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Abstract.

This paper reports on the recent studies of toroidal and poloidal momentum transport in JET. The
ratio of the global energy confinement time to the momentum confinement is found to be close to
T/t = 1 except for thelow density or low collisionality dischargeswheretheratio istg/t; =2-3. On
the other hand, local transport analysis of tensof discharges showsthat theratio of thelocal effective
momentum diffusivity to the ion heat diffusivity is X/; = 0.1-0.4 rather than unity, as expected
from the global confinement times and used often in ITER predictions. The apparent discrepancy
in the global and local momentum versus ion heat transport can be at least partly explained by the
fact that momentum confinement within edge pedestal is worse than that of the ion heat and thus,
momentum pedestal is weaker than that of ion temperature. In addition, while the ion temperature
profile shows clearly strong profile stiffness, the toroidal velocity profile does not exhibit stiffness,
as exemplified here during a giant ELM crash. Predictive transport simulations with the self-
consistent modelling of toroidal velocity using the Weiland model and GL F23 also confirm that the
ratio X;/; ~ 0.4 reproducesthe coretoroidal velocity profileswell and similar accuracy with theion
temperature profiles. Concerning poloidal velocities on JET, the experimental measurements show
that the carbon poloidal velocity can be an order of magnitude above the neo-classical estimate
within the ITB. Thissignificantly affects the calculated radial electric field and therefore, the E()B
flow shear used for examplein transport simulations. Both the Weiland model and GL F23 reproduce
the onset, location and strength of the ITB well when the experimental poloidal velocity is used
whilethey do not predict the formation of the I TB using the neo-classical poloidal velocity intime-
dependent transport simulation. The most plausi ble explanation for the generation of the anomal ous
poloidal velocity isthe turbulence driven flow through the Reynold’s stress. Both CUTIE and TRB
turbulence codes show the existence of an anomalous poloidal velocity, being significantly larger
than the neo-classical values. And similarly to experiments, the poloidal velocity profiles peak in
the vicinity of the ITB and is caused by flow due to the Reynold’s stress.

1. INTRODUCTION

Itiswell known that the ExB flow shear isone of the major playersin quenching turbulence[1].As
the ExB flow shear is linked to poloidal and toroidal velocities through E,, understanding of
momentum transport is one of the key elements to achieve high fusion performance and good
confinement. In addition, toroidal rotation gives stability against beta-limiting resistive wall modes
by making the stationary wall appear more conducting [2]. Furthermore, both toroidal and in
particular poloidal velocitiesplay acrucial rolein affecting thetriggering mechanismsof thetransport
barriers through ExB flow shear. Throughout the paper the following definitions for the two main
quantities, E, and ExB flow shear wg, g are used:

- —Vg,i By + Ng,i By, OEB= o o (1)



where Z; is the charge number, n; the density, p; the pressure, v ; the poloida velocity and v the
toroidal velocity of theion speciesi, vg isthe ExB velocity, qisthe safety factor and B, and B, are
toroidal and poloidal components of the magnetic field.

This paper reports on recent experimental and modelling studies of both toroidal and poloidal
momentum transport on JET. The paper isorganised asfollows: all the analyses of toroidal rotation
and toroidal momentum transport are discussed in section 2 and those ones of poloidal velocitiesin
section 3. Section 2.1 isdevoted to studies of the global toroidal momentum and energy confinement
times. Thelocal transport analysis of momentum and ion heat diffusivitiesis carried out in section
2.2. Moreover, the profile resiliency of toroidal velocity profile is compared to the one of the ion
temperature. Predictive transport simulations with self-consistent treatment of toroidal momentum
transport are presented in section 2.3. In section 3.1, the experimental results on the measurement
of the carbon poloidal velocities in plasmas with strong I TBs are shown and the comparison with
the neo-classical velocities illustrated. The consequences of the measured anomalous poloidal
velocity profiles applied in transport simulations are demonstrated in section 3.2. The results from
variousturbulence simulations of studies of the possible sourcesfor the anomalous poloidal velocity
are presented in section 3.3. Finally, section 4 presents a summary of the results and conclusions.

2. TOROIDAL MOMENTUM TRANSPORT IN JET

21 GLOBAL MOMENTUM AND ENERGY CONFINEMENT TIMES

It has been reported in several |arge tokamaksthat the toroidal momentum confinement timet; isvery
similar totheenergy confinement timetg [3,4,5]. Thissimilarity Te/t,~1 isfurther confirmed on JET
for high density (ng > 15x10"°m™%) ELMy H-mode discharges, asillustrated in figure 1(a). The JET
momentum transport database consists[6] of alarge dataset from various JET plasmascenarios, such
asELMy H-mode, hybrid, L-mode and ITBs. T¢/t,, and T are defined asthe total momentum content
divided by the torque and total energy content divided by thetotal heating power, respectively. Onthe
other hand, at low density (ny < 10x10"°m™) aclear deviation by afactor of 1.5-3in the equality of
the two confinement times is observed as momentum confinement becomes smaller than the energy
confinement tg/t, = 1.5-3. However, as different scenarios have typically different level of density,
the effect of plasma scenarios cannot be completely excluded as clearly for example plasmas with
ITB exhibit larger ratiosthan plasmasin the ELMy H-mode scenario. Still, within one scenario, there
seems to be dways atrend towards higher T/t ratios at lower density.

Taking asubset of the previous discharges with accurate enough Z; measurements, one can plot
similarly the ratio of the confinement times as a function collisonality parameter v', shown in
figure 1(b). Theratio of the energy confinement time to the momentum confinement timeisclearly
increasing towards lower collisionalities. The trend is very interesting as the high collisonality
discharges are dominated almost solely by lon Temperature Gradient (ITG) instability while the
lower density discharges usually have both ITG and Trapped Electron Modes (TEM) unstable,
often TEM becoming more or more unstable towards lower collisionalities. The Weiland model



with the self-consistent treatment of toroidal momentum transport predicts that the momentum
transport islower in ITG dominated plasmas than the ion heat transport while the opposite prevails
in the TEM dominated plasmas, qualitatively consistent with the trend in figure 1(a) [7, 8].

2.2 ANALYSIS OF LOCAL MOMENTUM AND ION HEAT DIFFUSIVITIESAND THE
PROFILE RESILIENCE

Based on the results from studies of global momentum and energy confinement, one would expect

to have equal momentum and ion heat diffusivities in high density plasmas and a momentum

diffusivity exceeding that of theion heat in low density plasmas. However, thiswill not bethe case.

Asasimple, illustrative example, thelocal effective diffusivities can be derived using thefollowing

equations:
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where Q; and S, are the heat and torque fluxes, €2 the angular momentum density, T; and n; the ion
temperature and density, and L; and L, arelocal inversetemperature and angular momentum density
gradient lengths. Here, the average gradient lengths are averaged over the region exhibing stiff ion
temperature profiles, typically from p=0.4to p = 0.7. However, in order to improvethe accuracy, one
can calculate the diffusivities using a transport code in an interpretive way, with self-consistent
calculation of power deposition and torque density profiles. In this work, the JETTO transport code
has been used [9]. This ratio is shown in figure 2 for 9 very high density H-mode discharges (red
triangles, same asinfigure 1), 8 other H-mode pulseswith T;=T,, (black circles) and 25 other H-mode
pulseswith T;=T, (bluecircles). Theeffectivediffusivitiesareaveraged over the gradient region between
p=04and p=0.7.

It isto note that the ratio X,/x; =0.1-0.4 isvalid for all analysed H-mode discharges. This number
issmaller than X,/ = 1, commonly used in ITER predictions and often appearing in the ITG theory
[10]. At first sight, there also seems to be an obvious discrepancy between the momentum and ion
heat transport with respect to global and local transport properties. Looking into the different termsin
equation (2), theratio of the normalised gradient lengthsL+;/L, istypically closeto or just below one.
However, the ratio of the normalised torque flux to the heat flux S/QxT;n/€2 is aways below one,
around 0.2-0.4 for all discharges in the database. This ratio can be understood when comparing the
ion, electron and torque deposition profiles, whereit isobviousthat theion heating power isdeposited
more centrally than the torque and the el ectron heating power, thus giving riseto the small ratio of §/
QxT;n/€2. Thisismost pronounced in the high density plasmas where the torque density profile can
peak asout asat p = 0.8. What isnot clear at firstly sight iswhy localy in the gradient region x,/x; =
<l istrue while globaly Tg/t,=1 takes place. However, the database indicates that while the core
transport is smaller for v,,, the pedestal momentum confinement is worse than that of ion heat and in



fact, the edge pedestal is weaker for momentum than for the ion temperature. In addition, as lower
density discharges tend to have stronger T; pedestal, the global energy confinement becomes better
due to profile stiffness with decreasing density while the global momentum confinement does not as
the toroidal rotation profile does not exhibit any stiffness, asillustrated in figure 3.

What isshown in figure 3 (a) is quite atypical observation in high density high power ELMy H-
mode discharges, i.e. after ashort ELM free period there isagiant ELM that collapses the pedestal
values of temperatures, density and toroidal velocity. Looking into the logarithmic ion temperature
profileone can seethat thelogarithmic gradient isthe same over largeradiusfrom R=3.4mto R=3.7m
before and after the ELM. This is awell-known feature called profile stiffness or profile resilience
[11]. Thisistrue both before the ELM crash and &fter it, i.e. the ELM crash in T, profile propagates
fast into the core region. However, the things are quite different for the logarithmic toroidal velocity
profile. Firstly, there is no region of constant gradient before or after the ELM. And secondly, the
ELM crash occurring in the pedestal does not propagate into the coreinitsfull strength. Both of these
observations demonstrate strongly that the profile stiffness does not exist for v;. From the theoretical
point of view, this has been expected asthe drive of the ITG/TEM turbulence does not depend on the
gradient length of v;, except at very high valuesof [12, 13].

2.3 Transport Simulations of Toroidal Momentum Transport

An extensive transport modelling study has been performed for high and low density ELMy H-mode
discharges, hybrid scenario discharges and L-mode discharges. A new version of the Weiland model
that includes self-consistent treatment of the toroidal velocity has been developed. A comparison of
the toroidal velocity, ion and electron temperatures and ion heat diffusion coefficients between the
experiment and predictionswith the new version of the Weiland model aswell aswith GLF23 transport
model [14, 15] isillustrated for one typical high density ELMy H-mode discharge in figure 4. The
turbulent modesfor this high density, high collisionality discharge are expected to be completely ITG
dominant and thisis also confirmed with the linear gyrokinetic flux tube code KINEZERO [16]. The
agreement between the predictions with both models and the experimenta profilesis very good and
of the same accuracy asthe predictionsfor the temperatures. Thiskind of good agreement of v, and T;
between the predictions and experiments is generaly true for other transport simulations of high
density ELMy H-mode discharges existing in the JET momentum database. Both modelsalso predict
that the ratio of X,/ is around 0.2-0.5 in the gradient region, consistently with interpretive local
transport analysis of the diffusivities presented in section 2.2.

For the ITB plasmas, both the GL F23 and the Weiland model cannot usually reproduce the profiles
satisfactorily [17]. Consequently, the Bohm/gyroBohm model with the empirical 1TB threshold
condition [17] and with the assumption of X, = 0.4 X; has been used to predict the toroidal velocity
profile together with the temperature and density profiles. Thisisillustrated in figure 5. In this case
the agreement of the toroidal velocity profile is closer to the experimental one than that of the
temperatures, but generaly, the agreement of the toroidal velocity in ITB plasmas is of the same



accuracy asthat of the temperatures when using the Bohm/gyroBohm model with the assumption of
Xy =0.4%.

3. POLOIDAL VELOCITY INJET ITB PLASMAS

3.1 EXPERIMENTAL RESULTS OF POLOIDAL VELOCITIESIN ITB PLASMAS

The experimental ion temperature, density and toroidal and poloidal velocities are shownin figure
6 for atypical JET ITB discharge at four instants. The poloidal velocities can reach values of up to
vy = —50km/s within the fully developed ITB while before ITB formation they stay around 5-10
km/s. A negative value of v, isdefined to flow in theion diamagnetic drift direction. The comparison
between carbon poloidal velocity v, and the neoclassical predictions for the carbon ion velocity
calculated with the neo-classical transport code NCLASS[18] isshowninfigure 7 (Ieft frames) for
two JET discharges. The measured carbon v, isan order of magnitudelarger withinthe ITB thanits
neo-classical estimate for both cases. Even the sign of the measured carbon v, is different from the
neo-classical onein someradial regions, and furthermore, can change sign withinthe ITB. Similar
results are obtained for other JET I TB discharges[19]. Dueto thelarge differencein v, between the
measured value and the neo-classical estimate, the evaluated radial electric field E, (from equation
(1)) dependsthus on the source of v, and isin most cases much larger when the measured v, isused
instead of the neo-classical one, as shown in figure 7 (right frames). In particular, even if the
absolute value of E, is not always |arger when using the measured v,, the E-B flow shear within the
ITB certainly is significantly larger, as discussed further in next section.

3.2PREDICTIVE TRANSPORT MODELLING OF ITB PLASMASUSING THE
MEASURED POLOIDAL VELOCITIES

Predicting the dynamics of the ITBs hasturned out to be one of the biggest challengesfor transport
models. In particular thefirst-principle transport models often fail to predict the onset of the I TB or
theradial location correctly [17]. There are most probably several reasonsfor having difficultiesin
reproducing ITBs, but one of the reasons, not taken into account earlier is that past transport
simulations have aways assumed that the poloidal rotation velocity is neo-classical. As shown
earlier, this is not a good assumption and therefore, the used ExB flow shear in the transport
simulations has not been appropriate.

In order to illustrate the changes in the modelling results due to the different source of v, two
predictive simulations, both with the Weiland transport model and GLF23 are compared for JET ITB
PulseNo: 59193 infigure 8. Theonly difference between the two simulationswith both modelsisthat
the first ones (blue dotted in the case of Weiland and green long- dashed of GLF23) use the neo-
classical poloidal velocity from NCL A SSwhereasthe second ones (magenta short-dashed in the case
of Weiland and yellow dash-dotted of GL F23) employ the experimentally measured v, inthecalculation
of E, and wg, g flow shearing rate. In &l the cases, the smulations are run fromt = 5.0s until t = 6.8s,
covering thus the phase without an ITB roughly beforet = 6s, towards the ITB formation phase and



until the I TB sustainment phase. All theinitial conditions, and boundary conditions on top of the H-
mode pedestal taken from the experimental datafrom Pulse No. 59193 at t = 5.0s. The g-profileis
rather flat in the core region (slightly reversed in the very centre well inwards from the location of
the 1 TB), and thus the negative magnetic shear does not act asthe main mechanismtoformthel TB
for this pulse. Instead, the g = 2 surface is believed to play a significant role in triggering the ITB
for this discharge as for many other JET ITB pulses on JET [20, 21].

The Weiland model and GLF23 predict the ion and electron temperature profiles well in the
phase before the ITB has formed with both options of poloidal velocity. In the case when the
experimental poloidal rotation is used, the Weiland model predicts the ion ITB just at the right
radial location and right instant with roughly the same I TB strength as measured in the experiments.
And the sameistrue aso in the case of GLF23. On the other hand, otherwise identical simulations
except with v, from NCLASS does not exhibit any sign of an I TB in either case and the agreement
inT; and T, ismuch worse. Worth noting are al so the large differencesin E, asastrong well appears
at thelocation of the ITB with measured v, instead of agentle hill with neo-classical v, Furthermore,
the wg, g shearing rates are locally by an order of magnitude larger thanks to the deep E, well with
measured poloidal velocity. This clearly demonstrates that one of biggest deficits in transport
simulations of 1TB plasmas has been the lack of knowledge of v, leading further to the wrong
estimate for the wg, g shearing rates. However, using the measured poloidal velocities does not
necessarily improve our predictive capabilities to model I TBs although now when imposing more
experimental data, we can form ITBs. In order to genuinely improve our predictive capabilities,
one should also be able to predict the increase in v, self-consistently rather than using the
experimentally measured data.

3.3TURBULENCE SIMULATIONS OF THE GENERATION OF THE POLOIDAL
ROTATION VELOCITY

As shown earlier, the measured poloidal velocity is certainly not neo-classical and indeed,
significantly affectsthe predictionsof thetransport simulations. However, the causefor the difference
between measured and neo-classical vy, i.e. the source of the anomalous poloidal velocity, is not
fully clear at present. Generation of the poloidal flow has been studied with two different turbulence
codes; the TRB turbulence code [22] that solvesfluid equationsfor ITG/TEM turbulence and with
non-linear 3D global electromagnetic fluid turbulence code CUTIE [23]. The time evolution of the
deuterium poloidal velocity v, in those turbulence codes can be written asin equation (3)

6<;e> = —vc (vo) ~(nc) = - (2 o) + B (S 9

mni - mn

where vy represents the neo-classical viscous damping term, uyc is the neo-classical poloidal
rotation velocity, ITxs=<vg 4V > is the Reynolds stress, (’j”é)/mn the Maxwells stress and Sg, 4
represents the source (torque) from the NBI in the poloidal direction. However, the experiments



show no evidence on any clear correlation between the changes in v, after changes in the NBI
power, indicating that the last term is small and thus will not be considered later nor it is taken into
account in TRB or CUTIE. TRB also neglects the el ectro-magnetic term (Maxwel| stress).

Ingeneral, the poloidal velocity v, is supposed to be damped to the neo-classical level uy because
of the large neo-classical viscous damping term vy, proportional to ion-ion collisions. The orbit
sgueezing effect dueto large temperature and density gradient may, however violate the neo-classical
theory and thus could decreasevy. Onthe other hand, the orbit squeezing effect in these plasmas (the
gradients are not of extreme nature) is not expected to be large enough to explain the difference of an
order of magnitude between the measured and neo-classical carbon poloidal velocity.

Consequently, the main candidate to explain the anomalous v, is thought to be the turbulence
driven poloidal velocity through the Reynold’sand Maxwell’s stresses. For standard I TG turbulence,
the quasi-linear expression of the Reynolds stress can be written as

'—p

~(EP) (4)
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where Vg=-E,/B isthe ExB drift poloidal velocity, kg isan average poloidal wavenumber, pp and
Vyp are the deuterium Larmor radius and thermal velocity, L, the pressure gradient length, and sis
the magnetic shear. The relationship between Ve and v, isgiven by the force balance equation (1).
Solving equation (3) in steady-state, one can see that the influence of turbulence appears as a
negative-viscosity effect when the 2" order differential equation is solved for V.

Using the simple expression (4) without turbulence, u=0, the standard neoclassical valuefor V¢
isrecovered and v, approaches uy, within the neo-classical damping vy frequency. Note also that
for alarge value of u, Vg becomes small and v, isfound to be in the electron diamagnetic direction
for alarge enough co-rotating toroidal velocity (qv,>0). For small toroidal velocities, vy is rather
directed in the ion diamagnetic direction.

Simulations with the TRB code of a plasma with p.=0.01 (standard H-mode plasma with no
ITB) indicate ashift of the deuterium velocity in the electron diamagnetic direction of afraction of
the diamagnetic velocity, as shown in figure 9. As the deuterium poloidal velocity vy, is almost
half of its diamagnetic velocity, the carbon poloidal rotation vy ¢ is, according to force balance
equation, significantly higher than the carbon neo-classical velocity. Consequently, it seems very
plausible according to TRB that the source of the measured anomalous carbon v, is driven by the
turbulence through the Reynold’s stress even in the case without an ITB.

TRB simulations have also been performed with areversed g-profile, leading to the onset of an
ITB. Again, alarge non-neoclassical poloidal velocity isobserved, whichispeaking strongly within
thebarrier, qualitatively in accordance with experimental results. Thisisshowninfigure 10. However,
it isdirected in the electron diamagnetic direction, whereas for most of the JET ITB discharges v,
is observed to be in the ion diamagnetic direction within the ITB. On the other hand, there are also
discharges where the measured poloidal rotation is shifted in electron diamagnetic direction, such



as Pulse No: 61352 shown in figure 7. For the moment, we have not identified any parametric
dependence for the direction of the anomalous poloidal velocity within the ITB.

Turbulence simulations to study the turbulence generation of poloidal velocity have been also
performed with non-linear 3D global e ectromagnetic fluid turbulence code CUTIE. The simulations
are carried out using the input data from Pulse No: 58094 (shown in figure 6) at t =5.5s. The
simulation has been run for 144ms, reaching quas steady-state situation except the very edge. The
code evolves temperatures, density, g, and toroidal and poloidal velocity profiles of the main ions
(deuterium), together with turbulence.

The predicted ion and electron temperature and poloidal and toroidal velocity profiles are
compared with experimental ones in figure 11. CUTIE predicts an ion ITB at r/a= 0.4, roughly
consistent with experiment, although the temperature predictionsoutside the I TB are not satisfactory.
This may be due to the missing trapped particle physics code, as TEM is often significant outside
the ITB in low density ITB plasmas. However, more interestingly CUTIE predicts a significant
peak in deuterium v, (green dashed curve), much higher than the neo-classical v, (blue dotted
curve), in the inner side of the ITB flowing in the ion diamagnetic direction. CUTIE does not
consider impuritiesdirectly and therefore, the direct comparison of carbon poloidal velocity between
the experimental measurements and simulation is not possible. However, thered curvein figure 11
representsthe poloidal ExB velocity, and thisvelocity israther closeto the carbon poloidal velocity
as the diamagnetic velocity of carbon islow dueto high Z. Although quantitatively the magnitude
of the predicted poloidal velocity isinfairly good agreement with the experimental one, qualitatively
CUTIE predictsthe peak in v, at theinner side of the I TB while experimental results show the peak
exactly within the ITB.

L ooking back into equation (3), it is possible to study whether the peak in v, isgenerated mainly
by the electro-static or electromagnetic turbulence. According to CUTIE, the electrostatic part, i.e.
force due to the Reynold's stress (red dash-dotted curve) plays the dominant role in generating v,
for this shot while the Maxwell stress gives only a minor contribution (magenta dotted curves).
Thisispresented infigure 12 where the different poloidal force densities are plotted time-averaged
over thelast 30msof the simulation shown infigure 11. Thissimulation result in which the Reynold's
stress has been found to be the dominant contributor to the generation of the anomalous v, at the
strong JET ITBs is consistent with TRB results where anomalous v, is predicted purely with
Reynold’ s stress (without el ectro-magnetic turbulence). For acomparison thereisalso an estimation
for the calculated total poloidal stress (black solid line) using equation (3), assuming steady-state
and that only neo-classical damping exists, which is needed to drive the poloidal velocity up to the
measured level. To be noted here is that both codes neglect the possible role of geodesic acoustic
modes in flow generation.

SUMMARY AND CONCLUSIONS
Momentum transport studies using the toroidal momentum database have confirmed the earlier



observation that te/t; ~ 1 a high density plasmas although at low density or low collisionality, T¢
becomes larger than T; by afactor of 1.5-3. On the other hand, locally in the gradient region aratio
of X,/ %;=0.1-0.4 isdetermined from thelocal interpretivetransport analysisfor high density ELMy
H-mode discharges. This discrepancy in the momentum and ion heat transport between the global
and local transport can be at least partly understood by the fact that the momentum pedestal is
weaker than that of the temperature. The analysisof the profile stiffness studiesduring agiant ELM
crash shows that while the ion temperature profile is very tiff asis well-known for a long time,
such aprofile stiffnessis not observed in toroidal velocity profile. Thisis dueto the factsthat there
isno region of constant gradient before or after the ELM and secondly, the ELM crash of rotation
occurring in the pedestal does not propagate into the corein its full strength.

In order to extrapolate the toroidal velocitiesin the I TER core plasma, areassessment is needed as
the standard assumption ,,/ %; =1 is not justified from the JET results. The self-consistent transport
smulations of toroidal momentum with the Weiland model and GLF23 predict v; roughly with the
same accuracy as T;. They aso show that the condition X,/ %; =0.2-0.5 is required for high density
ELMy H-mode plasmasin order to predict smultaneously v, and T; equally well. The Weiland model
aso predict an increasein X,/ ; towards TEM dominated plasmas, and this may partly explain the
ratio T/t; rising towards low collisionality TEM dominated or less ITG dominated plasmas. The
linear gyro-kinetic calculations predict theratio roughly X,/ x; =0.7 [24]. Therefore, asthisisclearly
larger than the ratio of the found effective diffusivities, the possible role of an inward momentum
pinch needs further investigation in future. Another extension of this study is to look into the edge
momentum transport to resolvethe discrepancy inthe Prandtl number between global andlocal analysis.

Anomalous carbon poloidal velocities, exceeding the neo-classical estimate by a factor of 10,
are measured within the ITB on JET. This changes the calculated E, and wg,g shearing rates
significantly, and improves the success of first-principle transport models to predict the dynamics
of the ITBs. Both the Weiland model and GL F23 reproduce the onset, location and strength of the
I'TB well when the experimental poloidal velocity isused whilethey do not predict the formation of
the ITB using the neo-classical poloidal velocity in time-dependent transport simulations.
Consequently, the use of neo-classical poloidal velocity in the calculation of the E¥B is one of the
major reasonswhy the first-principle transport model s have not been successful in reproducing the
dynamics of the ITBs.

Turbulence simulations with CUTIE and TRB codes show the generation of the anomalous
poloidal velocity in the vicinity of the ITB. While TRB predicts the ITB within the ITB, CUTIE
predicts the peak in v, just inside the ITB, and the sign of v, between the codes is different. The
dominant drivefor the anomalousv, isduetao poloidal force through the Reynold's stress according
to CUTIE (TRB only hasReynold's stress). The predicted poloidal forceisqualitatively in agreement
with the experimental observations. Major unresolved issues are the causality between anomalous
vy, onset of the ITB and the appearance of q,,=integer surface aswell asthe sign of v, as neither
the experiments nor the ssmulations reveal any clear parametric dependence.
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Figure 1:(a) Theratio of energy confinement time to the momentum confinement time as a function of line integrated

density covering several plasma operation scenarios. (b) Asin (a) but as a function of collisionality v.

Figure 2: Effective momentum diffusivity ver sus effectiveion heat diffusivity for 9 very high density H-mode discharges
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(red triangles), 8 H-mode pulses with T;=T, (black circles) and 25 H-mode pulses with T,=T,, (blue circles).
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Figure 3. (a) Toroidal velocity (upper frame) and ion temperature (middle frame) traces as a function of time for
several equidistant radii fromR=3.29mto R=3.86maswell asD_, signal for JET Pulse No: 60870. (b) Upper frame:
logarithmic toroidal velocity profile before the massive ELM crash at t=12.8s (solid curve) and after the ELM crash
at t=12.9s (dashed curve) Lower frame: asin in upper frame, but for the ion temperature. The instants of the two
profilesin frame (b) are indicated by the vertical dashed linesin frame (a).
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Figure 4. Experimental (solid curves) and predicted by GLF23 (dotted curves) and Weiland model (dashed curves) of
V,;, (upper frame), T; (second frame) and T, (third frame) for Pulse No: 57865. Fourth frame shows X, and ; predicted
by the GLF23 (blue solid and dotted curves) and by the Weiland model (red dash-dotted and dashed curves), respectively.
Figure5. Experimental (solid curves) and predicted by the Bohm/gyroBohmmodel (dashed curves) for all the predicted
profiles for JET Pulse No: 46664.
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Figure5: Experimental (solid curves) and predicted by the BohnvgyroBohm model (dashed curves) for all the predicted
profiles for JET Pulse No: 46664.
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Figure 6. Toroidal and poloidal rotation, ion temperature and electron density profiles at four instants for a typical
JET ITB discharge. The yellow shaded region indicates the location of the I TB.
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Figure 7. (a) and (b) Comparison of measured carbon v, profiles with neoclassical predictions by NCLASS (c) and

(d) E, profiles calculated using the force balance eguation, with the measured (stars) and the NCLASS v, (line).
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Figure8. Predictionsfor theion temperature, radial electric field and wg, g shearing rate beforetheion I TB formation
at t=5.7s (left frame) and after it at t=6.2s (right frame) using both the Weiland model and GLF23 either with
measured or neo-classical poloidal velocity.
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Figure9. Radial profilesof predicted v, , and neoclassical
deuterium velocity calculated by the TRB code. The
velocity unit isa diamagnetic vel ocity in units T/eBa and
positive values arein the electron diamagnetic direction.

Figure 10. Radial profiles of ion temperature and the
turbulent poloidal velocity (v, - uyc) due to turbulence
calculated with the TRB code for a case with a reversed
g-profile. Velocity unit asin figure 9.
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Figure 11. Comparison of vy, v, T; and T, between the CUTIE simulation (red) and experiment (black) after 144ms
simulation time for JET Pulse No: 58094 at t=5.5s. On the upper left frame, neo-the classical v, (blue) and the
deuterium v, are shown as comparison while red curve represents poloidal ExB velocity, assumed to be close to

carbon vy,
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Figure 12. The poloidal force densities representing the contributions from Reynold’s stress (red dash-dotted) and
Maxwell’s stress (magenta dotted) summing up to the total stress (blue dashed). The estimation of the total poloidal
stress needed to drive the experimentally measured value is denoted by the black solid curve.
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