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Mean-field plasma edge transport codes such as SOLPS-ITER heavily rely on ad-
hoc radial diffusion coefficients to approximately model anomalous transport. Such
coefficients are experimentally determined and vary between different machines,
and also depend on the operational regime and plasma location within the same
device. Therefore, to match experimental data the modeler is required to manu-
ally tune several free parameters in expensive simulations, and the code’s predictive
capabilities are significantly downgraded. As a solution, a newmodel has been devel-
oped for SOLPS-ITER, solving an additional transport equation for the turbulent
kinetic energy k, derived by consistently time-averaging the Braginskii equations,
and including a diffusive closure for the anomalous particle flux. This closure model
relates the anomalous diffusion coefficient to the local k value. The resulting equation
structure and its closure are inspired by TOKAM2D isothermal interchange turbu-
lence simulation results. Within this model, fewer and hopefully more universal free
parameters are retained, thus improving the code’s predictive capabilities. The new
model has been tested on a COMPASS case for which upstream plasma profiles were
available. Experimental data and a reference solution, obtained by matching the pro-
files through manual tuning of radial diffusivities, have been used to estimate the
parameters of our new transport model. A ballooned particle diffusivity profile is
retrieved by the new radial transport model, thanks to the proposed interchange drive.
The obtained upstream profiles qualitatively agree with the experiment and prove the
new model is a promising first attempt to be further refined.
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1 INTRODUCTION

An accurate description of the divertor behavior from mean-field codes such as SOLPS-ITER [1] is necessary to identify the
operational space of a tokamak in terms of heat and particle exhaust, in order to satisfy engineering limits of the plasma facing
components. In this perspective, several advances have been made in the past improving plasma edge codes by including or
refining models of relevant physical phenomena such as drifts [2], plasma-wall and plasma-neutrals interactions [3], and impurity
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transport [4]. Other recent developments have gone in the direction of identifying and reducing the modeling errors, adopting
improved discretization [5] and noise averaging [6] schemes.
Among the largest modeling uncertainties to be resolved in mean-field transport modeling is the treatment of the radial

anomalous transport, caused by E ×B drift turbulence [7]. The current practice is to approximate such transport with a diffusion
or convection-diffusion model, adopting ad-hoc diffusion coefficients. Such coefficients are determined through an iterative
procedure, in which code results are compared to experimental profiles, adjusting the coefficients accordingly. Since plasma-
edge simulations are expensive, interpretive modeling can be a cumbersome process. Additionally, these diffusion coefficients
are not only machine-dependent, but also scenario and location dependent within the same device. This hampers the predictive
capabilities of plasma-edge codes.
Recently, a new model for the radial particle transport based on the k − � approach, widely used in Computational Fluid

Dynamics, has been developed for the SOLEDGE2D-EIRENE code [8–10]. This model contains an equation for the turbulent
kinetic energy k featuring the turbulent dissipation � and a diffusive closure for the radial particle flux using the local value of k.
Similarly to the work of Bufferand et al., in this paper we develop for SOLPS-ITER a new model for the turbulent kinetic energy
k and a closure term for the radial particle flux. Our model is based on a rigorous time averaging procedure of the governing
Braginskii equations, with generalized turbulence closures proposed based on TOKAM2D [11] turbulence simulations [12]. We
then compare the model’s results against experimental data from the COMPASS tokamak.
The paper is organized as follows: in section 2 the new model is presented, in section 3 the COMPASS case and the SOLPS-

ITER simulation setup are described, in section 4 the modeling results are discussed, and in section 5 conclusions are drawn.

2 MODEL DESCRIPTION

The full description of the model derivation is not within the scope of the present work and will be presented in a separate paper.
Instead, we briefly explain the methodology adopted and directly provide the reader with the model equations. Similarly as
Coosemans et al. [12] have done for the TOKAM2D turbulence code [11], each quantity in the Braginskii equations is decomposed
in a time-average and time-fluctuating component, after which a rigorous time-averaging procedure is applied to the Braginskii
equations. Expressions for the total, mean flow and turbulent kinetic energy are derived, using Favre [13] (i.e. density-weighted)
averaging techniques. Specifically, time averaging applied to the charge balance equationmultiplied by the potential (∇⋅j⃗)⋅� = 0,
as done also by Scott [7], results in Eq. 1, which describes the rate of change of the turbulent kinetic energy k:

)nik
)t

+ ∇ ⋅ (�k −Dk∇k) = Sk,prod − Sk,diss. (1)

The turbulent kinetic energy is defined as k = mnV ′′2
E×B

2n
, where nV ′′2

E×B is the time average of the squared fluctuating part of the
E × B drift velocity. Note that a diffusive model has already been assumed for the turbulent transport of k in this otherwise
analytical equation. The time-averaging procedure reveals that the perpendicular particle fluxes to be closed are purely due
to E × B turbulent fluctuations. Here we propose a diffusive closure for this flux, so the resulting mean-field particle flux is
� = nV∥b − D⟂∇n, with D⟂ to be related to k. The k model in eq. 1 retains convective transport of k with the mean particle
flux � and diffusion driven by k gradients, with a diffusion coefficient Dk defined by:

Dk = CDk
niD⟂. (2)

CDk
is a multiplier, ni the ion density and D⟂ the radial particle diffusion coefficient. This coefficient is the sum of two

components:
D⟂ = DE×B +Dmin. (3)

The first relates to the turbulent transport DE×B and the second is a lower limit accounting for classical transport Dmin.
The regression analysis on the radial particle flux in TOKAM2D simulations by Coosemans et al. [12] reveals that the radial

particle turbulent diffusivity DE×B scales with the square root of the local k value as expressed in Eq. 4:

DE×B = Cd�i

√

k
mi
. (4)

The other terms appearing in the expression are the ion gyro radius �i, the ion mass mi and a constant multiplier Cd .
In Eq. 1 above, the right hand side contains the source terms for k, one expressing the turbulence production due to the

interchange drive Sk,prod and one expressing the turbulence dissipation Sk,diss. The production term, derived from the averaging
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of TOKAM2D equations [12], is exact for 1D isothermal interchange turbulence, and has been generalized to 2D as:

Sk,prod = (Ti + Te)DE×B∇ni ⋅ ∇(ln(B2)). (5)

It takes into account ion and electron temperatures Ti and Te, the diffusive turbulent particle flux given byDE×B∇ni and gradients
of the magnetic field B. This expression inherently accounts for two important features of plasma turbulence: the self-saturation
and ballooning effect. The latter will be explained through the results presented in section 4. The former easily follows by
considering an initial situation with a large density gradient but with a small value of the turbulent kinetic energy (and hence
DE×B), for which the diffusive flux is small (the opposite situation holds with the same reasoning). If the resulting particle flux
is too small to balance the source, the gradient and hence turbulent production term will increase the turbulent kinetic energy,
which in turn enhances the particle transport through the radial diffusion coefficient, flattening the density profile again. It is
also clear how this expression, once the isothermal assumption is relaxed, will provide for dependence on the plasma pressure
gradients, as in the model of Bufferand et al. [9].
From the analysis of the TOKAM2D turbulent kinetic energy balance carried out by Coosemans et al. [12], the main dissipation

mechanism is the sheath losses to the targets. In TOKAM2D, where the parallel direction is not resolved, this is a consequence of
the volumetric sheath model used to approximate the parallel direction. To generalize towards a 2D model for k, we interpret the
TOKAM2D result as a strong parallel transport or dissipation of the turbulent kinetic energy. Further studies using a turbulence
code that also resolves the third direction, for example TOKAM3X [14], should enable to refine this assumption in the future. The
TOKAM2D analysis also showed that the sheath dissipation scales linearly with k. Therefore, in the present work, we model
this strong parallel loss by a sink of the form:

Sk,diss = CLnik
cs
lconn

, (6)

in which cs is the plasma sound speed, lconn is the connection length, and CL is a constant multiplier. It must be noted that no
non-linear sinks are required for saturation, as opposed to the model of Bufferand et al. [9], because the saturation mechanism is
provided through the coupling with the particle flux, as described above. To ensure energy conservation, the interchange drive
term is subtracted from the ion energy equation, while the turbulent kinetic energy is assumed to dissipate through (parallel)
resistive heating, therefore adding to the electron energy equation.
Finally, the proposed model requires additional assumptions for the electron and ion heat diffusivity, �⟂,e and �⟂,i respectively,

and the perpendicular viscosity �⟂. In absence of more specific indications, we have linked these terms with the particle radial
diffusivity D⟂ through constant multipliers:

�⟂,e∕i = Ce∕iD⟂, (7)

�⟂ = CvD⟂. (8)

3 COMPASS CASE DESCRIPTION AND SOLPS-ITER SIMULATION SET-UP

The COMPASS shot #16515 at 1150 ms has been adopted as test bench for the new transport model. It is a deuterium attached
Ohmic low confinement discharge with plasma current Ip = 160 kA, toroidal field Bt = 1.15 T, downward ion ∇B drift, line
average density 6 × 1019 m−3, Ohmic power POℎmic = 347 kW and safety factor q95 = 4.
The SOLPS-ITER simulations have been run on a 140 × 70 plasma grid, with 50 radial cells in the Scrape Off Layer (SOL),

deuterium plasma with kinetic neutrals, including D2 molecules and D+
2 molecular ions, but without drifts and neutral-neutral

collisions. Standard Bohm-Chodura boundary condition (BC) is applied at the targets. At the last flux surface and private flux
region (PFR), a leakage BC is applied for ions and electrons (leakage factor 0.003 for particles and 0.015 for heat), and a
zero-gradient BC for the parallel velocity. At the core we impose fixed density (ne = 3.25 × 1019 m−3) and fixed power BC
(PSOL = POℎmic = 347 kW, equally split between ions and electrons), according to the experiment, together with a zero parallel
velocity BC. A reference SOLPS-ITER solution has been obtained adjusting D⟂ and �⟂ manually to match the outer midplane
(OMP) plasma profiles measured with Thomson Scattering. This reference solution will be used as benchmark for the new
transport model.
Another set of BCs is required when solving Eq. 1. Since the turbulent flux is determined by particle motion, at the last flux

surface and PFR boundaries we have adopted the same factor � for the leakage BC (Γk,loss = �csnik) as for the continuity
equation, while the standard Bohm-Chodura target BC has been adapted for the new quantity k: Qk = kcs

B�
B

∑

nik, with B�
the poloidal component of B and k = 1. At the core, a fixed k BC has been applied, whose value has been determined in
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FIGURE 1 (a) 2D spatial distribution of particle diffusion coefficient. (b) OMP profiles of the turbulent kinetic energy as
obtained from the inversion procedure described in section 3 (red dashed line) and from the SOLPS-ITER simulation adopting
the new radial transport model (black solid line).

two steps. First, we assumed that solving Eq. 1 would provide the D⟂ OMP profile of the reference solution. Second, we have
inverted Eq. 4 for a given Cd , using the referenceD⟂ and �i estimated via OMP experimental data, obtaining a “reference” OMP
profile of k. In a following step, CL in Eq. 6 has been determined assuming local equilibrium of the turbulent kinetic energy, i.e.
0 = Sk,prod−Sk,diss. This assumption of approximate local balance is again obtained from analysis of TOKAM2D results. Filling
out the production and dissipation terms using OMP experimental data and the “reference” k, a CL profile has been obtained.
While the regression analysis of TOKAM2D results suggests a value Cd = 23 [12], adopting such coefficient and even a lower
Cd = 2 leads to very small k values following the procedure above. This makes the solution of the transport equation unstable,
with oscillations between neighboring cells and cancellation errors. The reason for such a difference between SOLPS-ITER
and TOKAM2D results may be due to a higher turbulence level predicted in TOKAM2D, whose parameters, e.g. for the sheath
losses or magnetic field radial decay, are difficult to be uniquely related to a real geometry. Further studies using 3D turbulence
codes will clarify this aspect. We have therefore chosen Cd = 0.1 which, with the experimental data shown in section 4, has led
toCL values of 1.78 for the core and 1.46 for the SOL and PFR regions. The motivation to distinguish between core an open field
line regions for the definition of k, is the expected difference in parallel dissipation of the turbulence. Indeed, in the core region
parallel modes with zero wave number cannot exist by definition, while these tend to be dominant in the open field line region [7].
Finally, the free parameters in Eq. 2, 3, 7, and 8 have been set. As a first guess, it has been assumed Ci = Ce = 10, given that
the reference D⟂∕�⟂ ratio is of the same order. The multiplier Cv has been set to 0.2, CDk

to 0.01, and Dmin to 0.01. The low
value of Dmin is chosen to minimally impact the simulation, while the low value of CDk

is selected to reflect the observation
from TOKAM2D that transport of k is dominated by mean-field convection.
The statistical noise averaging procedure developed by Ghoos et al. [6] has been applied, allowing to simulate less EIRENE

particles per iteration, thus speeding-up the convergence. The SOLPS-ITER simulations have been considered converged when
the plasma quantities and residuals time traces were steady, the particle balance error was <10% and the statistical error on
the electron density and temperature at the OMP and at the targets was≪1%. With such configuration the bias error for these
quantities has been estimated ∼10% at targets and ∼1% at OMP.
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FIGURE 2 (a) 2D spatial distribution of the turbulent kinetic energy production term. Positive values are shown in shades of
red/yellow while negative values in shades of blue. (b) OMP profiles of the turbulent kinetic energy production (red), dissipation
(green) and net source (blue). Dashed lines indicate negative values.

4 RESULTS AND DISCUSSION

Wefirst show in figure 1 (a) themain result of the new radial transport model: the distribution of the particle diffusion coefficient,
which can be seen also as the distribution of k (remember that D⟂ ∝

√

k). As it can be seen from the 2D map, D⟂ shows a
ballooned profile, being stronger at the low field side around the OMP as a consequence of the form of the production term,
explained further below. The ballooning as well as the quiescent divertor regions are typical of plasma turbulence and have
been seen in 3D turbulence codes [14] and experiments [15]. We want to stress here the great advantage of the new radial transport
model, which automatically provides a full spatial dependence of D⟂ adopting only a few new parameters, while the standard
practice requires the user to provide (and tune) radial and poloidal dependencies. From the OMP profile of k reported in figure
1 (b), it can be noticed that core and far SOL values compare well with the “reference” profile (see section 3). However, the
main difference is clearly the absence of the dip just outside the separatrix, although a change of slope is still present. This
change of slope, together with the slight increase of k in the closed-field-line region towards the core, is explained by a change
in the source terms, as will be described next. It can also be observed that the turbulent kinetic energy at the OMP is about 3-5%
of the electron temperature (Te is shown in figure 3 (d)).
Next, we analyze the 2D distribution of the production term Sk,prod in figure 2 (a). As it can be noticed, strong production

is present on the low field side around the OMP, resulting in a ballooned profile for k and thus D⟂, shown in figure 1 (a). This
was expected since the production term of Eq. 5 includes both density and magnetic field gradients, which on the low field side
point in the same direction, while on the high field side in opposite directions (and hence are actually a sink of k). The divertor
region shows instead small or negative turbulence production, causing low D⟂ values seen there in figure 1 (a). Figure 2 (b)
displays the OMP profiles of the turbulent kinetic energy production, dissipation and net source. At the core boundary, where
a fixed k is imposed, the dissipation term (∝ k) is larger than the production term (∝

√

(k) through DE×B), therefore driving
at first a reduction in k. Then, the dissipation reduces faster than the production going towards the separatrix, as the connection
length, in the denominator of Eq. 6, increases and peaks just inside the last closed flux surface (strictly speaking, the model is
deduced for open field line regions and sheath losses can not be present in the core, which will require a different dissipation
term in future). This explains the slight increase of k towards the separatrix seen in figure 1 (b). The opposite happens in the
SOL, where the connection length and thus Sk,diss drops just outside the separatrix and decreases along the radial coordinate.
As a consequence, turbulence dissipation overcomes production, resulting in a negative net source and decreasing k.
Finally, we report in figure 3 the OMP profiles of the radial diffusivities and plasma density and temperature, comparing the

new radial transport model with experimental data and the reference SOLPS-ITER solution.
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FIGURE 3 OMP profiles of the particle (a) and heat (b) radial diffusion coefficients, and of the electron density (c) and tem-
perature (d) for the reference SOLPS-ITER solution (red solid thick line) and for the new radial transport model with Ci,e = 10
(black solid thick line), with Ci,e = 8 (green dashed thin line), with Ci,e = 12 (pink dashed thin line), with CL × 0.5 (blue dash-
dotted thin line) and with CL×2 (cyan dash-dotted thin line). The blue thick lines with error bars are the experimental data from
Thomson Scattering.

As shown in figure 3 (a), the new model predicts larger values of the particle diffusivity, by almost a factor two, despite the core
and far SOL k values in figure 1 (b) being close to the reference. This is expected from the ballooning nature of the transport in
the new model and simple geometric arguments. Indeed, any particle flux from the core region now has to cross the separatrix
predominantly on the low field side only, resulting in roughly a factor two reduction of the available area compared to the
reference solution. Hence, for a given radial density profile, the diffusion coefficient has to approximately double in magnitude
to accommodate this flux. Remark that the resulting profile ofD⟂ is now a self-consistent result of the code, established through
self-saturation of the particle flux and turbulent kinetic energy. D⟂ also depends on the temperature profile through the gyro
radius in Eq. 4, which is proportional to

√

T . The obtained D⟂ profile also lacks the dip outside the separatrix, which gives the
net change of slope in the density profile of the reference solution in 3 (c). As a consequence of the somewhat higher particle
diffusivity and the absence of the dip, the density profile obtained with the new model is rather a straight line, although still
falling within the experimental error bars in the SOL. The clear difference in the core profiles compared to experiment is expected
and explained by the imposed density value at the core boundary. Adopting the experimental value would require a density
increase towards the separatrix to capture the SOL profile, not achievable with purely diffusive radial transport, as assumed in
the reference and in the new model simulations.
The heat diffusion coefficient, which in the new model is just a scaled version of D⟂, is displayed in figure 3 (b) and shows
some discrepancy with respect to the reference. This, together with the fact that the same PSOL has to cross the core boundary,
makes the new model overestimate the electron temperature with respect to both the experimental data and reference solution,
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see figure 3 (d). Other simulations performed adopting different values of Ce = Ci = [8, 12] show almost no effect on the
density profile with some control over temperature. This proves the robustness of the new radial transport model with respect to
these parameters, but also that a better approach for the heat diffusivities from non-isothermal turbulence simulations is needed
to further refine the model. Finally, simulations performed doubling and halving the value of CL show that this parameter has
instead a noticeable effect on the results and therefore that a better model for the turbulence sink has to be sought.

5 CONCLUSIONS

A new radial transport model based on the turbulent kinetic energy has been developed and implemented in SOLPS-ITER.
Starting from the Braginskii equations and applying time averaging procedures, an equation for the turbulent kinetic energy has
been proposed, which includes the standard transport with mean flow and diffusion with gradients, and includes production and
dissipation terms deduced from the interpretation and analysis of the TOKAM2D averaged equations and results presented in
Ref. [12]. The adopted closure term for the radial particle flux links the particle diffusivity with the local value of

√

k, as provided
by regression analysis of TOKAM2D results. The new model automatically provides full spatial dependence of D⟂ and retains
important features of plasma turbulence already known, such as the self-saturation and ballooning effect, as demonstrated by
the COMPASS modeling results. The comparison with OMP experimental data from COMPASS shows that this is a promising
first step to provide a better radial transport model in SOLPS-ITER.
Future work will focus on different aspects of the model, aiming at improving its applicability and predictions. New expres-

sions to model the core need to be investigated, as the present model is only strictly applicable to the open field lines regions. This
will most likely change the turbulence dissipation term, which is now due to sheath losses only, that further research employ-
ing 3D turbulence codes could replace with a more physics-based transport term or sink for k. Moreover, the new enstrophy
equation proposed in the companion paper [16] still needs to be implemented and tested in SOLPS-ITER. Furthermore, modeling
assumptions as the isothermal plasma, the absence of impurities and of interactions with neutrals should be relaxed. Finally, an
extensive parameter scan and comparison against experiments is necessary for two reasons: firstly to constrain the free model
parametersCd ,Ci,e,CDk

,Cv, andCL, which could not be taken according to the analysis in Ref. [12], suggesting to further advance
the turbulence models and their interpretation for the mean-field code; secondly to validate the model itself.
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