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l-j-d BALDUR transport code predictions using recent theoretically-

based modeis for thermal and particle transport are compared to measured 

profiles of electron plasma density and electron and ion temperatures for 

TFTR ohmic, L-mode and supershot discharges. The profile consistent drift 

wave model is found to overestimate ion temperatures at high heating pow

ers, so that a third mode or loss process is needed in addition to drift wave 
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1. Introduction 

Recent interest in understanding the basis of tokamak energy and par

ticle transport has led to the development of theoretical models formulated 

specifically for testing in predictive tokamak transport codes. With a predic

tive transport code, measured plasma temperatures and density can be com

pared to those predicted from a self-consistent, time-dependent calculation 

of plasma heating, fuelling, conduction, radiation, etc. The same code can 

then be used for predicting performance of future machines (e.g., CIT, ITER, 

ARIES) and to test ways of improving transport in actual experiments. It 

is not practical to do extensive testing of transport models against a global 

database of plasma profiles with a large predictive code such as BALDUR, 

but by examining only cases typical of three TFTR regimes (ohmic, L-mode, 

and supershot), insight into the main features of particular models can be 

gained. In this article, temperatures are predicted and compared to data 

rather than fluxes or transport coefficients because we take the point of view 

that the experimental measurements are the fundamental reference point in 

validating theory. Temperatures are measured not fluxes or diffusivities. 

Attempts to model experiments with predictive transport codes and theoretically-
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based models have led to the development of increasingly complex models. 

Yet the elements of a) drift wave transport (due both to trapped electron 

and 77, modes) as well as b) a semiempirical edge loss model are common 

to most of the recent work in this area [ l - l l j - Dominguez and Waltz[3] 

devised the semi-empirical tearing-mode-based "Venetian blind model" to 

model edge losses in ohmic and neutral beam heated plasmas on Doublet [II. 

Confinement of plasmas on ISX-A, Alcator-A, Alcator-C, and JET was also 

simulated with this model. Romanelti et al. (5] used a q-dependent semiem

pirical form factor for plasma edge losses in ohmic plasmas on Doublet III 

and to estimate confinement scaling for PDX, Doublet III, Alcator-A, and 

Alcator-C. 

We test several models based on this common hypothesis that two modes 

are primarily responsible for overall transport. We find that none of the 

transport models can simulate all three types of TFTR experiments with 

good agreement. We suggest one possible new mechanism to incorporate in 

future simulations with each model. 

Two recent theoretically-based models which have been notably successful 

in predicting tokamak behavior are the profile consistent drift wave model 
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(PCDW) [1] and the multiple mode model (MMM)(11], In PCDW edge 

transport is provided through the consequences of assuming profile consis

tency. PCDW shows good agreement with experimental temperature profiles 

found for ohmic, saturated ohmic, ohmic pellet, L-mode, and low power su-

pershots from TFTR; ohmic and ohmic pellet cases from ASDEX, Alcator-C, 

TEXT [2,7-10]. MMM relies on an early (1978) model of resistive ballooning 

for edge transport losses[12]. We construct another multimode type model 

(MMCD) with a recent model of resistive ballooning losses (Carreras, Dia-

mond[13]) which incorporates the effects of different scales for velocity and 

magnetic field fluctuations. The primary goal of this paper is a comparison of 

the predictions of these theoretically based models against measured electron 

and ion temperatures from TFTR experiments. 

The models tested are dependent on the source terms calculated in the 

widely used 1-1/2-d BALDUR code, based on an extensively documented 

and tested 1-d version. The three experiments simulated were chosen to 

be representative of typical TFTR experiments for which a complete set of 

measurements, particularly electron and ion temperatures were available. 

The paper is organized as follows. In Sec. 2, the models are described in 
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detail. In Sec. 3, the experiments are discussed. Details of the simulation 

procedure with the transport code are presented in Sec. 4. Results are 

discussed in Sec. 5 and the conclusions and summary are found in Sec. 6. 

2. Theoretical Models 

Three models for tokamak transport are described below; the profile con

sistent drift wave model in Sec. 2.1 and two versions of multiple mode models 

in Sec. 2.2. 

2.1. The Profile Consistent Drift Wave Model 

The profile consistent drift wave model (PCDW) was developed by W.M. 

Tang [1]. This model uses global drift wave scaling and an empirical form 

factor to produce the observed radial form of the thermal diffusivities. The 

model was first tested against TFTRohmic data and was modified to include 

the effects of significant radiative losses [2]. Overall numerical factors for 

electron and ion losses were calibrated against this data in the neo-Aicator 

regime (dominated by electron losses) and in the saturated ohmic regime 

(both electron and ion losses significant). 
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PCDW was then successfully applied to simulation of pellet-fuelled ohmic 

plasmas on TEXT [7], Alcator-C and ASDEX [Sj. Suppression of rj-,- mode 

ion transport in the dissipative trapped electron mode regime (DTEM) was 

seen in these cases. The model was then used for predictions of neutral 

beam heated plasmas [9]. T,.0 and TE were found to be in good agreement 

even for the first TFTR supershot where the simulation indicated v't was 

low (CTEM) and 171 < r\\. Here ifi = ^ L , and tf is a critical threshold, 

typically = 1.5. When ion temperature profiles became available on TFTR 

in 1988, it was found that the model predicted overly broad profiles for ion 

temperatures. Kinetic microinstability studies had shown that \\ ~ \ t for 

CTEM [1,14]. This was subsequently incorporated into the model by dividing 

the transport losses of the previous x f T E M between x f T E J W and x f T £ , v / , s<> 

that both electron and ion losses are included in the CTEM regime. With 

this new CTEM feature, simulation? with the PCDW model were found to 

give good agreement with T-10 high power ECH data [9], as well as for six 

TFTR supershot discharges [10]. 

With these developments, the PCDW model for anomalous electron and 

ion transport can be summarized as follows: The anomalous electron trans-
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port arises entirely from the trapped electron mode, 

ANOM _ TEM 

with 

VTEM _ 

0A7(l+0.25cn)P?£cFH,,(r) , 

0.33(P,.,,./n„)a l'fif, J(r) . f , , . „ , , 

The anomalous ion transport arises from both the rfi-mode and the trapped 

electron mode, 

where, 

and 

,?' = 
0 if (r/j) < 1.5 

-,TEM _ , 

L 5 [( | In, |+ |L T , | ) 

if vl > 0.15, 

x J E M if ê* < 0.15. 

with 

F H j ( r ) = 

q=1.5 

(1 - e~ a-) exp(2a q r 2 /3a 2 ) /J hj(r)r dr 
( n j / n j < , ) ( r V a J ) / ; h j ( r ) r d r 



and a q = q(a) + 0.5. hj(r) is the net local heating power density for species 

j from OH, NBI, ICRH, Q\c, etc., minus the radiated power (for electrons). 

P t o t J = ( 2 * ) ^ / \ ( r ) r d r 
Jo 

is the integrated heating power, in MW, for species j . 

(n« - n»(a)) 
" «n.) - n e(a)) 

is a measure of the density peakedrtess, where 

K ) = (2/a J ) f n e ( r ) r d r . 
Jo 

v\ is evaluated at q = 1.5 and 

T i ( q = l ) - T , ( q = 2) m(q = 1.5) 
W > T i ( q = 1 5 ) n i ( q = l ) - n i ( q = 2)' 

is an average ft between the q = 1 and 2 surfaces. All \ are in nv/s , Ro 

and a in m, B 0 in T, and densities in 10 2 Om~ 3. Lj is the scale length for the 

plas aa ion temperature = -[ ^ ' ] - 1 , and L n is the scale length for the plasma 

density. When v.t at the q = 1.5 surface is greater or less than 0.15, the 

dissipative trapped electron mode (DTEM) or collisioniess trapped electron 

mode (CTEM) losses are expected to dominate and control the magnitude 

and scaling of the TEM plasma transport coefficients. When rj; is greater 
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than some critical value, taken to be 1.5 in all simulations for PCDW, the 

ion diffusivity is increased by x? t 0 describe 7); mode losses. No PCDW 

particle transport coefficient has been derived. Empirical D, v were used to 

match experimentally observed density profiles. 

The model was derived under the assumption that temperature pro

files are approximately Gaussian and depend on plasma current through 

T e (r) ~ exp[-(q(a) + 0.5) r 2 / a 2 ] . This empirically based, ^profile consis

tency" assumption leads to the result that drift wave transport determines 

plasma confinement depending on the values of the electron collisionality and 

7?; in the confinement regime, q = 1 to 2. The local plasma temperature is 

assumed to depend on the global variable q(a) and the PCDW diffusivities 

are effectively nonlocal. 

Table 1 summarizes the work done to this point with PCDW. All ex

periments have been simulated with the model described above, called the 

"species specific heating model" in Refs. [2,8]. Small changes have been made 

in the numerical piefactors used for PCDW. It was found that the central 

plasma resistance in the earlier simulations had been artificially increased 

to round the current profile. This decreased the central electron temper-
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ature by 5%. The CTEM coefficient was halved, motivated by the above 

discussion; see also Refs. [1,10,14]. The coefficients are then [CF,C<J,CH] = 

[0.78,0.33,0.5]. A large number and variety of discharges on TFTR and 

other tokamaks have been successfully simulated with this model using the 

BALDVR code. 

2.2. Multiple Mode Models MMM and MMCD 

Development of a theoretically-based purely local transport model was 

facilitated by the appearance of the Ross report [15] in 1987, a compendium 

of local transport coefficients based on a wide variety of possible instabilities. 

Motivated by the work of J. Sheffield [6], C E. Singer proposed the multiple 

mode model, a linear sum over transport from several local modes [11]. In 

this paper are presented the results of simulations with his benchmark version 

[4], called here MMM and for the benchmark version using the new Carreras-

Diamond [13] model for resistive ballooning transport, called here MMCD. 

The multiple mode models incorporate many of the ideas found useful in 

PCDW, without the assumptif-i of profile consistency: (1) Confinement for 

all cases is controlled by driftwave and TJ; losses; ',2) at low electron collision-
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ality, turning ^ losses off gives good agreement for supershot temperatures: 

(3) the combination of ?; losses and collisions! drift wave losses gives rise to 

chmic and L-mode transport. In these models (both MMM and MMCD), the 

heat fluxes are predicted to arise from a conibinaticn of driftwave, rippling 

mode and resistive ballooning modes 

QANOM = Qd« +Qrm + Q;b 

QOIOM = Qd- + Qpn + Qrh 

For drift waves 

Qdw = |**(5/2_3/2ful i)fi l ef /,n«OT./0r 

Q?" = fi

d" 5f2{D%,+ UDi) to m&Ti/di. 

In MMM, 

Die = ( r / R ) , / 2 w ; / k 2

x min[ l ,u>> e f f ] . 

The transition between the collisionless and collisionat trapped electron modes 

follows the Dominguez-Waltz model [3], although recent work [16] suggests 

a more detailed treatment of the local collisionality may be necessary. A 

different trapped electron co'!lsiona!ity condition is used in MMCD [17,18] 

K j_ L t ' e J nun 
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For both MMM and MMCD, the T/i mode gives rise to the coefficient 

fit = w ; /ki[(2Ti/T e )(WL T 1 )(L n /R)] 1 / 2 . 

The ty threshold function is 

filh = [ l + e x p - ^ - ^ ' ] - 1 . 

The Romanelli rji threshold has been used 

7 i

t h = max[ 7 i c + 2 . 3 ( ^ - 0 . 2 ) ] 

and Vic = 1.0 except where noted, A finite /3' correction [15,16] 

f, = (l+/?'/#•)/[!+ 0 W ) 3 ] 

is also included. 

The anomalous electron ion energy exchange 

A D n = 0.3(0.89 - 0.54V; - 0 . 6 ^ ) D D R ^ 

where 

has been included in all simulations with multiple mode models. MMM 

and MMCD include the convective energy losses associated with particle 

transport as well as conductive losses in xl% The xll will be written as Xd-
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The rippling mode losses are described in Refs. [4,11], but the rippling 

mode contribution to transport in this study is so small that the details of 

the model will not be given here. 

The resistive ballooning mode in the original model (MMM) [4,11] was 

given by 

Q* = fIbA= x f n. dTJdv 

where 

r b 3 v u ^ u ^ f f L./!,,,)3/' 
X < 2/i„(2q)»/»v.|h„ 

and 

A, = 4/37r£nlR V 4 l f v e n ^i„/r; 5p i U c r fiU7\. 

The scale heights are 

L, = Rq / [ r / q9q / a r ] 

and 

L p = ( r / p 5 p / 5 r ) - ' . 

The enhancement factor A, was added by Singer to the Carreras et ai. model. 

This factor takes into account the different characteristic scale sizes of mag

netic and velocity Buctuations in tokamak plasmas. We found A, about 10 
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in simulations of the three TFTR cases sludied here, with A^ enhancing edge 

transport by two orders of magnitude. 

MMCD uses a more recent model of resistive ballooning mode transport 

[12,19,20] given by 

X » = f* I r (0 JL fY* ^ ^ U RB = 

213/6 (n)WSWS 
0RU2 ^ 

D ~ L WL^S ~R A f*~ 

The ion thermal diffusivity has been chosen to be proportional :o the particle 

diffisivity 

\ 2 fdia 
X t ~ J i J2LPRCS r n ' X J • 

Here, the diamagnetic stabilization term is approximated by 

fdin = 1 + 

S is the plasma shear. The magnetic Reynold's number is defined by S 

= W'TjpiTfc = ^Vo/V = local resistive time, >vith ip = the >cal Spitzer 

resistivity and Ti,p = Ro/v A = local poloidal Alfven time. 

Re is the radius of curvature, taken to be the major radius. The multiplier 
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A is the solution to the equation 

A 2 r 2 5 6 5 2 i p ( S V I 

We use average toroidal mode number < n > equal to 2. The enhance

ment factor, A, is now found to be 4 to 7 in the TFTR cases studied. The 

new version of resistive ballooning transport is enhanced by A'1''3 rather than 

A|. MMCD also includes pressure driven E x B flux in x?, *[* and £>r6 

enhanced by A 2 [19]. 

The pre-multiplying numerical factors used here for MMM and MMCD, 

are the ones obtained by Singer et al.[A\ in fitting ASDEX L-mode and L-

mode data base confinement scalings: [ffX Ji,T J!be\ = [0.3,3.0,1.0) except 

where noted in Sec. 5.3. 

3. TFTR Experiments Simulated 

Three representative TFTR experiments have been simulated with the 

PCDW, MMM and MMCD models. Simulation results are presented in Sec. 

5 for TFTR ohmic shot 31819, L-mode shot 41326, and supershot 30640. 

31819 is a medium density ohmic discharge, 41326 is a high power L-mode 

without significant MHD or carbon blooms and 30640 is an early (1988) 
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moderate power supershot. In Table 2 are shown the plasma parameters for 

these experiments. 

4. The Transport Code Simulations 

The 1-1/2 dimensional BALDUR transport code was used for all simula

tions with the PCDW, MMM and MMCD models. Several similar supershot 

and ohmic cases had been studied previously with the 1-d version of BAL

DUR [21,22] to evaluate the performance of the profile consistent model in 

predicting TFTR data. When simulating the ohmic TFTR experiments with 

PCDW, the 1-1/2-d code was found to give results essentially unchanged from 

the 1-d version. Because of differences in 1-1/2-d BALDUR compared to 1-d 

BALDUR, the 1-1/2-d calculations of T e and Ti for the TFTR supershot 

are 10% below the values obtained with 1-d BALDUR [9,10]. The multiple 

mode model (MMM) transport calculations were obtained from a subroutine 

for BALDUR written by Singer and Ghanem. 

For ohmic simulations, a concentric circular flux surface equilibrium was 

assumed, while for the supershot cases the effects of Shafranov shift were 

handled by the Lao VMOMS harmonic equilibrium code [23]. Line average 
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electron density was maintained in the ohmic cases by gas puff and density 

monitor. Simulations included neoclassical particle and thermal transport 

^Chang-Hint^n ^or -jons^ -m a c t i o n t 0 anomalous transport. 

Sawteeth were included via a Kadomtsev sawtooth model with sawtooth 

period matched to experiment for the ohmic and L-mode phases. In the 

next section, simulated temperatures are compa.ed to Thompson electron 

temppralure profile measurements and to charge exchange recombination 

spectroscopy (CHERS) ion temperature profile measurements. The relative 

sawtooth phase can be important in comparing simulation to measurement. 

In ohmic case 31819, a small plasma, T T O varies by only 3% during a saw

tooth period. For L-mode shot 41326, the sawtooth period is much larger 

(200 msec. vs. 25 msec), and the sawtooth excursion causes 10% changes 

in neo and T e o . The L-mode simulations were sawtooth phased to the exper

iment. Sawteeth are not present in the supershot experiment. 
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5. Simulation Results 

5.1. Particle Transport Results 

For PCDW simulations an empirical particle transport model was used to 

reach within 10% of the measured central and line average electron densities. 

Thest' density profiles are shown as solid curves in Figs. 1-3. A supershot 

density profile (Fig. 3) was obtained with the PCDW empirical particle 

transport model: D oc i /n c ( r ) , and V i m p u r ; ( V oc D X r /a 2 . The edge densities 

and temperatures were taken to agree with poloidally averaged edge values. 

The recycling coefficients were set equal to 0.9 for all phases except supershot 

where R = 0.8, consistent with analysis using the DEGAS neutral transport 

code [24]. The particle transport model used for PCDW, MMM, and MMCD 

use the same edge densities, temperatures and recycling. In Figs. 1-3 are 

also shown comparisons of measured electron densities to those predicted by 

MMM and MMCD for ohmic, L-mode, and supershot simulations. 

MMM predicts L-mode particle transport quite well but does not give 

such good agreement for electron density predictions of ohmic and supershots 

(dotted curves, Figs. 1-3). MMM was designed to simulate the ASDEX L-
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mode and was expected to give good agreement for TFTR L-mode cases, 

MMCD improves the MMM predictions of particle transport for the 

ohmic and supershot cases, without destroying the model's good simula

tion of particle transport for L-mode (dashed curves, Figs. 1-3). Although 

the predictions of the supershot density profile were not as good as with 

the empirical model, the MMM and MMCD particle transport models were 

retained in order to present a consistent set of simulations. 

5.2. Profile Consistent Drift Wave Model Results 

Figure 4 shows a comparison of electron and ion temperatures to PCDW 

simulation predictions for the three TFTR cases (solid curves). The predicted 

electron temperatures are within 10-20% of the measured values. Detailed 

results for simulations of TFTR ohnJc electron temperatures with the profile 

consistent model have already been published [4,6]. PCDW was calibrated 

on TFTR ohmic plasmas to give agreement with magnetic confinement time 

data and electron temperature profiles. Thus, it was expected that simulation 

of ohmic shot 31819, for which ion temperature profile data was available, 

would give good agreement for both electron and ion temperature predictions 
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(Figs. 4(a),(b)). 

In Fig. 4, we see the low power supcnhot 30640 ion temperature is 

well represented by the PCDW simulation, but the high power L-mode ion 

temperature measurements are much lower than predicted. PCDW works 

well for simulating TFTR experiments at low heating power (< 14 MW) (see 

also [6,8])- Recent work by Taroni [25] indicates that PCDW underestimates 

transport losses for JET experiments with high heating power. Mikkelsen 

[26] at fFTR also finds better agreement at low heating powers (5 MW). 

The PCDW collisionality for the supershot case (Table 3) is u.c < O.lo 

as found in the experiment. The L-mode simulation, however, overestimates 

the plasma temperatures, and we find i>,c = 0.09 where CTEM shoulc! Apply. 

If xfN0M is increased to predict the measured T,„, v.c > 0.15 as for DTEM. 

PCDW lacks a mechanism foi increased ion transport losses in DTEM at 

high heating power. 

In Table 3 are shown the simulated conductive, convective, radiative, and 

neutral losses as well as ohmic and neutral beam heating and the classical 

electron-ion interchange losses fô  the t ee TFTR experiments at r = a/2. 

PCDW simulations used the convective mulitplier = 3/2. Electron losses ex-
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ceed ion losses for the ohmic plasma. With PCDW the ion conduction losses 

are somewhat smaller than electron conduction losses in L-mode and in the 

supershot (Table 3). We note from the PCDW results that convective losses 

in the supershot simulation are much greater than for L-mode and ohmic. 

Figure 5(a) shows the evolution of the central electron and ion temperatures 

for the PCDW supershot case. Low collisionality and low TJ-, (Table 3) cause 

the final temperatures to be in agreement with experiment (Table 4) within 

15%. 

Figure 6 shows the anomalous Xi and x> for simulations with this model 

and that \= > X> f° r ohmic and L-mode but x< * Xi f°' "i>e supershot. 

Goldston [27] showed in initial studies of TFTR ohmic discharges that Xe > 

Xi. Increased Xi would improve agreement for the PCDW results on the L-

mode case. Zarnstorff et al. [28] have shown that x\ > Xe f ° r TFTR L-mode; 

Zarnstorff has also shown that Xi ~ Xc for TFTR supershots [28]. 

In Table 4, we compare some scalar experimental quantities to PCDW 

simulation results. PCDW fails to successfully predict the plasma tempera

tures of high power L-mode shot 41326 and overestimates T£. We might ask 

if the data for this shot exhibit any new types of transport losses not included 
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in PCDW. In fact, TFTH performance at high beta is now primarily lim

ited by MHD or carbon influx (carbon bloom) in which resultant radiation 

limits high power performance [29,30]. Recently, Redi and Cohen [31] have 

proposed a model of MKD-enhanced transport near the beta limit. However, 

shot 41326 has a typical L-mode confinement, and has neither strong MHD 

behavior [32] nor a carbon bloom. Anomalous losses of fast ions at high 

beam power remains one possible cause of the degradation of confinement 

from that predicted by PCDW, but the underlying basis for such losses is 

not clear. 

5.3. Multiple Mode Model Results 

The emphasis will be on MMCD predictions for thermal transport in this 

section as the development of MMCD supercedes MMM. Simulations paral

lel to those of Sec. 5.2 with PCDW were carried out with both MMM and 

MMCD for the three TFTR experiments. In Table 4, the central plasma 

temperatures are compared to experiment for all three models. Predicted 

electron and ion temperatures are compared to data in Fig. 4 for MMCD 

(dashed curves). The ohmic electron temperature profile is very weil simu-
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lated by MMCD (Fig. 4(a)). The ohmic central ion temperature is underes

timated (Fig. 4(b)). The L-mode electron and ion temperatures are broader 

than measured (Fig. 4(c),(d)). The model, which does match central tem

perature-;, significantly overestimates Tg1 in ohmic and L-mode cases because 

the ion temperature profiles are too broad (Table 4). 

Simulation of the TFTR supershot with MMCD (Fig. 4(e),(f)) is found 

to overestimate both electron and ion thermal transport by about a factor 

at least 3 (see below). The anomalous Xc a r l d Xi a r e shown in Fig. 7 for 

MMCD simulations of the three TFTR experiments. Note that \\ a n d -V= 

are very large in the supershot case (Figs. 7(e),(f) dashed curves) because 

convective as well as conductive losses are included in effective diffusivities 

for this model. 

The drift wave (TEM=triangies, 7j;=crosses) and resistive ballooning (squares) 

contributions are shown in Fig. 7 for each case. Central transport is domi

nated by drift wave losses with significant edge electron losses arising from 

the resistive ballooning mode. The J;,- contribution to Xt in each case drops 

below zero, illustrating the development of an inward pinch from the ft mode. 

Resistive ballooning modes destroy magnetic surfaces and so allow fast elec-
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tron transport out of the plasma. Slower ion motu.u leads to smaller ion 

losses. The resistive ballooning mode does not lead to significant ion energy 

losses at the plasma edge. The plasma ion temperature predicted is much 

broader than the electron temperature. Although the electron temperature 

profiles for L-mode and supershot could be narrowed by increasing the resis

tive ballooning transport, the ion temperatures would not be narrowed. The 

rippling mode contributions are so small as not to appear in the figures. 

For MMM and MMCD, the evolution nf the central electron temperature^ 

for shot 30640 from ohmic to supershot phase are shown in Fig. 6 (b,c). All 

models predict the ohmic phase central temperature in agreement with the 

ECE measured peak ohmic electron temperature, 6.3 ± 0.3keV. The MMM 

final Ti0 is 18 keV, in better agreement with experiment than MMCD! In 

comparison with MMM, MMCD includes a smooth transition to CTEM via 

ul, but T; 0 is still much lower than measured. This simulation results in Tt0 

= 4.5 keV and Tia = 10 keV. 

Several years ago, Cheng and Tsang [33], and Gribkov et al. [34] showed 

that the r); mode threshold increases rapidly with Tj/T,.. This ratio is about 4 

in the supershot. To explore this, we increase the rfi threshold to 10 and find 
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that a high supershot temperature can be predicted by MMCD, if trapped 

electron thermal (not paiticle) drift wave losses are reduced by 1/3 {T e o = 

6.4 keV, T| 0 = 27 keV). These predictions are shown as long dashed curves 

in Figure 4 (MMCD'). This model also gives reasonable results in the ohmic 

phase with ttf = 1.0, {T*, = 3.6 keV and T i o = 2.2 keV) but causes the model 

to significantly overestimate tht. plasma temperatures in L-mode (T,*, = 5.3 

keV and T i o = 9.1 keV). 

Modifying the JJ, model and increasing the i^ losses will not reduce the 

L-mode electron temperature, No adjustment of the drift wave transport 

coefficients can be found to fit both L-mode and supershot plasma temper

atures because the trapped electron collisionality condition t/* < 0.1 is oniy 

satisfied in shot 30640 for 12cm < r < 50 cm. Thus, DTEM governs the cen

tral supershot electron temperature a..^. the PCDW impro <ed behavior of 

CTEM (Tr) vs. DTEM ( T ' ) transport cannot be obtained with this model 

unless DTEM transport is reduced or the collisionaiity condition is modified. 

Preliminary multimode simulations of the TFTR supershot with a tcroid?! 

CTEM model stabilized by Ln [35] give good agreement tvith the measured 

central electron temperature [36]. 
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6. Conclusions 

Considerable progress has been made in the last few years in understand

ing tokamak transport. We have shown that theoretically based models with 

empirical elements can be used to simulate TFTR experiments with some 

success, yet many discrepancies remain. In fact, the theories on which these 

models are based may not even apply to the highly nonlinear, fully devel

oped strong turbulent conditions thought to occur in the plasma core. In 

particular, quasilinear models for weak turbulence effects are valid only for 

modes with 7 < w r such as TEM. 

The profile consistent drift wave model, "with edge transport arising from 

the consequences of assuming profile consistency, has been found valid for 

simulating a large number of TFTR experiments. For high power cases, 

ion temperatures are overestimated with PCDW so that a "third mode" for 

anomalous losses of fast ions is proposed. In addition, a PCDW particle 

transport model is needed as is justification for the profile consistency as

sumption. 

It had been hoped that since MMCD incorporates several of the key points 

of PCDW, it should be able to duplicate the successes of that model. By im-
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proving the criteria for the DTEM/CTEM transition and for suppression of 

t)i mode losses, it seemed likely that this type of model could be successful in 

simulating low power supershot electron temperatures as well as L-mode and 

ohmic. In this paper, however, we have shown that PCDW fails to predict 

the high power L-mode temperatures and also that good multimode predic

tions of both L-mode and supershot plasma temperatures are not possible 

with the current DTEM/CTEM model. TEM transport in the supershot 

must be reduced compared to L-mode, perhaps by L n stabilization. Thus, 

new transport mechanisms are required to understand high heating power 

discharges with either type of model. In addition, the broad ion temperature 

profiles predicted by MMCD, show that a new ion edge loss mechanism must 

be found if we are to model plasma transport by a linear combination of 

locally acting plasma modes. 

In conclusion, none of the models tested were found to predict plasma 

temperatures within 20% for all three typical TFTR ohmic, L-mode, and 

supershot discharges. Present models for drift wave transport plus edge 

losses are not sufficient to predict tokamak confinement on TFTR. 
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Table 1: Summary of Experiments Simulated with PCDW 

v' <0.15 i>* >0.15 7/, <1.5 i}, >1.5 

•TFTR 

deuterium ohmic 3 X X 

deuterium pellets 3 , s X X 

ohmic phase of supershot 3 X X 

L-mode6 X X 

supershots 6 , 8 X X 

helium low density X X 

helium high density X X 

•T-10 

ohmic X X 

ECH X X 

•TEXT 

hydrogen low density 4 X X 

hydrogen high density4 X X 

pellet4 X X 

•Alcator-C 

ohmic 5 X X 

pellet 5 X X 

•ASDEX 

ohmic 5 X X 

pellet 5 X X 



Table 2: Plasma Parameters for Experiments Simulated 

Ohmic L-mode Supershot 

Shot 31819 41326 30640 

Ip(MA) 1.2 1.8 0.9 

Bz(T) 4.95 3.8 4.9 

R(m) 2.36 2.58 2.46 

a(m) 0.71 0.92 0.81 

n«(10 1 9 /m 3 ) 2.5 4.19 2.57 

qi" 4.4 3.5 7.2 

Z efl 2.0 3.2 3.0 

P W ( M W ) 0. 16.8 14.3 
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Table 3: Radially Integrated Heating and Losses at r = a/2 in MW 

^vcond Wcond O' QNeut QfUd Qheat Q« K 1\ 

Ohmic 

PCDW 0.49 0.0022 0.14 0.0020 1.3xl0- 3 0.11 0.75 0.15 0.2 2.4 

MMM 0.12 - 0.32 - 0.012 0.074 0.51 0.32 - -

MMCD 0.18 - 0.24 - 2 x l 0 " 3 0.083 0.50 0.23 - -

L-mode 

PCDW 3.3 0.20 2.6 0.28 0.14 0.27 7.3 -1.6 0.11 4.5 

MMM 2.2 - 3.9 - 0.13 0.27 7.2 -0.11 - -

MMCD 1.7 - 5.3 - -0.039 0.28 7.1 0.06 - -

Supershot 

2.5 0.74 2.1 2.6 0.62 0.64 10. -1.6 0.05 0.8 PCDW 2.5 0.74 2.1 2.6 0.62 0.64 10. -1.6 0.05 0.8 

MMM 3.2 - 3.8 - 0.21 0.69 8.2 -1.0 - -

MMCD 2.7 - 5.2 - 0.18 0.92 9.3 -0.91 - -
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Table 4: Comparison of Measured and Simulated Plasma Performance for 

TFTR 

T„ T T* PoH * Loop /3T 4, 
(keV) (keV) (sec) MW) (V) (%) 

Ohmic 

experiment 2.9 2.2 0.252 0.76 0.63 0.069 0.12 

PCDW 2.8 2.1 0.226 1.04 0.89 0.068 0.15 

MMM 3.6 1.7 0.384 0.67 0.58 0.077 0.17 

MMCD 2.9 1.8 0.365 0.79 0.67 0.084 0.18 

L-mode 

4.5 3.7 0.064 0.68 0.38 040 0.37 experiment 4.5 3.7 0.064 0.68 0.38 040 0.37 

PCDW 4.0 6.1 0.095 0.52 0.28 0.57 0.53 

MMM 5.3 5.3 0.106 0.34 0.20 0.66 0.62 

MMCD 4.4 4.6 0.122 0.30 0.05 o.n 0.67 

Supershot 

7.9 23. 0.097 0.19 •0.21 0.55 1.8 experiment 7.9 23. 0.097 0.19 •0.21 0.55 1.8 

PCDW 6.3 20. 0.088 0.14 -0.48 0.47 2.3 

MMM 4.0 18. 0.059 0.47 -0.31 0.42 2.0 

MMCD 4.5 10. 0.079 0.13 -0.39 0.49 2.4 



Figures 

Fig. 1 Simulated density for ohmic case using empirical density transport 

model (solid curve), MMM (dotted curve) and MMCD (dashed curve) 

compared to experiment. 

Fig. 2 Simulated density for L-mode case using empirical density trans

port model (solid curve), MMM (dotted curve) and MMCD (dashed 

curve) compared to experiment. 

Fig. 3 Simulated density for supershot case using empirical density trans

port model (solid curve), MMM (dotted curve) and MMCD (dashed 

curve) compared to experiment. 

Fig. 4 (a) Simulations of alectron temperature with PCDW (solid curve) 

and MMCD (dashed curve), MMCD' (long dashed curve), compared 

to TFTR data for ohmic shot 31819. 

(b) Simulations of ion temperature with PCDW (solid curve) and 

MMCD (dashed curve), MMCD' (long dashed curve), compared to 

TFTR data for ohmic shot 31819. 

(c) Simulation of electron temperature with PCDW (solid curve) and 

MMCD (dashed curve), MMCD' (long dashed curve), compared to 
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TFTR data for L-mode shot 41326. 

(d) Simulation of ion temperature with PCDvV (solid curve) and 

MMCD (dashed curve), MMCD' (long dashed curve), compared to 

TFTR data for L-mode shot 41326. 

(e) Simulation of electron temperature with PCDW (solid curve) 

and MMCD (dashed curve), MMCD' with tff = 10., (long dashed 

curve), compared to TFTR data for supershot 30640. 

(f) Simulation of ion temperature with PCDW (solid curve) and 

MMCD (dashed curve), MMCD' with rf = 10., (iong dashed curve), 

compared to TFTR data for supershot 30640. 

Fig. 5 (a) PCDW simulation of central electron and ion temperature evo

lution for TFTR supershot 30640. 

(b) MMM simulation of central electron and ion temperature evolu

tion for TFTR supershot 30640. 

(c) MMCD simulation of central electron and ion temperature evo

lution for TFTR supershot 30640. 

Fig. 6 (a) PCDW prediction of Xe and Xi for TFTR ohmic case. 

0 ) PCDW prediction of X t and Xi for TFTR L-mode case. 
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(c) PCDW prediction of ,ye and Xi for TFTR supershot case. 

Fig. 7 MMCD prediction of multiple mode components of 

(a) x« for TFTR ohmic shot 31819, 

(b) Xi for TFTR ohmic shot 31819. 

(c) xe for TFTR L-mode shot 41326, 

(d) x; for TFTR L-mode sh ;.t 41326, 

(e) \t for TFTR supershot 30640, 

(f) Xi for TFTR supershot 30640. Here circles designate total diffu-

sivity while 'triangles' designate TEM losses, 'crosses' designate rj[ 

losses, and 'squares' designate resistive ballooning derived losses. 
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