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Transport simulations of ohmically heated TFTR experiments with recently 

developed profile-consistent microinstability models for the anomalous thermal 

diffusivities, x„ and x,» give good agreement with experimantal data. The 

steady-state temperature profiles and the total energy confinement times, T , 

were found to agree for each of the ohmic TFTR experiments simulated, 

including three high radiation cases and two plasmas fueled by pellet 

injection. Both collisional and collisionless models are tested. The 

trapped-electron drift wave microinstability model results are consistent with 

the thermal confinement of large plasma ohmic experiments on TFTR. We also 

find that transport due to the toroidal ion temperature gradient (n;) modes 

can cause saturation in tg at the highest densities comparable to that 

observed on TFTR and equivalent to a neoclassical anomaly factor of 3. 

Predictions based on stabilized nj-mode-driven ion transport are found to be 

in agreement with the enhanced global energy confinement times for 

pellet-fueled plasmas. MASTER 
'•: K\VM 
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1. INTRODUCTION 

Anomalous electron and ion conduction losses appear to dominate tokamak 

energy confinement [1-5]. This is a key problem in designing practical fusion 

reactors. 

Numerous theoretical papers [6-12] have attempted to explain tokamak 

energy losses on the basis of drift modes and other instabilities. 

Verification of any of these models depends on testing against actual 

experimental data. This has molivated the present study in which the BALDUR 

transport code [13] has been used to simulate TFTR ohmic experiments over a 

wide range of plasma conditions in order to test the validity of recent 

profile-consistent theoretically based models [6] for the anomalous electron 

and ion thermal diffusivities x e and y.:. 

A comparison of predictions of the collisional and collisionless x e 

models was made. The collisionless model was found appropriate for 

interpreting the ohmic phase of a representative low density "supershot" 

[14]. All other simulations were carried out with the collisional model for 

xl • The simulation results are found to be consistent with (i) the TFTR 

ohmic scaling T-. * n q aH [15] at low to moderate densities, (ii) the 

measured degradation of ohmic confinement at high density relative to the low 

density scaling when the profile parameter, T\- = din T-/dtn n- > 1.5, and 

(iii) the experimentally observed behavior in pellet-fueled experiments. 

In Sec. 2, we present the thermal diffusivity models tested and their 

extension to high radiation cases ( p
r ad^OH > &"*^ T n e "^i11 features of the 

time-dependent, one-dinensional transpcr-; code (BALDUR) used in these studies 

are described in Sec. 3. In Sec. 4, th--j results of detailed simulations of a 

large number of actual TFTR experiments, including several high-radiation and 

pellet-fueled cases, are presented. Section 5 describes similar results for 
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simulation of a typical PDX ohmic discharge. Confinement results predicted by 

the simulations are discus-ed in Sec. 6, and the general conclusions from 

these studies are summarized in Sec. 7. 

2. MICROINSTABILITY-BASED MODELS FOR x e AND x£ 

2.1 ProfiLe-Consistent Trapped-Electron Drift Wave Model for x e 

A number of proposed models for anomalous electron thermal diffusivily 

are of potential interest for modeling tokamak experiments. The specific 

model [6] being tested here was formulated from global as well as microscopic 

theoretical considerations. Experimentally deduced expressions for xef 

generated from the energy balance analysis of TFTR data, have recently been 

compared to various proposed models [16]. Results from these studies have 

indicated that the scaling of the profile-consistent microinstability model 

{6] is in better agreement with the ohmic data base than the scalings 

predicted by many other models [7,17-19]. The Coppi-Mazzucato model [18] was 

also found to give reasonable agreement. With regard to actual time-dependent 

transport code simulations, Dominguez and Waltz [8] have recently reported 

that the neo-Alcator-like scaling trend (tE » n aR q) in devices, such as the 

Doublet III tokamak, could be reproduced by using a model for x based on the 

presence of trapped-electron (TE) drift instabilities. n is the line-

averaged plasma density, q is the safety factor at the edge of the plasma, 

and R and a are, respectively, the major and minor radius of the device. 

As discussed in detail in Ref. [6], if realistic profile constraints are 

enforced, then most of the significant confinement properties in low-beta 

ohmically heateJ tokamaks can be accounted far by electrostatic (E x B ) 

transport due to drift-type microinstabilities. The associated profile-

consistent models are based on the presence of trapped-electron drift modes 
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and/or toroidal ion temperature gradient (n^) modes in the bulk region of 
thermal insulation (usually between the q = 1 and q = 2 surfaces) ii. the 
plasma [20]. They incorporate the familiar mixing length estimate for the 
magnitude of the fluctuations and also impose a temperature "profile 
consistency" [7] constraint. If the parameter n- exceeds a critical magnitude 
(nr). (typically from 1 to 2), then the dominant instability evolves from the 
trapped-eleetron mode to the nj-type mode [21]. 

For the purpose of analytic simplicity, a number of assumptions were made 
in constructing the basic model. These include invoking parallel Ohm's law to 
relate the temperature to the current profile in steady state and taking the 
electron temperature profile to be represented by the Gaussian form, 

T (r) = T exp[-2/3(q + 0.5) r 2/a 2] . (1) 

As noted in Ref. [6], this choice does not "imply that other T -profiles 
(exhibiting a monotonically decreasing radial dependence sensitive primarily 
to q,) could not be alternatively selected. Solving a simplified cylindrical a 
steady-state energy-balance equation, this yields for the electron thermal 
diffuaivity in an ohraically heated plasma 

1.25(1 + 0.25 a ) 10 4 a B°' 3 Z°l 2 

X e = C F ' 1 - f i
 T «»£<,) , (2a) n a q eo a 

with 

exp[(2/3)(q +0.5)r2/a2] - exp[-(l/3)(q +0.5)r2/a2] 
f(r) = S _S , (2b) 

[n (r)/n ] (r Ul) e eo 



5 

where B„. (Tesla), R(ra), a{ra>, n (lD^cnf-1), and a n is a value chosen to 

characterize the steepness of a parabolic density profile. C„ is a scaling 

coefficient of order unity. This result can also be expressed in terms of the 

dependent variables, such as the central electron temperature T , or the 

ohmic power PQH - Specifically, in terms of T (keV), this becomes 

<1 • 0.25 « ) 10 A a 0' 8 T°; 5 

* > > = C F TI^TI ~ ^ ' < 3> R q n a eo 

and in terms of P 0„ (MW), 

T E 0.6(1 + 0.25 , ) 10* Pg-8 

*• " C* R L 2 a C l Z 0 2 ,0.4 q0.9 n ^ <« 
eff T Ma eo 

with PQ„(MW). It is also of interest to recall at this point the very strong 

temperature dependence in the expression for the local thermal diffusivity of 

dissipative trapped-electron modes. However, when the global profile 

consistency constraint is applied to this local estimate [6], the resultant 

scaling [Eq. (3)] is actually T^'2 instead of T^'2 . The particular merit of 

using Eq. (4) [which is, of course, entirely equivalent to Eqs. (2) and (3)] 

is that it reflects the unfavorable scaling of anomalous electron thermal 

transport with increasing input power in ohmically heated plasmas. 

These equations can continue to be applicable in the lower collisionality 

end of the plateau regime because the banana regime parameter, v* , involves 

the thermal particles. Hence, the higher energy t-apped electrons can still 

contribute to the instabilities even when v 4 exceeds unity [20,22]. 

If «* e < 0.1-0.2, the collisionles9 form of the trapped electron drift 

wave diffusivity should be used [6] 
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TE-collisionless/ > _ - tot,e oe ., , .,. 

Here Pj. t is the total electron heating power which is also used in 

calculating the function f(r). The factor Cg is a scaling constant. All 

cases studied (Table I) except shot 22014 were found to have v^ > 0.15 at q = 

1,5 and could properly be simulated with the collisional formula. The 

collisionless form of x e was used in simulating the very low density ohmic 

case, in Sec. 4.2. 

One example of the errors that can be generated by applying the 

collisional form of x e where the collisionless form should be applied can be 

seen in the recent results presented by Duchs et al. [23]. 

Ion losses associated with the presence of the trapped-electron drift 

modes [in situations where i)> < (n̂ ),.] are less important. Local estimates of 

the magnitude of x.f indicate that it is typically smaller than xi and 

exhibits a similar scaling [6], Consequently, in the higher density ohmic 

regimes, where the ion los3 channel is dominant, the contribution of xt tends 

to be masked by the conventional neoclassical ion transport. It would then 

appear that in such, discharges the electron channel is anomalous while the ion 

confinement is neoclassical. 

In Sec. 4.1, we will discuss simulations of experiments for which the 

fraction of ohmic heating power lost to radiation is greater than 60Z. For 

these simulations we have modified Eq. (4) to account Cor the reduced total 

power available to drive the thermal transport associated with the trapped-

electron microinstabilities. We have also used the power deposition profile 

factor Fj, appropriatf for auxiliary heated discharges [6] to properly include 

radiation loss for ohmically heated cases. 



™, , r °^(1 * 0.25 , ) 10 4 ( P 6 H - P )°- 8 

*e ( r ) = CF ,1,2 0.1 70.2 n0.A 0.9 F B ( r ) ' ( 6 a ) 

neo R a Z eff B T 1 a 

with 

[1 - exc(-a )] ev.p(2 a r 2/3 a 2) J" r / adi x h(x) 
F (t) = :—a \ ° , (6b) 

H [n (r)/n ](r 2/a Z) J 1 dx x h(x) 
e eo J o 

where a = qfl + 0.5, P r ad^ H W^» a n d h^ x^ i 3 t n e t o t ^ l energy deposition profile 
including ohmic heating minus radiation losses. For auxiliary heated cases 
h(x) and the factor (poH-^rad' w o ui<* be replaced by the net heating power from 
all plasma heating sources including alpha particle heating if present. 

2.2 The Profile-Consistent Ion-Temperature-Gradient Drift Wave Model 

For situations where the profile parameter iij is sufficiently large, 
comprehensive theoretical studies of toroidal microinstabilities [20,21] have 
concluded that the ion (rather than electron) dynamics are dominant. The 
resultant toroidal ion-temperature-gradient-driven modes are fluid-like in 
character and (iti contrast to the trapped-electron modes) insensitive to 
collisions. Following the ^ame general procedure as noted in Sec. 2.1. (and 
described in detail in Re£. 6), the profile-consistent expression for the 
associated anomalous ion thermal diffusivity is given by 

n. loV In )°*6 

. l H (RB Tq a)°- 8(a) 0- 2 H 

with Fg(") given l-y Eq. (6b). In arriving at this result, it was assumed for 
simplicity that Tfc = T^ and that the parabolic and Gaussian forms (for Che 
density and temperature profiles, respectively) could again be used to 
formulate the profile constraint condition. The factor Cu is a scaling 
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constant [6], n is the central electron density, and the onset condition is 

just r-j ? dilnTj/dln I-J > (Hi),, with <li>c = 1-5-

With regard to the anomalous electron thermal diffusivity associated with 

the tij-modes, theoretical calculations [2] indicate that x̂ '' = xj 1 , in a 

collisionless plasma. However, this electron loss channel, as in the case of 

trapped-electron modes, remains sensitive to collisions. Hence, for most 

ohmically heated plasmas of interest, the expression for x^1 will tend to be 

very similar to X e • Accordingly, the expressions for x e given in Sec. 2.1 

can continue to be used in simulating ohmic plasmas even when -•• > (l-)_. 

Recent time-dependent transport cade simulations carried out by Dominguez 

and Waltz [8] have reported favorable correlations with the observed T E 

saturation in a number of high density ohmic experiments and also with results 

from the neutral-beam-heated Doublet-Ill tokamak. Although they invoke the 

presence of the same type of electrostatic microinstabilities discussed in 

this paper, the actual form of the anomalous thermal diffusivities used in 

their code is very different from the profile-consistent model. In 

particular, conventional local expressions for x e and X; (associated with 

trapped-electron and n^-modes) are applied between the q = 1 and q ~ 2 regions 

of the plasma, and a heuristic "venetian blind" model associated with tearing 

modes is invoked to provide the required strong degradation of confinement 

outside the q = 2 surface. In a qualitative* sense, the effect of the 

"venetian blind" model is to enforce the profile consistency trend 

characteristic of the model used in the present paper. 

Simulations of ohmic TFTR discharges have been carried out using the 

profile-consistent x? 1 model added to the usual ion neoclassical expression. 

As illustrated in Sec. 4.2.1, the results indicate improved agreement between 

the simulated and experimental values for central T and T- . Correlation with 
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the observed saturation of T E with increased density in the large plasma TFTR 

discharges is also demonstvated. 

3. THE BALDUR TRANSPORT CODE 

BALDUR [13], a multispecies one-dimensional transport code, was used for 

this series of simulations. BALDUR includes energy and particle sources due 

to conduction, convection, radiation, recombination, sawteeth, and ohmic 

heating. All simulations were carried out with neoclassical transport 

coefficients for diffusion, thermal diffusivity, and Hare pinch in addition to 

anomalous transport coefficients for energy and particle transport. 

Specifically, 

_ NEO ^ ANOM ,„ v 
X e = Xfi + Xfi , (8a) 

. 1IEO x ANOM , Q, , 

D = DNEO + DANOH { 8 c ) 

_ WARE ^ ANOM ,„,, 
v = v + v . (8d) 

The microinstability diffusivity models described in Sec. 2 for anomalous 

transport are speuified up to a coefficient of order unity [6], 

3.1 Thermal Transport Coefficients 

The theoretical prescription for situations where n- < CTI• ) , is that the 
l i e 

ri£-mode should not be excited and that the t ranspor t coeff ic ients should be 

given by nfm = X ^ and x f 0 M = X p . As pointed out in Sec. 2, X i

T E is 
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TF usually smaller in magnitude, but exhibits a scaling similar to % Jor most 
otitic cases when i\- < (l;)c« Hence, in such situations (where the electron 

TF 
losses are dominant), the influence of xt c a n be simply approximated by 
taking XTOTAL = x f 0 M a ^ w i t h Xi™" = °- W e h a v e ' i n f a c c ' c h o a e n t h* 
order unity numerical coefficient Cr. to be J.67 in all the simulations. This 
choice leads to good agreement with the experimental measurements of central 
electron temperatures and surface voltages and was calibrated on the low 
density TFTR large plasma experiments. The anomalous contribution to the ion 
thermal diffusivity is here neglected to test the predictions of the trapped-
electron drift wave model by itself in Sec. 4.1. 

For situations where its > (n^)_, the n*-modes ara theoretically predicted 
to be excited, and the thermal transport coefficients become Xg = X e and 
X^ = X j 1 • Aa discussed in Sec. 2, x L °< x£ • Hence, the form of iihe 

&MDM Tfi* 

anomalous electron thermal diffusivity remains unchanged; i.e., x^ a x e a 3 

before. For the models used in the simulations and which will be described in 
Sec. 4.2, we have retained the same numerical factor in x= r Cp = 0r67, and 
have chosen the numerical factor, CM, to be 0.1 in the expression for the 
anomalous ion diffusivity 

xf° M = xf , CF = 0.67, (9a) 

ifH-x} , CH = 0 . 1 , (9b) 

Use of Eqs. (9a) and (9b) in BALDUfl have produced simulation results in good 
agreement with the observed high density confinement time saturation on TFTR, 
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3.2 Particie Transport Models 

The empirical anomalous particle transport coefficients ussd in most of 

the simulations were taken tc be 

DAHOM = a x 1 Q 3 c m 2 / s e c t ( 1 0 ) 

v = 2D r/a . Ill; 

The exceptions were the pellet injection simulations described in Sec. 4.1.3 

find four of the lowest density plasma simulations where the diffusion 

coefficient was chosen to be proportional to 1/n . These cases required such 

modification o£ B and v to match the experimental density profiles. After 

pellet injection on TFTR, a ^density pumpout," with decreasing total particle 

content, is observed unlike typical gas-fueled experiments. To model the 

pellet-fueled cases, v ™ 0 was set equal to zero after pellet injection, and 

the diffusion coefficient was adjusted to produce the observed decay of line-

average density. The plasma recycling coefficient R was set to 0.9 in all 

simulations. 

The canvective heat flux was (3/2) nkTv in ail simulations, possibly 

underestimating the convective heat losses. The resistivity was assumed to be 

neoclassical, and a discrete K^domtsev sawtooth model [13] ^as used for the 

simulations with sawtooth period of 50 msec, which is typical of TFTR large 

plasma discharges. Especially in the case of future ignition experiments, 

improved models for properly describing sawtooth behavior are critically 

needed. As described it. Ref. [13], the BALDUR code calculates the temporal 

evolution of the plasma due to prescribed heating conditions and to specified 

particle sources and sinks. The empirical particle transport model just 
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described was adjusted to obtain density profiles similar to those measured in 

each experiment simulated. Of course, the principal aim here is to test how 

well the thermal transport properties Q£ the plasma can be reproduced by the 

profile-consistent microinstability-based thermal diffusivities in Ref. [6]. 

Hence, the calculated surface voltages, values for the electron temperature 

across the discharges, and energy confinement times have been carefully 

compared with experimental results. 

4. TFTR SIMULATIONS 

The model for Xg described in Sees. 2 and 3 has been tested here by 

the predictive simulation of a set of TFTR large plasma ohmic experiments 

which vary primarily in density and plasma current. Many accurate and 

cross-checked diagnostic measurements as well as the relatively wide 

parametric operating regime in TFTR, have made it possible to test 

systematically the theoretical model against a variety of actual 

experiments. Information from the TFTR SNAP and GLOBE [24] data bases was 

used as input to the code and is given in Table I. SJMP is a time-

independent, radial profile, kinetic data analysis code used to obtain 

transport coefficients, etc. GLOBE is a time-dependent, magnetic data 

analysis code used between shots on TFTR to analyze global plasma parameters, 

such as Tg. Five gas-puff-fueled cases were modeled with the BALDUR code in 

detail for up to 3.5 sec, after specifying the changing total line-average 

electron density and the total plasma current as well as Che other plasma 

parameters (Table I). Since the current Elat-top times exceeded the energy 

confinement times, the simulated confinement times and temperature profiles 

were the same as those calculated when only the time independent conditions of 

line-average density and total current characteristic of the current flat-top 
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were specified during the transport simulation. Hence, the simpler 

time-independent procedure was adopted for simulating the remaining ten gas-

fueled TFTR cases. The model was found to overestimate significantly the 

electron temperature during a current ramp. 

The TFTR plasmas simulated here are large plasmas with R = 2.55 m, and 

a = 0.72 m, or a = 0.82 m. Both low and high density cases at high currents 

of 1.4 to 2.2 MA were modeled. The Gaunt-factor-conected {25] value for Z f f 

from visible bremsstrahlung was used in the model for x e and also in the 

calculation of the impurity fraction specified as input to the code. The 

value of Z ££ consistent with neoclassical resistive ohmic equilibrium was 

within 20S of the corrected visible bremsstrahlung value. Precise 

experimental results for Z re profiles are extremely difficult to obtain. For 

the TFTR cases considered here, the radial dependence is thought to be flat 
' . ' r i from the plasma center to at Least 40 cm and then to risie gently. Since the 

impurities were also assumed to follow the same particle transport laws as 

deuterium, their profile is similar to the electron density profile. The 

impurity particle transport model prescribed to the BALDUR code produced a 

Z ££ profile in agreement with this picture. Fully ionized oxygen was the 

only impurity species considered, consistent with trends reported by Dylla et 

al. [26] for TFTR large plasmas at high density. 

In the original theoretical model [Eqs. (2-4)], impurity radiation 

effects were not taken into account. However, since z
eff falls between 1.2 

and 6 in the TFTR plasmas studied here, such effects should not be ignored. 

The important problem of including realistic impurity radiation profiles in 

the simulation was treated by fitting the measured radiation power profiles by 

a linear rise of ^ r S i ^ r ^ c o 0.9 a and by a quadratic cut-off region at the 

plasma edge. The ratio of total radiated power to total ohmic heating 
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obtained from each experiment was also specified to the code. Most 
experiments had less than 35% radiated power, but three cases were found to 
have 602 or more radiated power. These will be discussed in detail in Sec. 
4.1. 

4.1 Simulations vith X^0H and x ? E 0 

* ' TF 
The simulations were initially carried out using the foirn of x« fiiven by 

Eq. (2) with the numerical factor of 0.67 and with the Chang-Hinton 
neoclassical ion thermal conductivity. Comparisons of the temperature 
profiles measured by Thomson scattering to those predicted by the BALDUR 
simulations indicated good agreement with respect to both magnitude and 
shape. In particular, for nine ohmic gas-fueled cases, which were not 
radiation dominated, the agreement was within 10;. experimental error. {These 
simulated electron temperature profile: are compared to Thomson scattering 
data in Fig. 1. The sawtooth phases of the simulations^have been adjusted to 
agree with the phases of the measured X-ray sawtooth traces at the time of the 
Thomson scattering temperature measurements• 

On the other hand, two TFTR shots, 11603 and 11606, were not simulated 
very well by Eq. (2), The main reason is that these cases have 2 efc =5.0 and 
are radiation dominated ( p

r a Q/ poH * 602). Temperature profiles from 
simulations, using the model of Eq. (2) for the three radiation-dominated 
experiments 11603, 11606, and 11609, are compared to Thomson scattering 
measurements in Figs. 2(a) - 2(c). Since these three shots have a large 
fraction of heating power lost through radiation, the model for x e was 
modified consistent with the ideas of the original theory. As indicated by 
Eq. (6), this involves the inclusion of a power deposition profile factor and 
a reduction of tk& ohmic power by the radiated power. This radiation-
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corrected model was found to give good agreement with the Thomson scattering 

measurements for all three cases [Figs. 2(d) - 2(f)]. Shots 11&03 and 11606 

have Z ff = 5; Shot 11609 has Z f £ = 3. The radiation correction is of more 

importance for high Z „ plasmas with greater than 60Z radiation. The 

simulation of shot 14618! which hc.d only 35Z radiation, was rerun with the 

radiation-corrected model. No significant differences were found. Increased 

radiation can cause improved electron thermal confinement in this model due to 

the reduction in energy available for driving the microinstabilities. 

The simulations in Fig. 2 have not been sawtooth phased. The simulations 

in Figs. 2(a) and 2(d) are at the bottom and top of a sawtooth. This 

decreases the difference in T^** by 0.2 keV for these simulations of shot 

U603. 

For comparison, a simulation using an empirical INTOR-like scaling for x e 

= (2.4 x 10* /cm~3)/n (r) was carried out. As shown in Fig. 3, the results 

also indicate good agreement with temperature profile shape. It should be 

compared to Fig. 1(c). For this particular simulation, radial dependence of 

the temperature is controlled predominantly by the radial variation in 

density. 

As discussed in Sec. 3, the empirical particle transport mo^el used in 

these studies of anomalcus, thermal transport was constructed to produce 

density profiles approximating the Thomson-scattering-measured density data. 

The error in simulating n (r) has little effect on the elecrron conduction 

heat loss calculation because the product, X e
n„ used in solving for the plasma 

thermal energy flux, is independent of n . A dynamic particle transport model 

for the density profile was used rather than a steady-state n (r) function, so 

as to retain in the simulations the energy and particle fluxes (due to 

electron and ion convection) as well as neutral recombination losses. 
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4.2 Simulations with x f 0 M and Xf0H 

4.2.1 Large Plasma Ohmic Results 
The effects of n; -mode-driven x; [specified by Eq- (7) with Cj, = 0.1] on 

the simulations of the TFTR large plasma gaa- and pellet-fueled experiments 
have also been studied. Additional simulations of the experiments of Sec. 4.1 
were carried out with the ion thermal transport given by x; = X? r X: 1 • 
The parameter tij was evaluated across the confinement region from q = 1 to q = 
2 as (dT;/!• )(n/4n). n- a 2 is characteristic of all the TFTR ohmic gas-
fueled experiments studied here. 

As shown in Table II, comparisons with the previous simulations for three 
representative cases which ignored the anomalous ion conductivity, indicate 
that the new results for the central ion and electron temperatures as well as 
the total energy confinement times exhibit better agreement with experimental 
results. The modest saturation of the confinement time at high density for 
large plasmas on TFTR produced by this modol is shown in Fig. 4 (closed 
circles). The open circles are results of simulations using only the 
neoclassical Chang-Hinton ion diffusivity, and the crosses are the SNAP data 
base analysis confinement times for each experiment. The t)--tnode model 
produces « 202 reduction in tj a; n e = 5 x 10 */nr. Figure 4 presents results 
for all the large plasma experiments of Ta>ile I with q between 2.7 and 2.9, 
Simulation of the highest density shot 14618 with x; = 3 x ? E 0 produced x- = 
443 ms, » result very similar to the observed confinement time T = 438 ms and 
the n^ model T E = 439 ms. 

Figure 5 shows the total ion thermal conductivity compared to the Chang-
Hinton neoclassical ion thermal conductivity and to x-(r) for high density 
shot 14610. Efthimion e£ a_l. [15] have reported that the saturation of 
confinement time with increasing density for small plasmas on TFTR (a = 41 cm, 
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55 cm) was found to be consistent with neoclassical ion thermal 

conductivity. We find that for the large plasmas, high-density saturation of 

tp on TFTR cannot be accounted for by neoclassical ion conduction alone. The 

present simulation results indicate that this saturation is consistent with 

the predictions of the profile-consistent nj-mode transport model for x£. 

Figure 6 shows the three remaining gas-fueled experiments simulated with 

the x^*1011 and x- models. Figure 6(a) shows a comparison of the simulated 

electron temperature profile with that from the TRANSP analysis code [27] fcr 

an a = 72 cm gas puff plasma (studied in connection with pallet-injection 

cases). Figure a(b) shows temperature profiles for a small a and R plasma 

considered in size-scaling studies. The solid line in Pig. 6(c) shows the 

temperature profile predicted for a high-q experiment, the ohmic phase of a 

TFTR "supershot" vith the collisional model. In Table III, we show the 

simulated central electron and ion temperatures, the confinement times and 

surface voltages for these simulations with and without X J 1 a s w e ^ as the 

experimental values fcr each experiment. 

The collisional model predicted temperature profile for shoe 22C14 (Fig. 

6c) is not in as good agreement with er.perimental data because at the radius 

for which q = 1.5, M* e ° 0.1, and the collisional form of x^ would hold for 

\j# > 0.1-0.2, We have simulated shot 22014 with the collisionless model for 

trapped-electron drift wave electron thermal diffusivity Eq. (5). Here the 

power deposition profile factor given in Eq. (6b) was used vith h(x) and 

P including the electron heating power only. Use of the collisionless 

model for analysis of shot 22014 required the coefficients C F = 0.72 and Cfi -

0.5 because the model has been recast so that the diffusivities x e and Xj 

depend on the net heating power of each plasma species. The factor Cfi = 0.60 

was obtained by equating the collisionless and collisional diffusivities at 
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the minor radius for which q = 1.5 in simulating ohmic shot 14618, for which 
yi-e

 = 0.2 at Che q = 1.5 radius. 

The coltisionless and collisional models give nearly identical results 

for simulation of the ohraic shot 14613, Simulation with the collisionless y._ 

is in better agreement with experiment for the ohmic phase of the supershot 

22014 as shown in Table III. The temperature profile is now also in good 

agreement with Thomson scattering data (dashed line in Fig. 6c). Confinement 

results of these simulations are discussed in Sec. 6. 

4.2.2 Pellet Injection Simulations 

The peaked density profiles characteristic of pellet-fueled experiments 

affect the models of Sec. 2 in two ways. First, the microinstability model 

for x e includes a weak dependence on the density gradient through the exponent 

a of a reference parabolic-shaped density profile. Second (and more 

significantly), the peaked density profiles characteristic of 

multipellet-fueled plasmas will reduce n- and, hence, possibly eliminate the 

H;-driven anomalous ion energy transport. The role of the density gradient in 

electron thermal conduction of ohmic plasmas and stabilization of r^-moc1" 

transport was tested by simulating two deuterium pellet-fueled TFTB. 

experiments. 

In order to model more accurately the evolution of the density profile, 

the pellet simulations required a more complex particle transport model than 

the nonevolving density profiles of ohmic gas-fueled experiments given by Eqs. 

(10) and (11). To simulate the measured evolution of the line-averaged 

density, which exhibits pumpout after injection, the anomalous inward particle 

pinch, v
a n o m

( was set to zero after injection of the pellet- As noted 

earlier, the particle transport models used throughout this study were chosen 
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only to reproduce reasonable agreement with empirical density profiles and 

were not based on any particular theoretical model. 

Simulation results for T (r,t) and Tg with x; = XjJ * X;1 were found to 

be almost identical to those from the simulation which had x* = 3xj with XjJ 

_ ̂ Chang-Hincon ^ However, this by no means suggests that the models are 
* • NFO - • * ^ i • 

equivalent, since xV has a dramatically different scaling from %• at higher 
temperatures (and lower collisionality). 

4.2.2.1 Single-Pellet Ohmic Experiment 

TFTR shot 14371 is similar in many respects (I , R, B~, Z -£, see Table 

1) to gas-fueled shot 14454, included in the first set of ohmic TFTR 

simulations presented in Sec. 4.1. BALDUR uses a modification of the neutral 

gas shielding pellet ablation models developed by Milora and Houlberg 

[13,28]. Sawteeth were included in the simulation during the pellet phase as 

observed in the experiment. 

A deuterium pellet (7 x 10 D°, 2.67 mm diameter) was injected at 2.0 

sec. The model pellet velocity was adjusted to obtain p:ilet penetration to 

the observed radius of '>5 cm. The empirical model used here has the form 

DAN0M _ 4.0 x 1Q 1 6 cm2/3ec ( 1 2 ) 

n (r) (cm ) 

with 

vAN0M = 2 D A N 0 M r / a 2 f ( U a ) 

but with 
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after pellet injection. 

The density profiles generated by Eqs, (12) and (13) are very similar to 

those from multichannel infrared interferometer data. In this shot, the 

central density was increased by only 30Z. The n--parameter a. the single 

pellet-fueled case at 2.5 sec is 2.5, so that n:-mode stabilisation was not 

achieved. 

Since the theoretical model used here was derived with steady-state 

approximations, it cannot be expected to reproduce accurately transient time 

scale phenomena, such as plasma evolution, during current ramp or plasma 

behavior immediately following pelle. injection. The central temperature is 

overestimated by about 152. Confinement times are in good agreement with 

experiment (see Sec. 6). 

4.2.2.2 Three-Pellet Experiment 

Pellet experiments for 72 cm plasmas show enhanced confinement at the 

highest densities £29]» The particle transport in Shot 18681, a 72 cm three-

pellet ohmic shot, was modeled with D = (3 x 10 1 6/n )cm2/sec, v = 0 after 

pellet injection. Sawteeth were not included in the simulation as they were 

not present in the experiment. The simulation plasma was found to exhibit n-

< n c after pellet injection. A typical TFTR ohmic gas puff shot 18673 (the 

no-pellet reference case) was found to have r\- = 1.9, typical for TFTR ohmic 

gas-puff-fueled experiments. The three-pellet shot was found to have r|. = 

0.9, 0.25 sec after the third pellet, rising to r\- = 2.6, 1.8 sec after 

injection. Thus, rî -driven transport was suppressed in model simulations 

immediately following itijeccion but was included afterwards when n- exceeded 



21 

1.5. 

The central electron temperature predicted by the model after the third 

pellet is injected is consistently 10% higher than electron cyclotron emission 

(ECE) measurements. However, when the pellet-fueled plasma has reached a neu 

quasi-steady-state density profile with central density varying less than 3 * 

10 /cm -see, the model for x D g i v e s good agreement with measured ECE 

temperature profiles. Confinement predictions of suppressed ri: mode transport 

are found in good agreement with the experiment as discussed in Sec. 6. 

5. TRANSPORT SIMULATIONS OF PDX OHMIC EXPERIMENTS 

A similar set of simulations was carried out for a 3eries of nearly 

identical ohmic plasmas observed on the PDX machine {shots 61610, 61617, 

61621, 61623, 61626, 61627, and 61629). The characteristic parameters for 

these deuterium plasmas were B z = 1.7 T, R = 1.4 m, a = 0.39 m, q = 2.55, and 

Z ££• = 1.8 with the plasma impurity concentration being primarily oxygen, 

1.62. Since these plasmas had not reached a final steady state, 

ANOM o v e r e s ! :imates the electron temperature by 20S (Table 3). As in the TFTR 

simulations, the anomalous diffusivities here were again taken to be x~ = X e Ae t 

X: - X;X with scaling coefficients C p = 0.67, C„ = 0.1 . For this simulation 

the predicted steady-state confinement time of T £ = 0.040 sec is in agreement 

with the experimental confinement time of 0.045 ± 0.005 sec. The ion 

conduction losses at a/2 are only 25X of the electron conduction losses. The 

total ion diffusivity at a/2 is 2,3 x^ E°* 

6. DISCUSSION 

At low to moderate densities, experimental results from the large plasma 

ohmic TFTR discharges have generally exhibited the familiar scaling of energy 
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confinement time with line average density observed in smaller ohmically 
heated tokamafc discharges. This is illustrated on Fig. 4 which plots the 

TF NFY1 

simulation results for t £ versus n g for x e = Xg and x^ - X™ (open 
circles). However, at higher densities, we found the observed 20Z saturation 
of Tg could be reproduced by including the ^.-driven effects. The dashed line 
indicates neo-Aleator scaling. Favorable correlation is found between the 
data-base (SNAP) result; and the simulated energy confinement times. Figure 4 
presents results for large plasmas with q between 2.7 and 2.9. 

As shown in Ref. [6], the neo-Alcator or Pfeiffer-Waltz {30'J scaling of 
T E ^° n

e
a R ' c a n ^ e analytically derived from the profile-consistent 

microinstability models used in the present studies. It is therefore not 
surprising that this trend can be reproduced in the simulations of the TFTR 
discharges. This is illustrated on Fig. 7 where the simulated values for x E 

(open circles) and the experimental values from SNAP (x) are plotted against 
the TFTR ohmic scaling parameter [15], n q aR , for all the experiments of 
Table I. Approximate linear scaling is apparent over a range of this 
parameter from 3 x 10 to S x 1G . This figure also provides a useful 
summary of results from this series of simulations. In particular, the solid 
circles depict the simulation results for the ohmic gas-puff plasmas where ion 
thermal transport is modeled with the toroidal ri:-drift mode diffusivity and 
where the saturation of confinement time is accordingly reproduced. With 
regard to the PDX ohmic simulation, the anomalous x;~roodel w a a again 
employed. Although the experiment has not reached a steady state, the 
simulation of this case does provide a size scaling for the model at a low 
value of the TFTR otunic scaling parameter. 

Results from simulations of a single-pellet-fueled TFTR discharge are 
included in Fig. 7. The two open diamonds represent experimental confinement 
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times at two points in time for the evolving 82 cm single-pellet-fueled case 

[n eq aaR 2 = 6.6 v 10 2 0 (t = 3.0 s) and 8.3 * 10 2 0 (t = 2.5 sec)]. Here, the 

higher value of Tr. corresponds to the period soon after injection and the 

lower value to a later time in the discharge. The simulation results (solid 

circles) are in good agreement with the experimental confinement times. 

Figure 8 shows confinement times from predictive simulations with no J^-

driven ion thermal transport. In th°.se simulations, the highest density, 

ohmic gas puff simulation of shot 14618, with lice average density 4.8 x 

10 /cm , was modified to have higher line average densities, so that 

neoclassical ion transport became dominant over the trapped electron 

conductive transport. Figure 8 shows the behavior of this model for values of 

the n q.aR parameter up to 76.0 x 10 . Tp = 0.9 sec represents a maximum 

confinement time for a gas-puff-fueled experiment on TFTR at these plasma 

parameters q , R, n , I , z
eff if i° n thermal transport were neoclassical and 

electron thermal transport were described by Eq. (6). 

The one-pellet case simulated did not exhibit n- stabilization (n- = 

2,5). The relatively low confinement of this one-pellet shot 14371 relative 

to the ohmic gas-fueled experiments can be understood by detailed comparison 

of the siir-ilated energy losses in the one pellet shot to ohmic gas-puff shot 

14618 at the same density. These cases are represented by the two solid 

circles in Fig. 7 at n eq f laR 2 = 7 x 10 . The time of interest in shot 14371 

here is at 2.5 sec. At this time the two plasmas have similar densities, 
Zeff a n d o n m i c heating (Table IV). They are both R = 2.56 m, a = 0.82 m 

plasmas. 

The difference in confinement is consistent with the fact that the 

central energy balance is different in the two plasmas. In particular, for 

the pellet-fueled case, the center is losing energy by convection and 
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radiation at a faster rate than the gas-fueled plasma. This can be seen by 

comparing the integrated heating and los3.= c in Che two cases at r = a and at c 

= a/2 (Table V). The inward pinch in the particle transport model of shot 

14618 causes negative total convective losses within the confinement region at 

r = a/2. The 182 lower global confinement of the one-pellet case results from 

182 greater power losses, due primarily to convection and radiation, at a/2. 

Henre, the decrease in the central electron temperature for the pellet-fueled 

case can be associated with increased radiative and convective losses. 

Confinement results for a three-pellet-fueled experiment (a 72 sm plasma) 

are shown with 72 cm gas puff data (derived from magnetic measurements of the 

plasma stored energy) in Fig. 9. The I'S denote deuterium gas-fueled 

escperiraents, the crosses (+) denote helium gas-fueled experiments, and the 

asterisks {*) denote deuterium pellet injection data points. The solid line 

indicates the density saturation of confinement for 72 cm gas-fweled 

discharges. 

We note that the helium and deuterium fas puff confinement times saturate 

at about 300 msec for 72 cm plasmas compared to 400 ras for 82 cm plasmas. The 

neoclassical x; depends on ion mass and effective charge so that since 

/ deu / heliums ^ 1 
^i.neo xi,nec 2 / 2" 

for the same n , we would not expect neoclassical ion transport to produce the 

same saturated confinement time for helium and deuterium plasmas at high 

density. On the other hand, since the r\. -driven X; used here has no 

dependence en '-ef£ and no explicit strong dependence on ion mass, it would 

roughly show the same saturated confinement for helium and deucerium if 

electron and ion transport were described by the models of Sec. 2. This is 
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the behavior seen in experiments or TFTR. The n^-mode saturated conf nement 

time [6] scales as 

T). n 0.6 1.8 1.0 0.2 -0.2 

For the 72 and 82 cm plasmas (Table 1), with similar densities and heating, 

this leads to t(a=82)/T(s=72) = 1.3, approximately the ratio of the observed 

saturated confinement times. 

We have carried out a number of simulations of the 72 cm r.hree-pellet 

experiment to study the effect of different ion transport models. Results 

shown in Fig. 9 depict simulations with x^ = X { e 0 (closed circles); X; = 

ri • 7i • 
X n e o + Xj"" iXj1 turned off n.̂  < n|] (open circles); X£ = 3 jr?30(open squares); 

xi = x i e ° + x i 1 ' ^Xj1 i e f t o n e v e n i £ ni K ni^ (sol-id squares), and x^ = 

X n e 0 with Z ££ = 1 and no impurity radiation (open triangles). The simulation 

confinement times shown have been averaged over a confinement time. 

Experiments show enhanced confinement for the 72 cm pellet-fueled plasmas 

relative to gas fueling. The simulation results are consistent with this 

being due to stabilization of the n.-driven ion transport; we found ri; well 

below 1.3 after pellet injection (Sec. 4.2.2). The. n- parameter rises to 1.3 

just prior to I S sec after which tij-driven transport becomes important. The 

averaged confinement time drops from 0.36 seconds (at 2.8 sec) to 0.32 sec (at 

3.6 sec). If n^ transport is suppressed throughout the discharge, the 

simulated confinement time is higner, 0.37 sec (at 2.85 sec) to 0.36 ms (at 

3.6 sec) throughout. Thus, the value of ri| = i«3 seems consistent with 

experimental measurement of confinement. 

We cannot clearly distinguish between neoclassical anomaly factors of 1-3 

On the basis of these simulations and the magnetic confinement time. The 
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quoted experimental confinement times have been effectively averaged over one 

confinement time. However, the instantaneous measured confinement times are 

higher by about 40 ins. Our time-dependent simulation results show that X| = 

Xj is consistent with the kinetically measured tg (TRANSP) and with the 

instantaneous magnetic confinement time averaged over a shorter time period. 

These data are not found to be consistent with X; = 3 X; • Simulations with 

anomalous tij ion transport retained or with Xj - 3 Xj * r& found equivalent for 

the three-pellet case as for the other experiments modeled. The simulation 

results for open triangles indicate the best confinement expected for a pure 

deuterium pellet-fueled plasma with no impurity raiiiation loss, and with 

trapped electron transport and neoclassical ion transport. The data point at 

n = 1.4 x 10 z o/m is from a 5 pellet experiment [29] which has not been 

simulated. 

A set of simulations for 72 cm plasmas was carried out analogous to the 

gas-fueled simulations of Fig. 4 predicting Tg = 630 ma for a gas-fueled 

experiment with n = 9 x 1013/cra and neoclassical ion losses. The model e 
prediction for shot 13681 was T E = 336 ms at n_ = 10.7 x 10 1 /cm . Lower x E 

for the pellet simulation reflects the lower central plasma tf.nperature. The 

TFTR pellet case does not maintain increased density long enough for the 

plasma to reheat back to ohmic-like temperatures. The reduced temperature 

causes lower thermal energy and also higher resistivity, hence, higher ohmic 

heating power. t E = nT/P 0 H is reduced for both these reasons. Because the 

increased ohmic heating power causes increased electron transport [Eq. (6a)], 

the simulations show an increase of x e( r = a/2) to 5.2 x 10 cm /sec far the 

three-pellet simulation compared to 2.0 x 10 cm /sec for an ahmic gas puff 

simulation at similar plasma parameters R, a, Z, I , and n . The total energy 

confinement time of the pellet simulation is much less than that for the 
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simulation of the ohmic gas puff case with 1 x x? £° r this reason. In the 

pellet simulation, convective losses are small and radiation losses account 

for about 202 of the heating power. 

As noted earlier, since the models for the anomalous thermal 

diffusivities used in the simulations were based on steady-state 

approximations, they cannot be expected to describe accurately the relatively 

rapid detailed evolution of the plasma immediately following pellet 

injection. Nevertheless, the simulation does show some qualitatively 

significant features found in the experiment - namely, increased central 

confinement time after pellet injection. Our simulations of the single pellet 

injection experiment show the confinement time at a/4 increasing from 0.35 sec 

to 0.5 sec over the first 500 msec after pellet injection. The fractional 

increase in the central confinement was found equal to that of the global 

confinement for both pellet cases studied. No additional increase in the 

central confinement due to the more peaked density profile was found. For 

example, in the three-pellet case, when the volume average density is 

increased by a factor 3 and the central density is increased by a factor 7, 

both the global and central confinement increase by 75X. This increase in 

central confinement time is of special interest with respect to the goal of 

obtaining an ignited plasma at the lowest global density and temperature [31]. 

It should also be painted out that when the pellet-fueled plasma has 

reached a new steady-state density profile, the model for thermal diffusivity 

leads to good agreement with TRANSP-derived diffusivity profiles. Good 

agreement was found for the predicted radial variation of x e in the 

simulations compared to that obtained from the data analysis code in all cases 

for which TRANSP runs were available. Comparison plots are shown in Fig. 10 

for shot 14454, a gas-fueled discharge. 
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The Caussian-temperature-based x e model produces an approximation to a 

"sawtooth average" temperature profile in simulations. Addition o£ a sawtooth 

model to the calculation flattens the central temperature periodically, but 

does act significantly affect the overall shape. Figure 11 shows the 

simulated temperature profile and the Gaussian form, both normalized to 

Te(a/2) for shot 14616. 

Recent analysis of TFTR temperat ire profiles by Fredrickson et al.- [32] 

suggests that the apparent q -dependence of T a(r) actually results primarily 

from the effect of sawteeth at the center, and not from changes in T (r) 

outside q=l. They find that electron temperature profile data outside r = a/3 

do not show any q -dependence, and that the q -dependent Gaussian form, used 

in deriving the model xe» is a good approximation at low-q (~ 3 \ for plasmas 

in ohmic equilibrium. At high-q and during current ramps, the Gaussian form 

was found to differ significantly from the measured electron temperature 

profile shape. 

Comparison of the measured and simulated temperature profiles indicates 

•.hat the model predictions at low q are in best agreement with data and that 

the model overestimates the anomalous losses near the edge at high q (see 

Figs. 1,2,6). 

The local expression for the drift wave diffusivity on which this model 

is based exhibit no q. -dependence. The analytic T P obtained for this model 

is found proportional to q? [6]. This q -dependence arises entirely from the 

particular choice of temperature profile which reflects temperature profile 

trends observed in numerous experiments. Our simulation results, which 

included a sawtooth model, are consistent with T = q . How the q scaling of 

*•,. is related to sawtooth modeling and the choice of a temperature profile 

will be the subject of future investigations. 
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It is of interest to consider how greatly the numerical factors C F = 0.67 

and C H = 0.1 in x^ a n d Xi c a n D e changed while keeping good agreement 

with the plasma temperatures. If C„ = 0.5 and Cg = 0.3 were used, the high 

density ohmic results are unchanged, but the low density cases are found to be 

simulated with central electron temperatures about 15S too high. 

7. SUMMARY AND CONCLUSION 

He have shown that for large plasmas on TFTR covering a wide range of 

plasma parameters using the profile-consistent trapped-electron drift wave 

model for x e in BALDUR leads to simulation results in good agreement with the 

empirical TFTR ohmic scaling for T £ . The model has been extended to apply to 

experimental cases with high radiation, and has been used in a large number of 

detailed transport simulations to predict successfully the electron 

temperature magnitudes and profiles and the total plasma energy confinement 

times of actual TPTR experiments. 

As also observed in a number of other oh.7iically heated tokamaks, the 

energy confinement times at the highest densities on TFTR show a saturation 

with increasing density. The toroidal n--mode has been proposed as a 

mechanism by which increased thermal transport may be driven at high plasma 

densities provided the density profiles are sufficiently flat to cause n: > 

(nj)_. We have shown that the observed saturation of Tp at high density for 

large plasmas on TFTR is consistent with Che profile-consistent model for ri--

driven transport. 

The order-unity numerical factor in x e [£q. (6)] and the one in x- [E<J-

(7)] have been calibrated only once for TFTR large plasmas. No subsequent 

adjustments were made in the successful simulations of not only a wide variety 

of, TFTR cases, but also of a set of PDX ohmic discharges. 
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Confinement time results are consistent with ri£-mode-driven transport 

being suppressed in high-density pellet-fueled plasmas. Specifically, if the 

density profile has been peaked by pellet fueling, the r\- -parameter, 

d[S.n T-(r)]/d[iln ii£(r)], may be less than the critics! value. The 

microinstability model simulations presented here are in good agreement with 

this picture for both a single-pellet (i\- > n|) and a three-pellet injection 

(nj < n?) experiment. 

The next phase of these systematic studies simulating TFTR plasmas will 

deal with the investigation of auxiliary heated discharges. In particular, 

experiments involving strong ion-heating processes (e.g., neutral beam 

injection and ICRF) generally exhibit significantly lower therr.al confinement 

than the ohmically heated plasmas. Identifying the physics primarily 

responsible for such effects is clearly of vitai importance. To this end, 

simulations of NBI-heated TFTR experiments (with and without pellet fueling) 

have been carried out using the models for anomalous thermal transport 

described in the present paper. Initial results indicate encouraging 

agreement with observed trends [33]. By building on research efforts of this 

type (including coordinated theoretical, experimental, and computational 

studies), it is hoped that a sufficient understanding of tokarak cor"inement 

physics can bs gained to help significantly in designing the next generation 

of ignition machines. 
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Table I. 

Parameters of Simulated Ohmic TFTR Shots 

SHOT I (MA) B Z(T) R(m) a(m) ii e(10 1 9/m 3) P r a ( J(MW> P 0 H ( M W > Zef£ b ^a 

11603 1.8 3.9 2.56 0.82 2.1 1.2 1.9 4.71 2.9 
11606 1.8 3.9 2.56 0.82 2.1 1.4 1.97 5.13 2.9 
11609 1.8 3.9 2.56 0.82 3.05 1.2 1.74 3.2 2.9 
13638 1.4 3.9 2.59 0.8 2.46 0.6 1.11 3.0 3.5 
14038 2.2 4.7 2.59 0.8 3.46 0.7 1.96 2.6 2.7 
14041 2.2 4.7 2.59 0.8 4.26 0.75 1.95 1.97 2.7 
14043 2.2 4.7 2.59 0.8 4.71 0.8 1.96 1.76 2.7 
14371 1.8 4.7 2.56 0.82 3.2(5.1a) 1.2 2.0 2.(l.a) 3.4 
14454 1.8 4.7 2.59 0.82 3.2 0.6 1.67 3.12 3.3 
14616 2.2 4.7 2.57 0.82 3.58 0.8 2.06 2.62 2.7 
14617 2.2 4.7 2.57 0.82 3.89 0.8 1.97 2.31 2.8 
14613 2.2 4.7 2.57 0.82 4.77 0,9 1.96 1.76 2.8 
14619 2.2 4.7 2.57 0.o2 3.2 0.3 1.97 3.19 2.7 
17871 0.7 2.9 2.25 0.60 1.6 0.4 0.6 i.a 3.3 
18673 1.6 5.0 2.37 0.72 3.4 0.7 1.4 1.3 3.5 
18681 1.6 5.2 2.37 0.72 3.4(13.3) 1.0 1.5 1.6(1.2a) 3.4 
22014 0.8 4.6 2.56 0.81 0.8 0.16 0.5 3.4 7.2 

aafter pellet injection 

from visible bremsstrahlung measurements 
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Table II. 

Effect of rij-Mode-Driven Anomalous Ion Conduction on Central 

Ion and Electron Temperatures, Loop Voltages, and Confinement Times 

with X i = xf° • XI^CH). 

CH loop T e(0) T^O) 
TE ne 

TFTR SHOT 14618 

EXPERIMENT ~ 0.9 2.4 keV 2.3 keV 438 ms 4.7xl019/ra3 

BALDUR 0. 0.9 2.7 2.6 520 
0.1 1.0 2.6 2.4 439 
1.2 1.6 1.8 1,6 179 

TFTR SHOT 14038 

EXPERIMENT — 0.9 3.05 2.9 331 3.5xl0 1 9 

BALDUR 0. 0.95 3.1 2.8 380 
0.1 1.0 3.0 2.6 323 
1.4 1.5 2.3 1.6 164 

TFTH SHOT 11603 

EXPERIMENT — 1.1 3.8 2.57 211 2.4xl0 1 9 

BALDUR o. 1.2 3.8 3.2 210 
0.1 1.2 3.7 2.9 188 
1.0 1.6 3.0 1.8 120 
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Table III. 
Comparison of Confinement Times, Loop Voltages, Electron and Ion 

Central Temperatures from Experiment and Simulation 

Experiment 
Simulations 

vANOM vNEO 
Simulations 

„ANOM „AHOM Xd r X: 

Shot TE V Te(keV) T-^keV) T E V T e TjL E e i 

PDX D 0.045 1.4 0.75 0.052 1.0 1.1 0.80 0.043 1.2 0.96 0.70 

TFTR 
11603 0.211 1.1 3.3 
11606 0.199 1.1 3.5 
11609 0.280 1.0 2.8 

2.6 0.210 1.2 3.8 3.2 0.183 1.2 3.7 2.9 
0.195 1.3 3.5 3.1 0.178 1.4 3.5 2.9 
0.295 1.1 2.8 2.6 0.255 1.2 2.9 2.5 

13638 0.333 0.8 2.8 
14038 0.331 0.9 3.05 
14041 0.407 0.9 2.7 
14043 0.415 0.9 2.5 
14454 0.300 0.9 3.2 

0.391 0.87 3.1 2.8 
2.9 0.380 0.95 3.1 2.8 

0.483 0.90 3.0 2.8 
0.521 0.88 2.7 2.6 
0.433 0.37 3.8 3.3 

0.338 0.93 3.0 2.6 
0.323 1.03 3.0 2.6 
0.404 0.99 2.8 2.6 
0.435 0.98 2.7 2.5 
0.378 0.93 3.6 3.9 

14616 0.344 0.9 2.9 
14617 0.384 0.9 3.0 
14618 0.438 0.9 2.4 
14619 0.339 0.9 3.5 

2.3 

0.413 0 .95 3 . 3 3 . 0 

0.468 0 .89 3 . 3 3 . 0 

0.520 0 .91 2 .7 2 . 6 

0.367 1.0 3 .7 3 . 3 

0 .353 1.0 3 . 1 2 .8 

0 .412 0 .97 3 . 2 2 . 9 

0 .439 0 .99 2 . 6 2 . 4 
0 .320 1.1 3 . 6 3 . 1 

17871 0.134 0.87 1.9 
18673 0.290 0.8 2.9 
22014 0.199 0.57 4.5 

0.157 0.88 2.3 1.8 
0.330 0.85 3.1 2.9 
0.111 0.87 3.9 1.9 

0.140 0.93 2.2 1.6 
0.280 0.91 2.9 2.6 
0.126 0.82 3.8 1-8 
0.176 0.68 4.5 2.0 a 

Simulated with colliaionless model for x ^ 0 M 

bAverage of PDX shots 61610, 61616, 61621, 61623, 61626, 61627, and 61629. 
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Table IV. 
Comparison of a Gas-Puff and a Single-Pellet Experiment 

TFTR Shot 14618 (at 3.4 sec) 14371 (at 2.5 sec) 
Gas Puff Pellet 

S e 4.7 x 10197ra3 4.4 x 1019/ra3 

P 0 H(*) 2.1 MW i»8 MW 

P(Loss 2"° k w *••* W " 
T]j 0.44 sec 0.35 sec 
T 2.5 keV 2.4 keV 
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Table V. 

Total Integrated Losses and Heating at a/2 for a 

TPTR Gas-Puff and a Single-Pellet-Fueled Experiment 

<pcond>e (pconv>e <pcond>i <p
Conv>i Prad POH d w ' d t 

at r = a/2 

Gas Puff 0.75 MW -0.02 0.16 -0.01 0.13 1.2 0.16 

Pellet 0.75 +0.04 0.19 +0.04 0.24 1.2 -0.03 
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FIGUKE CAPTIONS 

FIG. 1. Comparison of temperature profile data from Thomson scattering to 

BALDUR simulations for nine ohmic TFTR shots with a radiation-

uncorrected model for x e! (a) shot 13638, (b) shot 14043, (c) shot 

14618, (d) shot 14038, (e) shot 14616, (f) shot 14619, (g) shot 

14041, (h) shot 14617, (i) shot 14454. 

FIG. 2. Comparison of Thomson scattering temperature profile data to BALDUR 

simulations for plasmas with greater than 602 radiation. 

Figures 2(a) - 2'c) (shots 11603, 11606 and 11609) with model 

uncorrected for radiation! Figs. 2(d) - 2(f), (shots 11603, 11606 and 

11609) with radiation-corrected model. 

FIG. 3. Predicted BALDUR temperature profile for TFTR shot 14618 simulated 

with an empirical INTOR-like model. 

FIG. 4. Saturation of energy confinement time for TFTR large plasma 

experiments (crosses) compared to simulations with profile-consistent 

models with (solid circles) and without ru-driven anomalous ion 

thermal transport (open circles). 

FIG. 5. Comparison of Chang-Hinton neoclassical ion conductivity, n£-mode ion 

conductivity plus neoclassical, and Xe ^ o r si' n u'- a , :i o n °^ TFTR 

shot 14618. 

FIG. 6. Electron temperature profiles from simulations (solid lines*) with 

collisional x ^ 0 * and x ^ 0 " for (a) shot 18673 compared to TRANSP 

analysis ECE data (dashed line), (b) shot 17871, and (c) shot 22014 

both compared to Thomson scattering data (solid circles). Dashed 

line in (c) is from simulation with coLlisionless x^ and X£ 

FIG. 7. Plot of total energy confinement time versus a neo-Alcator-like 

parameter for PDX and TFTR cases from toroidal ru-drift mode model 
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simulations (solid circles) and from experimental results (crosses, 

open diamonds). The purely ion neoclassical results from BALDUR are 

also given for comparison (open circles). All simulations were 

carried out with the collisional trapped electron drift wave model 

for x e-
TF FIG. 8. Total energy confinement time from simulations with x£ and 

X^ versus the neo-Alcator-like TFTR ohmic scalir.; parameter. 

Representative points from experiments with gas puff (crosses) and 

pellet (diamond) are shown (compare Fig. 7). 

FIG. 9. Simulated and experimental confinement times for TFTR 72 cm 

discharges. Data points: x indicates deuterium gas fueling, + 

indicates helium gas fueling, * indicates deuterium pellet 

injection. Simulations: open circles indicate ion transport x? e° • 

x, [with X J 1 turned off rw < 1j]j closed circles indicate x: 

x f e o > open squares indicate X£ = 3x" e o, closed squares indicate 
xi = x i S ° + ^i 1 ' t w i t n XjL1 2°£ turned off n^ < n|], open triangles 

indicate the same simulation parameters as open circles, with Z « = 

1 and no impurity radiation. 

FIG. 1 0 . Comparison of electron thermal conductivity from simulation to that 

from TRANSP analysis, for TFTR shot 14454. 

FIG. 11. Comparison of a typical temperature profile calculated by BALDUR with 

a Gaussian profile defined by Eq. (1). 
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