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Abstrac
The fis:n performance of ITER is predicted using three different techniques;
statistiv:. wnulysis of the global energy confinement data, a dimensionless physics

Althoug!. he three methods give overlapping predictions for the performance of ITER,

the conti.»nee interval of all of the techniques is still quite wide.

1. Iniroduction
In the inv fow years there has been considerable progress in the understanding of the
transpor: rocesses taking place in a tokamak. In the theoretical area largé codes have
been dev Sloped which simulate the turbulence and ensuing radial transport. The main
source - urbulence is thought to be due to the ion temperature gradient instability and
as we i | ~ee in Section IV there has been some success in comparing theoretical
models + ich contain this type of turbulence with the data (1). However at the present
time a voipicte and fully validated 1-D model describing the transport throughout the
radial re2:on is not yet available. .
Thus to rodict the performance of ITER three different techniques are currently being
used: . ‘' clobal energy confinement scaling method; b) the dimensionlesé physics
paramcte: ~imilarity technique; and c) the full 1-D modelling of the plasma profiles.
The laic-: rosults from each of the techniques will be briefly reviewed in this paper.
Each i :cchniques has its own strengths and weaknesses. The main strengths of
the glob cnergy confinement scaling are vits simplicity and the fact that all the
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physici. rocesses are contained within the data. Its main weakness is that the
modelii . i the energy confinement time Ty, by a simple log-linear form, or even by
more ~:..:sticated forms, can only, at best, be a very approximate description of the
physicu: - rocesses taking place, since no knowledge of the heating, temperature or
density - files or atomic physics processes for that matter, are built into the analysis.
Neverti -ss this technique has a good track record (2) and as will be shown in section
II the wiotion of data from new -machines ASDEX-U, C-MOD, COMPASS-D, JT-
60U ur: OV as well as new data from DIII-D and JET has improved the condition of
the daterse from that used to derive the scalings ITERH93-P(3) AND ITERH92-
PO o

The lack 7 profile information in the global energy confinement time approach can be
overcome by extrapolating the profile data using the dimensionless parameter
similarty technique. In this approach discharges which have similar dimensionless
paramcter o those of ITER are set-up. In principle it is possible to keep all of the key
physics J:nensionless parameters such és B, v*, q etc. fixed at their ITER values apart
from ihic limensionless Larmor radius p* (=pi/a). The p* dependence of the
confincment is then determined by scaling experiments in which B and v* are kept
fixed. Those experiments have been completed on several devices (4-6). For ELMy
H-mode~ ' has been found in DIII-D 4 and JET ) that both the global and local
confinciront is close to gyro-Bohm (BTy, o p*-3) and also in ASDEX-U () the local
confincnont has been shown to be gyro-Bohm.

Using i~ information the temperature profiles in ITER can then be obtained from
those i ~resent experiments by a simple linear scaling and the power to achieve these
profiles .. also be obtained in a simple fashion as will be shown in section II.

However he error in the estimate of the power requirements is quite large when

scaling +.- rom a single machine and it will be necessary to form a database using data
from diiovent size machines to obtain an accurate estimate of the fusion performance
of ITER .ing this technique.
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The nwr ~irength of the 1-D modelling approach is that in principle all of the

transport crocesses and all of the sources and sinks could be included in the model.
The pros.it weakness is that, although significant progress has been made in modelling
the transr ot in the plasma core, we still do not have a good validated edge model, and

as will be ~shown in section IV, the prediction of the performance of ITER is extremely
sensitive - the edge conditions for some of the models. In particular, those models
that have - erv strong profile stiffness lead to a very pessimistic ITER prediction if the
predicico sdge pedestal temperature is low.

IL \nalvsis of the global confinement H-mode data

As me: ea in the introduction substantial additions have been made to both the
ELM\ ... ELM-free database DB2 (7-8) in the last year. Five new machines have
contribuicd d;;ta; ASDEX-U, C-MOD, COMPASS-D, JT60-U and TCV, and DII-D
and JET !uve submitted additional pulses. A standard data sub-set has been assembled
which . - <ists of the same subset that was taken from DB2 (7) plus a new subset which
includes her forms of heating; ICRH and ECRH as well as NBI. In additidn the
ohmic H- node data from COMPASS-D (ELMy and ELM-free) and TCV (ELM-free)
was also aciuded in an effort to improve the condition of the standard dataset. The
new date- 2t consists of 1112 ELM-free discharges and 1190 ELMy discharges which is
roughlv ©. 0% increase in the total number of data points over the DB2 database.

The cona on of both the ELM-free and the ELMy database is significantly better than

DB2. T . two weakest principal components have a very similar form to those of
DB2

PC7 ~ Bn/Rx2

PCg ~ aB/l
The num ot of standard deviations to ITER of the most important one (PC7),' has been

reducc. om Sto4 though. The main reason for this reduction is due to the
introduct: i of the C-MOD data which has a high B/R compared to the other tokamaks

in the cobase. The weakest PCg has a q like dependence and is not so important

since the - ata base includes some data at the ITER value of g. In terms of the physical



variabiv- ~* und P the new devices C-MOD, ASDEX-U and TCV have filled in the

gap beiw on JET and DIII-D and the smaller devices. This can be seen in Fig. 1,
where i - -uil database for the ELM free and ELMy data is shown in p*,  space.
The consonuional log-lihear fits to the ELM-free and ELMy data sets are as follows;

Ty = 0.031 I0.95 B0‘25 P—O.67 r.10.35 R1.92 80.08 K().63 M0.42 (1)
for the {27 N -tree data set with an RMSE of 16%;
T = 0.029 10.90 B0.20 P-O.66 n0.40 R2.O3 80.19 K0.92 MO.Z (2)

for the 1.0y with an RMSE of 15%.
Both o “.<¢ forms satisfy the high § Kadomtsev constraint and writing them in terms
of the iiensionless physics parameters, they have the form:

Bty o p* 2% 087 v+ 013 ELM_free 3)

Bry, o p* 288 g069  5-008
t

ELMy 4)
The ELMi-ree fit is similar to ITERH93-P and, as can be seen in Table 1, the ITER
prediction i~ very close to that of ITERH93-P. The only difference is the slightly
weaker % «icpendence. The DB2 ELMy fit ITERH92-P(y) did not satisfy the
Kadomt~.. constraint. The fact that the ELMy fit now satisfies the constraint is due to
the inciu~ion of the C-MOD data. The ELMy fit is shown in Fig. 2.
In deriviic the fits of equations (1) - (4) each point in the database has equal weight.
However. there are only a small number of points from COMPASS-D and
JT-60U". - to strengthen up the contribution from these, a fit is completed in which
each tokumak is weighted equally. This fit, which is for the ELMy dataset, is presented
in its engineering and phyéics forms in equations (5) and (6), respectively.

' Ty = 0.029 I0.99 B—O.Oé P-0.69 n0.61 R2.11 80'22 K0'7 MO.ll 5)

B‘tlh o p =321 5—0.41 V*0'13 (6)

This tehenek weighted form is very similar to that of equations (3) and (4) and, as can
be seen i Tible 1. the ITER prediction is also very similar.

Severa - hwer log-linear regressions have been completed using different data

selections and normalisations. The main ones that reduce the ITER confinement



predict: . e 1) omission of the COMPASS-D ELMy data, this reduces the 1¢ by 0.4s

2) chur.2:  the normalisation of the PDX data from the TAUC93(3) correction used in

this pero: to the earlier TAUC92(7 correction reduces T¢ by 0.7s. The addition of

auxilie cated data from COMPASS-D could assist in resolving the PDX data

norma:is...on problem.

We ncw i to the error in the ITER prediction and the results of other models, an
expressi.i for the 95% confidence interval for a log-lli/rzxear form is (8)
2
eff d=1" “pcj
where . i~ the standard deviation of the jth principal component and AITER; is the
distancs - ihe centre of the database to ITER in the direction of the jth principal

compone. Neyr 18 the number of independent data points and, as in the past, we

assume N . ~ N/4 where N is the total number of data points and the factor of 4
accoun:~ i correlations between data points, such as those taken during the same
pulse.

Table I

ITER ruroincters are R=8.14m, a=2.8m, x=1.73, B=5.68T, I=21MA,

n=9.7+ 1" m3, Meg=2.5 and Piogs=180MW.
Ty»e “model Principal Authors Database RMSE | ITER
and oerence and reference used % T (S)
log-linca This paper DB3 ELM-free* | 16.0 6.0
log-liru This paper DB3 ELMy 15.0 5.8
log-lincr Tokamak | This paper DB3 ELMy 16.1 6.2

Equal "o chung

log-lincar ITERH93-P(3) DB2 ELM-free* | 12.3 6.0

ITERH-92P(y)(") DB2 ELMy 14.3 5.7
offset-1. O. Kardaun (14) DB2 ELM-free* | 11.0 | 8.0
log-noce ar W. Dorland and DB2 ELM-free* | 11.4 4.3

M. Kotchenreuther (15)
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offsct-r. =

eur T. Takizuka (16)

DB2 +JT-60U

4.7

Near Noo  assical

J.P. Christiansen(13)

DB2 ELMy

8.8

*multiy

<y (.85 to account for ELMS.




Expres ©+ 71 is only valid if all the major influences on Ty, are included in the
regressici,

For the c.a selection used in deriving equations (1) - (4) it is found that dt/t = + 17%
for the 57,1'.\1_\‘ dataset and £18% for the ELM-free data set. These values are smaller
than thosc abtained from DB2 (~29%) and this is due to the increased number of data
points wii' the improved condition of DB3 with respect to the ITER extrapolation.
Severai on tog-linear models have also been fitted to the previous database DB2 and

the ITE ~redictions for these models are listed in Table I, along with those from the

log-Tinca: models of this section. From the table, one can see that there is quite a range
in the : - ucted performance of ITER. In view of this wide range; the group
recom:o o~ ITER to consider contingency scenarios based on a confinement time
intervid -+ = 45% about the point prediction from expression (2) (T = 5.8 secs). In

view oi e improved condition of DB3 it may be possible to reduce this range;
however. aul the differences between the various scalings have been understood and a
full stati~i cal analysis has been completed it is prudent to keep the same interval.

The con-. iuences for the fusion performance of ITER of the two intervals are shown
in Fig. 5. i-or the narrow interval of the log-linear forms ITER would ignite, but with
the wider region at the low confinement end the performance drops to Q of 5, which
illustrates ‘ne importance of determining more precisely the confidence interval.

1II.  Dyi:nensionless Physics Parameter Similarity Approach

The theor tical basis of this technique is described in the review by Cordey (10). The
basic i~ io set up discharges with the same shape as ITER in which as many of the

dimens:.. o~ phyvsics profiles such as those of B, v*. q, x, € are kept at their ITER

values. .. cxample of such a discharge in the JET tokamak is shown in Figs. 4 and 5.
This purtiouiar discharge is at a field of 1.7T and current of 1.7MA has the same
(Bn= 2.7 nd the same collisionality as the ignited ITER.

The oriv :imensionless physics parameter that cannot be fixed at its ITER value in
present o+ oriments is the dimensionless Larmor radius p* (=pi/a). This parameter is a

factor ~ 7 uryer in JET than ITER and a factor 7 larger in DIII-D. Thus we need to




detern:: o scaling of the confinement with the parameter p*. The first experiments

on the * -valing of ELMy H-modes were completed on DIII-D ), where the

confincir et both globally and locally, was found to have a gyro-Bohm scaling
(BT, < » '+ Similar experiments on JET 1) were completed at 1IMA/1T and
2MA/2T i these also showed a close to gyro-Bohm scaling (BT, o< p*-2.7), The
range = . 1 the JET experiments has recently been extended to 3MA/3T and the
close 1+ -+ .-Bohm scaling is maintained.

Experiiiciis in both JET and DIH-D on the scaling of confinement with the other
dimen:i. 1 css parameters B and v* were reported recently (11.12). The scaling of BTy,
with v sl 3 was found to be very weak. The weak scaling with {3 is in contradiction
to the -.ohual database scaling studies of equations (3) and (4) and the original

ITERHu P <caling which had a very strong f scaling, Bty < $-1-2. This discrepancy
is undor otive investigation by the group and possible reasons for it are discussed in
Christiciisen ctal. (13), Forcing the fit to the ELMy data set DB2 to be gyro-Bohm
and inderendent of B gives a scaling of the form Bty o p*-3 v¥-0-2, and an energy
confineswent ume. which is giv_en at the end of Table I, of 8.8 secs.
We now oo the prediction of the performance of ITER using this technique and the
errors ~ the prediction. For a pulse which has the same 3 and v* the dimensionless
Larmo: @ Cius p* scales as B-2/3 a-3/6. If we then express the confinement scaling in
the form

Bty o p*® = (B2/3 \55/651 )
o = 3 ivr 2vro-Bohm, oo = 2 for Bohm and o =1 for stochastic transport.
Using covation (8) and the confinement time of the ITER demonstration pulses in
DHI-D * wnd JET (1D, one can calculate the confinement time in ITER, assuming an

H-maed. ¢ discharge is obtained, using the value of o derived from the scaling

studie~ 1 cuch experiment. The results are given in Table 11.



Table !

Tokaniuh  fn | P*/P*ITER a d0. | TwITER | 31 (s)
DIII-D N 7.7 3.1 +0.3 | 28 +18
JET 22 5.5 27 | 2022 | 64 +3
The erv - i 0T are assumed to come entirely from the errors in the determination of

the pariicier o in the p* scaling experiments. For a standard error of £ 15% (206) in

the storc.: onergy, the error in the parameter oo will be o = = 0.3 for DII-D and

00 ==+ _2 ' JET. The reason that the errors are so large is due to the fact that the
range . s very small in the experiments (DIII-D; p*;1/p*2r=1.6 and JET;
pEiT/p e =] .9

To redeo e error in the prediction of the confinement it will be necessary to
compleie . it p* scan on at least two machines of different sizes to increase the
range «i . Ideally the joint scan would contain an identity pulse in which all of the
dimensi o oss physics parameters p*, v¥*, B are identical. Such pairs of discharges have

been du o oped jointly by DIII-D and JET (12) at lower values of B than that of ITER.
It was icond that the confinement times in the two machines did vary inversely with
field @~ xpected from theory and the scaled effective thermal diffusivities also
matcheid. his does not imply that the three dimensionless parameters p*, v* and P are
all that i~ ~cquired to describe the confinement behaviour of ELMy H-modes. Further

identity o neriments need to be completed between other pairs of experiments to

investic.aie this question.

Severai oorerical papers have proposed that the turbulence in a tokamak can be
quench. v <hear in the toroidal flow. This implies that the Mach number M = Vy/Ve
is an iins oot dimensionless parameter. This is certainly not being kept constant in
the p# <.y experiments completed so far, w_hicl; use neutral beam injection heating.

Clearly ~oeriments in which the Mach number is varied whilst p*. B and v* are kept
fixed w0 - <ured. There are several possibilities here: co versus counter and balanced

injectic =~ 51 comparisons of NBI and ICRH, and the breaking of the toroidal rotation




by tor

conclu-

.old ripple. Although work is proceeding in all these areas a clear

L+ Vet too emerge.

Iv. i hie 1-D modelling approach

Work f.- cniinued on the systematic testing of the eleven [-D models listed in Table
11 agur - ke data in the profile database using the systematic testing procedure
descrit=o. + Connor et al (1. The profile database has now also been extended to
includ. iiv documented discharges from 9 tokamaks: DIII-D, JET, TFIR,
JT-601 .~ EX-U. T-10, TEXTOR, TORE SUPRA and RTP.
The dir: oot vansport codes used by the modellers are being benchmarked against
each <o This benchmarking process is almost compieted among the subset of
transpor _ ies that only evolve the electron and ion temperatures, as seen in Fig.6.
Here -:-o. -lifferent codes from this subset using the IFS/PPPL model give
approx:ien the same prediction of the ion and electron temperature profiles for a
JET puise.
- Table III
Model Modeller Physics
Turner M. Turner (EU), S. Attenberger (US) Semi-empirical
Turner- M. Turner (EU), S. Attenberger (US) ' Semi-empirical
IFS/PPi.
Ttoh A. Fukuyama (JAP), S. Attenberger (US). D Current Diffusive
) Mikkelsen (US), R. Waltz (US) Ballooning Modes
TI/SET A. Polevoi (RF) Semi-Empirical
RLW R D. Mikkelsen (US), D. Boucher (JCT) Semi-Empirical
Waltz R. Waltz (US) ITG
mixed 500 AL Taroni (EU) Semi-Empirical
gvro-Boon
mixed--'. v G. Vlad/M. Marinucci (EU) Semi-Empirical
IFS/PPP M. Turner (EU), S. Attenberger (US),|ITG
B. Dorland (US), D. Mikkelsen (US), R. Waltz
o Us).

Weilan. J. Weiland (EU), D. Mikkelsen (US), R. Waliz | ITG

S
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J. Kinsey et al (US)

. Weiland + Resistive

- Bullooning




Some - models have also evolved in the last year; ExB flow has been added to
- both 1+« I'S/PPPL model and the GLF23 model of R. Waltz. The addition of ExB
flon w - oo~ 1o improve the fit to the data for the GLF23 model but not the IFS/PPPL
modei. - “cust for the sub set of mainly H-mode discharges considered in this paper.
For m+« 1.- und H-mode discharges ExB effects are less than a 20% effect on the
temper ~rofiles: however, the effect is quite dramatic for NCS and ERS
dische: - - demonstrated for the DIII-D NCS shot #84736 (t=1.3 secs) shown in
Fio 7.
In the . ..U spuce available in this paper it is only possible to present a small fraction
of the .-uits and summarise the general trends. A number of tests of each model
agains: ~ .o on and electron temperature profile data have been carried out and an
examp.. - one of these tests for four of the models is shown in Fig.8. Here the offset
in the -~ wa energy Weimulation/Wexp - 1 is shown for a selection of 46 pulses from the
databas- contuining both L-modes and H-modes. The goodness of fit is tabulated in
Table i~
Table IV
<Rw> ARw <Rwinc> ARwinc
Muiti- . v 10.96 0.15 0.94 0.23
IFS-Pi 0.94 0.22 0.90 0.35
IF trec 2 braied) 0.97 0.24 0.92 0.38
GLF2> ~ w/ExB) 1.05 0.27 [.10 0.43
IFS-PP w/ExB) 1.20 0.37 [.35 0.64
oTe oT; <tTe> <fT;>
Multi-— 0.17 0.22 -0.05 0.01
IFS-PPos 0.28 0.26 -0.04 -0.07
1 crec braedy 0.25 0.39 -0.05 -0.02
Gii-2o v xB) 0.32 0.34 0.02 0.03
ISP = EAB) 0.53 0.34 C 017 0.08
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{Rwi W, /Wg)/N (average); ARy = ‘/Z (W /W, - I /N (average error );

fr=_ - -T2 Tx (offset) cT=‘/2 (=T, ) /{3 T} (ms error

Wine v noincremental stored energy W-Wpedestal.

On the o0 1 these tests it would appear that the Multi-mode model performs best of
the fou. . wrendent of which figure of merit is chosen: ARy, o1 etc. However the
results .o e decisive in indicating a best model since most mode‘ls are able to match
the ~to - cnergy to within 20-30%, and it is possible that uncertainties in the
expertiiai nputs could generate discrepancies of this magnitude. What is required
1s clesr nore stringent tests such as the reéponse of the models to localised
perturis s sroduced by pellets or highly localised heating sources such as ICRH or
ECRH

A turtt oo Laieulty with using these models in ITER predictions is that a model of the
plasme - oo edestal is required since they only deal with the region 0.2 < r/a < 0.9.
In fact o - omparing the results of these models with the global energy confinement
approucii. ot i~ the quantity A Ry which ranges from 23-64% that should be
compi~ - = ith the RMSE of 11-16% of the simple Log-linear scalings of section II.
Althou.: it~ not quite as simple as this, since knowledge of the type of pulse L or H

is built =0 he log-linear scalings.

Turnin. 't prediction of the fusion performance of ITER using these 1-D models in

Fie.v +. - i ~ion power output for each model is given. These models cover a very
wide ranoc with the most optimistic being the [toh-Itoh-Fukuyama model, which
ignites - ooover the edge temperature (at r/a = 0.9). down to the IFS/PPPL model
which . nnv Q=1 for a pessimistic lKeV edge temperaturc. The strong séhsitivity
of the o 1 »uwnce of the IFS/PPPL and GLF23 models.to the edge temperature is due
to the -+ uiare of these models, and as mentioned earlier. experimental tests of this
profile i woss are urgently needéd.
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Figurc - p.dons

Fig. | - ersus By for the combined ELM free and ELMy datasets.

Fig.2. - .nus the scaling expression of Eq. (2) for the ELMy dataset.

Fig. 2 ..:ction of the fusion power versus HH factor (tyn/1y, scaling (Eq. 2)). The
-~ are for n = nGreenwald, solid squares and n = njice, Open squares. The
- hine is the ignited range.

Fig. 4. . Jevelopment of the JET ITER similarity pulse 38409. Stored energy,
“e average density, D%, neutral beam power versus time. On the 1.hs.

.. T values are given on the rhs are the projected ITER values.

Fig. = -on and ion temperature versus radius for #38409. On the l.h.s. the JET
"o~ are given on the r.h.s. are the projected ITER vulues.

Fig. 3 _..won density versus radius for #38409. On the I.h.s. the JET values are
. on the r.hus. are the projected ITER values.

Fig. ¢ arison of the electron and ion temperature protiles produced by three.
-t codes (the Boucher SMC, Dorland NT. Kinsey MLT codes) using
:°S/PPPL model with ExB shear flow and the cxperimental data from

wlse 19649,
Fig. © . oiect of the introduction of ExB shear tlow in the GLF23 model on the

~.on and ion temperature profiles. The pulsc is a DII-D negative central
- discharge.
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set in the total stored energy between the prediction of a model and
- rerimental data for a subset of 46 pulses. [Four models are shown:

with ExB shear flow, IFS/PPPL without ExB shear flow, the
-ode mode] and the recalibrated Itoh-Itoh-Fukuvama model.

Fig. v -+ .:on of the fusion power versus the HH factor defined in terms of the
. “Hv3-P scaling expression for several different 1-D models with
nt edge temperatures.
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