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Abstract 

The nonlinear fluid simulation of the isolated plasma blob propagation and interchange turbulence in 

the scrape-off layer are demonstrated using 2-dimensional Hasegawa-Wakatani equation. In the propagation 

process of the isolated blob, density nonlinear term in the model equation has the strong effect on the 

dynamics of blob propagation. Interchange turbulence in the scrape-off layer is reproduced by the collapse 

and spread of the plasma blob which is formed by the Rayleigh-Taylor finger detached at the separatrix. 

Key words : scrape-off layer, second SOL, plasma blob, Kelvin-Helmholtz instability, interchange insta-

bility, non-diffusive turbulent transport 

1. Introduction 

The turbulent transport of a Tokamak edge plasma 

has been investigated by many researchers1
). Recent 

experimental results show that the transport in this re­

gion, rather than being dominated by diffusive process, 

is mostly convective and intermittent 1) . The region 

where the density profile is deviated from the exponen­

tial profile predicted by the diffusion process is known 

as 2nd SOL (see Fig. 1). Particles which cross the 

separatrix and enter the scrape-off layer (SOL) with its 

open field lines are normally expected to follow the field 

lines to the divertor chamber. However, if the radial 

convection rate is fast enough, as it is to experimen­

tally observed, particles can recycle at the main cham­

ber wall instead, reducing the divertor efficiency. Rapid 

convective transport of the SOL plasma to the main 

chamber wall possibly contributes to increased impurity 

level and to observed density limit. The most abun­

dant experimental indication of the rapid radial convec­

tive transport are from measurement of magnetic-field­

aligned plasma filaments, referred to as "blobs", in the 

SOL3- 7). Thus, the research on the blob transport is 

a crucial issue for the development of a thermonuclear 

fusion reactor, like International Thermonuclear Exper-
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Fig. 1 Typical experimental plasma density pro­

file in Alcator C-Mod. The blue dotted 

line is the normal exponential decay diffu­

sion. (Ref. 2
)) 

imental Reactor (ITER). 

The plasma blob transport is explained based on the 

formation and propagation of long-lived macroscopic co­

heq=mt structures. So far, there does not appear to be 

a generally accepted mechanism of a blob formation, 

however, the clear picture of their dynamics and stabil­

ity is drawn in a recent theoretical and computational 

studies8- 13). The self-consistent treatment of the blob 

transport including their formation process is still open 
issue14' lS). 

In this thesis, we develop 2D simulation codes to ana-

1 
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lyze the SOL interchange turbulence and the blob trans­

port using Hasegawa-Wakatani model equations19). We 

extend the 2D Hasegawa-Wakatani model which de­

scribes the blob dynamics in the SOLS), such that it 

includes a density nonlinearity in the continuity equa­

tion and compare the simulation results with those 1of 

that. 

The thesis is organized as follows: In Chapter 2, the 

background of blob transport in the SOL is reviewed, 

in Chapter3, model equations, numerical schemes and 

boundary conditions are explained and simulation re­

sults of the blob transport are shown. Then, effect of 

the density nonlinearity is discussed. In Chapter 4, non­

linear simulations of the SOL interchange turbulence 

are performed. The blob formation and its transport 

is investigated self-consistently. The summary and the 

discussion are given in Chapter 5. 

2. Review 

2.1 Radial Density Distribution in SOL 

In this section, the radial density distribution in the 

SOL is explained from the view point of the particle 

balance. Fig. 2 shows the· schematic diagram of the 

plasma flow from the confined plasma into the SOL. In 

Confined Plasma 

f.L=-DJ._-or 

Fig. 2 Schematic diagram of the plasma flow 

from the confined plasma into the SOL by 

cross-field diffusion and along the field in 

the SOL to the divertor target. 

the steady state, if there are no sources or skins (such 

as ionization) in the scrape-off layer, the loss along the 

field line from any given flux tube is balanced by the net 

flow across the field line into the flux tube: 

(1) 

where D l. is the cross-field diffusion coefficient, Cs = 
JTe/mi is the ion acoustic speed and Le is the connec­

tion length along the flux tube to the flow stagnation 

point. With the assumption that DJ. and Cs are inde-

pendent of radius, Eq. (1) is easily integrated to obtain 

[ 
r - a] n(r) = n(a)exp (2) 

with 

(
D L )1/2 

A -
n- ' 

Cs 
(3) 

where a is the minor radius at the separatrix, and An 

is the electron density e-folding length, Eq. (3) shows 

that the radial density profile in the SOL plasma expo­

nentially decays. 

Similarly, a temperature profile is evaluated using the 

electron heat balance as: 

[ 
r - al Te (r) =Te (a) exp (4) 

with 

(5) 

where AT is the electron temperature e-folding length, 

and Xl. is the cross-field thermal diffusivity. Equations 

(2) and (4) give a radial distribution of ne and Te. 

Equations (3) and (5) give thee-folding lengths in the 

scrape-off layer in terms of the cross-field transport co­

efficients. Experimentally, the measured values of An 

and AT are used to deduce D l. and Xl.. Typical values 

are A rv lOmm. If there are no sources in the scrape-off 

layer, this measurement together with the assumption 

that Te = Ti, gives the estimation of Cs and D l.. This 

is typically DJ. ,....., lm2 sec- 1
. Experimental results show 

that D l. is inversely proportional to density. However, 

since density and temperature changes in the boundary 

region are correlated, this behaviour can also be inter­

preted as a temperature dependence of D l.. Absolute 

values of D l. comparable with the Bohm diffusion coeffi­

cient, DB = T /16eB, are frequently obtained, although 

the scaling with Te and B does not agree. If either par­

ticle or energy sources are present in the SOL then the 

calculation of transport coefficients is much more diffi­

cult. 

It is possible to make rough estimates of the expected 

values of the density and temperature at the last closed 

flux surface (LCFS) by using global particle and en­

ergy balances. The integrated particle flux to the lim­

iter must by equal to the total flux diffusing out from 

the confined plasma. A particle confinement time, Tp, 

can be defined as 

r _ nV 
n -

Tp 
(6) 

where r n is the total particle outflux, n is the average 

plasma density and V the plasma volume. 

Using Eq. (2) the total flux to a single poloidal limiter 

is given by 

I'L = 4·rn 100 

n (a) exp [- r Cs dr. (7) 
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Carrying out the integration in Eq. (7) and equating 

r n to rL, the edge density is given by 

n (a)= nV 1 
Tp 47raAnCs 

(8) 

To estimate an upper bound of the edge temperature 

Te (a) , all the power is assumed to be lost by particle 

flow across the sheath, without radiation. Such a cal­

culation is only valid for limiter Tokamaks, The case 

of divertors is more complicated because much of the 

recycling takes place in the SOL near the target plates. 

2.2 Blob Model 

In this section, the blob model is briefly explained. 

The theoretical model for the plasma blob propagation 

is recently proposed by Krasheninnikov16). The basic 

mechanism behind the rapid convection appears to be 

the following: In general, any macroscopic clump of par­

ticles in a toroidal plasma would tend to be polarized 

due to species-dependent processes such as the VB and 

curvature drifts. In the core plasma with its closed 

flux surfaces, this charge separation is short-circuited 

by free-streaming electrons. In the SOL, however, a fi­

nite potential can be supported on the open fields due 

to sheath formation and its resistivity at the end points. 

A poloidal electric field thus formed, coupled with the 

toroidal magnetic field, then leads to a rapid Ex B drift 

of the blob. 

plasma blob 

Fig. 3 VB plasma polarization and associated 

E x B drift result in outward motion of 

plasma blob in Tokamak far scrape off 

layer. (Ref. 16)) 

For simplicity, we assume that the SOL ion and elec­

tron temperature, T, is constant, and ignore the flow 

and the resistivity along the magnetic field lines. The 

electric current is described by 

v. h + v. jll = 0, (9) 

where h = (B x V' P) / B 2 and jll are the current densi­

ties perpendicular and parallel to the magnetic field line, 

respectively, P = nT is the plasma pressure and n is the 

plasma density. In Eq. (9), V · h can be calculated as 

follows: 

V'·h =V'· (B 
= V (;2 ) ·(Bx VP)+ (;2 ) B 

- ( ; 2 ) VP · (V x B) , 

(10) 

where the second term becomes zero. We assume VP· 

(V x B) 0, then the third term can be neglected. 

Hence, 

V · h = V · ( B p) -:
2 

V ln B · (B x V n) . 

(11) 
Integrating Eq. (9) along the magnetic field line gives 

J dl : 2 V lnB ·(BX Vn) = J dl V · jll = 2)11 ltarget· 

(12) 

Here, ]u !target is the current density at the end of the 

blob connected to the sheath. The coefficient of 2 means 

the blob is connect to the sheath at each end and we 

assume that the current density is equal at each end. 

We can estimate ]u !target by approximating the sheath 

resistivity Rsheath as 

Vf aT 
Rsheath = -

1 
· = --, 

sat enTCs 
(13) 

where Vc is the floating potential, Isat is the ion satu­

ration current in the sheath. nT is the plasma density 

close to the wall, c5 = JT /mi is the ion acoustic speed, 

and a= (1/2) In [47rme/mi] 1. Thus, Ju !target accom­

panied with the electrostatic potential at the blob end 

¢>which is caused by the VB drift is estimated as 

Ju !target enTCs ( i) · 
From equation (12), we get 

e¢> = Pi B J dl V ln B · (B x V n) , 
T 2nT 

(14) 

(15) 

where Pi = miVJ_/(eB) is the ion sound Larmor radius 

and VJ_ = JT /mi is the ion thermal velocity. The mag­

netic curvature is evaluated by V ln B = x/ R, where R 

is the major radius, x and y are the coordinates along 

radic,tl and poloidal direction, respectively, and x is the 

unit vector in the radial direction. We assume that the 

blob density is uniform along the magnetic field lines, 

and that the current density perpendicular to the field 

lines is uniform. Considering a plasma blob of density 

nb with parallel length lb, we obtain 

e¢> _ lbPi 8nb 
T - 2RnT 8y. 

(16) 
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Approximating 8nb/8y nb/8, Ey c/>/6, where 8 

is the poloidal scale length of the blob, then we get the 

rough estimation of the blob radial propagation velocity 

Vx as 

(17) 

This equation indicates that a smaller blob has larger 

convective velocity. The stability of blobs should taken 

into account in blob transport since instability breaks 

blobs into pieces so that blob has a larger velocity than 

the original one. As a result, the first-wall might suffer 

from more radiation damages. 

Even though the separable solution is just an example, 

it gives an estimate for the radial velocity of the blobs 

and provides an estimate of the radial distance, that 

the blob can travel during its life time, 7b before 

terminating due to parallel plasma transport. Taking, 

as an estimate, lb ,..,_, qR, where q is the safety factor, 

from Eq. (17) we find 

2 l2 
Vx1b (Pi) -2.. nb. 

8 RnT 
(18) 

Analysis of the radial motion of isolated blobs makes 

sense only when > 8, which gives 

Using number of plasma particles in a blob Nb nblb82
, 

another expression is obtained as 

(20) 

For a large Tokamak device, typical parameters are 

given by q rv 3, R rv l.5m, nb rv 1019 m - 3
, Cs rv 3 x 

104 m/sec, pi/ R rv 2 x 10-4
, and %/nT rv 10. For 

the blob of the size 8 rv O.Olm from eqs. (17)-(20), we 

find Vx rv 103 m/sec, rv 0.15m, 8max rv 0.03m, and 

Nb ,:S 1016 from equations (17)-(20). 

2.3 Experimental Observation 

In this section, experimental observation of plasma 

blob is shown. The evidence of plasma blob transport 

in the SOL is given in pictures taken by high-speed cam­

era imaging. In recent years, high-speed cameras have 

become common and image quality is improved signif­

icantly. Currently, a rate of more than 105 frames per 

second is possible. 

Fig. 4 shows an image taken at the spherical Toka­

mak NSTX with a high-speed camera. The images were 

produced by filtered Da light with the use of a local 

gas puff in the camera field of view to increase the local 

neutral density and thus the brightness (and contrast) 

of the fluctuation images (Gas Puff Imaging Method). 

We can see the filament structure near the edge. This 

observation implies that the plasma blob structure is a 

type of filament along the magnetic field lines. 

Fig. 4 Filament structure of plasma blob ob­

served by gas puff imaging on NSTX. (Ref. 
5)) 

Fig. 5 shows consecutive frames from an ultrafast 

camera of the Da emission intensity fluctuation in a 

poloidal cross section in Alcator C-Mod Tokamak. Red 

and yellow colors correspond to positive fluctuation am­

plitudes, green and blue to negative. The separatrix 

position indicated as the black solid line. The picture 

shows the rapid convective propagation of the plasma 

blob in the SOL. 

I -0.02 

-0.04 

-0.06 

0.86 0.88 0.9 0.92 0.86 0.88 0.9 0.92 0.86 0.88 0.9 0.92 0.86 0.88 0.9 0.92 
major radius [m] major radius [mj major radius [m] major radius !ml 

Fig. 5 The evolution of a long-living blob in Al­

cator C-Mod. (Ref. 6)) 

Fig. 6 shows the experimental results in DIII-D, vi­

sualized with the BES (Beam Emission Spectroscopy) 

diagnostics. We can find the density burst in plasma, 

and a structure, marked with a dotted circle and shown 

in both frames, undergoes both poloidal and radial mo­

tion, maintaining the clump structure. 

3. Simulation of Blob Propagation 

3.1 Model Equations 

2D Hasegawa-Wakatani type model equations are in­

troduced to describe the dynamics of blobs in SOL with 

local concentrations of density and vorticity. Derivation 

of the model equations is given in the paper D'lppolito, 

et al. 17). We follow the procedure to derive the model 

equations. 

The model consists of the vorticity equation and the 
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6cm 

Fig. 6 Two frames from BES showing 2D density 

plots. Red indicates high density and blue 

low density. (Ref. 7) ) 

continuity equation: 

d 2 B 2 2B 
-d '9' J_ <I>= -V11J11 + - (bx"-)· Vp (21) 

t min min 
on at + v. (nve) = 0. (22) 

where df /dt =of /8t+[<I>, f], [<I>, f] = h·(V J_ <I> x V J_f) 

is a Poisson bracket which indicates the convective 

derivative, B = Bb is the magnetic field, "' = b · Vb 

is the magnetic curvature, J11 is the current density 

parallel to the ambient magnetic field, Ve is the elec­

tron fl.ow velocity, n = ne = ni is the particle density, 

p = n (Te+ Ti) is the total pressure, and Te and Ti 

are the electron and ion temperature. Here we assume 

Te » Ti and Te is constant along the magnetic field 

lines. The Boussinesq approximation is used to derive 

the vorticity equation. 

From Eq. (22), we obtain: 

(%t+ve·V)n=-n(V11ve11+VJ_·vd) (23) 

where, the perpendicular component of the electron 

drift velocity is given by 

B 
Vej_ = B 2 X W, (24) 

where 

W = V<I>- Vp:::: V<I>- TeVlnn. (25) 
ne e 

The second term of R.H.S. of Eq. (23), is evaluated as 

VJ_· Vej_ = VJ_B
2 

x B ·W 
B4 

B W 
-.,..-·VJ_xw+-·VJ_xB 

B2 B2 
(26) 

""'_ VB
2 

x B. W 
B4 ' 

for the lowest order. Then Eq. (22) reduces to 

= -nV11vell X h· ( V<I> - Vlnn), (27) 

where the relation (V J_B) / B is used. 

Now, we calculate on the current density at the 

sheath. Electron flux is given by 

re = n 1= dv11 v11 f ( v11) ' (28) 
J2eif>/me 

where we assume that f ( v11) is a Maxwellian distribu-

tion: 
me -me VII ( ) 3/2 [ 2] 

f ( v11) = 27rTe exp ---rr;- . (29) 

Then the current density at the sheath is given by 

( 
Vthe [ e<I>]) Jllsh =en Cs - J21r exp - Te ' (30) 

where Cs = (Te/mi) 1
/

2 is the ion acoustic speed and 

Vthe = (Te/me) 1
/

2 is the electron thermal speed. Equa­

tions (21) and (27) can be simplified by integrating along 

the magnetic field lines from 0 to L 11 in the limit where 

all quantities are assumed to be constant along the mag­

netic field line except the current, where L11 indicates the 

connection length of the magnetic field line in the SOL, 

(31) 

(32) 

Assuming that both ends of each field line ter­

minate at grounded conducting plates, and setting 

J11 (L11) 2Jllsh, J11 (0) 0 and Veil (L11) 
(vthe/J27r) exp [-e<I>/Te], Veil (0) = 0, we get 

(33) 

(34) 

where v = (mi/27rme) 1
/

2
. Introducing the normaliza­

tion: 

nit---+ t, 

e<I>/Tes---+ <I>, 

P/ (nsTes) ---+ p, 

PsV---+ V, 

n/ns---+ n, 

Ps"- ---+ "'' 
Te/Tes---+ T, 
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and using the relation 

where the Bohm potential is defined by <l>B = T Inv, 

then we obtain 

:t V'i <p = aVr ( 1 - exp [-'f J ) + (b x K) · V p 

(35) 

dn [ <p] dt = -an exp - T + 2nK x b · (V <p - V ln n) , 

(36) 

where the parameter a= 2ps/ L11 measures the net par­

allel current into the divertor plates. 

Since the plasma filaments are assumed to be localized 

perpendicular to the magnetic field, we can use a slab 

model with orthogonal coordinates { x, y, z} such that 

the x coordinate is taken in the direction of the major 

radius and the z coordinate is taken along the magnetic 

field line. The dimensionless curvature can be written 

as K = - (Ps/ R) x, where R is the major radius, xis the 

unit vector in the x-direction, so that the second term 

of the R.H.S. of Eq. (35), 

a 
2 (b X K) · V = -/] ay, (37) 

where f3 = 2p5 / R is the parameter measuring the 

strength of the curvature drift. Assuming <p « 1, and 

expanding exponential functions in (35) and (36), we 

obtain 

d 2 /3 an 4 
- \7 J_ <p = a<p - - - + µ \7 J_ <p 
dt nay 

(38) 

dn ( a<p an) 2 - = -an + f3 n- - - + D\7 J_ n, 
dt ay ay 

(39) 

where V'i = a2 ;ax 2 + a2 /ay 2 and the ion viscosity 

µ and the diffusion coefficient D are introduced. These 

equations are full nonlinear model equations used in Sec­

tion 3.2 and later in Chapter 4. Further simplification 

is possible, if we assume that the density modulation is 

weak, we linearize the second term in R.H.S. of Eq. (38) 

and the second term in R.H.S. of Eq. (39), then we have 

partially linearized model equations 

d 2 an 4 
-\7 j_<{J = a<p - /3- + µ\7 j_<{J 
dt ay 

(40) 

dn (a<p an) 2 
dt =-an+ /3 ay - ay + D\7 J_n. ( 41) 

The energy conservation relation in this system is 

written as, 

! (H) = - a ( (l'Pl 2 + lnl 2
)) 

- µ (IY'i<p/2)- D (IY'in/2), 
(42) 

where, the bracket ( ) is the surface integral given by 

1 {Ly rLx 
() = LxLy lo lo dxdy, 

and 

is the Hamiltonian of this system. 

If we ignore the second term in R.H.S. of Eq. (39), 

these equations reduce to the model used for calculating 

the blob dynamics during transport in the SOL in Ref. 
8) 

3.2 Numerical Scheme and Boundary Con­

ditions 

We have developed the spectral and pseudo-spectral 

codes to solve Equations (38)-(41). Pseudo-spectral 

methods are introduced to solve the full nonlinear model 

equations ((38) and (39)) in the following sections. The 

nonlinear term associated with the density in the model 

equations, i.e. the second term of the R.H.S. of Eq. (38) 

is difficult to describe in Fourier-space. The pseudo­

spectral method has an advantage to calculate such non­

linear terms. 

In the spectral code, the equations are solved numer­

ically by the finite difference in the x-direction, and 

by the Fourier expansion in y-direction The nonlinear 

terms are evaluated in Fourier space. In the pseudo­

spectral code, the nonlinear terms are evaluated in the 

real space using Fast Fourier Transform (FFT). 

The following boundary conditions are used for the 

blob transport. In the vorticity equation, 

form= 0: V'i<p
1 

(x = 0) = 0, \73._<p (x = Lx) = 0 

form =F 0: \73._<p (x = 0) = 0, Y'l<p (x = Lx) = 0 

where the prime means the derivative of x, and Lx 
indicates the system size of the x direction. Similarly, 

for m = 0: <p1 (x = 0) = 0, 

for m =F 0: <p (x = 0) = 0, 

<p (x = Lx) = 0 

<p (x = Lx) = 0 

are imposed. In the continuity equation, 

form= 0: n (x = 0) =no, 

form =F 0: n (x = 0) = 0, 

are imposed. 

n' (x = Lx) = 0 

n' (x = Lx) = 0 

The periodic boundary condition is used in the y­

direction such as <p (y = 0) = <p(y = Ly), where Ly is 

the system size of they direction. 

The initial blob density distribution is given by Gaus­

sian: 

Blob Density Distribution (x, y) = 
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where 8b represents the blob radius. For simulation pa­

rameters, we choose nb/no = 10, µ = D = 2 x 10-3
, 

256 radial grids, and 128 Fourier modes for spectral code 

and 256 Fourier modes for the pseudo-spectral codes. 

3.3 Partially Linearized Model 

In this section, we show the simulation results solving 

the equations (40) and (41), in which the density non­

linear terms are linearized . The partially linearized 

model equations can be solved by both spectral and 

pseudo-spectral methods. The pseudo-spectral code is 

compared with the spectral code for code validation, 

then we use the pseudo-spectral code for simulations 

demonstrated in the after sections. 

3.3.1 Comparison between 

Pseudo-Spectral Codes 

Spectral and 

In this subsection, we compare the simulation results 

of the power spectra by spectral and pseudo-spectral 

codes. 

Figures 3.1 shows the power spectra of electrostatic 

potential and density in the small blob simulations 

(8b = 5). In the early phase of the nonlinear evolution, 

the power spectra coincide with each other. As time 

goes by, the difference between the spectral method and 

the pseudo-spectral method is observable. However, the 

difference is negligible in low mode region, so that we 

may consider both codes correctly work. 

Fig. 3.2 shows the time evolution of the density energy 

for the largest 10 Fourier modes. Although the similar 

behavior is observed for the spectral and the pseudo­

spectral code fort < 1000, the dissipation in the pseudo­

spectral code results are somewhat stronger than that 

in the spectral code. For t > 1000, the complicated be­

havior of high modes is observed in the pseudo-spectral 

code, which is different from those in the spectral code. 

This behavior might be related with the chaotic nature 

of the system. Since the dealiasing is not applied in this 

version of the pseudo-spectral code, there exists noise in 

the high ky region, which might lead to different behav­

ior of high ky modes due to the sensitivity of a initial 

value. 

Figures 3.3 shows the power spectra in the large blob 

simulations (8b = 60). In this case, the agreement be­

tween two codes is fairly well compared to the case with 

the small blob. However, we can see the accumulation of 

energies in the high-mode region as time goes by, in the 

pseudo-spectral case. Some care should be taken into 

account to get rid of the aliasing error in the pseudo­

spectral code for long time simulations. 

3.3.2 Small Blobs 

In the previous section, we validate the spectral and 

the pseudo-spectral codes. In this subsection, we focus 
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(a) Power spectra of the electrostatic po­
tential in the small blob propagation sim­

ulations solved by the spectral and the 

pseudo-spectral codes. 
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(b) Power spectra of the plasma density 

in the small blob propagation simulations 

solved by the spectral and the pseudo­

spectral codes. 

Fig. 7 Line colors refer to the time step of the 

simulation results by the spectral and the 

pseudo-spectral codes. Vertical axis indi­

cates the energy of the power spectra and 

horizontal axis indicates the Fourier mode 

number in the poloidal direction. 

on our simulation results of the blob propagation in the 

SOL using the pseudo-spectral code. The blob insta­

bilities that occur during propagation in the SOL and 

affected by the blob size are investigated by Aydemir 

S). The characteristic blob size am is introduced, which 
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