for the design and operation of Tokamak.
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1. Introduction

The experimental results show that the transverse transport coefficient of Toka-
mak plasma is much greater than the neo-classical transport coefficient derived
from the present theory, and this is called anomalous transport of Tokamak
plasma. It is generally believed that turbulence causes anomalous transport in
the Tokamak plasma, enhancing the loss of particles and heat. The study of tur-
bulence is not only a difficult problem in fluid mechanics, but also an important
practical problem, because the appearance of turbulence in Tokamak plasma is
unavoidable, but now there is no unified theory that can explain the experimen-
tal data of anomalous transport. The starting point of previous studies on turbu-
lence is to regard turbulence as the disturbance of random moving particles, and
attempt to describe turbulence by nonlinear mathematical methods [1]-[8]. How-
ever, after more than half a century, the turbulence theory has failed to provide a
statistical ensemble definition to compute average value of physical quantities,
because the vortices in turbulence are not disturbances to random moving par-
ticles. Regardless of mass or energy, even small vortices are much greater than
individual particles. Turbulence is a thermodynamic system composed of a lot of
vorticons. The transport coefficients derived from the definition on turbulence

show that the anomalous transport is a natural result of present turbulence in
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Tokamak plasma and provides an important theoretical reference for the design

and operation of Tokamak.

2. Vorticons in Turbulence

In 1852, Joule and Thomson discovered the cooling effect of throttling. In the
1970s, people made use of this effect to make micro refrigeration and widely
used in scientific research and production activities. Why does the fluid temper-
ature drop after passing through the orifice? It turns out that there must be tur-
bulence in the fluid passed through the throttle hole, and the turbulence is com-
posed of large and small vorticons, which reduce the temperature of the fluid.
The explanation is as follows.

As shown in Figure 1, the X-axis is the interface of two flow layers with veloc-
ity u,,u,, whose direction is the direction of fluid. The circle centered at point
O in the figure represents a medium element with mass mm and rotational inertia
Jin the incompressible fluid, and point A is the contact point between the me-
dium element and the interface.

The experimental results show that the tangential force acting on the unit in-
terface area of the adjacent flow layers is [9]

du

f=dpt 1
Ly (1)

du
where & is velocity gradient, 7 is coefficient of viscosity, the positive and
y

negative signs indicate the tangential force acting on the flow layer with larger or
smaller flow velocity, respectively. Suppose U, >U,, the tangential force acting

on micro-area sat point A is

F=-sp—, 2
ndy (2)

the minus sign indicates the tangential force to the left. When point A is at rest

instantaneously, the force acting on point O is the same as above, but in the

du
opposite direction. Since the dimension of & is the same as the frequency,

du
write = 21td—. Suppose the circle radius is 7 so
y

AY

S X

Figure 1. A medium element in fluid.
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do spr
Jo St (3)
dt 2n
Integrate the above equation and get
LU
0=w.e?™ (4)

this is the angular velocity of the medium element in the vortex motion, where

Wy = ZTE(Z—UJ is the initial angular velocity. It can be seen that as long as the
Yo

flow velocity of flow layers is different, there will be viscous effect, and vortices
will be produced. We call the medium element in the vortex motion the vorti-
con. A lot of vorticons constitute turbulence. The angular velocity of a three-
dimensional vorticon is

Sty

O =0’ , 5)

where @, =2 ) (—fijk)%ek , symbol & obeys the rules:
g
&ps = &pg = &51p =1, otherwise it’s minus 1.

In the absence of external fields (such as electromagnetic fields, gravitational
fields, etc.), the kinetic energy of a vorticon is
gzlmu2+£\]a)2, (6)

2 2

The first term on the right of the above equation is the translational kinetic
energy of the vorticon, and the second term is the rotational energy.

We know that temperature is a measure of the average translational energy of
molecules. As can be seen from the above equation if there is turbulence in a
fluid in the advection state under adiabatic conditions, it means that a part of the
molecular translational energy is transformed into the rotational energy of the
vorticons, thus reducing the molecular translational energy of the fluid and lo-
wering the fluid temperature. This is why where the Joule-Thomson throttling
cooling effect occurs. Suppose the temperature of the unimolecular ideal gas is 7"
and the temperature of the gas after turbulence is 7" According to the conserva-

tion of energy, there is
Nng'+Nt§kT':N§kT, (7)
2 2 2

where N is the number of gas molecules and N, is the number of vorticons,
obviously thereis T'<T.

It is well known that the molecules in an ideal gas do not interact with each
other except collisions. There is no other interaction between vorticons in tur-
bulence except viscous action and collision, and the viscous action has been re-
flected in the rotational energy of vorticons, thereby the turbulent can be re-
garded as an approximate ideal vortex system.

Assuming that the turbulent is in thermodynamic equilibrium and the Max-

well vorticon energy distribution law is
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1 __£
) [ 8

The above equation satisfies the normalization condition I f(e)de=1. The
0

average kinetic energy of vorticons in the turbulence is
z=[ef(£)de=3KT . (9)
0

It is noted that the vorticon has 6 spatial degrees of freedom, so the above eq-
uation is consistent with the equipartition theorem of energy. The maximum
probability energy of vorticons is 47 It can be seen that there are few vorticons
with large energy in turbulent in thermodynamic equilibrium, and this is con-
sistent with the actual situation.

The cooling of fluid accompanied by turbulence has a very important adverse

effect on the stable operation of Tokamak plasma, this needs further study.

3. Anomalous Transport in Tokamak Plasma

The lateral drifted velocity of charged particles in electromagnetic field is 1]
1
UL:E(EXB), (10)
It’s perpendicular to both the magnetic field and the electric field, and the
magnitudeis E, /B.
Charged particles in electromagnetic fields may be also affected by non-elec-

tromagnetic force F . Introducing an equivalent electric field
Eq =F/q, (11)

formula (10) can be written as

v, =—(F xB). (12)

1) Diffusion coefficient
In Tokamak plasma, the Debye sphere with the radius equals Debye A, has
weak electricity, so it is easy to form a particle cluster with the Debye sphere as

the core, and the particle cluster is called the smallest vorticon. Since the electric
r

potential V (r) = %eig
nE,r

of the Debye sphere is almost zero at r=>54,
[10], the smallest vorticon with radius r =54, is almost an electrically neutral
cluster of particles, so the force on the smallest vorticon is mainly the plasma
pressure

F :—EVp, (13)
n

where n is the particle number density of the plasma. Substituting the above eq-

uation into Equation (12), since B-Vp=0 in plasma equilibrium, there is
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1
v, =——Vp. 14
LT T hgB p (14)
Substituting p=nkT into the above equation and supposing the temperature

is uniform in space, the particle number flux across the magnetic field is obtained

no, ELIEVAY (15)
qB
Writing the particle number flux as
nv, =-D]Vn, (16)
there is
pr KT (17)
qB

This is the diffusion coefficient caused by the gradient of particle number
density. If n =102°/m3 , T=10keV, Debye radius A, =7.4x10°m, then the

number of particles in the smallest vorticon is Ny =4§(51D )3 n=2.13x10",

1
electric quantity q= EnDe , the introduction factor 1/2 is due to the recombina-
tion of particles in the vorticon, thus obtaining
D! =50.64(T/B)(m’/s)(keV). (18)

This is similar to Bohm’s empirical formula Dy =62.5(T/ B)(m2 /S)(keV) .
Factor 1/16 was artificially introduced into Bohm’s formula [11]. If the introduc-
tion is 1/20 rather than 1/16, then Bohm’s formula becomes

Dg = 50.0(T/B)(m2/s)(kev) . This is almost the same as Formula (18).

2) Coefficient of heat conduction

Supposing the particle number density is uniform in space, and as said before,
the average energy of vorticons is 347, so the energy flux density across the mag-

netic field is

LRI SN LR LUS S (19)
Np n, /qB

Therefore, the coefficient of heat conduction of plasma due to temperature
gradient is

x = -3k (le—T . (20)
n, /qB

3) Coefficient of viscosity

The appearance of turbulence in Tokamak plasma indicates that there are flow
layers with different velocity along the ring in the plasma. Supposing the velocity
difference of smallest vorticons on both sides of a flow layer interface is Au,
then the viscous force along the interface is

n
F =—myAuv, = pAuv, , (21)
n

D
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where my is the mass of smallest vorticon, and p is the plasma mass density.
Suppose the flow velocity difference Au occurs within a radius of smallest vor-
ticon on each side of the interface, ie.
Au _du
—=—, (22)
[ dr
where |=104, is the diameter of smallest vorticon. Substitute the above equa-
tion into Equation (21), and get

F=pul— 23
PU; ar (23)

so we get the coefficient of viscosity
n=pul. (24)

Since Reynolds number R, = pv, L/7, the Reynolds number of Tokamak is

R=—,
104,

(25)

where L is the maximum radius of cross-section of Tokamak plasma. That pro-
vides an important theoretical reference for the design and operation of Toka-
mak. For example, if the maximum radius of cross-section of Tokamak plasma is
1 m, Debye radius A, =7.4x10°m, then Reynolds number R, =1351. It’s be-

low the critical Reynolds number but it’s not too low.
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