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ABSTRACT

Interaction of coherent structures known as blobs in the scrape-off layer of magnetically confined plasmas is investigated. Isolated and interact-
ing seeded blobs, as well as full plasma turbulence, are studied by two-dimensional numerical simulations. The features of the blobs (position,
size, amplitude) are determined with a blob tracking algorithm, which identifies them as coherent structures with amplitudes above a chosen
particle density threshold, and their velocities are compared to a conventional center of mass approach. We find that the theoretical velocity-
size scaling dependence for isolated blobs is correctly resolved by the blob tracking method. The benchmarked approach is then extended to a
population of interacting plasma blobs with statistically distributed amplitudes, sizes, and initial positions for different levels of blob interaction.
We observe a correlation between the level of blob interaction and the number of blobs deviating from size–velocity scaling laws of perfectly
isolated blobs. This is found to be caused by the interaction of blobs with the electrostatic potential of one another, leading to higher average
blob velocities. We introduce a model specific intermittency parameter, quantifying the degree of blob interaction. For interacting blobs, we
estimate the deviation from the picture of perfectly isolated blobs as a function of the intermittency parameter. For full plasma turbulence simu-
lations, we observe a strong correlation between the blob amplitudes, sizes, and velocities estimated by the blob tracking algorithm.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0021314

I. INTRODUCTION

In tokamaks and other magnetically confined plasma experi-
ments, particle transport in the plasma edge region is dominated by
turbulence-driven coherent structures of high density and temperature
called blobs or filaments. This can lead to enhanced erosion of the
reactor walls and can contribute to the power loads to divertor
targets.1–5 These structures have been observed in multiple plasma
devices in all operation regimes using reciprocating or wall mounted
Langmuir probes,6–12 fast visual cameras,3–5,13–16 and gas puff
imaging.17–22

In addition to experimental evidence, theoretical understanding
of the underlying physical mechanism of blob propagation has been
developed in the last 20 years.23–26 It is understood that the basic
mechanism responsible for the radial transport of blobs arises due to
grad-B and curvature drifts leading to a charge polarization in the
plasma blob/filament. The resulting electric field gives rise to an E�B
drift that propels the blob across the magnetic field. Since detailed
physical models increase the analytical complexity significantly, the

scientific community relies on numerical simulations of isolated blobs
and full turbulence simulations of the scrape-off layer. Numerical sim-
ulations in two dimensions27–36 and three dimensions37–45 have
enhanced the understanding of the underlying mechanisms of blob
and filament propagation in the scrape-off layer.

Most of these numerical simulations investigate idealized, iso-
lated blobs modeled as positive amplitude and symmetrical Gaussian
perturbations on a constant plasma background. This approach has
provided an effective way of investigating the influence of specific
physical effects, such as finite Larmor radius effects,46 electromagnetic
effects,47 or parallel electron dynamics48 on the blob velocity, coher-
ence, and lifetime. Scaling laws describing the radial blob velocity
dependence on its amplitudes and size29,30,34,35,49 have been developed,
and different regimes determined by various physical parameters have
been discovered.50,51

Despite this progress, understanding how well these scaling laws
describe blobs in fully turbulent scenarios where they interact with
each other is non-trivial. Previous work has shown that single blobs in
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close proximity do interact through the electric potential they gener-
ate.52,53 This analysis was performed on two spatially separated and
seeded blobs on a constant plasma background and, therefore, does
not address the complexity of a fully turbulent plasma environment.
In our work, we expand the investigation by starting from isolated
blob simulations and then extending our analysis to decreasingly inter-
mittent systems, until we consider fully turbulent scrape-off layer
plasma. The intermittency of such a system is a measure of the degree
of blob overlap.54,55 To bridge these two extremes, we use a stochastic
model of multiple randomly seeded blobs where blob amplitudes,
sizes, initial positions, and the waiting times between consecutive blobs
are randomly sampled from given distribution functions.

In order to track blobs in these intermittent and turbulent envi-
ronments, we implement a tracking algorithm that provides specific
blob parameters such as trajectory, velocity, size, and amplitude over
the lifetime of individual blobs. Tracking algorithms using either
simple threshold methods, defining every coherent structure above a
chosen particle density threshold as a blob, or convolutional neural
networks, have been presented and applied on two- and three-
dimensional data.56–58 For our analysis, we choose the threshold
method since it provides a simple and consistent definition for blobs
in both the isolated and the fully turbulent cases. Since there are sev-
eral ways of defining a blob, this has the advantage of being able to
choose an exact and unbiased definition for blobs instead of using
machine learning algorithms that require a test dataset. Note that our
implementation of a blob tracking algorithm is only designed for
numerical simulations where the time and spatial resolution can be
chosen. Applying blob tracking techniques on experimental measure-
ments with high speed imaging data using, for example, a watershed
algorithm13 is complicated by the spatial and temporal resolution of
the measurement techniques. The watershed algorithm is based on fit-
ting two-dimensional Gaussians to local density maxima in order to
extract the position, widths, and amplitudes of the fluctuations.

The structure of this publication is as follows: In Sec. II, we pre-
sent the equations of the physical model that we use for our further
analysis. In Sec. III, we present a detailed description of the implemen-
tation of the blob tracking algorithm and discuss all relevant parame-
ters of this method. We apply this algorithm on isolated and seeded
blob simulations in Sec. IV and compare the results to a conventional
center of mass approach. In Sec. V, we extend this analysis to a model
seeding multiple blobs randomly. We start with the case of identical
amplitudes and starting positions for different levels of intermittency,
extend this analysis to random initial positions, and finally to a model
including random blob amplitudes. In all cases, we compare the results
to the isolated blob simulations. In Sec. VI, we finally apply the blob
tracking algorithm on scrape-off layer turbulence simulations and dis-
cuss the results in comparison to the previous approaches. A summary
and discussion of our results are given in Sec. VII.

II. PHYSICAL MODEL

For our analysis, we choose a standard two-dimensional (2D),
two-field fluid model derived from the Braginskii fluid equations.59–62

We assume for simplicity a quasi-neutral plasma, negligible electron
inertia, isothermal electrons (Te ¼ constant), and cold ions (Ti ¼ 0).
Note that these assumptions for the electron and ion temperatures are
taken for the sake of simplification, as experimental measurements of
scrape-off layer plasmas often show high variations of Te and

Ti > Te.
63–68 Nevertheless, this simplified model still captures the fun-

damental dynamics of the blobs and is therefore sufficient to study
their interaction while keeping the number of free parameters of the
model relatively low.

For our simulations, we use a simple slab geometry to model the
plasma evolution in the two-dimensional plane perpendicular to the
magnetic field, with x and y referring to the radial and the binormal/
poloidal directions, respectively. The normalized electron particle con-
tinuity equation and vorticity equation are given by28,31,34,60–62

dn
dt
þ g

@n
@y
� n

@/
@y

� �
¼ D?r2

?nþ Fn � rðn� nbÞ exp �/ð Þ; (1)

dr2
?/
dt
þ g
n
@n
@y
¼ �?r4

?/þ r 1� exp �/ð Þ½ �; (2)

where n represents the electron plasma density and nb the electron
plasma density background. Moreover, / is the electric potential, g is
the effective gravity, i.e., interchange drive from magnetic curvature,
Fn is the forcing or plasma source term, and D? and �? are the colli-
sional dissipative terms representing particle diffusivity and viscosity,
respectively. The parameter r describes the parallel loss rate of the sys-
tem. The last term on the right hand side of both the particle continu-
ity and electron drift vorticity equations results from modeling the
parallel losses to the material surfaces. The forcing for the turbulence
simulations is

Fn xð Þ ¼ 1

w
ffiffiffiffiffi
2p
p exp � 1

2
x � kð Þ2

w2

 !
; (3)

with w and k providing the width and location of Fn. The source term
represents the cross field transport from the core region, but its magni-
tude and shape chosen here are arbitrary, although convenient. For
seeded blob simulations, Fn represents multiple blobs as

Fn x; y; tð Þ ¼
XK
k¼1

Ak exp �
ðx � xkÞ2 þ ðy � ykÞ2

2d2?k

 !
D t � tkð Þ; (4)

where Ak represents the amplitudes, d?k the widths, xk and yk the ini-
tial positions, tk the arrival time of the blobs, and D denotes the Dirac
delta function.

In order to self-consistently describe order unity relative fluctua-
tion levels, a term given by r ln n � dr2

?/=d t should be added to the
left hand side of Eq. (2). Moreover, the dependence on the electron
density should be included in the collisional diffusion terms. However,
this makes the numerical simulation code much more computer inten-
sive and the simplified model given by Eqs. (1) and (2) has been used
here. Further discussion on this topic, commonly referred to as the
Boussinesq approximation, can be found in Ref. 36. Strictly, the pre-
sented model is derived to describe small density fluctuations and
shows inconsistent blob velocity scaling for large amplitudes compared
to a non-Boussinesq model. A discussion of this scaling correction is
presented in Ref. 35. However, we do not expect this effect to have a
significant influence on the qualitative results presented in this work.

The standard Bohm normalization is used for this model equiva-
lent to that used in Refs. 41, 42, and 60–62 and is not discussed here
for the sake of brevity. In addition, the advective derivative is given by
d=dt ¼ @=@t þ VE � r?, where VE ¼ �r?/� B=B2 is the E�B
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drift. We approximate B to be constant for the E�B drift even though
the effects of magnetic field curvature are considered in the effective
gravity g. A discussion of this approximation can also be found in
Ref. 35.

We apply periodic boundary conditions in the y-direction and
zero gradient boundary conditions in the radial direction for both the
density and vorticity fields. For the plasma potential, we choose fixed
boundary conditions at the radial boundaries /ðx ¼ 0Þ ¼ /ðx ¼ LxÞ
¼ 0. These boundary conditions are commonly used for numerical
reasons,28,65 despite strictly speaking not being appropriate for scrape-
off layer plasmas. The simulation domain is, however, big enough that
the boundary conditions for the potential have no measurable effect
on the dynamics.

The numerical model is implemented in the STORM code,52

which is based on BOUTþþ.69,70 The code uses a finite difference
scheme in the x-direction and a spectral scheme in the y-direction,
and time integration is performed by the PVODE solver.71 We choose
a simulation domain size of Lx¼ 150 and Ly¼ 100 with a resolution of
256� 256 grid points for all runs. The coefficients are representative
of a medium sized machine with g ¼ 1:7� 10�3 and r ¼ 1:8 �10�4.
The parameters for the source term are w¼ 7 and k¼ 30. For all pre-
sented simulations, the background density is set to nb¼ 1. For single
isolated blob simulations in Sec. IV, we choose D? ¼ �? ¼ 2� 10�2,
while for the remaining simulations of Secs. V and VI, we take
D? ¼ �? ¼ 5� 10�3. We choose higher diffusion coefficients for iso-
lated blob simulations in Sec. IV since the blob coherence stays higher
for higher diffusion coefficients and it is more straightforward to test
the blob tracking algorithm.

III. BLOB TRACKING

The blob tracking algorithm is implemented in Python, employ-
ing the xarray library.72 Blobs are identified as positive amplitude fluc-
tuations above a certain particle density threshold. The optimal choice
of the thresholding technique depends on the problem at hand, and in
the case of the isolated blob simulations presented in Sec. IV, we take a
constant threshold nconst across the whole domain as the blob thresh-
old nBT. For Secs. V–VI, however, we add the binormal/poloidal- and
time averaged profile to nconst, which takes the form,

nBTðxÞ ¼ nconst þ
1

Ly ðT � ttrÞ

ðLy
0

dy
ðT
ttr

dt nðx; y; tÞ � nb½ �; (5)

where T stands for the run time of the simulation and ttr for the tran-
sient time before the simulation reaches a quasi-stationary state. This
method is more robust for turbulence simulations due to the radially
varying time-averaged profile.

We label the resulting coherent regions using the multi-
dimensional image processing library scipy.ndimage. The output
data of our simulations is stored as an xarray dataset where the
simulation variables n, / and the vorticity r2

?/ are stored as a three-
dimensional array, two dimensions for the spatial coordinates and one
dimension for time. We then define a field with the same dimensional-
ity as n with the value one in the regions where n exceeds nBT and zero
otherwise. Applying the function scipy.ndimage.label on this
array returns a field where all coherent regions of ones are labeled
from one to the maximum number of coherent structures in the data.
We use this field of labels as the definition of blobs in the datasets.

Note that this implementation requires a relatively high temporal
resolution of the output files since a blob is only labeled as one coher-
ent structure over time if the blob spatially overlaps with itself in the
next frame. The downside of this approach is the resulting large output
files, which slows down the memory bound blob tracking algorithm.
In addition, one has to consider the periodic boundary condition in
the y-direction since the algorithm will label a blob traveling through
the y-boundary of the domain as two different objects. For turbulence
simulations in Sec. VI, the blob tracking algorithm is only applied in
the domain region where x > 0:4 Lx since we do not include the
plasma source region in our analysis.

In order to determine the position and the velocity of the labeled
blobs, we determine the center of mass of the blobs at each time step.
For isolated blob simulations, the x-component of the center of mass
is defined as

XCOM tð Þ ¼

ðLy
0

dy
ðLx
0

dx x n x; y; tð Þ � nb½ �

ðLy
0

dy
ðLx
0

dx n x; y; tð Þ � nb½ �

; (6)

with the y-component defined analogously. For multiply seeded blobs
and turbulence simulations, the blob tracking algorithm determines
the x-component of the blob position by calculating the center of mass
of the plasma region where the plasma density exceeds the threshold,
which takes the form

XBT tð Þ ¼

ð ð
Sblob

dx dy x n x; y; tð Þ � nb½ �

ð ð
Sblob

dx dy n x; y; tð Þ � nb½ �
; (7)

where Sblob represents the region where the blob is detected. The algo-
rithm determines the velocity by a finite difference scheme in time and
requires therefore the blob being detected for at least two consecutive
frames. If a structure is only detected for a single frame, the algorithm
sets the velocity to zero. We estimate the blob size d for each time step
as

d ¼ 1
p

ð ð
Sblob

dx dy

0
@

1
A

1=2

: (8)

Note that this definition is based on the assumption that the blob
is circular so that Sblob ¼ d2p. We choose this definition since it
provides a consistent way to compare the detected sizes to seeded
circular blobs even though the shape of blobs changes significantly
over time. Since this estimate of the blob size varies from the input
parameter for the width of seeded blobs d?, we distinguish
between these two variables by dropping the perpendicular-sign
for the size estimation from the blob tracking algorithm. Due to
this definition, we observe a systematic mismatch between d and
d? when estimating the size of a seeded blob with our implementa-
tion of the algorithm. We further estimate the peak amplitude A of
each blob as
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A ¼ max
Sblob

nðx; y; tÞ � nbð Þ (9)

for each time step. We will use the here defined blob parameters for
our statistical analysis for different forcings. We can then apply this
method with the identical blob tracking parameters on isolated blobs,
statistically seeded blobs and full scrape-off layer turbulence simula-
tions in order to investigate how blob interaction is affected by the
plasma intermittency, and its effect on the blob parameters.

An example of the blob tracking and labeling methods applied
on a turbulence simulation is shown in Fig. 1. This figure shows the
plasma density and the associated blobs detected by our algorithm.
The background is labeled as zero and the individual blobs with
ascending numbers.

IV. ISOLATED SEEDED BLOB SIMULATIONS

We begin the analysis by tracking single isolated blobs, seeded on
a constant plasma background. We initialize the simulation with a
symmetric Gaussian function as a blob as

nðx; y; t ¼ 0Þ ¼ nb þ A0 exp �ðx � x0Þ2 þ ðy � y0Þ2

2d2?

 !
; (10)

where nb represents the background density, A0 the initial amplitude,
d? the initial width, and x0 and y0 the initial position of the blob. We
choose x0 ¼ 0:25 Lx and y0 ¼ 0:5 Ly . The blob amplitude is set to be
as large as the plasma background nb, in this case A0 ¼ nb ¼ 1. We
investigate how the blob velocity evolves over time by estimating the
velocity with the blob tracking algorithm for three different thresholds.
The results of this analysis are shown in Fig. 2 for a relatively small
blob width of d? ¼ 5. The radial velocity is also determined by a con-
ventional center of mass approach shown in Eq. (6).

The velocity estimates from the algorithm are strongly dependent
on the threshold applied for the tracking. For a blob threshold of only
one percent of its initial amplitude, we observe that the measured
velocity remains very close to the center of mass approach for all
widths investigated. This is not surprising since these two implementa-
tions are almost identical for low tracking thresholds. For higher blob
thresholds, it is shown that the determined maximum radial velocity
increases significantly, as the measured radial velocity for a threshold

of 40% of the initial blob amplitude more than doubles the center of
mass results. This can be explained by the fact that for high thresholds,
the algorithm only detects the densest parts of the blob that tends to
propagate faster radially than their less dense regions. This has to be
taken into account for further work when applying the blob tracking
algorithm on more complex models than singular seeded blob simula-
tions. In addition, it is shown that the detected lifetime of the blob for
a higher threshold is lower. This can be simply explained by the fact
that a narrower detected structure dissipates faster and its amplitude
therefore falls below the threshold of the tracking algorithm. The pre-
cision of the blob tracking measurement also decreases with higher
blob thresholds and smaller blobs. Intuitively, the blob tracking algo-
rithm shows the best performance for wide blobs and low blob
thresholds.

We further perform a parameter scan from d? ¼ 2 to d? ¼ 30
for the blob width. The results of this analysis are shown in Fig. 3. For
all different methods of velocity measurements, we see that the size–-
velocity dependence follows the analytical predictions derived in
previous work.11,34 The radial velocity of small blobs, which are in the

FIG. 1. Snapshots of plasma density n and associated blob labels of a turbulence simulation with parameters equivalent to Sec. II. Here, x refers to the radial and y to the
poloidal/binormal coordinate. The colorbar on the right represents the labels of individual detected blobs with the label zero describing the background. The source region on
the left side of the domain is excluded from the blob detection algorithm.

FIG. 2. Radial velocity of an isolated seeded blob width d? ¼ 5. The blue line
refers to the center of mass approach. The other lines refer to the blob tracking
algorithm using different percentages of its initial amplitude as the threshold. The
radial velocity and the blob width are expressed in normalized units.
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so-called inertial limit, increases with the square root of its size. For
large blobs, sheath currents dominate over polarization currents and
the blob velocity is inversely proportional to the square of its size.
These two limits are referred to as the inertial and sheath connected
regimes, respectively.

For all applied blob thresholds, we observe that the scaling
dependence is correctly resolved as is the case with the center of mass
approach. We therefore conclude that these methods are consistent,
which motivates extending our analysis to more complex forcings
with multiple seeded blobs.

V. RANDOMLY SEEDED BLOB SIMULATIONS

The next step of our studies is a more complex model, in which
blobs are seeded with random parameters, in particular, amplitude A0,
width d?, initial poloidal/binormal launch positions x0 and y0, and
waiting time sw between the launch of consecutive blobs. This model
is still artificial but provides valuable insight in blob interaction in a
controlled environment. We start our analysis by only keeping waiting
times and widths as random variables and then gradually adding the
remaining free parameters to the model. In the most complex case, we
sample the waiting times from an exponential distribution of the form,

Psw ¼
1
hswi

exp � sw
hswi

� �
; (11)

amplitudes from a truncated exponential distribution and the initial
poloidal/binormal starting positions and the widths from a uniform
distribution. Note that we choose a uniform distribution for the widths
for illustration. Since we intend to compare the velocity-size depen-
dency of detected blobs in this model to isolated blob studies, we
choose to sample from a uniform distribution for the sizes to increase
the number of large blobs. A snapshot of an example run of this model
is presented in Fig. 4 showing the density field of three seeded blobs
with different widths and amplitudes. The blob at approximately
y¼ 90 propagates in an almost isolated way radially outward. The two
blobs at approximately y¼ 50 show a strong interaction with each
other and merge eventually into one coherent structure. A less inter-
mittent case with numerous blobs is shown in Fig. 5 where individual

blobs interact strongly with each other, resulting in a turbulence-like
density snapshot.

In the following analysis, we choose the same parameters for our
blob tracking algorithm for all runs, in order to keep comparisons
between different models consistent. In order to identify all structures
present, one would choose a relatively low threshold for the blob track-
ing algorithm. Nevertheless, the threshold cannot be set too low in this
model that simulates more than one blob since it would label several
independent but spatially close structures as one blob. We subtract the
time and y-averaged radial profile from the density and apply a blob
threshold of 0.2 density units for the resulting fields. In addition, we
rerun the blob tracking analysis on single isolated blobs from Sec. IV
with these exact parameters to compare these two systems.

A. Single launch-point

We begin our analysis on randomly seeded blobs, keeping the
blob amplitudes constant to A0 ¼ 1 and launching all blobs at
x0 ¼ 0:25 Lx and y0 ¼ 0:5 Ly , which leaves the waiting times and blob

FIG. 3. The dependence of the maximum radial velocity of isolated seeded blobs
on their widths compared to an analytical model. The blue dots refer to the center
of mass approach, while the other dot colors correspond to the blob tracking algo-
rithm that uses different percentages of the initial amplitude of the blob as a
threshold.

FIG. 4. Snapshot of plasma density n of a simulation of randomly seeded blobs
with different amplitudes. The blob at approximately y¼ 90 propagates radially out-
ward almost without interfering with other blobs. At approximately y¼ 40, we see
two blobs merging into one coherent structure.

FIG. 5. Snapshot of plasma density n of a simulation of randomly seeded blobs
with different amplitudes and low intermittency parameter. We observe strong inter-
actions between individual seeded blobs similar to turbulence simulations.
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widths as random variables. In order to quantify the interaction and
overlap of individual blobs, we define a model specific intermittency
parameter in the spirit of Ref. 54 as

I1 ¼
hvxihswi
hdi ; (12)

where hvxi represents the average radial velocity, hswi the average
waiting time, and hdi the average width of a specific run. This model
specific intermittency parameter is introduced in the spirit of previous
work on stochastic modeling of intermittent fluctuations, analyzing
time series,68,73–76 which defines the intermittency parameter as the
ratio of the average duration time of one event above a chosen thresh-
old and the average waiting time between two such consecutive events.
From the definition I1 is, strictly speaking, not constant but a function
of d of each individual blob. This effect is illustrated in Fig. 6, showing
how the blob specific intermittency parameter deviates from the aver-
age value. Here, we calculate I1 for constant hswi where hvxi is given
by the analytical solution for vxðd?Þ in Ref. 34. This has to be taken
into consideration for the following investigation. Note that for the
presented cases, we calculate hvxi and hdi not from input parameters
of the model but from the blob tracking of seeded blobs excluding
structures that only are detected for one frame. We launch blobs for
three different average waiting times, which refer to three different

states of intermittency. The results of the blob tracking algorithm for
these three cases are presented in Fig. 7.

For the most intermittent case of I1 ¼ 11:8, where blobs are the
most spatially separated, we see that the overwhelming majority of
detected structures have parameters corresponding to isolated blobs.
This implies that there is weak interaction between individual blobs.
Some individually detected structures show a higher radial velocity
than their isolated counterparts. This effect arises due to two closely
separated blobs interacting with each other’s electrostatic potential.
Although this has been studied in some detail in previous work,52 we
deliver an illustration of the physical mechanism in Fig. 8. We seed
two identical blobs at different radial positions and apply the blob
tracking algorithm to determine their radial velocity. The electrostatic
potential created by the two separate blobs superposes and results in a
stronger electric field, which increases the E�B drift that pulls the
coherent blob structures radially outward. This effect can lead to the
formation of so-called “blob trenches” in turbulence simulations. We
estimate the radial velocity of the two blobs with the blob tracking
algorithm and observe a clear increase in velocity for the trailing blob,
shown in Fig. 9. The case of two blobs in the poloidal/binormal direc-
tion is also studied in Ref. 52, showing a decrease in the radial velocity
compared to the isolated case. However, blobs in turbulent environ-
ments usually get diverted into the blob trenches by the electrostatic
potential of previous blobs. We, therefore, observe significantly more
cases of blobs in close radial than in poloidal/binormal proximity.

For I1 ¼ 4:9 and I1 ¼ 1:8 in Fig. 7, we observe an increasing
number of blobs with a higher radial velocity than their isolated coun-
terparts. Since the average waiting time decreases, individual blobs
interact strongly through the potentials of nearby blobs and get acceler-
ated radially outward. In addition, the blob tracking algorithm detects
more smaller-sized coherent structures that usually have short life-
times, often only one to two frames. Due to the increasing interactions
and turbulent flow in this model, more of these small structures are
detected by the algorithm, which can be classed as numerical artifacts.

B. Random launch-point

The next random variable of the investigated model added to our
analysis is the poloidal/binormal launch position of the seeded blobs.
We sample the launch position yk from a uniform distribution
Uð0:2 Ly; 0:8 LyÞ to reduce the number of blobs propagating through
the poloidal/binormal boundaries. The initial amplitudes remain a
fixed parameter set to A0 ¼ 1. Seeding blobs from a random poloidal/

FIG. 6. Model specific intermittency parameter dependence on blob width and with
fixed sw illustrated utilizing an analytical model for the radial velocity. This is com-
pared to the average intermittency parameter for all d?.

FIG. 7. Maximum radial velocity measured with the tracking algorithm of randomly seeded blobs with single launch position (blue dots) compared to isolated blobs (orange
dots). The intermittency parameters for the displayed runs are approximately I¼ 11.8 (left), I¼ 4.9 (middle), and I¼ 1.8 (right). Blob widths are sampled from a uniform distri-
bution with d? 2 Uð2; 30Þ and waiting times from an exponential distribution. The average waiting times for the displayed runs are hswi ¼ 200 (left), hswi ¼ 75 (middle),
and hswi ¼ 25 (right).
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binormal position increases the intermittency of the model and leads
to more complex interactions between individual structures. We there-
fore multiply the expression for the intermittency parameter shown in
Eq. (13) with Ly=3hdi resulting in

I2 ¼
hvxihswiLy

3hdi2
(13)

to consider this extension of the model since Ly=3 is the average dis-
tance of two randomly chosen events from a uniform distribution

with length Ly. We run this model for three different intermittency
parameters and present the results from the detected blobs in Fig. 10.
As one might expect, most detected structures in the I2 ¼ 7:6 case fol-
low the isolated blob line but show more spread around this line than
in the single launch point model. In particular, many small blobs are
detected by the blob tracking algorithm that show a significantly lower
radial velocity than their isolated counterparts, with some blobs even
showing a negative radial velocity. We provide an explanation for this
effect in Fig. 11. It is shown that these small blobs deviating from the

FIG. 8. Snapshot of the plasma density of two seeded identical blobs with their electrostatic potential indicated with white lines (left) and the associated blob labels, detected
by the blob tracking algorithm at three different time steps (right). The label zero describes the background particle density. The interaction of the trailing blob by the electro-
static potential of the leading blob is illustrated.
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theoretical predictions have a maximum amplitude significantly lower
than A¼ 1 as the initially seeded blobs have. This indicates that these
small structures result from the complex interaction of the seeded
blobs. Since their amplitudes are significantly lower than the ones of
their isolated counterparts, their radial velocity is also lower. For the
cases of lower intermittency parameters, we observe again an increase
in the average radial velocities and the spread. This remains consistent
with the previous single launch point model and can be explained by
the same blob-interaction mechanism.

We utilize the presented six runs to quantify the interaction of
individual blobs for different intermittency parameters. For each
model, we calculate the average deviation in radial velocity of the
detected structures from the fit function of the isolated blobs. The
result is shown in Fig. 12. The six data points are compared to a fit of
the inverse of I times a constant. This clearly suggests that the inter-
mittency of blobs in the scrape-off layer has a strong effect on their
radial velocity and propagation.

C. Amplitude distribution

We add the final random variable of our model by seeding blobs
with truncated exponentially distributed amplitudes since we only
choose amplitudes with 0:5 < A0 < 3 in order to compare them
more easily with isolated seeded blobs. We perform a parameter scan

for blob widths for isolated seeded blobs with amplitudes A0 ¼ 0:5
and A0 ¼ 3 in order to create reference values for the boundaries of
our model. We then run our model for three different intermittency
parameters and compare the results with the isolated blobs for differ-
ent amplitudes. These results are shown in Fig. 13.

The results are consistent with our previous analysis. Most ran-
domly seeded blobs lie in between the borders established by the iso-
lated blobs. For small blobs, we observe again some data points with a
lower radial velocity than in the isolated case, which can be explained
by the same effect as in Sec. VB. For wider structures, we find some
structures with higher velocities, which can again be explained by the
electrostatic potential of interacting blobs. As expected, the average
velocity is increasing for a decreasing intermittency parameter.

VI. TURBULENCE SIMULATIONS

After investigating randomly seeded blob models, we turn our
attention to a simple self-consistent scrape-off layer model simulating
plasma turbulence. Numerically, the model is equivalent to the seeded
blob simulations but uses the term of Eq. (3) as a plasma source
instead of Gaussian seeded blobs. The density profile in the simulation
domain is built and balanced by the plasma source and the sheath dis-
sipation included in the model. These are unstable due to bad curva-
ture and interchange instability, which leads to coherent structures of
plasma propagating outward radially due to the blob mechanism

FIG. 9. Radial velocity of two seeded identical blobs at two different radial positions
and their isolated counterparts. The Blob, seeded at x0 ¼ 0:25, which is trailing the
blob seeded at x0 ¼ 0:45, shows a significant increase in the radial velocity due to
the electrostatic potential created by the leading blob.

FIG. 10. Maximum radial velocity measured with the tracking algorithm of randomly seeded blobs with the random poloidal/binormal launch position (blue dots) compared to
isolated blobs (orange dots). The intermittency parameters for the displayed runs are approximately I2 ¼ 7:6 (left), I2 ¼ 2:5 (middle), and I2 ¼ 1:3 (right). Widths are sampled
from d? 2 Uð2; 30Þ, initial poloidal/binormal positions from y0 2 Uð0:2� Ly ; 0:8� LyÞ, and waiting times from an exponential distribution. The average waiting times for the
displayed runs are hswi ¼ 120 (left), hswi ¼ 50 (middle), and hswi ¼ 13 (right).

FIG. 11. Radial velocity and widths of detected blobs with an intermittency parame-
ter of I2 ¼ 7:6 are compared to isolated blobs (orange dots). Blobs with a small
maximum amplitude represent most small structures deviating from the scaling
laws of isolated blobs.
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discussed in Sec. I. These blob like structures vary in amplitude and
width and can be detected and tracked by the tracking algorithm.

We exclude the source region for our blob tracking analysis
and only consider coherent structures detected at x > 0:4 Lx since
this unphysical term only serves as a numerical term. In addition,
we only include blobs with an initial center of mass of 0:25 Ly
< yinit < 0:75 Ly in our statistical evaluation in order to exclude
distorted tracked structures because of the periodic boundary con-
ditions in the y-dimension. Even though it is straightforward to
track blobs consistently that traverse the simulation border in this
direction, our numerical implementation for this issue is computa-
tionally more expensive than running the simulation longer and
only considering blobs in the central band of the domain. For such
turbulence simulations, the tracking algorithm identifies numerous
small structures that only appear for one frame. These structures
represent approximately one third of the total number of detected
blobs and are also excluded from our statistical analysis. The
remaining parameters for the tracking algorithm stay the same as
for the randomly seeded blob model. The determined radial veloci-
ties and sizes of the detected blobs in the turbulence simulation are
shown as a 2D histogram in Fig. 14. We choose this type of plot
since the illustrated 4542 blobs are too many to be shown distinc-
tively in a scatterplot. The distribution of the sizes and amplitudes
of the detected structures, as well as the joint probability

distribution functions (PDFs) of these two blob parameters, are
shown in Fig. 15.

These measurements show that the amplitudes lie in between
A¼ 0.2, which is equivalent to the threshold used for the blob tracking
algorithm, and A¼ 0.7. Since blobs with an amplitude smaller than
A¼ 0.2 are not detected and since many small blobs below A¼ 0.4 are
dissipated too quickly to be detected, the shown PDF is not representa-
tive for all structures in the system. Taking these factors into account,
the common assumption of blob amplitudes being exponentially dis-
tributed cannot be falsified by these measurements. The same is valid
for the distribution of blob widths. Nevertheless, we observe a clear
correlation between the amplitudes and widths as the correlation coef-
ficient of these two parameters is q ¼ 0:85. In order to compare the
detected blobs with their isolated counterparts, we perform a parame-
ter scan for blobs with the amplitudes A0 ¼ 0:7 and A0 ¼ 0:3 as the
two edge values of the distribution. Since A0 ¼ 0:2 would be too small
to be detected by the algorithm, we use A0 ¼ 0:3 as the lower border.
These isolated blobs are shown together with their fit in Fig. 14. In this
analysis, no blobs with a higher width than d¼ 30 appear; therefore,
we rarely observe the decreasing radial velocity for bigger and denser
blobs in our velocity–size scaling. Nevertheless, the dataset provides
enough information to discuss the results in comparison to isolated
blob simulations. As in the previous model of randomly seeded blobs
with random amplitudes, we observe that the overwhelming majority

FIG. 13. Maximum radial velocity measured with the tracking algorithm of randomly seeded blobs with the random poloidal launch position and truncated exponentially distrib-
uted amplitudes (blue dots) compared to isolated blobs with A0 ¼ 0:5 (red dots), A0 ¼ 1 (orange dots), and A0 ¼ 3 (green dots). The intermittency parameters for the dis-
played runs are approximately I¼ 10.3 (left), I¼ 7.9 (middle), and I¼ 1.7 (right). The average waiting times for the displayed runs are hswi ¼ 200 (left), hswi ¼ 75 (middle),
and hswi ¼ 25 (right).

FIG. 14. Radial velocity of blobs detected in full turbulence simulations compared
to isolated blobs with A¼ 0.3 and A¼ 0.7. Blobs only detected for one frame are
excluded, as well as blobs close to the poloidal/binormal simulation boundary.

FIG. 12. Average deviation in the radial velocity of theoretical scaling law predic-
tions measured in randomly seeded blob simulations for different intermittency
parameters. The relationship between Dvx and I is compared to a fit of the inverse
of I times a constant.
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of detected blob structures lie in between the trends of the isolated
blob simulations. As for the previous model, the algorithm detects a
significant number of structures with a higher radial velocity than the
isolated blobs. We explain these events again by the interaction of
blobs with the electrostatic potential of one another. Due to these find-
ings, we conclude that tracking blobs in a fully turbulent scenario
shows very similar results to models of statistically seeded blobs. While
the theoretical size–velocity scaling of isolated blobs gives a reasonable
order of magnitude estimate, there is an order unity scatter due to
strong interactions between blobs.

VII. DISCUSSION AND CONCLUSION

In this work, we investigated the interaction of blobs in the
scrape-off layer for different models of varying complexity. In particu-
lar, we compared the relation between the radial velocity and the
widths of the blobs with established scaling laws. We started with
studying isolated blobs and extended our analysis on a model of ran-
domly seeded blobs where the parameters are sampled from physically
adequate PDFs. We studied this model for different levels of intermit-
tency and applied the acquired knowledge on fully turbulent scrape-
off layer plasma simulations.

In this process, we developed a blob tracking algorithm as a ver-
satile tool to analyze and understand blob and plasma parameters in
scrape-off layer plasma simulations. We publish our implementation
on github under https://github.com/gregordecristoforo/xblobs. The
current version of the algorithm can be applied on any 2D xarray
dataset with a cartesian grid and constant spacing dx,dy and dt.77

An extension of the algorithm to three dimensions is numerically easy
to implement, but the 2D version of this algorithm can be valuable for
analyzing blob propagation and turbulent transport, in a specific plane
in three-dimensional plasma simulations. We will use this in the future
to study how blob properties depend on specific physical effects or
study the plasma transport in the scrape-off layer.

For isolated blob simulations, we find that the velocity-size scal-
ing dependence is correctly resolved by the blob tracking method. For
the case of non-isolated blobs, we observe a correlation between the
level of blob interaction and the number of blobs deviating from size–
velocity scaling laws of perfectly isolated blobs. Blobs show an increase
in the radial velocity in cases of low intermittency for the randomly
seeded blob model and turbulence model, compared to isolated and
intermittent cases. We explain this observation by the interaction of
blobs with the electrostatic potential of one another. The blob trajecto-
ries are influenced by the electrostatic potential, which gets diverted,
leading to the creation of trenches in which blobs get accelerated by

the potential of ones in front of them. These findings are consistent with
previous work studying the interaction of two seeded blobs.52

Additionally, we find a strong correlation between the blob amplitudes
and sizes estimated by the blob tracking algorithm for full plasma turbu-
lence simulations. For all studied forcings, we observe a systematical
size–velocity relationship consistent with theoretical predictions from
the model. This concludes that despite the significant interaction of
blobs, they still follow established scaling laws and can therefore be
regarded to the lowest order, as isolated structures propagating radially
through the scrape-off layer. We thereby display the relevance of isolated
seeded blob and filament simulations for complex turbulent models.
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