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ABSTRACT

Empirical scaling laws [1-3] for the confinement tingein Tokamaks depend on dimensionless
global plasma parameters in a way which is difficult to associate with some general plasma
physics model. It is shown that such dependencies can arise form artefacts in the database used
to derive the scaling expression. The artefacts involve inner relationships, e.g. collinearities
between variables. For the ITER L-mode and H-mode databases it is shown that subsets of the
scaling expressions are approximately constant. An alternative description of L-mode, ELM-
free, small ELM and giant ELM H-mode data is given. A simple electrostatic physics model
(plateau scaling) in which confinement is degraded by non-collisional processes, can describe
global confinement data for all four confinement regimes; this common scaling features a
multiplier C which is assigned a different value for each regime. The complex physics associated
with MHD instabilities (ELM'’s, sawteeth, outer modes) is hidden in the multiplier C and attempts
are made to uncover such physics. In these attempts global confinement are made to scale with
physics models, electrostatic, MHD etc. rather than physics variables.

1. INTRODUCTION

Empirical scaling laws for the confinement time in Tokamaks such as Goldston or Kaye-
Goldston [1], ITER89P [2] and ITER93H [3] are based on multi-machine databases, i.e. databases
containing data from several different sized Tokamaks. These multi-machine scaling laws like
several earlier single machine scaling laws appear to be different; however by transformations
of the scaling laws these can be unified into scaling expressions based on physics models [4].
The differences between the scaling laws can then be accounted for by dpfscatings:

Table V of ref. [4] lists 16 scaling laws showing differ@rdependencies
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as apparently plausible scalings. This dichotomy is the central subject of the present paper
which will examine experimental evidence f&scaling from individual Tokamaks as well as

data from the ITER L-mode and H-mode databases. Tokamak scaling laws have two principal
purposes: extrapolations of can be made outside the range of the database; secondly a
scaling law serves as an empirical benchmark for pulses on existing Tokamaks wg thhe H
Hgsfactor where

Hosn = Te / Tozn (2)
Hosznmeasures how well in a single experiment the confinementgmmempares against
the database as a whole represented by the scaling.

We use the Connor-Taylor representation [5] which lmgki® a global average diffusivity
<>
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The Bohm diffusivity ixg = <T>/B. The dimensionless function F [3, 4, 5] is characterised
by its dependence upon a set of dimensionless parameters which characterise the plasma
configuration globally. Which set of parameters that enter F as arguments is a matter of choice
as it depends on which transport physics model applies: the review by Connor [5] presents a
variety of expressions for F; ref. [6] lists a possible set of up to 18 dimensionless plasma
parameters. In general Eqg. (3) is an implicit equationg@vhich appears on both the LHS and
RHS.

The Hyzy factor is a consequence of a linear regression on data for a set of nine variables
(confinement timeg, radius a, density n, currery, bower P, aspect ratg elongatiork, ion
mass M, field B). The selected data is the ELM free data in the ITER H-mode database DB2
[3] and the result can be written in the form
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FosH = Cozn P q

Co3H is a multiplier and the parameters in (4) represent global averages of local plasma
parameters [3, 4, 5, 6]. A recent update to (4) derived from the database DB3 [7] has produced
Fo7n Which is similar to B3y given by (4), but the numberg@ differs from G3n as do the
exponents for normalised Larmor radpys collisionalityv,, poloidal3, inverse aspect ratg
elongatiork, ion mass M cylindrical safety factor g. The empirical result (4) cannot easily be
associated with some physics model, e.g. ideal-resistive MHD, ion temperature gradient driven
turbulence, resistive fluid turbulence, collisional drift waves etc., for the following reasons
i) asP — 0 an electrostatic scaling expression should be recovered.

i) the pronounced scaling should strongly favour Stellarators over Tokamaks.
iif) the M scaling is opposite to that associated with an ion gyro Bohm model.

In order to investigate the origin of the
various scalings of eq. (4) we show in Fig. 1
the distribution function f (k) for the ELM
free DB2 data on which ¢34 is based (curve
marked with circles). As can be expected th
half-width of f (Hg3H) is of the order of the
r.m.s. erroro in the fittings. Also shown in
Fig. 1 is the distribution function f d4) for
the ELMy data (curved marked with crosses).
The distribution of the ELMy data is similar toFig.1: Distribution functions for H factors in database
that of the ELM free data, but with a mean vaIuBBZ' Circles refer to ELMfree data and crosses to ELMy
of ~ 0.85; the representatiopifyy = 1.40 Fo3H data.
is the one advanced by the ITER database
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working group and determined on DIIID in [8] 2
(notice that the number 1.40 ingfvy

corresponds to a number 0.85ti because | e P
Egs. (3, 4) involve implicit expressions figs). 1 <y S
The physics associated with the plasma energy |- '

H93H

losses arising from small or “grassy” to large [ ) JET  JDII-D +ASDEX f
or giant ELM’s is complex; the representation ¥ PDX ©JFT2  APBXM g

. . 0 1 2
of ELM types and how to quantify their effect 5

on each Tokamak constitutes a problem Whiqhg.z: The H factor for each single Tokamak is

has been looked at by the ITER database expggportional to. DB2 ELMfree data.

group [3] since its inception; a “zero order

solution” is thus the fixed reduction (factor 0.85)tgffor all Tokamaks. Another problem is
illustrated in Fig. 2. The DB2 ELM free data on thgzH factor (Eqg. 2) is shown against
poloidalf3 as used in Eq. (4). While the data as a whole shows no tren@ vitret.data for each
Tokamak separately exhibits a definite proportionality; this trend is particularly pronounced for
the JET and PDX data. Theg} and3 proportionality for a given Tokamak shown by the
dashed lines in Figure 2 can be expressed as

H,,,=cB atfixed a and (5)

As much as k3H is a “goodness” factor it also represents a range of uncertainty
0.5 <Hgzy< 1.5. Such arange can arise from i) core physics effects ii) spatial profile shapes,
iii) edge pressure pedestal; none of these effects can be described by the present global data.
The range of uncertainty is important for extrapolations made using Eq. (4). Extrapolation from
the existing ITER databases to ITER has recently been discussed in [7, 9]; formally an
extrapolation can be made in any direction of a multi-dimensional space; standard statistical
procedures determine the uncertainty ralmgeassociated with a predictiopzy. Itis however
well known that limitations on the data do not permit extrapolations to be made in certain directions
i.e. those of the “least” principal components [2, 3, 7, 9]. To overcome such limitations one can
adopt the similarity scaling approach [10]. The step in the confinementgifioe a specific
operating regime of JET to the confinement time for a similar regime in DIIID or in ITER
involve only a scaling w.r.t. normalised Larmor radis Similarity scaling experiments have
been carried out for L-mode plasmas on DIIID [11], TFTR [6], JET [12] and for H-mode plasmas
on DIIID [13] and JET [14]. These experiments have concentrated on the scaling ofpf with
but attempts have also been made to determing) FR (3) and recently F(q) [15].

One would hope, possibly expect, that similarity experiments will supplement, as well as
confirm empirical scaling laws. Results frgnandv_, B scans on JET [14] are presented in
section 2. While the, andv, scans agree with ITER93H, tRBescans do not; this last result is
consistent with the JEf dependence. The discrepancy is examined in section 3 in an analysis



of the ITER L-mode and H-mode data bases. The results of the analysis show how data artefacts
(inner relations and collinearities) can influence the scaling expression for the confinement
time1g.

Section 4 describes the consequences of removing the database artefacts: a simple
confinement scaling emerges from both the L-mode, ELM free and ELMy H-mode data. This
common scaling corresponds to some simple electrostatic physics model (like plateau scaling)
in which confinement is degraded by non-collisional processes. The scaling features one multiplier
Cga rather than the eight variables of Eq. (4). The four valuesygfréjuired to describe
L-mode, ELM free, small ELM, giant ELM data indicates thgg Contains hidden physics.
Section 5 outlines our attempts to unravel such physics employing complex non-linear confinement
models. The results of Sections 4 and 5 offer a common physics description of the data rather
than a set of 4 empirical scaling laws. This is discussed in Section 6.

2. SIMILARITY SCALING EXPERIMENTS ON JET

Over a period of three years 120 pulses on JET have formed a part of experimental campaigns
aimed at establishing “ITER similarity pulses”, H-mode power threshold scans; sgans of
andp. All pulses are NBI heated steady ELMy H-modes with mostly type | ELM’s (grassy
ELM’s). The plasma geometry is fixed and resembles both that planned for ITER as well as the
geometry used on DIIID [9] for ITER support studies. The data from this set of pulses have
variations in F arising from variations of just one variable, efhev or 3. The data set also
includes 4 “identity” pulses in which attempts have been made to match the values of the 7
arguments of F on JET to the values for pulses on DIIID and C-MOD, i.e.qHocr nter-
machine comparisons. A preliminary analysis of the data has been presented in [14].

An analysis of the global parametegs 1g, p, etc. has been made in which the total
energy Wiia measured by the diamagnetic loop has been corrected for the fast iorcenegy
W;. A fit to data from calculations with the TRANSP code yields the approximate formulae

Ws = 7.5 101 Ppg) <Te>/<ng> (6)

where Rg| is the net injected beam power and the angular brackets refer to volume averages.
The results from this analysis are most easily presented graphically. We show in Figg®the H
versugs for the entire set of 120 pulses. Fig. 3 encapsulates the problem addressed in this paper
just as Fig. 2 did. FdB < 1 there is an apparent linear relationship betwesgsy ldnd as
expressed by Eq. (5). Unlike the ITER ELM free H-mode data shown in Fig. 2 and which
exhibits variations irg, K, M, q, the JET data represented by Fig. 3 has been selected for the
following ITER-JET similarities

€=034, k=17, M=2, gg=3.2
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Fig.3: The dotted line indicates hoe the H factor is proportiongs.to
JET ELMy H-mode data from ITER similarity scans.

A linear regression on this JET data set can thus be made only in the varjable$;
the result demonstrates that B>

For the similarity studies we have selected pairs of pulses which are matched as well as
possible with respect to constant valueof ), (p, , B), (p,, Vv, ) for the scans of respectively
p,.V,,B. These selected pairs of pulses are marked with a circle, triangle, square for the scans
of p,,v,, B respectively in Figure 3. In Figures 4a, 4c and 4e we indicate how well these pulses
are matched. For each scan we show in Figs. 4b, 4d and 4f the resulting responses in F against
the variations in respectively , v,, B. Fig. 4b demonstrates the experimental difficulty of
varyingp, by more than a factor 2, but the response in F for 3 of 4 pulses is in agreement with
the F ~p, or gyro Bohm variation of ITER93H (Eq. 4); this result has also been obtained on
DIIID [13]; In Fig. 1d we note that, has been varied by a factor 80 and the inferred scaling F
~v, 0-3also agrees with Eq. (4); however Fig. 4f demonstrates that the varigfitay fiactors
1.6 and 2 produces only a weak response in F in contrast to the predictions of ITER93H; the
residualf scaling in 3y demonstrated by Fig. 3 for the seledbextan (marked by squares in
figure 3) cancels the predicted scaling in Eq. (4). In other words the similarity pulses are “as
similar as possible except for theipig values”.SKuch a discrepancy prompts an examination
into the source of the pronounc@dcaling in equ.. (4).
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Fig.4a: p,scan, four pairs of pulses with matching values Fig.4b: p,scan shows Fp; like ITER93H.
of v, andp.
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Fig.4e: 3 scan has pulses well matched. Fig.4f: B dependence unlike ITER93H.

3.B, € M, K, @ SCALING OF ITER93H

The linear regression techniques which have been applied to the ITER L and H-mode data [1-3]
are standard text book techniques. The regression analyses assign a cause-effect status to each
of the eight independent variables of Eqgs. (3-4) with respect to the dependent varidliie

resulting scaling ofe with one independent variable depends not only on the data properties in
the data base of that variable, but it also depends on the data properties of the entire set of
independent variables: the data correlation matrices which determine a scaling exj@rnt x

its statistical exponerdlx; for a variable j involve inner products of dependent and independent
variables. The stability of a result x, against changes to the data in the database can be tested by
excluding or adding data, e.g. via the jack-knifing technique [16] or via comparing results from
the new DB3 database [7] with those of the previous DB2 database [3]. Such tests have been
carried out by the ITER expert database group and we quote as an exarfidedleg of the

ELM free H-mode data in DB2 and in DB3 (see Eq. 4):

xp (DB2) =1.24, g (DB3)=0.79, dxpg = 0.05 (7

Thus we learn that the chanfyeg exceeds the statistical uncertaidyy by a factor 10.
Such a result has prompted us to investigate which data correlations contribute most to a given



result such aspx The investigations have involved a lengthy series of calculations on the two
data correlations matrices

Sjj :% Yik Yik, Cijr =% Yik 109 Tek, X :(SJ) 1er (8)
where Yk is e.g. logo#k andk is the observation index scanning the data base.

There is no separate method available for
deciding if the confinement tintg does indeed .
scale with any or all of the eight dependent Lok i %&
variables of Egs. (3-4. The assumption madg : i
Is that the regression (8) will describe the extent ’
of the scaling, e.g.ix 0.01 or x= 1, and that
the result justifies the assumption via the data
correlation. To verify this assertion we have %61
carried out calculations like (8) in which subsets

of the eight dependent variables are Selectchllg'& There is a strong correlation betweeandf in

. . . . . . the DB2 ELMfree data. Symbol legend as in Figure 2.
The technical details will not be given in this

paper but we illustrate our findings by the following point: The scaling: afith 3, i.e. x,
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always has < 0 unless the assumptiag ~ £X¢ is made; if this assumption is made thgn x
changes to + 1.24. The data correlation betveesrdf3 in the database DB2 is shown in Fig. 5
(ELM free data); it is the dominant contribution tg given by (8). There is thus an inner
relationship or collinearisity between the independent and dependent vgBiabte)(in the
data base.

The results of our investigation can be summarised by the following artefact in the DB2
database

hogy =B 53 kYO M3 q2/3 = cons. ©)

with an r.m.s. error of 18%. Fig. 6 shows the, Mun=263107p OB MET g0
DB2 ELM free data on d3y plotted against x
Hosn. The “constant” 3y which describes
pulse to pulse and Tokamak to Tokamak1
variations is as “constant” as the database
artefact a3y. The quasi-elliptic shape of the ‘
cloud of data points has its major axis aligned | .-~ "

with the i3y = Hozn line; some unquantified % 1

e . . H
part of the K3y distribution function (Fig. 1) o
F(i:?.G: The database artefact h is as ‘constant’ as the H

can therefore be explained by the data artef"j}actorwith a0=18.0% in the DB2 ELMfree data. Symbol

hoagn. Also it can be shown thag$y does not legend as in Figure 2.
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by itself depend on F; thugiy does not contain substantial variations in confinement; the
constancy of §gH is a consequence of the DB2 data populatio, iey kK, M, q space, i.e. a
consequence of the operating regimes of the 6 Tokamaks contributing data to the ITER DB2
database.

4. ALTERNATIVE: ELIMINATION OF f3

The data analysis procedures described in sections 1 and 3 have used the ITER H-mode DB2
ELM free data [3]. These procedures can be repeated for the ELM free, small ELM’s, giant
ELM’s and the ITER L-mode data [2]; we reference these 4 databases by subscripts H, S, G, L,
respectively; all H + L-mode data is subscripted HL. The result of the analysis is 5 scalings
Fo7H, Fo7s Fo7a, Fo7L, ForHL for which the constantsgZand the exponentgxxy, of Eq. (4)

are listed in Table | together with the r.m.s. ermexpressed in %. Whenthe H, S, G, L data is
merged into the HL-data it is necessary in a fit to this data to allow for four separate constants
Co7h, Co7setc. if the same exponents Xy etc. are to apply to all the HL-data. The r.m.s. errors

o in the five “free” fits to F as given by Eq. (4) are all less than or of the order the inferred relative
errorsATetn/Teth on the confinement time. Thus only statistical arguments, not physics arguments,
would favour the four individual scalings over the fifth and common scaling. We notice from
Table | that the changés<p, Axg etc. to the exponents from one fit to another all exceed the
statistical uncertaintie®x (row 6) by a large margin. It seems likely, although no proof can be
given, that the differences between these five scalings result not from different physics properties,
but from the different properties of the data base populati@neM, g space as explained in

the previous section. A linear regression on the variables of Eq. (4) assigns the cause - effect
status to such variables via data correlations. The changes to the scalings caused by changes to
the data, i.e. the stability of the scaling do not appear to have a physics origin and we therefore
look for an alternative representation of the confinement data.

Data N C,10 X, X, Xq X, X, Xy, K, 0(%)
ELM free 858 310 0.78 028 124 504 -015 -123 -102 122
small ELM 345 310 111 008 119 640 -156 -119 -0.72 143
giant ELM 422 102 112 005 0.63 447 -040 065 -099 135
L-mode 12956 99 -0.03 -0.19 142 426 -084 -07 -009 16.7
H + L mode 2920 0.03 004 135 451 -133 -107 -066 181
OX 009 003 006 02 012 01 01

Table I.The rm.s. errore from free fits to the exponentg xy etc. of Eq. (4) for each of the four confinement

regimes separately and for all four regimes combined; the statistical uncertaixtigs given in the last row.



The constancy ofdn(or hs, hg, hy) can eliminate some of the dependencies shown in Eq.
(4) and in Table I. It does not however provide us with any proof of which variables in F to
eliminate. Avariety of new scalings can therefore be attempted. A measuwéethe influence
on the data fitting from a variable can be obtained by omitting such a variable and recording the
changedo to the r.m.s. errar; however we emphasise that such a measure is only for guidance.
A simple set of calculation reveal tlgas by far the most “influential” variable while &, v, are
the least “influential” variables.

A straight forward substitution of(EqQ. 9) into kb3H (EQ. 4) eliminatef and leads to the
following expression

0.78 82'81 V9.28(K0.04 M -0.78

Fr =Foan /' hy =Cpy p; q—o.zs) (10)

The bracketed term contains the less “influential” variables. Expressions similar to (10)
are obtained whenghhg, h_ are inserted into the appropriate scalings for F. We examine for
FH, Fs, Fe, FL, F_H the results from fits to the form (10) without the bracketed termi.e.

F=Cp, Vv e"e (11)

Table Il presents the values @f x¢, C as well as the r.m.s. ermr The dependence of F
uponv, for L-mode data is opposite to that of the H-mode data and opposite to a classical
dependence; this difference is presently not understood. However the combined L and H-mode
data shows no dependence uppn that same tendency is evident from Table I.

Data N c 103 X, X, 0(%)
ELM free 858 6.2 0.32 3.02 16.7
small ELM 345 3.1 0.34 3.24 17.3
giant ELM 422 8.9 0.17 2.87 15.0
L-mode 1295 8.5 -0.42 3.97 21.6
H + L mode 2920 0.03 3.03 23.7

Table IlResults from a repeat of the exercises used for Table | but fitting to F of Eq. (11).

The alternative description of the combined ITER L-mode and H-mode data to the four
scaling expressiongf etc. of Table | emerges from the fifth row of Table Il. It corresponds to
a very basic gyro Bohm model

Fg =C p, € (12)

This simple description includes four values for the constant C applying to the ELM free,
small ELM, giant ELM and L-mode data. By omitting the dependencgsuionv,, 3, kK, H
and g the r.m.s. errar will of course increase as “five degrees of freedom” are dropped; the



increasesAc range from 1% to 5%. The

standard plot ofg vstgg = 1g/Fgg is shown in LT e DD T ASPEX
Figure 7 for all 2920 data points. The simple | | *TEXTOR “TSUPRA =T10  =Dil

data description by Eq. (12) allows mustata

to lie within the error range, a range which theé .
authors estimate to be 20-25%. Both L and
H-mode feature the same basic gyro-Bohm

physics; this contrasts with the difference %%
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(gyro-Bohm).

The scaling expression (12) Stronglfigj: An alternative representation (Eq.12) of 2914

. l|5 & H-mode data witho-23.6%.
resembles the plateau scaling proposed by

Lackner [17].

5. HIDDEN PHYSICS

Fys(Eq. 12) offers a very basic physics representation of global confinement data. Itis however
unlikely that the differences between L-mode and H-mode physics as well as effects from small
and giant ELM’s can be explained simply by assigning four different values to the constant C in
Eq. (12). In this section we discuss some of the physics which may be hidden in C.

Each of the four confinement regimes is assumed to be governed by the same “core
confinement physics model” given by Eq. (12). Atransition from one regime to another is rapid
as it usually involves an MHD instability: sawtooth instability, localised n = 1 or n = 2 instability,
small ELM, giant ELM. The non-linear evolution of the MHD instability lasts many Alfvén
transit times before the plasma is brought to the new regime; however compared to a confinement
timescale (10 ms -1 sec range in the ITER L and H-mode databases) the transition times from
one confinement regime to another is extremely short. One description such as the multi-mode
model [18] represents a multi-regime physics by the sum

_ -1 _ -1
<x> = ;Cj Xj or Tg —JZCJ- T (13a)

In (13a) various physical loss processes dug modes [19], resistive ballooning modes
etc. are modelled by an expressigwhich is weighted by the multiplier; Cin another possible
description the total stored plasma energy W is separated into parts which are identified with the
four confinement regimes
W = zCJ WJ or TE:ZCj Tj

: J (13b)

10



The energies {Wan include: the core confinemengp®derived from Eq. (12); an edge
pedestal energy formed at the-LH transition; the loss of energy released during giant ELM’s;
this amount can be up to 8% of W on JET; a complex time evolution is found to take place as
evidenced by recent data from the JET soft x-ray diagnostic [20].

We have attempted to describe the four different regimes of confinement by a variety of
combinations of scaling expressions. Egs. (14) below define some of the scalipgshich
can be used in either (13a) or (13b):

Theo = 1B p:l V:l g3/ g2 (14a)
T = Tgp, tv 3 e (14b)
Tgg = T p:l g3 (14c)
Twhp = TP, B2 kY2 (14d)
Trer = TP,V BY? (14e)
5 = Tg BN (14f)

T = Tgp,tv 1p¥4el2¢l4qgt (149)

Eq. (14a) is the neoclassical scaling; (14b) is the “near neoclassical” scaling in the first
two rows of Table Il whilegg corresponds to Eq. (12Jpmup is the ideal MHD scaling (Alfvén
transit time) andrrt corresponds to resistive fluid turbulences is a representation of the
pedestal effect in which the pedestal energy is governed by MHD stability; it is represented here
as well as in [21] by the simple form of Eq. (14f); Eq. (149) is the result of rewriting one of the
ITER H-mode threshold scaling laws [22]. When some subset of Eqgs. (14) is selected and
inserted in (13a) or (13b) we arrive at a non-linear equatiorefof the general form

0 ] X
GZQ[E—ZCJ' Tj%/TE:sz TEJ (15)
J J

Minima of the dimensionless number G are sought w.r.t. variations of the constants C
The result from a lengthy series of calculations can be summarised as follows: no particular
combination stands out as the most appropriate data description, say in terms of the statistical
r.m.s. error. However, the research has demonstrated that the constant C of Eq. (12) does contain
hidden physics. We can emphasise this point by selecting one particular combination of scalings
(14b, d, e, f) for which Eq. (15) reduces to the following 2nd order equatmen in

G:(l_GRI——I')T%“L(GMHD +G|3)TE +GnN (16)

11



We apply this combination to ELM free, small ELM and giant ELM data each governed
by a choice for the constantsG, CvHp, Crrr and . The minimisation of G leads to the
values of the constants shown in Table Ill. In this example there is a clear separation of small
ELM and giant ELM data: Figures 8a, b show respectively H-mode datg op &hd on
CwmHD TMHD plotted againstg. It is surprising that, by adding three physics scalings (16d, e, f)
to the scaling given by (14b), there is hardly any change to r.m.s. error; this can be checked by
comparing the first rows of Table Il with those of Table Ill. The pedestal energy representing
H-mode confinement is eroded by ideal MHD and - or resistive fluid turbulence effects since
C..p and C_. are negative. We stress once again that the data description via Egs. (13a, b) are
complex and no clear choice has emerged.

Data C,y (10%) Cnp (109 C[3 Coer (109) a(%)
ELM free 6.9 -2.0 0.46 -2.0 14.8
small ELM 4.0 -0.3 0.23 -0.01 16.6
giant ELM 2.6 0.0 0.32 -0.04 14.9
L-mode 05 0.1 -2.0 24.9

Table Ill Values of the constants for the scalings (14b, d, e, f) used in Eq. (13b) as a representation of H-mode data.
The values foo when compared with those of the four top rows in Table Il, show no dramatic reductions.

© ELMfree * Small ELMS © ELMfree e Small ELMS
x Giant ELMs + L-mode 0.1 Giant ELMs + L-mode
1.0
o @ GENE
- 0.01
©; S oo
Z 01 2 Z0.1
0.001-
0.01 3 g 3
‘ ! ! = 0.0001 ! ! ‘ g
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Fig.8a: In the data representation of a multi-mode modélig.8b: The ideal MHD scaling (Eq.14d) separates the

(Eq.16) the electrostatit, scaling (Eq.14b) is similar four confinement regimes.

to that ofr,.
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Fig.8c: The edge pedestal (Eq.14e) increases froffig.8d:The resistive fluid turbulence scaling (Eq.14f) of
L-mode to small to giant ELMs and is largest fothe multimode model of Eq.(16) differs in the four
ELMfree H-modes. confinement regimes.

6. DISCUSSION

In its dimensionally correct form (Eg. 4) the ITER93H scaling expression features 7 exponents
and 2 constants. The values of these are the result of a linear regression analysis which assigns
a cause-effect status to each the variables in Eq. (4). Eq. (9gfpapplying to the ELM free

data (similar expressions apply tezh ho3zs ho3L) demonstrates how artefacts in the ITER
database can produce confinement scalings which are not observed on individual Tokamaks. By
substituting lgz into Eq. (4) we have eliminated most of the spurious dependencies in Eq. (4).
The alternative description i.e. Eq. (12) is basic and simple. We have stressed that although this
simple scaling gives a reasonable fit to the data it is insufficient to describe L-mode, small-giant
ELM and ELM free data: the constant C of Eq. (13) contains hidden physics.

Our attempts to establish additional dependencies of global confinement data have lead to
non-linear scaling expressions (13). From the numerous combinations of basic physics models
(14) that have been tested against the L and H-mode data on global confinement we have been
unable to select one single set of models as the best representation of the data. A particular
choice (Eq. 16) of models reveals though how it is possible to separate ELM free, small ELM
and giant ELM data. We conclude however that not only is further research required to make
advances in the data description of global confinement data but the latter needs to be supplemented
by additional parameters, e.g. via plasma edge measurements.
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