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Abstract. The influence of electron and ion temperature dynamics on the radial
convection of isolated structures in magnetically confined plasmas is investigated by
means of numerical simulations. It is demonstrated that the maximum radial velocity
of these plasma blobs roughly follows the inertial velocity scaling, which is proportional
to the ion acoustic speed times the square root of the filament particle density times
the sum of the electron and ion temperature perturbations. Only for small blobs
the cross field convection does not follow this scaling. The influence of finite Larmor
radius effects on the cross-field blob convection is shown not to depend strongly on the
dynamical ion temperature field. The blob dynamics of constant finite and dynamical
ion temperature blobs is similar. When the blob size is on the order of 0.1 of the ion
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Larmor radius the blobs stay coherent and decelerate slowly compared to larger blobs
which dissipate faster due to fragmentation and turbulent mixing.
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1. Introduction

It is well established that radial transport of particles and heat out of the confining
region of magnetically confined toroidal plasmas and into the region of open magnetic
field-lines, known as the scrape-off layer (SOL), is predominantly turbulent [1,2]. The
turbulence in the SOL region is known to be strongly intermittent resulting in broadened
particle density and temperature probability distribution functions (PDFs) skewed with
a broad tail toward positive perturbations. The intermittent transport is carried in
the form of filamentary structures aligned along the magnetic field. The filaments
propagate perpendicular to the magnetic field at a significant fraction of the acoustic
speed [3-6]. These filamentary structures are known as blobs in low confinement
(L-mode) [7-12] and edge localised mode (ELM) filaments in high confinement (H-
mode) [13-16]. Although the generation mechanisms for blobs and ELMs are different,
the mechanism driving both types of filaments towards the wall is believed to be the
interchange drive [13,17—19]. The blobs give rise to problems such as erosion of the main
chamber walls where the resulting impurities influence operation parameters such the
density disruption limit [19,20]. The blobs result in peak heat loads at plasma facing
components much higher than predicted by classical theory. Predictions of the peak
heat loads thus require a thorough understanding of the blob temperature dynamics.
In particular, since the ion temperature typically exceeds the electron temperature
in a tokamak SOL [21,22], a proper description requires models which include the
temperature dynamics of both electrons and ions. Temperature dynamics is also a
necessity for describing the interaction of blobs with neutral particles, e.g. T. for
electron impact ionization and 7T; for charge exchange, which, in general, have very
strong dependencies on temperature [23]. The blob-neutral interactions define a non-
negligible particle source and imply energy and momentum losses and are therefore
essential when describing plasma dynamics in a fusion relevant experiment.

Extensive numerical studies of the dynamics of seeded blobs have been made in
previous studies [24-27]| which have aimed at deducing scaling laws for the radial velocity
of blobs. However, most models did not include temperature dynamics and assumed
cold ions. Although these simplifications are reasonable in the description of most basic
plasma physics experiments [28-30], it is generally not the case in a tokamak SOL.
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Recent studies [25,31-35] have shown that finite ion temperature effects alter the cross
field blob transport. Blobs stay coherent and decelerate at a slower rate than cold ion
blobs. Furthermore, the observed structures in gas-puff imaging (GPI) observations [36]
and finite ion temperature simulations show very similar dynamics. However, the finite
ion temperature studies have not included ion temperature dynamics and collisional
effects are treated in an ad-hoc manner. Collisional effects influence the cross-field
transport blob transport [37] and play an important role in the SOL region profile
broadening in the high density limit and in divertor detachment [38]. A consistent model
for collisional effects is therefore important for any effort modelling blob transport in
the high density limit.

In this paper we investigate the intermittent SOL dynamics including temperature
effects in combination with a model with self-consistent perpendicular collisional
diffusion. Specifically, we describe the influence of temperature dynamics on the cross-
field blob convection and investigate how the radial blob velocity scales with blob
size, amplitude, and ion to electron temperature ratio. Furthermore, we investigate
the validity of two scaling laws for the maximum radial blob velocity. We use a
four-field drift-fluid model, HESEL (Hot Edge-Sol ELectrostatic turbulence), based on
the Braginskii equations, describing the evolution of the particle density, generalised
vorticity and electron and ion pressure.

The article is outlined as follows: In section 2 we describe the HESEL model
used in the simulations. In section 3 we qualitatively describe the effects of including
temperature evolution and perturbations on the dynamics of seeded blobs by comparing
simulations with different degrees of temperature effects. In section 4 we investigate the
effect of different initial parameters on blob dynamics with full temperature evolution
and initial perturbations. In section 5 we test the validity of existing blob velocity
scalings with different initial parameters. Finally in section 6 we summarise and conclude
our results.

2. The HESEL Model

The investigations have been carried out using the HESEL model [39]. HESEL is an
energy conserving 2D drift fluid model derived from the Bragiinskii equations using
slab geometry, which describes the evolution of four fields: The particle density, n, the
generalised vorticity, w, the electron pressure, p., and the ion pressure, p;. The governing

equations are Bohm normalised according to (see for example Ref. [40]),
1e 1;
Weit = t, i—>x, 6¢—>g0, ﬁ—>n, — =T, — =T, (1)
Ps T@O No TeO Te()

where w.; = eBy/m; is the ion cyclotron frequency, ps = c¢s/we; is the ion gyroradius

at background electron temperature, e is the electron charge, T,y is the background
electron temperature, ng is the background particle density, By is the magnetic field at
major radius Ry, m; is the ion mass, ¢, = (T.o/m;)"/? is the sound speed and T,y is the
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electron (ion) temperature. With this normalisation the equations are given as

%n + nl(p) — K(pe) = Ay, (2)
Z—Zw +1{Ve, Vpi} — K(pe + pi) = Ay, (3)
g%pe + gpelc(#?) - gIC (%g) = Dpe, (4)
S%Pi + gpi’C () + g’C (%) = pik (pe + pi) = Ay, (5)

Here, d/dt = 0/0t + B~' {¢, -} denotes the convective derivative with the compressible
magnetic field, B(z)z = (BoRo)/(Ro + ro + )z, where z is the radial position, R, and
ro denote the major and minor radius, respectively, and z is a unit vector parallel to
the magnetic field. d°/dt = 9/0t + By' {e,-} denotes the convective derivative with
constant magnetic field By and K is the curvature operator defined as

ps O
K = ———f. 6
(=% 51 ()
The E x B advection is written in the terms of a Poisson bracket defined as
Opdf Of 0p
= ———— . 7
N -G (7

w = V(¢ + p;) is the generalised vorticity, which contains the magnetic field aligned
components of the E x B vorticity, V2, and the ion diamagnetic contribution, V?p;.
Finite Larmor radius (FLR) effects are thus only included to lowest order, which means
that k3 p? < 1 is assumed, where k is the characteristic perpendicular inverse length
scale and p; = (Tyo/m;)*?w_" is the thermal ion gyroradius (see Ref. [41] and Ref. [31]
for a thorough description of FLR effects in drift fluid models). Furthermore we note
that the thin-layer approximation is invoked in the vorticity equation (3) assuming small
perturbations amplitudes and gradients in the particle density field. HESEL does thus
not describe the dynamics of blobs with strong FLR effects or large particle density
perturbations accurately.

The terms on the right-hand sides are the dissipative terms and are defined as

Ay =D, (1+7)Vn )
A, = D;Vw )
1
A, =D, lg (147) V?pe + (g - gT) V- (nVT)
+(1+T)V1nn~VPl} a 3m.eyei (Pe — pi) (10)

)
A, = {ﬁDn(l +7)V - (T;Vn)—D,(1+7)Vinn- Vp;

+D; (VQpi —p;V?Ilnn—Vinn- Vp,-) }

3me
+?l/ei (pe — pi) + pil\e, (11)

)
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where Tjy is the background ion temperature and 7 = Tj/T.,. The temperatures
are defined as T .(x,y,t) = pic(z,y,t)/n(z,y,t), both functions of position and time.
Note that all parallel effects, including sheath dissipation, have been neglected. The
dissipative terms account for friction, electron heat fluxes, and energy exchange due to
electron-ion collisions and viscosity and ion heat fluxes due to ion-ion collisions. These
collisional terms are written in terms of the diffusion coefficients

Dy, = (1+ 1.6¢%)p2ve;, (12)
D; = (1+1.6¢%)p; v, (13)

where v; and v,; are the normalized electron-ion and ion-ion collision frequencies,
1

respectively, pj. = wg . (Tico /mi,e)l/ 2 are the ion and electron thermal gyroradii and
Weie = €By/mi; . are the ion and electron cyclotron frequencies. The diffusion coefficients
are evaluated using the background values ng, T.o and Tj. The 1.6¢* factor is the
neo-classical Pfirsch-Schliiter correction to the diffusion coefficients, where ¢ denotes
the safety factor at the last closed flux surface (LCFS) (see Ref. [42] for a thorough
description of these self-consistent diffusive terms).

Previous studies [26,37] have shown that the maximum radial velocity of interchange

driven blobs is captured well by the inertial scaling

aA@)W

RO, (14)

Here, v = V/o denotes the interchange rate and o is the characteristic blob size. © is

‘/:iner =70 = Cs (

an unspecified thermodynamic quantity (e.g. n, pe, p;) and Oy is a uniform background.
In order to eliminate effects captured by the inertial scaling, we use this normalisation
to investigate the differences in blob dynamics.

In order to describe the blob motion, we define the blob centre of mass position

f(n(l'a y,i) — ng)dx /(n(x, y,1) — no)xdx, (15)

where the integration is over the entire domain and where x = (x,y) is used to define

Xoon (1) =

the position of the blob. To limit the number of free parameters we have chosen to
keep the background electron temperature, 1,9, the background particle density, ng, the
magnetic field, By, the ion mass, m; and the charge, Z, and the safety factor ¢ fixed
throughout the paper. We have chosen parameters typical for ASDEX Upgrade (AUG)

T.o=40¢eV, ng=1x10"m™3, By =186T (16)
m; =2m,, Z =1, Ry=1.65m, and ro = 0.5 m, (17)

where m,, is the proton mass.

3. Effect of temperature dynamics

In the following we will describe the effects of including initial temperature profiles and
temperature dynamics on the evolution of seeded blobs. The blobs are initialised as
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Gaussian perturbations on constant backgrounds

2 2

n(l’, Y, 0) =Mno + An exXp <_ <x Q:O) 21._2(y yO) ) ) (18)
RY Y

O e e (19
2 R

Tie,,0) = T+ AT, exp (2L LU0, (20)

where (z9,yo) is the initial blob position, An is the initial particle density perturbation
amplitude, o is the initial blob radius, and AT, is the initial electron (ion) temperature
perturbation amplitude. The potential, ¢, and generalised vorticity, w, are both
initialised to 0. The magnetic field is set to point out of the plane, and the simulations
are carried out in a square box with a side length of L = 400. We invoke periodic
boundary conditions in the y-direction and apply Dirichlet boundary conditions

¢:Ou W:()a n = ny, Te :T607 ﬂ :EO (21)

at both radial boundaries x = 0 and = = L,. The spatial resolution is o/dx = 50
to ensure that the simulations are converged with respect to the size of the simulation
domain.

We have investigated the evolution of seeded blobs for four different cases with
varying degrees of temperature dynamics included in the governing model equations: 1)
Ions are cold except in calculations of the ion diffusion coefficient, D;, and electron and
ion temperature dynamics is neglected. This means that we only solve Egs. (2)-(3) and
neglect all contributions from finite ion temperature effects in the vorticity equation, Eq.
(3). 2) Electron temperature dynamics has been included but the ions are cold, which
means that we are solving Eqs. (2)-(4), but where the finite ion temperature effects are
removed in the same way as in case 1. In case 3) we have included electron temperature
dynamics and finite ion temperature effects by setting p;(z,y,t) = Tion(x,y,t) at each
time step and solving Egs. (2)-(4). Finally, in case 4) both electron and ion temperature
dynamics are included, by solving the full set of HESEL equations, Eqs. (2)-(5). The
four cases summarised in Table 1.

Table 1: Detail of temperature dynamics for the four different cases.

Case | Electron temperature | Ion temperature AT, AT;
1 T.o = const. 0 0 0
2 Te(z,y,t) 0 TeoAn/ng 0
3 Te(z,y,t) T;o = const. TeAn/ng 0
4 Te(z,y,t) Ti(z,y,t) TooAn/ng | TiAn/ng

In Figure 1 we have plotted the density, vorticity, electron and ion temperatures
at t = 207! for simulations of all four cases. At t = 20y~! the blobs have moved
approximately 5 times their initial size, o, and differences in the blob convection in the
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40 4 44 46 48 40 i/

Figure 1: Contour plots of the four fields at ¢ = 20y~!. All blobs are initialised with
the same parameters, but solved including different degrees of temperature dynamics
and perturbations (see Table 1). The boxes only show part of the simulation domain
displaying a square box of size bo x 5o.

different simulations are perceptible at this time. For the initial blob size used in this
section, 0 = 10, the blobs have moved 5 cm, which is less than the typical SOL region
width in AUG. The parameters used for all four simulations are An = 0.5n¢ and 7 = 1.
Upon comparing case 2 with case 1, we see that the inclusion of electron temperature
dynamics causes the blob to spread out more and the lobes behind the front to curl up,
but otherwise no big differences are observed. The electron temperature in case 2 is
seen to closely resemble the particle density, but due to stronger diffusion, the electron
temperature is less localised. !!!!!!!

Looking at case 3 in the third row in Figure 1, it is seen that the most prominent
difference between the cold ion simulations and the inclusion of finite ion temperatures
is in the vorticity where the up-down symmetry is broken, and the vorticity is elongated
along the blob. As a result we see that the up-down symmetry of the blob particle



Temperature dynamics and velocity scaling laws 8

density is broken and the blob stays more coherent, as was also observed in previous
works (see for example Ref. [31]). As shown in the next section the influence of finite ion
temperatures is stronger when the ratio of the ion gyroradius to the blob size increases.
The bottom plot shows the blob when both electron and ion temperature dynamics are
included solving the full set of HESEL equations (case 4). Here, we observe that the
symmetry breaking is more profound than in the constant ion temperature case and the
blob propagates further downwards. As for the case with no ion temperature effects
and electron temperature dynamics, the blob is more spread out and the roll-up of the
lobes is stronger. These effects increase with ion to electron temperature ratio. The ion
temperature is observed to be less localised than both the electron temperature and the
particle density, but it still closely resembles both. This is due to the much stronger
diffusion on the ions compared to the electrons (a factor of 10%). Overall, however, we
do not observe significantly different blob dynamics with the inclusion of a dynamic ion
temperature compared to the finite ion temperature case.

4. Velocity dependence on blob size, amplitude, and ion temperature

We now move on to examine the effects of different initial parameters on the dynamics
of the blobs. Throughout the rest of the paper, the simulations are carried out using the
full HESEL model including both electron and ion temperature dynamics. The blobs
are initialised according Eqgs. (18)-(20) where we vary the initial blob width, o, the
ion to electron temperature ratio, 7, and the initial blob particle density perturbation,
An. Figure 2 shows the evolution of four different blobs with different initial parameters
which capture the general trends of the simulations. For low values of 7, illustrated in the
first row, the blob generates the typical mushroom shape seen in for example Ref. [24].
For the high ion temperature blobs, otherwise with the same parameters (second row
in Figure 2), the up-down symmetry is broken due to the increased contribution of the
ion pressure in the vorticity equation. The high ion temperature blob seen in row 2
propagates in the B x VB direction as was also observed in Ref. [31] leaving behind
part of the initial mass and propagating as a smaller more coherent structure. The
symmetry breaking is not observed for low amplitude blobs as illustrated in the third
row of Figure 2. The blob dissipates fast due to collisional diffusion and generates
the typical mushroom shape, also seen for low ion temperatures, due to the smaller
contribution of the ion pressure to the generalised vorticity. Finally, comparing rows 2
and 4 in Fig. 2, it is seen that larger blobs leave behind more of the initial mass and
the curl-up of the lobes is more profound than for smaller blobs.

The curling up of the lobes is, as described in Ref. [31], a consequence of poloidal
gradients in the radial component of the advecting E x B velocity field which peaks at
y = 0. This means that the blob centre is advected faster than the blob sides, which
generates the typical mushroom-like shape. As seen in section 3 the blob centre consists
of two layers of oppositely signed vorticity. This creates a shear flow which gives rise to
the Kelvin-Helmholtz instability [43] resulting in a curling up of the lobes, seen e.g. in
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o=10, 7 =0.25
An = 0.50n

o

t=20

o =10, 7 = 2.00
An = 0.50n

o

o =10, 7 = 2.00
An = 0.10ny 1.08
1.06
o 1.04
1.02
1
t=0 0.98
o =20, 7=2.00
An = 0.50n 14
1.3

Figure 2: Particle density of four different blobs in time steps of 7y~!. The displayed
domain is a square of size 50 x 50, which is only part of the full simulation domain. The
colour scheme is kept constant in each row, and the parameters used in each simulation
are stated in the respective rows.

row 4 in Figure 2. The sheared flow is stabilised when FLR effects become significant
with increasing k, p;. This reduces the curling up of the lobes and causes the blob to
stay more coherent [31]. Here, k7' is the characteristic length-scale which, in the initial
phase, is dominated by k7" ~ An/o. This means that low amplitude blobs and large
blobs experience weaker FLR effects, as was also observed upon comparing the four
cases in Figure 2 where the blobs with stronger FLR effects remained more coherent.
In Figure 3 we have plotted the evolution of the radial centre of mass velocity,
V =d/dt T.om, as a function of time for the four cases displayed in Figure 2. We see
that all blobs initially accelerate, reach a maximum velocity and then decelerate due to
shear flows and collisional diffusion. Upon comparing the black and the blue curve we
observe that the velocity of blobs subjected to strong FLR effects flattens at late stages.
This flattening can be attributed to the blobs slowing down in the poloidal direction
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L [ g = 1077' = 025An = 0.5'/74)
--0 = 10,7 = 2,An = 0.5ng
—0o=10,7 = 2,An = 0.1ng
-0 =20,7=2,An = 0.5ng
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Figure 3: Evolution of the radial centre of mass velocity with time for the four different
cases shown in Figure 2.

which leads to a reversal of the poloidal propagation. This reversal in the direction of
the poloidal propagation results in a slight radial acceleration seen as the flattening in
the blue curve in Figure 3.

The compactness [31], defined as

_ (J(n(z,y,t) = no)dx) h(z,y,1)
Tt = Tt 9, 0) = o)) Az, ,0) (22)

is a measure of blob coherence. Here, h is a Heaviside function given by

Wz, y,t) = { L if (2 = Zpnaa(t))? + (Y = Ymaa(t))? < 0 -

0 else,

The integration is over the entire domain, and 4z, Ymaee denote the positions of the
radial and poloidal maximal particle densities, respectively. I. thus describes the
integrated particle density in a ball of radius o centred at (Zmaz, Ymaz), normalised
to I.(t = 0) = 1. When the particle density is preserved, I. = 1, whereas I. — 0 for a
completely dispersed blob.

In Refs. [31,32] it was observed that the defining parameter for the blob coherence
resulting from FLR effects depends on both initial ion temperature, blob width and blob
particle density perturbations. A dimensionless quantity, r, containing these parameters
was introduced to quantify the different regimes of the dynamics:

JYAN
r= p n. (24)
oo

The compactness, Io, at time t = 10971 is plotted as a function of r in Figure 4.
We observe a transition in blob compactness between » = 0 and » = 0.1, as was also
seen in Refs. [31,32]. By inspection of the simulation results, this is consistent with
a transition from plume-like to more coherent structures. The black symbols, which
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Figure 4: Compactness, I, of blobs as a function of r = p;An/(ong) at t = 10y~1. A
transition from plume-like blobs to more coherent structures between » = 0 and r = 0.1
is observed.

denote the compactness of small blobs, do not show the same transition as the larger
blobs. Instead the small blobs show high compactness for all values of r after 10 4.
We believe this is due to a breakdown of the interchange scaling in the extreme cases
of very low particle density perturbations and small blob widths, as will be discussed in
section 5. At very low Rayleigh number this mismatch of the inertial scaling was also
observed by Garcia [5].

5. Velocity scaling laws

We now wish to investigate the validity of two different existing scaling laws for the
maximum radial centre of mass velocity, V... Both scalings are derived based on
assumptions similar to what is assumed in the HESEL model i.e. magnetic perturbations
and parallel dynamics are neglected. In particular sheath damping is not included. It is
therefore reasonable to compare the results from the simulations with the scaling laws.

The first scaling we compare with was introduced in Ref. [26] and is found by
balancing the compression of the polarization and diamagnetic currents. It is given by
Eq. 14 which, when both ion and electron pressure perturbations are included, is given
by

1:

‘/me'r _ (z (Ape + Apz) ) 1/2 (25)

Cs R Po
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where pg = T,ong is the background electron pressure, and Ap, and Ap; are the electron
and ion pressure perturbations, respectively. This means that both the particle density
perturbation and the electron and ion temperature perturbations contribute to Vs,
e.g., Ap = ngAT + TyAn + AnAT. For all simulations we have initialised the blobs
according to Eqgs. (18)-(20). With this initialisation, assuming the same form of the
electron and ion pressures, Eq. 25 can be rewritten as

Vi o Ap 1/2 1
mer — e e 1 /2' 26
Cg <R po ) ( + T) ( )

The second scaling we wish to validate is proposed in Ref. [25] and compared with

experimental results in Ref. [44]. It is derived from a model with electron temperature
dynamics and finite but constant ion temperature assuming the ion and electron pressure
perturbations to be of the same form. This scaling is given by

p e [VIFF S o)

where

2
TPs Ape) 20 Ap,
= , and =(1+7)— . 28
= (e g=1+n) Pt (28)

It is worth noting that in the limit g > f Eq. 27 reduces to the inertial scaling, Eq. 26.
In the opposite limit, g < f, the scaling approaches
Vitan: _ 2(1 4 7)0?
cs  TRps,

(29)

This means that for small blob widths, the limiting behaviour of scaling 2 is proportional
to 02 and independent of 7 and Ap,.

The validity of these scalings is investigated by calculating V.., normalising it
with each scaling and plotting the normalised points. If the scaling fully captures
the maximum velocity variation, the points should lie along a horizontal line at
Vinaz [ Vscaling = 1 where Viequng is the expected velocity calculated with Eq. (26) or
(27). The scalings were, however, not derived to fully describe the velocity, but were
derived by simple dimensional analysis and are not the result of e.g. finding a general
analytical solution to the full system. The scalings are therefore at most expected to
capture the proportionality of V,,., with the different initial parameters which is the
case when V45 /Vicaling lies along a straight line.

In the following we investigate how V... scales with the initial blob width,
amplitude and ion temperature, and test the validity of the proposed scaling laws in
Egs. (26), and (27).

5.1. Dependence on blob width

The first parameter dependence we investigate is the blob width, o. We display two plots
illustrating the general trends in Figure 5, where Figure 5a illustrates V,,,, normalised
with ¢ and Figure 5b displays V;,q, normalised with V. (squares) and Vjja,. (stars).
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Figure 5: Maximum blob velocity as a function of initial blob width. The initial particle
density perturbation is An = 0.5n9. The red symbols are for 7 = 0.5 and the black
symbols are for 7 = 2. The squares are the maximum velocities normalised by scaling 1
and the stars are the maximum velocities normalised by scaling 2.

In the simulation results presented here, the blob amplitude is initialised as An = 0.5ny.
To illustrate the differences in V,,,, with both weak and strong FLR effects, we have
included simulations with two different initial ion temperatures. A case with weak FLR
effects, 7 = 0.5 (red), and one with stronger FLR effects, 7 = 2 (black). It is evident
from 5b that neither of the scalings capture the variations in maximum velocity for small
blobs ¢ < 10. Scaling 1 is found to overestimate the velocity for small blobs, but does
however overestimate it in the same way for both weak and strong FLR effects. Scaling
2, on the other hand, displays very different variations in V,,,, for blobs with o < 10
with different degrees of FLR effects, where it captures the velocity scaling well for weak
FLR effects, but greatly underestimates the velocity for small blobs when FLR effects
play a significant role. We note that HESEL assumes that (p;k,)? < 1, which means
that it does not capture FLR induced blob dynamics for strong FLR effects correctly.
But since scaling 2 is based on assumptions similar to HESEL, this does not explain
the observed discrepancies. However, both scalings capture the variations in maximum
velocity with blob sizes of o > 10 where the points are approximately follow a horizontal
line.

5.2. Dependence on ion temperature

Next, we investigate the influence of the initial ion temperature, 7, on V... Again
we display two plots capturing the general trends here illustrated in Figure 6. In both
displayed plots the particle density perturbation is set to An/ng = 0.5. Figure 6a
illustrates V;,q, normalised with ¢; and Figure 6b displays V., normalised with Ve,
(squares) and Viyan. (stars). Since the scalings mainly differ for small blobs we examine
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Figure 6: Maximum blob velocity as a function of initial 7. The initial particle density
perturbation is An = 0.5ng, the red symbols are for ¢ = 5 and the black symbols are
for o = 20. The squares are the maximum velocities normalised by scaling 1 and the
stars are the maximum velocities normalised by scaling 2

how they depend on the initial blob ion temperature for two initial blob widths ¢ = 5 and
o = 20. For both blob sizes, it is seen that scaling 1 (squares) captures the dependence
on 7 well where the points are very close to being on a straight line for both blob sizes.
Scaling 2 also captures the scaling well for large blobs, but does, however, underestimate
the velocity dependence on 7 for small blobs where it predicts no increase in V., with
increasing 7 . This is in contrast to what is observed in the HESEL simulations, where
the velocity is seen to increase with increasing 7 (Figure 6a). This indicates that scaling
2 is partly valid when FLR effects are weak, but does not match when FLR effects are
strong.

5.3. Dependence on particle density perturbation

Finally we investigate the influence of the initial blob amplitude, An, on V. In the
scalings the dependency on An is included in Ap/py. For blobs initialised according to
Egs. (18)-(20) this is proportional to An*+2An. Again, blobs with a small initial width,
o = 5, and a large initial width, o = 20, are examined. Figure 7 shows the maximum
velocity as a function of An for blobs with an initial ion temperature of 7 = 0.5. For
An/ng < 0.5 both scalings are observed to overestimate the maximum radial centre of
mass velocity. For larger amplitudes An/ng > 0.5 scaling 1 describes the maximum
velocity variations well where the normalised points approximately follow a horizontal
line. Scaling 2, however, underestimates the dependence on An for small blobs, as seen
in Figure 7b, where the scaling predicts no increase in velocity with An. This limiting
behaviour is opposite of what is observed in the HESEL simulations, which is displayed
in Figure 7a.
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Figure 7: Maximum blob velocity as a function of initial An. The initial ion temperature
is 7 = 0.5, the red symbols are for ¢ = 5 and the black symbols are for o = 20.
The squares are the maximum velocities normalised by scaling 1 and the stars are the
maximum velocities normalised by scaling 2.

6. Conclusion

In this paper we have examined the effects of dynamic temperatures on blob evolution
and maximum centre of mass velocity using the HESEL model. We have observed
that the inclusion of dynamic ion temperatures do not significantly alter the evolution
of the seeded blobs compared to blobs with constant ion temperature. The inclusion
of finite ion temperatures does, however, significantly alter the dynamics of the blobs.
Finite ion temperatures introduce asymmetries in the blobs due to a contribution of
the ion pressure to the vorticity equation. Blobs with zero ion temperature generate
the typical mushroom shape, seen in for example [26], whereas the inclusion of finite
ion temperatures introduces FLR effects causing blobs to stay more coherent and
propagating not only radially, but also poloidally in the ion diamagnetic direction. This
transition from mushroom-like structures to coherent filaments can be described by the
dimensionless parameter r = p;An/(ong), where a transition is seen between r = 0 and
r=0.1.

Despite the qualitative differences in the cross-field convection, all blobs initially
accelerate radially, reach a maximum velocity and slow down due to stretching and
collisional diffusion. We have investigated how this maximum radial velocity scales with
different initial parameters, since a scaling estimate of the maximum blob velocities is,
e.g., important for estimating power loads. The blob velocity is directly related to the
convective density flux carried by the blobs. In this respect we have compared two
different scaling laws with the simulation results from HESEL. We have observed that
none of the suggested scaling laws cover the whole spectrum of parameters. For blobs
larger than ¢ = 10 both scaling laws describe the evolution with blob temperature well,
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but for blobs with ¢ < 10 the scaling given in Eq. (27), denoted as scaling 2, greatly
underestimates the velocity, whereas the scaling given in Eq. (26), denoted as scaling 1,
slightly overestimates the velocity. The dependence on ion-electron temperature ratio, 7,
is observed to be described well by scaling 1 for all parameters, whereas scaling 2 predicts
no increase in maximum velocity when strong FLR effects are present, which is opposite
of what is observed in the HESEL simulations. For small initial blob particle density
perturbations, An/ng < 0.5, both scaling laws overestimate the maximum velocity,
whereas for large An, scaling 1 describes the variations in maximum velocity well.
Scaling 2, on the other hand, predicts a constant maximum velocity with increasing
particle density perturbation when strong FLR effects are present, which is again not
what is observed in the HESEL simulations, where the velocity is seen to increase with
increasing particle density perturbations. We have thus concluded that although it does
not cover the entire parameter range, scaling 1, which is also the simplest scaling model,
is the most successful in describing the maximum radial centre of mass velocity with
initial parameters.

We recognise that the present investigation on seeded blobs does not necessarily
carry over to self-consistently generated blobs in the turbulence at the edge-SOL region.
However, we do believe that once the blobs have been created, they will obey the scalings
observed here for seeded blobs. We therefore believe that future investigations in the
interaction of blobs with neutrals in the SOL (both impurities and fuelling neutrals) will
benefit from the results including temperature dynamics presented here. Both types of
neutral interactions are of great interest, where the enhanced ionization by the hot and
dense blobs may lead to outward shift of the ionization profiles [45]. This is desired
with regard to the impurities resulting from sputtering, which then may not penetrate
into the plasma. This is, however, problematic for the fuelling gas which remains in the
SOL.
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