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Two different transport models—the Mixed Bohm/gyro-Bohinint European TorugJET)] model

[Erbaet al, Plasma Phys. Controlled FusiB8, 261(1997)] and the Multi-Mode modelMMM95)
[Batemaret al,, Phys. Plasmas, 1793(1998 |—are used in predictive transport simulations of 22
high-mode discharges. Fourteen discharges that include systematic scans in normalized gyroradius
(p,), plasma pressured), collisionality, and isotope mass in the JET tokarf@kbutet al., Nucl.
Fusion25, 1011(1985] and eight discharges that include scang.jn elongation &), power, and

density in the DIII-D tokamakJ. L. Luxon and L. G. Davis, Fusion Techn@l. 441 (1985] are
considered. When simulation temperature and density profiles are compared with processed
experimental data from the International Profile Database, it is found that the results with either the
JET or MMMB95 transport model match experimental data about equally well. With either model,
the average normalized rms deviation is approximately 10%. In the simulations carried out using the
JET model, the component of the model with Bohm scalingich is proportional to gyroradiys
dominates over much of the plasma. In contrast, the MMM95 model has purely gyro-Bohm scaling
(proportional to gyroradius squanedn spite of the differences in the underlying scaling of these
transport models, both models reproduce the global confinement scalings observed in the scans
equally well. These results are explained by changes in profile shapes from one end of each scan to
the other. These changes in the profile shapes are caused by changes in boundary conditions, heating
and particle source profiles, large scale instabilities, and transpor20@. American Institute of
Physics. [DOI: 10.1063/1.1338534

I. INTRODUCTION magnetic field scaling of gyro-Bohm models would je

o ) ) ) ) ocB;l while the scaling of Bohm dominated models would
Predictive transport simulations using two different

paper is the Multi-Mode transport mod@MMM95), which
consists of a combination of theory-based moddlke other
model is the empirical Mixed Bohm/gyro-Boh¢loint Euro-
pean Torus, JETtransport modef. The temperature and

density profiles predicted by simulations using each of thes h i bound diti by ch .
models have been shown to match experimental data frorfy'@N9ES 1N boundary conditions or by changes in sources or

tokamaks~7 However, the two models have very different sinks, from one end of each scan to the other, can have an
scalings with respect to plasma parameters and different d&€T€Ct on the global confinement scaling in simulations of
pendencies on the shapes of the plasma profiles. The modetgMode(low modé andH-mode (high modg plasmas. For
are compared in this paper by using them in pairs of predic€*@mPple, inL.-mode plasmas, variation in edge neutral pen-
tive simulations that are set up to be identical in every re-ftration depth causes ting profiles to change near the edge
spect other than the choice of the transport model. of the plasma, which changes the scalingyof As a result
One of the key differences between the MMM95 and©f these changes in plasma profile, the Multi-Mode model,
JET models is the gyroradius scaling of their diffusivities With its pure gyro-Bohm scaling, can produce a global en-
(x). While the MMM95 model has a purely gyro-Bohm €rgy confinement scaling that is only weakly dependent of
scaling ()(Mpgcs/R), the JET has a Bohm-dominant scaling magnetic field(i.e., less dependent than Bohm scaling on
(x*psCs) In simulations of large tokamak plasmdsee magnetic field. In simulations ofH-mode plasma‘é,it is
Table | for notation and definitionsin systematic gyrora- found that the height of the pedestal at the edge of each
dius scans, the magnetic field strength is varied from disH-mode plasma has a large effect on the shape of the tem-
charge to discharge to vapy/a, while the density, tempera- perature and density profiles and, consequently, the height of
ture, and current are varied to hol@, dimensionless the pedestal has a large effect on global confinement scaling.
collisionality, and magnetiq fixed. If the shapes of the pro- Simulations of isotope scans in ELMy JEF-mode plasmas
files were held completely fixed in gyroradius scans, theghigh mode plasmas with edge localized mgdgsow how

lation between the scaling of global confinement and the

underlying scaling of the particular transport model.
Previous worR* has shown that changes in the shapes of

éhe temperature and density profileg; (T,,ne) caused by
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TABLE I. Notation.
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Il. TRANSPORT MODELS

Variable  Units Meaning The MMM95 version of the multimode model is de-
a m  Minor radius(half-width) of plasma scribed in detail in Ref. 1 and is available as a National
B, T Vacuum toroidal magnetic field at Transport Code CollaboratiaiNTCC) computer code mod-

major radiusR along flux surface ule at the website http://w3.pppl.gov/INTCC. The MMM95
1/2 . .
Cs m/s - [koTe/mi]"" speed of sound model has been used extensively to simuld&emode
D m/s  Effective charged particle diffusivity plasmad**! as well asL-mode and other plasmas such as
Charged particle flux divided by density gradient hot ion mode<:561213The MMM95 transport model is a
e C Electron charge ' p
lp MA  Toroidal plasma current pure gyro-Bohm model.
Ky Conversion from keV to joules The version of the JET model that is used in this paper is
m, kg{3 Average ion mass described in Ref. 2. Both the electron and ion thermal diffu-
Ne m *  Electron density sivities consist of two terms. One term has Bohm scaling
Pne MW  Neutral beam injection power
q Magneticq value Boh 2a_(dpe/dr)
r m Minor radius(half-width) of each flux surface XM= pCsq ——Ag, 1)
R m Major radius to geometric Pe
center of flux surface while the other term has gyro-Bohm scaling
tsaw S Time of last sawtooth crash
Te keV  Electron temperature picsa(dT,./dr)
T keV  lon temperature x9vro-Bohm= UAGhahul Sl 2
Wi, MJ Thermal plasma energy a Te
‘é"tot MJ ;Of'zg'/"’;s”;ir:zqeégyg:éfdégggassgégz The notation is described in Table 1. In the Bohm diffusivity
eff s 'is*s e 1 H H Y 1 1 1
8 Beta[ Wy /(B2/2u1,)] expres‘.5|on,ATe is a finite difference approxmatpn to the
X m?/s  Effective thermal diffusivity normalized temperature electron temperature difference at
Heat flux divided by density time temperature gradient the plasma edge
S Plasma triangularity
K Plasma elongation _ Te(r/a=0.8—Tg(r/a=1)
v, Collision frequency divided by bounce frequency ATe= To(r/la=1) ()
Ps m Gyroradiug csm; /(eBy)] €
Py Normalized gyroradiusg/a) The resulting anomalous ion and electron thermal diffusivi-
Te s Total energy confinement tim&\o./Pys) ties are constructed from the sum of these Bohm and gyro-
Tih S Thermal energy confinement timevg,/P ;<9

whereP,. is power lost through edge of plasma

this effect can influence the confinement of discharges in

systematic way. and
Motivated by these studies, 22mode discharges taken IS given by

Bohm terms, with empirically determined coefficients
X7 '=1.6X 10" 4x BN 1. 75x 107 2y avro-Bohm 4

X.éET: 8% 10 SXBohm+ 3.5X 10" 2ngro-Bohm, (5)
a
and the hydrogenic and impurity charged particle diffusivity

from the International Profile Datab&seere simulated us-
ing both the MMMO95 and the JET transport modules in the Ty
BALDUR code’ Of the 22 H-mode plasmas, 14 are taken XiT Xe

from JET experiments and 8 are taken from DIIEbex- All the simulations are carried out using the time-
periments. The JET series includes systematic scans of ttependentBALDUR integrated predictive transport code
normalized gyroradius g, ), normalized plasma pressure http://www.physics.lehigh.edu/baldur/index.hitmin each
(B), collisionality (v, ), and isotope mass. In addition, one Ssimulation, either the JET or the MMMB95 transport model is
of the JET discharges is referred to as an “identity shot,”used together with neoclassical transport. Each simulation
JET 33465, which is part of a series of experiments designetpllows the time evolution of the ion temperature, electron
to testp, scaling across various tokamaks. The DIII-D seriestemperature, hydrogenic density, impurity density grfo-
includes systematic scans@f , elongation ), and plasma file, given boundary conditions from experimental data.
density and power.

The transport models are described in Sec. Il. Details o[
the experimental JET and DIII-D discharges are given in
Sec. lll. Section IV presents a statistical analysis of the tem-  All the experimental data from the 2B-mode dis-
perature and density profiles produced by simulations usingharges considered in this paper are taken from the Interna-
the JET and MMM95 transport models compared with ex-tional Profile DatabaseAll of this data was processed by
perimental data. In addition, an analysis of the physical prothe TRANSP code, a time-dependent transport analysis code
cesses in the simulations that produce the observed scaling fntp://w3.pppl.gov/transp/
each scan is also presented in Sec. IV. Simulations of th
International Thermonuclear Experimental ReadidiER)
tokamak reactor design are presented in Sec. V. Conclusion The 14 JETH-mode discharges consist of 2 pairs of
are given in Sec. VI. normalized gyroradiusg(,) scans, @ scan, a collisionality

D‘]ETM XiXe (6)

Il. H-MODE EXPERIMENTAL DATA

S\. JET discharges
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TABLE Il. Major plasma parameters for the JET discharges.

JET JET JET JET JET JET JET JET JET

Tokamak 33131 33140 33465 35156 35171 37718 37728 38407 38415
discharge: Low High Identity Low High High Low Low High
Type P P P P Vi Vy B B

R (m) 2.94 2.93 2.87 2.87 2.88 2.94 2.92 291 2.88
a (m) 0.94 0.92 0.95 0.93 0.94 0.93 0.96 0.94 0.97
K 1.70 1.56 1.55 1.56 1.58 1.58 1.64 1.60 1.55
) 0.28 0.26 0.19 0.11 0.24 0.13 0.20 0.16 0.11
B (T) 3.13 1.77 1.10 2.17 1.09 2.11 2.71 1.59 1.84
I, (MA) 2.83 1.61 1.04 2.05 1.01 1.97 2.57 1.47 1.67
He (10 m™3) 7.10 3.65 3.26 5.44 2.44 4.54 4,90 3.05 4.02
Zes 1.92 1.66 1.52 1.25 1.10 1.93 1.76 2.09 2.06
Pne (MW) 18.0 5.80 2.77 8.60 2.91 9.70 13.3 5.60 15.7
p,(0) (1073 m) 5.11 7.59 7.77 4.96 9.66 6.02 6.07 8.34 7.42
T (S 0.26 0.37 0.37 0.40 0.24 0.29 0.24 0.31 0.20
Wi, (MJ) 7.14 2.02 0.93 2.90 0.82 2.75 4.24 1.59 3.12
Wo: (MJ) 7.85 2.27 0.98 3.08 0.96 3.09 4.89 1.87 3.87
tsaw () 55.3 52.9 63.0 54.5 62.0 55.3 57.8 57.2 56.4
Diagnostic
time (s) 55.69 56.50 63.76 55.85 65.00 55.38 58.12 57.40 56.61

(v,) scan, 5 discharges in which the isotope mass was vafinement scaling is observed to be Bohm-like in this séan.
ied, and a discharge referred to as an “identity shot.” Plasmahe second pair, discharges 35171 and 35156, shown in
parameters for these discharges are listed in Tables Il and lIFigs. 3 and 4, have heating power well above khenode

In the p, scans,p, was varied by a factor of 1.6 while all threshold. These discharges are observed to follow a gyro-
other dimensionless parameténetablyq, normalized colli-  Bohm-like confinement scaling @y, p, %’ (where 7y, is
sionality v, , and 8) were held nearly fixed*® with only  the global thermal energy confinement tims agreement
slight differences in these parameters within each scan. lwith ITER-93P scalind’ The “identity” discharge consid-
addition, there were various amplitudes, frequencies, and

types of ELMs at the edges of the plasmas in the discharges

considered. JET 33140

The first pair of discharges from thg, scan, 33140 and 40 A 56:5 ik HI—Mode Hl'gh s

33131, have a heating power near tienode power thresh- LN
old. The temperature and density profiles for these dis- __ 30 RN
charges are shown in Figs. 1 and 2. The global energy con- E> o0 |
- * Ex
o0 S
TABLE Ill. Major plasma parameters for the JET isotope scan discharges. —-—- MMM95
JET JET JET JET JET
Tokamak 42794 42997 43134 43443 43452 .
discharge: Tritium  Tritum Deuterium Hydrogen Hydrogen %
Type isotope isotope  isotope isotope isotope <
R (m) 295 295 2.95 2.95 2.95 =
a (m) 0.80 0.80 0.80 0.80 0.80
K 1.70 1.70 1.70 1.70 1.70 0.0
8 0.30 0.30 0.30 0.255 0.30 40
B (T) 1.76 2.96 1.76 1.76 0.97 &
Iy (MA) 1.78 1.78 1.78 1.77 0.97 ' 30
N (10°m-3) 539  4.84 4.36 2.56 2.57 2 50
Zess 3.36 3.17 2.53 1.46 2.09 =
P (MW) 6.74 10.4 7.40 7.40 7.40 o 1.0 .
Eng (keV) 160.0  160.0 140.0 90.3 98.3 0.0 . . .
p,.(0) (103m) 11.46 6.94 9.10 5.30 10.0 2.0 25 3.0 3.5 4.0
Tt (9 0.438  0.230 0.285 0.248 0.132 Major Radius (m)
Wy, (MJ) 2.73 2.45 2.19 1.41 0.84
Wt (MJ) 3.19 3.12 2.75 1.81 1.00 FIG. 1. lon temperature, electron temperature, and electron density profiles
toaw (9) 60.4 60.6 62.7 68.0 as a function of major radius for simulations of the hjgh JET discharge
33140. In each panel, the closed circles represent experimental data, the
Diagnostic solid curves are the results of simulations using the Mixed Bohm/gyro-
time (s) 60.6 60.84 62.9 62.1 69.6 Bohm model, and the dashed curves are simulations using the MMM95

model.
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JET 33131 JET 35171
at 55.69 sec, H-Mode Low p. at 65 sec, H-Mode High p.
8.0 ; . . 4.0 : ; . .
6.0 30
> S
g 40+ £ 20
= 20 = 1.0
0.0 0.0
= 807 S 20
2 )
x 40 =3
o > 1.0
F 20}
0.0 0.0
o~ 8.0 ‘?; 2.0
£ 6.0 )
o 40 2 10|
20 e’
0.0 : ' : :
0.0 1.8 22 28 3.2 3.8

2.0 25 3.0 315 4.0 : .
Major Radius (m
Major Radius (m) ajor Radius (m)

. _ FIG. 3. lon temperature, electron temperature, and electron density profiles
FIG. 2. lon temperature, electron temperature, and electron density profilegs 4 function of major radius for simulations of the high JET discharge
as a function of major radius for simulations of the lpy JET discharge 35171, In each panel, the closed circles represent experimental data, the
33131. In each panel, the closed circles represent experimental data, 1gjiq curves are the results of simulations using the Mixed Bohm/gyro-

solid curves are the results of simulations using the Mixed Bohm/gyro-gonm model, and the dashed curves are simulations using the MMM95
Bohm model, and the dashed curves are simulations using the MMM9%,54el.

model.

. . . . charges in the International Profile Database. The ion tem-
ered in th's_ paper, JET 33465_’ is part of a Series 9f experl|'3erature profiles for these discharges are not used in the sta-
ments designed to tegt, scgllng across various dlff.erent tistical analysis presented in Sec. IV A in the following. In
tokamaks. All of these JET discharges were fueled with deuzition it was discovered that the diagnostic time of 65.87

terium and heated by neutral beam injection. Dischargg given in the International Profile Database for JET 35171
33131, the lowp,, experiment of the first pair, was addition- ,.0,req after the beam heating power was turned off. To
ally heated by 1.7 MW of absorbed ion cyclotron resonance e ct this, the diagnostic time was moved back to a rela-
heating, a relatively small component of the total heating Oftively steady state period of the core discharge at 65.0 s,
the plasma. . . although the edges of th&; and T, profiles oscillate
The next pair of JET discharges, 37718 and 37728, arg,,ghout thed-mode phase of the discharge. The diagnos-

taken from a scan in which the dimensionless collisionalityyjc. imes for the other discharges are taken from the Interna-
(collision frequency divided by the bounce frequenayas tional Profile Database

varied by a factor of 2.6 while holding, and g fixed?*
Discharge 37728 was heated with 1.1 MW of absorbed io
cyclotron resonance heating as well as 13.3 MW of neutra
beam injected power. The final pair of JET discharges listed Four pairs ofH-mode plasmas comprise the DIII-D dis-
in Table Il, 38407 and 38415, are taken from a scan in whickcharges examined in this paper. Major plasma parameters for
the plasma beta was varied by a factor of 1.5 while holdingall 8 of the discharges taken from the International Profile
p, and the dimensionless collisionality fix&d. Database are listed in Table IV. The discharges include scans
Finally, the 5 discharges listed in Table Ill are ELMy for plasma power77557 and 77559 density (81321 and
H-mode JET discharges in which different hydrogenic81329, elongation ) (81499 and 81507 and p, (82205
isotopes—hydrogen, deuterium, or tritum—were used forand 82788
the plasma discharge and for the neutral beam injected gas. In the power scan experiment, the neutral beam injection
The simulations for these discharges are compared with eypower was varied while the average plasma density was kept
perimental data obtained directly from experimental mea<€onstant. Power balance analysis shows that the thermal dif-
surements as described in Ref. 3. fusivities increase with temperature, though the electron and
Some of the discharges had irregularities complicatingon diffusivities scale differently. At the half radius, elec-
their study. For example, no information is available for thetrons follow Xeoch/z and ions followy;«T;.
T, profiles of JET discharges 33140, 33465, and 35171. The In the density scan, the temperature was kept constant by
T, profile data are set equal T, profile data for these dis- increasing neutral beam injected power as the plasma density

. DIII-D discharges
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JET 35156
at 55.85 sec, H-Mode Low p.

the height, safety factorg), density, and heating power are
kept fixed, the confinement of the plasma should not signifi-

3.0 ‘ cantly change, according to global confinement scalings.
Thus, an elongated plasma with smaller volume but the same
< 207 density and stored enerdye., confinementx powep will
g have higher temperatures than a less elongated plasma. As
= 1.0 . fé$ predicted, experimentalists observed higher temperatures in
—-—- MMMg5 the more elongated plasntdischarge 81507 However, the
0.0 ‘ degree of improved confinement exceeded the original pre-
diction. The enhanced performance was attrib(tdeast in
S 20} par) to an enhanced toroidal rotation gradient along the
2 edge.
:m 10 L In thep, scan, several dimensionless parameters such as
elongation, plasma bet#], collisionality (v, ), andq, were
0.0 matched to the design specifications of ITERn both p,

) discharges, the global thermal confinement time followed a
Py gyro-Bohm scaling, as did the diffusivities from a power
(?E balance analysis. A confinement scaling with gyro-Bohm
2 4.0 r scaling yields a more optimistic confinement time and per-
Z 29 formance for ITER and similar fusion reactor designs than
c does a confinement scaling with Bohm scaling.

00, 8 22 238 32 38

Major Radius (m) IV. SIMULATION RESULTS

FIG. 4. lon temperature, electron temperature, and electron density profiles ~ Simulations are carried out using both the MMM95 and
as a function of major radius for simulations of the lpy JET discharge  the JET model for each of the 22-mode discharges and the
35156. In each panel, the closed circles represent experimental data, tr'lésumng plasma profiles are compared with experimental
solid curves are the results of simulations using the Mixed Bohm/gyro- f he | . | Profile Datab Each ir of
Bohm model, and the dashed curves are simulations using the MMMQEg_ata r(_)m t_e ntematlona_ ro_' e Database. Eac p_a" 0
model. simulations is set up to be identical except for the choice of
transport model. The time-dependent boundary conditions
for these simulationgtemperatures, densities, equilibrium
was increased. The diffusivities from power balance weréboundary shapeas well as the time dependence of the aver-
found to be independent of the density of the plasmas in thiage density and@ . are taken from the International Profile
scan. Database for these discharges.
The elongation scan tested a predictfoof better fusion A statistical analysis of the simulations compared with
performance in more elongated plasmas. If the plasma isxperimental data is described and applied in Sec. IVA to
stretched by lowering plasma width from the outside, whileevaluate how well each of the two transport models match

TABLE IV. Major plasma parameters for the DIII-D discharges.

DIII-D DIlI-D DIII-D DIIl-D DIII-D DIII-D DIII-D DIII-D
Tokamak 77557 77559 81321 81329 81499 81507 82205 82788
discharge: Low High Low High Low High Low High
Type power power Ne Ne K K

R (m) 1.68 1.69 1.69 1.70 1.69 1.61 1.69 1.68
a (m) 0.62 0.62 0.60 0.59 0.63 0.54 0.63 0.62
K 1.85 1.84 1.83 1.83 1.68 1.95 1.71 1.67
S 0.33 0.35 0.29 0.36 0.32 0.29 0.37 0.35
Br (T) 1.99 1.99 1.98 1.97 1.91 191 1.87 0.94
I, (MA) 1.00 1.00 1.00 1.00 1.35 1.34 1.34 0.66
ne (10°m3) 4.88 5.02 2.94 5.35 4.81 4.90 5.34 2.86
Zogt 1.68 221 2.42 1.65 2.33 1.93 2.13 1.94
Png (MW) 4.73 13.23 3.49 8.34 5.74 571 5.86 3.25
p,(0) (10 3m) 11.02 14.30 12.38 12.09 12.01 16.43 13.04 19.36
Tih (9) 0.11 0.06 0.12 0.08 0.12 0.11 0.14 0.06
Wy, (MJ) 0.58 0.88 0.41 0.69 0.72 0.66 0.84 0.20
Wior (MJ) 0.65 1.16 0.51 0.83 0.84 0.86 0.95 0.26
tsaw (9 2.63 2.66 3.87 1.50 3.81 2.45 0.36 2.06
Diagnostic

time (s) 2.70 2.70 3.90 3.80 4.00 3.80 3.66 3.54
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the data. The scaling and radial form of the diffusivities that 20
result in the simulations using the JET transport model are

considered in Sec. IV B, and it is shown that the Bohm com-

ponent of the JET transport model dominates. Then, in Sec.
IV C, a selection of JEp,, discharges is considered in detail

in order to investigate the physical processes associated with
the interplay between boundary conditions, sources and
sinks, and transport in these simulations, with a particular

emphasis on the gyroradius scaling of the transport models.
Observations from the simulation of the scans carried out in

the DIII-D tokamak are presented in Sec. IV D.

A. Statistical analysis

¢ Relative to Maximum (%)

For each of the profile§on temperature, electron tem-
perature, and electron dengityve define the normalized de-
viation ¢;, of the jth experimental data pow)(eXpt and the
simulation resuhXS'm(R) at the major radiug; of the cor-
responding experlmental data point as

i t
X5|m( R-) _ Xjexp

expt
Xmax

()

GjE

FIG. 5. Relative rms deviation®o) for the ion temperature profiles pro-
Note that each deviation is normalized by the maﬁ:)ﬂnum ex duced by simulations using the JET and MMM95 models compared with
perimentally measured value for that given profi&;,, SO  experimental data for 18-mode discharges listed by DIII-D and JET dis-

that all the deviations have equal weight—rather than noreharge number.
malizing by the local experimental data point, which would
over-weight the deviations near the edge of the plasma where
the data points have small values.

For each profile at the diagnostic time for each dis-.
charge, we define the rms deviationand the offsef be-
tween the profile resulting from the simulation and the cor-
responding experimental data as

t|ons range from 4.6% to 17.8%, with no systematic trend
that favors either model. The offsets are mostly negative,
indicating that simulations underpredict the experimental
data, but the negative values are 12% or less.

The average rms deviatian,,y and average offseft,q,
averaged over 19 discharges for the ion temperature, and
averaged over all 22 discharges for the electron temperature

> & 8

Il
zﬂ
] Z
g
m
N

and

JET
MMM
15 ]

1 N
=N ©

whereN is the number of experimental data points in a pro-
file. The rms deviationr and the offsef are evaluated for
each of the three profiles—ion temperature, electron tem-
perature, and electron density—for the discharges consid-
ered. Note that the offset is positive if the simulated profile is
systematically higher than the experimental profile and nega-
tive if the simulated profile is systematically lower than the
experimental profile. If the offset is zero, then the rms devia-
tion is a measure of how much the shapes of the profiles
differ between simulation and experiment. The results of the
statistical analyses are presented in Figs. 5—8 and in Table V.
The rms deviations and offsets for the ion temperature
profiles for nineteen out of the 2A-mode discharges that _15

Offset Relative to Maximum (%)

are simulated using the JET and the MMM95 models are ggfggeg,ggggsggg}gggg
shown in Figs. 5 and 6. 3 of the 22mode discharges were SREESINARIILR 2T 2y

excluded(JET discharges 33140, 33465, and 351dcause | et from for th " duced b
; ; ; 6. Relative offset from for the ion temperature profiles produced by
the ion temperatures in those 3 discharges were not measurgﬁulatlons using the JET and MMM95 models compared with experimen-

(the io_n temperature_s were Se_t equal to the electron te_mpergad data for 19H-mode discharges listed by DIII-D and JET discharge
tures in the International Profile Databas€he rms devia-  number.
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15 TABLE V. Average rms deviation and the scatter in rms deviations for the
22 H-mode discharge&l9 discharges folf;) simulated using the MMM95
JET and JET models.
MMMe5
Statistic T Te Ne
Q JET (%)
< Tavg 9.58 9.99 9.90
E o, 417 5.50 3.04
E
'5 MMM95 (%)
= Tavg 9.38 10.24 8.39
e Oy 4.34 5.94 3.48
o
= Aoayg 0.20 -0.24 1.51
[+]
o
[n e
H
2)

In order to determine whether or not these differences
are statistically significant, it is useful to compute a measure
of the scatter in the rms deviations from one discharge to the
next. The rms deviation of the rms deviations for any given

rofile, o, is defined b
T, T, n, p o y
1 J
FIG. 7. Average rms deviatiof%o) for all three profiles produced by simu- o.=— 2 (oi—0 g)z’ (10)
lations using the JET and MMM95 models compared with experimental 7 y-1 ) T

data for the 22H-mode discharges listed in Tables Il and II. ) )
whereJ is the number of discharges. The resultsdgyyand

o, are given in Table V. The difference between the average

rms deviations for the JET and MMM95 models is signifi-
and density profiles, are shown in Figs. 7 and 8 for the JETcantly less than sum of the, values for all three profiles.
and the MMM95 transport model simulations. The averagesimilar results are found for the offsets. Hence the difference
rms deviations differ by less than 1.6% between the twapetween simulation results produced by the two models is
models for the three profiles, and the average offsets diffefot statistically significant. We conclude that the two models

by less than 3.3%. The magnitudes of the average offsets fehatch H-mode experimental data from these 22 discharges
the JET transport model simulations are smaller than 2.5%qually well.
for all three profiles while the magnitudes of the average
offsets for the MMM95 model are less than 3.9% for all g Gyroradius scaling of the JET transport model
three profiles.
The effective diffusivities as a function of minor radius
from a simulation using the JET transport model for the high

p, JET tokamak discharge 33140 are shown in FigNate

15 = that the “effective” thermal diffusivity, for example, is de-
W P fined as the heat flux divided by the density times tempera-
w0l ture gradient—with no separate contribution for convecjion.

This simulation of the JET discharge 33140 matched experi-
mental data quite well, as can be seen in Fig. 1. The total
5| | thermal diffusivities shown in Fig. 9 are the sum total of
contributions from the Bohm and gyro-Bohm terms in the
JET model as well as neoclassical transport, which has gyro-
Bohm scaling. It can be seen in Fig. 9 that the Bohm contri-
bution to the JET transport model is the dominant contribu-
tion to the ion thermal diffusivity over most of the plasma,
and the dominant contribution to the electron thermal diffu-
sivity over the outer half of the plasma, in the case of this
simulation.
-10 } ] The normalized minor radii where the transition occurs
from gyro-Bohm dominance to Bohm dominance in the elec-
tron and ion thermal diffusivities for simulations using the
-15 ' ' , JET model are listed in Table VI for the 22 discharges simu-
T; T, n, lated. For the ion thermal diffusivity, it can be seen that the
FIG. 8. Average offset from experime(®b) for all three profiles produced Bohm coniribution is _Iarger than the gyr.O-BOhm.Conm.buuon
by simulations using the JET and MMM95 models compared with experi-OVer the outer two-thirds of the plasma in JET simulations of
mental data for the 2Bi-mode discharges listed in Tables Il and II. the JET tokamak discharges and over almost all of the

Average Offset Relative to Maximum (%)
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JET 33140 are typical of the components of the JET transport model in
8565 sec, H-Mode High ", JETTO Difusivitios all 22 discharges included in this study. The fact that the JET
—— Bohm transport model has predominantly Bohm scaling while the
4.0 H —=- gyro-Bohm . . . . .
= —-— Neodl multimode model has entirely gyro-Bohm scaling is a major
g 3ol —T fundamental difference between the models.
“g 20t
= 10 C. Scaling of the p, scans in the JET tokamak
0.0 The JET and MMM95 model simulations of the 4 JET
tokamak discharges, representing two gyroradpys (scans,
g 20 are shown in Figs. 1-4. As noted in Sec. lll A, the global
Nﬁ energy confinement time is observed to have nearly Bohm
=~ 10t scaling in discharges 33140 and 33131, while it has nearly
= gyro-Bohm scaling in discharges 35171 and 351%#lt is
0.0 : intriguing that simulations using transport models with such
E— different gyroradius scalingBohm and gyro-Bohmare able
5 04 to match experimental data from two differddtmodep,
N@ 0.3 ¢ 1 scans that have such different gyroradius scaling of global
£ o2 1 confinement.
g o4l ] The key to understanding how two transport models with
00 ‘ . ‘ different underlying scalings can both match two scans with
T00 02 04 06 08 1.0 different global confinement scalings is to examine the
Minor Radius (m) boundary conditions and the resulting shapes of the density
FIG. 9. Effective diffusivities as a function of minor radius from a simula- and temperature profiles. Consider the pair of JET tokamak
tion using the JET model for the high, JET discharge 33 140. discharges 33140 and 33131 shown in Figs. 1 and 2, with

plasma parameters given in Table Il. The strength of the

toroidal magnetic field was increased from 1.74 to 3.06 T as
plasma in most of the DIII-D discharges. For the electronthe scan progressed from discharge 33140 to 33131. In order
thermal diffusivity, the Bohm contribution is larger than the to hold the average8 and collisionality fixed in the dis-
gyro-Bohm contribution over the outer half of the plasma incharges of this scan, the line averaged density was increased
the simulations of JET discharges and the outer two-thirds ofrom 3.7 to 7.%x 10"°m~2 (proportional toB**9 and addi-
the plasma in most of the simulations of DIII-D discharges.tional heating was applied to increase the plasma thermal
The components of the thermal diffusivities shown in Fig. 9energy content from 2.0 to 7.3 Mgroportional toB229).

However, the shapes of the electron density profiles near

TABLE VI N lized mi dis bevond which the Boh tthe edge of the plasma changes from relatively flat in the low
. Normalized minor radius beyond which the Bohm component . ; . . .
of the JET model is greater than the gyro-Bohm component in each simu]ileld discharge 33140 to a relatively steeper gradient in the

lation. higher field discharge 33131, starting at the top of the
H-mode pedestal in both cases. As a result, the pressure gra-
_ r/a for ria for dient near the edge of the plasma increases from the low field
Tokamak  Discharge  x¢*"™>x@"*%M Py @ORMM e bigh field discharge. This has the effect of increasing
JET 33131 0.48 0.40 the transport near the edge of the plasma in the high field
JET 33140 0.46 0.10 case. This profile effect works against the gyroradius scaling,
JET 33465 0.48 0.20 which would reduce the transport as the magnetic field is
peaid e ol o3 increased if the profile shapes were held fixqec B~ for
JET 37718 057 0.00 Bohm andy=B~* for gyro-Bohm. The increase in thermal
JET 37728 0.64 0.25 diffusivities near the edge of the plasma as the magnetic field
JET 38407 0.45 0.05 is increased results in flatter temperature profiles near the
JET 38415 0.43 0.05 edge of the plasma in the high field discharge 33@84. 2)
jg jgg‘; 8:2; 8:83 relative to the low field discharge 3314Big. 1). The vari-
JET 43134 0.66 0.07 able At defined in Eq.(3), which serves as an estimate of
JET 43443 0.25 0.00 the normalized temperature gradient, is reduced from 0.51 in
JET 43452 0.57 0.05 the low field discharge 33140 to 0.38 in the high field dis-
owo o 0% charge 33131
DIlI-D 81321 028 0.05 The two transport models respond somewhat differently
DIII-D 81329 0.28 0.05 to the changes in the shapes of the profiles. The Bohm con-
DIlI-D 81499 0.35 0.03 tribution to the thermal diffusivities of the JET transport
Dill-D 81507 0.33 0.03 model is proportional to the local electron pressure gradient
DIII-D 82205 0.33 0.00 multiplied by A; from the edge of the plasma. As noted,
DII-D 82788 0.41 0.27 e

ATe decreases with magnetic field while the dependence on
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local electron pressure gradient gives the JET model somgerature profiles in both discharges while the JET model
stiffness. Also, it can be seen from Table VI that the normal-overpredicted both temperature profiles in the highdis-
ized radius at which the Bohm component becomes largetharge 82788 and underpredicted both temperature profiles
than the gyro-Bohm component of the ion thermal diffusivity in the low p, discharge 82205, although this difference is
moves from 0.1 in the low field discharge 33140 to 0.4 in thestill not statistically significant.
high field discharge 33131. These effects combine in the JET It is found that there is no systematic trend in the power
simulations to make the predicted energy confinement timscan(discharges 77557 and 77558o0th models underpre-
nearly independent of magnetic fieldg<B%%9). dicted the ion temperature profiles by about the same amount
The MMMO95 transport model is somewhat stiffer than and both models predicted the electron temperature profiles
the JET transport modéthe diffusivities increase more rap- more accurately. The MMM95 thermal diffusivities increase
idly with increasing normalized temperature gradient in thewith electron temperaturex(ng’z) and also the contribu-
plasma core As a result, the flatter temperature gradienttions to the thermal diffusivity from different parts of the
near the edge of the high field discharge 33131 has the effe®lMM95 model increase with normalized ion temperature
of holding down all the rest of the temperature profile. Thisgradient(for the drift modeg or with normalized pressure
causes the predicted global energy confinement time to bgradient(for the ballooning modes The thermal diffusivi-
nearly independent of magnetic fieldrg¢<B%1Y) even ties, which result when the JET transport model is used, also
though the underlying gyro-Bohm scaling of MMM95 would increase with electron temperatupe(T, for the Bohm con-
predict confinement proportional to magnetic field if the pro-tribution) and with the normalized electron pressure gradient.

files were actually held fixed. All of these dependencies contribute to the observed scaling
The change in the normalized edge density gradient i®f confinement with respect to heating power.
less pronounced in the other JBT scan, 35171Fig. 3) and In the density scaridischarges 81321 and 8132%he

35156(Fig. 4). In that scan, the edge densities increase withheating power was adjusted to hold the temperatures fixed as
magnetic field nedgeocBl'OE) in a way that is more consistent the plasma density was increased. The simulations using

with the increase of the line averaged densﬂyo(sl-&)_ As both models matched the experimental data quite well for
a result, the normalized edge electron pressure gradient ifoth discharges in this scan, as shown in Figs. 10 and 11.
creases by a factor of 2.0 from the low field discharge 35171The shapes of all the profiles remained nearly the same in the
to the high field discharge 35156, compared with the muctiwo discharges of this scan, in both the experimental data
larger increase by a factor of 6.9 in the othgsr scan de- and in the simulationgexcept for some structure in the den-
scribed previously. Throughout the core of the plasma, th&ity profile). If the magnitudes and normalized shapes of the
normalized shapes of the density and temperature profiles apgofiles are fixed from one discharge to another, then the
more peaked in the low field discharge 35171 than they aréliffusivities predicted by both the JET and MMM95 models
in the high field discharge 35156. These changes in théemain nearly fixed.
shapes of the profiles together with the underlying scaling of  In the DIII-D elongation scar(discharges 81499 and
the transport models causes the predicted global thermal e§1507, the plasma elongatiofat the 95% flux surfageis
ergy confinement timeyy,, to increase significantly with increased from 1.68 to 1.95 while the width of the plasma is
magnetic field strength 7{, BO%%4 for the JET transport decreased from 0.63 to 0.54 m. It can be seen from the data
model andr,»B%8 for the MMM95 transport modgin this  in Table IV that the energy confinement timeg
JET tokamakp, scan. =W,,/Png changed by only 3960.146 to 0.151 ) Similar
results are found in the simulations: The energy confinement
time decreased by only 1.3%rom 0.161 to 0.159in the
simulation using the JET transport model, and it increased by
Simulations were carried out using the JET and MMM95only 5.5% (from 0.145 to 0.15Bin the simulation using the
transport models for the 8 DIII-D discharges listed in TableMMM95 transport model. Any effect that elongation has on
IV. These discharges represent scans in heating powdhe transport model is offset by the reduction of the width of
(77557 and 77559 density (81321 and 81329 elongation the plasma which increases the temperature and density gra-
(81499 and 81507 and normalized gyroradiug,, (82788  dients across the width of the plasma.
and 82205 The rms deviations and relative offsets are In many of the simulations of the DIII-D discharges us-
shown for the 8 discharges on the right hand side of Figs. $hg the JET model, especially in those with higher neutral
and 6. beam heating power and, consequently, higher neutral beam
First, consider the DIlI-Dp, scan represented by dis- fueling, there is a central peak in the electron density profiles
charges 82788 and 82205. The energy confinement timiat is not present in the experimental data. This observation
(Te=W,t/Ppg) computed from the experimental data hassuggests that the JET transport model is predicting too little
gyro-Bohm scalingre B2 for this set of discharges. The charged particle transport near the magnetic axis.
energy confinement time from the simulations using the
MMM95 transopgort mo_del is found to be glose to gyro-Bohm V. ITER SIMULATIONS
scaling (rg<B%%9, while the energy confinement time from
the simulations using the JET transport model is found to It has been demonstrated in this paper tBatDuUR
have a scaling between gyro-Bohm and Bohma«(B%%).  simulations using the JET and MMM95 transport models
In particular, the MMM95 model underpredicted both tem-matchH-mode experimental data equally well on average for

D. DIlI-D scans
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DIlI-D 81321 DIll-D 81329
at 3.9 sec, H-Mode Low n,_ at 3.8 sec, H-Mode High n,
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FIG. 10. lon temperature, electron temperature, and electron density profil&-,FslG' 11. IO_” tempergture, e_Iectron te_mpergture, and ele_ctron density profiles
as a function of major radius for simulations of the low density DIII-D as a function of major radius for simulations of the high density DIII-D

discharge 81321. In each panel, the closed circles represent experimen '§charr19e 8I:'L329. In each r?anEI' tlhe (ff|°_sed| circles "?p"eiem _experimﬁntal
data, the solid curves are the results of simulations using the Mixed Bohm#a@: t ‘;"]SO id c(;ml/es a(rje the rssur:sdo simulations u;mgIt e Mixed Bo '::/

gyro-Bohm model, and the dashed curves are simulations using th@Yr0-Bohm model, and the dashed curves are simulations using the

MMM95 model. MMM95 model.

cumulated heliumsee Fig. 12 Simulations set up in the
all the discharges considered, including fhescans. Now it same way using the MMM95 model rather than the JET
would be useful to compare simulations of a fusion reactotransport model(i.e., with the same boundary conditions,
design using these two models. Systematic scans of simulauxiliary heating, and density ramjgnited with edge tem-
tions using the MMM95 model have been published for theperatures as low as 0.25 keV or with volume average density
original design of the International Thermonuclear Experi-as low as 0.77810°°m2.2° The only dimensionless pa-
mental ReactotI TER).2>*° That version of the ITER design rameters that are different between ITER and present day
had the following engineering parameters: major radtus tokamaks such as JET or DIII-D are the normalized gyrora-
=8.14 m, minor radiusi=2.80 m, elongationc=1.60, tri-  dius p, and the atomic physics scale lengths, such as the
angularity §=0.24, toroidal magnetic field8;=5.68 T, normalized penetration length for edge neutrals. The gyrora-
plasma current,=21.0 MA, and the volume-averaged ef- dius scaling of the JET model is dominated by Bohm scaling,
fective ion charg€Zgq) = 1.5. which is more pessimistic than the gyro-Bohm scaling of the
Figure 12 shows the alpha heating power as a function oMMM95 model, when extrapolated from present-day experi-
time for a selection of edge temperatures from simulationsnents to fusion reactors. That is, Bohm scaling of confine-
using the JET transport model with volume averaged elecment increases more slowly with size and magnetic field than
tron densities rising to 14107 (top panel and 0.9 does gyro-Bohm scaling.
X 10°°m~2 (bottom panél In these time-dependent simula-
tions, 100 MW of neutral beam injection with 1 MeV deu-
terium atoms is applied from 90 to 150 s. The alpha heatiné”' CONCLUSION
power remains high after the auxiliary heating is turned off  Predictive transport simulations of 2RI-mode dis-
at 150 s(indicating ignition in those simulations with edge charges in JET and DIII-D have been carried out with the
temperatures that are 3 keV or higher, while the alpha heatlET and with the MMM95 transport models. A statistical
ing power decays rapidl{not igniting when the edge tem- analysis indicates that the temperature and density profiles
perature is 2.5 keV or less. The pulses of alpha power arom simulations using both models match experimental data
associated with sawtooth oscillations in these simulations. equally well. On average, the MMM95 model underpre-
Simulations of ITER, using the JET transport model,dicted the temperature profiles by 3% or 4% more than the
show that ITER would ignite when the edge temperature iSJET transport model, but that difference is not statistically
about 3 keV or higher and the volume averaged density isignificant. The average rms deviations are about 9% or 10%
0.9x 10?°m™2 or higher, withZ.s= 1.5 from carbon and ac- for both models.
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< >=1.110° m® The simulations presented in this paper illustrate the fol-
8504 ¢ T oo lowing basic principle: Global confinement scalings are de-
300+ termined by the shapes of the plasma profiles in addition to
250 4 keV the underlying scaling of the transport model. The shapes of
S 200 [ the plasma profilegincluding densities, temperatures, cur-
= R A rent, and flow are determined by the effects of boundary
o 1907 P e Ly Shev conditions, profiles of sources and sinks, large scale instabili-
100+ ,'i,f,-';-’u_/‘.'\ A ties, as well as transport. Boundary conditions, for example,
50 g A vt o5 keV/ were shown to have a significant effect on the shapes of the
ol 7 2 k?V'\: :\ — density and temperaturg profiles a'nd, consgquently, a S|gn!f|-
75 100 125 150 175 200 cant effect on the scaling of confinement in the systematic
 (sec) scans presented in this paper.
2504 <n>=0.9-10" m”
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FIG. 12. Alpha heating power from simulations of ITER using the JET
transport model fofngyp) = 1.1 (top panel and({ng,e)= 0.9 (bottom panel

In each panel, the curves show results from simulations using an edge te
perature of 4.0 keMtop curve, 3.0 keV (second curve 2.5 keV (third
curve in the left panel only and 2.0 keV(bottom curve.
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