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FY2020 FES Theory Milestone 

“Modeling of Fully 3D Vertical Displacement Event Disruptions” 

Third quarterly Progress Report – June 30 2020 

Prepared by:  S.C. Jardin, PPPL, C. R. Sovinec, U. Wisconsin-Madison 

Summary: The proposed third quarter FY20 milestone was: “Perform and document benchmark M3D-

C1/NIMROD 3D VDE calculations in simplified geometry”.   This has been accomplished and is described 

in the following pages.   A third code, JOREK, also participated in the benchmark. 

1. Introduction 

The first-quarter  FY20 progress report described a 2D vertical displacement event (VDE) benchmark 

activity involving the 3D MHD codes NIMROD [1], M3D-C1 [2,3] and also the European code JOREK [4].  

This study has now been published [5].   The three codes involved in that and in this present study are 

each fully 3D MHD codes that include a plasma region, a resistive wall, and an outer vacuum region 

exterior to the wall.  However, for the first-quarter benchmark the three codes were constrained to be 

2D (axisymmetric).  These 2D studies are useful for describing VDEs because experimentally, the plasma 

is observed to remain axisymmetric for most of the event, and other 2D codes have been successful in 

reproducing many aspects of the VDE, including the amount of halo current produced and the net 

vertical force on the vessel [6, 7].  Running in 2D is also much less computationally demanding than 

running the codes in their fully 3D mode. 

However, all VDEs terminate in a 3D unstable state and there are many aspects of a VDE that can only 

be described by a 3D code.  Among these is the horizontal or “sideways” force that has been measured 

to be substantial in JET [8] and is a concern for ITER [9].  There have been 3D calculations of VDEs 

published [10, 11] that appear to be in qualitative agreement with some experimental results, but they 

have not been rigorously validated against experimental data.   In addition, no two codes have tried to 

model the same experimental discharge to see to what degree they agree.     Because these sideways 

forces are a concern for ITER, it is imperative that 3D MHD codes being used to calculate these forces be 

verified through benchmarking exercises as well as be validated by comparison with existing data. 

This report describes such a 3D VDE code benchmarking activity, the first of its kind.   In Section 2 we 

describe the problem setup, Section 3 describes the results, and we summarize and discuss future 

directions in Section 4. 

2. Problem Setup 

In order to take maximum advantage of the previous 2D benchmark, we use the same initial geometry 

and plasma equilibrium as described in the Q-1 milestone report [5].  This was based on NSTX discharge 

#139536 at 309 ms at which time the vertical feedback system was disengaged and the plasma column 

became VDE unstable.   Instead of trying to model the actual NSTX vacuum vessel, the benchmark 
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calculations used a simplified nearly rectangular wall shape that all codes could handle.   The transport 

and other dissipation coefficients used in the 2D and 3D benchmark cases are described in Table 1. 

 

Table 1:  Transport and other dissipation coefficients used in 2D and 3D benchmarks.   Spitzer resistivity was used with 0 

being the value associated with 15 eV,  W is the wall resistivity, D the particle diffusion,  and || the isotropic and parallel 

thermal conductivities, and  the viscosity.  LCFS contact is when the plasma switches from being diverted to being limited 
by the vessel. 

A Spitzer-like resistivity was used with (T) = 0(T0/T)3/2, T0 = 15 eV.   The Alfven time for the original 

equilibrium was A  1 s and the L/R time for the vessel used in the 3D calculations was 0.15 ms. 

The NIMROD calculation used 39,000 bi-cubic elements interior to the vacuum vessel.  Runs were 

made both with 0 n  10 and with 0 n  21 toroidal harmonics.  For accuracy with NIMROD’s implicit 

leapfrog, the flow-CFL number was not allowed to exceed unity.   The net force on the resistive wall was 

calculated as a surface integral over the outer wall surface, 1 2
0

ˆ/ 2j jF d B      S BB I e  [12].   At 9.4 

ms (1.1 ms into the 3D phase) a parallel viscosity || = 100  was introduced to avoid mesh scale noise 

on the tokamak’s outboard side. 

The M3D-C1 calculation used the unstructured poloidal plane mesh shown in Figure 1, which has 17,424 

vertices on each plane, each with 12 DOF for each scalar field in 3D (6 in 2D).  The 3D phase used 16 

toroidal Hermite cubic finite elements for each of the triangular vertices.  A normalized time step of 

dt=0.5 A was used, except for a period of .048 ms, starting at time 10.185 ms (1.233 after the start of 

the 3D) when it was halved to dt=0.25 A, to avoid numerical instability.   After this time, a “upwind” 

second order toroidal diffusion term was added to the scalar convection terms for the pressure, density, 

and magnetic field, equal to 0.05 V.  The wall force in M3D-C1 is calculated by integrating dV J B  

over all the elements within the vessel. 
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Figure 1:   Poloidal unstructured mesh used in M3D-C1 calculation.  White rectangles in (a) and (b) are blown-up in (b) and (c) 

3. Computational Results 

As described in Section 2, the calculations began in 2D with an axisymmetric plasma drifting downward 

due to the vertical instability.  Once the separatrix, or last closed flux surface (LCFS), made contact with 

the vessel wall, the calculation was switched to 3D and continued.   The 2D phase has been described in 

the Q1 report and in Ref. [5] (although with slightly different dissipation parameters as detailed in Table 

1) so here we concentrate on the 3D segment. 

Figure 2 summarizes some of the 0D, scalar, results of the three codes during the 3D phase.  Figures (2a) 

and (2b) are the Z and R positions of the magnetic axis.  Note that towards the end of the calculation, 

when all the flux surfaces have been destroyed, there is no well-defined position of the magnetic axis 

and the different codes make approximations that are not identical for this diagnostic.   Figure (2c) plots 

the plasma current within the LCFS (solid line) and within the vacuum vessel (dotted line).   Note that 

since NIMROD does not compute a magnetic flux function, it only outputs the current inside the vacuum 

vessel.  The plasma current diagnostics for within the LCFS for M3D-C1 and JOREK differ towards the end 

as the surfaces become stochastic and the LCFS is not well defined. 

Figure (2d) is the thermal energy within the plasma during the 3D phase of the calculation.   All three 

codes see a pronounced drop at about 1.0 ms after the start of the 3D phase.   This is due to parallel 

transport in the now stochastic field lines.   Figure (2e) shows the number of particles within the LCFS in 
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JOREK and M3D-C1.   There is a constant offset, the origin of which is being looked into, but they show 

the same trends.  Figure (2f) shows the measure of internal inductance known as li(3) for the JOREK and 

M3D-C1 calculation.  Here,  2 2
0 0(3) 2i p pB I R  .  Again, there is generally good agreement until the 

surfaces break up and the LCFS is ill-defined. 

 

Figure 2:  Comparison of 0D quantities during the 3D phase of the calculation.  (a,b) the z and R position of the magnetic axis, 
(c) the toroidal current within the LCFS (solid) and within the vessel (dashed), (d) the thermal energy within the plasma, (e) 
the number of particles within the LCFS, and (f) the internal inductance li(3). 

Figure 3 shows the magnetic energy in the first 5 Fourier harmonics for the 3 codes.   The results from 

the 3 codes are not identical, but they are qualitatively very similar.   All codes show that the n=1 

harmonic (red line) has the largest amplitude throughout the calculation, although the n=2 and n=3 

harmonics approach it during the strong growth phase that occurs about 1 ms after the start of the 3D 

calculation.   The fact that the energy in the higher harmonics (n=4,5) remain smaller than that in the 

lower harmonics (n=1,2,3) indicate that the calculations are adequately resolved in the toroidal 

direction. 

In Figures 4 and 5 we plot contours of the pressure at the =0 plane at three times over the span of 0.1 

ms as the thermal quench (TQ) is occurring for both the NIMROD and M3D-C1 calculations.  It is seen 
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that there is complex MHD activity occurring that destroys the outer flux surfaces.  Note that the times 

listed are offset from each other by about 0.8 ms, which we can attribute to differences in the time the 

two 3D calculations started due to differing initial 2D VDE displacements. 

t  

Figure 3:  Magnetic energy in the different Fourier harmonics as a function of time for the 3 codes. 

In Figure 6, we plot the growth rates for the first 8 harmonics, defined as /n n nE E   where nE  is the 

magnetic energy in the nth toroidal harmonic, the first 5 of which are plotted in Fig. 3.   The bottom row 

is a close-up of the time around 1 ms after the start of the 3D calculation, when both the amplitudes of 

the harmonics and their growth rates are at a maximum.   While the details differ, all codes show a 

similar trend.   The first mode with a significant growth rate is the n=1 mode, plotted as a red line.   That 

then drives the n=2 mode which obtains a growth rate approximately double that of the n=1 mode.    

The n=1 and n=2 modes combine to drive the n=3 mode at about 3 times the growth rate of the n=1 

mode.   This trend continues for all modes shown, and so the n=8 mode has the highest growth rate 

even though it has the lowest amplitude. 
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Figure 4:  Contour plots of the pressure (dimensionless units) at three times around the main thermal quench.   Shown is 

pressure  on the =0 plane for the 0  n 21 computation.  Times are relative to the start of the initial 2D calculation. 

 

 

 

Figure 5: Contour plots of pressure (SI units) at the =0 plane at three times around the main thermal quench for the M3D-C1 
calculation.  Times are relative to the start of the initial 2D calculation. 
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Figure 6:   Growth rates in the different magnetic energy harmonics shown in Figure 3    The bottom row is a close-up of the 
period around 1.0 ms when the energies and their growth rates peak. 

The primary result of these calculations is the forces that occur on the vacuum vessel as a result of the 

violent MHD activity.   A force diagnostic for the JOREK code is presently under development, so only the 

forces calculated by NIMROD and M3D-C1 are shown in Figure 7.   There are two forces that are of 

primary interest, the vertical force and the horizontal force, sometimes known as the sideways force.   

The vertical force is primarily caused by the n=0 axisymmetric  motion of the plasma column and by the 

current quench, so it can be determined to a large degree by a 2D (axisymmetric simulation) but the 

horizontal force is a fundamentally 3D phenomena that arises primarily from the n=1 component of the 

magnetic field and current.   In Figure 7 we see there is very good agreement between the two codes for 

each of these forces.  (Note we have time-shifted the results so that the increase in the horizontal forces 

begin at the same times.)   The magnitudes of the two forces are very similar.   The fact that the M3D-C1 

result for the n=1 horizontal force is more “noisy” than the NIMROD result is likely due to the fact that, 

as explained in Section 2, the M3D-C1 diagnostic integrates the J B  force directly over the vessel 

elements, whereas the NIMROD code evaluates the force from the field outside the vessel, likely causing 

a smoothing effect.  This is being looked into further. 
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Figure 7  Forces in the vertical and horizontal directions as calculated by NIMROD and M3D-C1 

 

4. Summary and Future Directions 

We carried out a 3-code benchmarking activity in which the NIMROD, M3D-C1, and JOREK codes were 

applied to the same problem: a fully 3D simulation of a vertical displacement event.   The codes were 

initialized with the same geqdsk equilibrium, implemented the same geometry of the conducting 

vacuum vessel, and used the same dissipation coefficients.   Each code began the calculation in 2D, and 

continued the solution in 3D once the plasma column made contact with the vessel.  The results of the 3 

codes are in good qualitative agreement with respect to the 0D quantities compared (for example, 

plasma current and stored energy vs time) as well as the energies in the different Fourier harmonics.  

The growth rates of the different Fourier harmonics all show a similar structure with the n=1 being the 

dominant instability, which drives the higher-n modes at multiples of its growth rate.  The peak forces 

on the vacuum vessel as calculated by NIMROD and M3D-C1 differ by about 3% for the vertical force and 

15% for the sideways force.  Efforts are underway to understand the origins of these differences, and 

also to calculate and compare additional diagnostics such as the toroidal peaking factor of the halo 

current. 
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