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SUMMARY

Grant DE-FG05--91ER54122 was awarded for a Project Period 6/1/91 - 5/31/92
and a budget period 6/1/91 - 11/30/91. The original proposed funding was
$129,989. The amount $75,000 was obligated for the budget period. This
proposal is for the additional $54,989 to be obligated. It is also
proposed that the project period end on 2/29/92, which brings the funding
period in line with the funds requested.

The proposed work scope remains unchanged, namely to continue our work in
support of the U.S. ITER activity. Specifically, it 1is proposed to
continue our transport analysis of ITER burn control scenarios with the 1-
1/2D code WHIST, to study impurity seeding operating scenarios, and to
contribute to the development of the proposed new systems and operational
code for the ITER Engineering Design Activity (EDA). In addition, support
is requested for the PI to provide services requested by DOE in support of
the organization of the ITER EDA, A detailed description of these
activities is provided in the original proposal.

This proposal transmits a supplemental budget required to support work
through the remainder of the Project Period.
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SUPPORT OF U.S. ITER ACTIVITY

ABSTRACT

It is proposed to continue our work in support of the U.S. participation in the ITER
Engineering Design Activity (EDA). Our contributions will be in two task areas: In the
System Studies activity we will provide support for the development and use. of the
SUPERCODE, the fast 14D systems and operational code for the ITER EDA. In the
Confinement/Plasma Performance activity we will continue our work on burn control,
including simulations using 14D transport codes, and the development of burn control
requirements for ITER. In addition, we will continue to provide direct support to DOE in
activities related to the planning and implementation of the ITER EDA.

1. PROGRESS REPORT OF WORK TO DATE

Georgia Tech has been one of the participating institutions from the beginning of the
ITER Conceptual Design Activity (CDA). During the first part of the CDA, our major
contribution was in the area of burn stability and control of ITER. We developed
methodologies and computational tools to evaluate a large number of potential methods
for the control of the thermonuclear burn conditions in ITER near thermally unstable
operational points and to determine the technological requirements on the associated
ITER hardware systems [1-3]. The results of our work, along with those from the other
participants in the US system and operational studies group, helped to define the
recommendations for a primary and secondary control scheme for ITER [4-5].

During the current FY, while continuing our burn control studies, most of our effort
within the US ITER System Studies activity has been in the development of physics
modules for the SUPERCODE. This is a fast, time-dependent 1%4D systems and
operational code for the ITER EDA [6]. Our task has been the development of fast but
accurate routines for the modelling of neutral beam heating and current drive, fueling,
and impurity transport. We have developed, tested and installed the modules for neutral
beam deposition, heating and current drive. Work on the development of additional
modules is in progress. e

At the same time, we have undertaken work on the evaluation of impurity seeded
operating scenarios for ITER, to alleviate the deleterious divertor conditions present at
the hybrid and steady-state modes of operation [7]. For the purposes of this work, a multi
charge state impurity transport routine has been implemented in the WHIST transport
code, for a more consistent analysis of the effect of the injected impurities. Preliminary
results appear encouraging [8], and we are currently improving our computational tools
for a more accurate assessment of the’ viability of the concept of impurity seeding.

The PI has provided direct support to DOE in the evaluation of the ITER CDA design by
serving as a participant in the US National Review and in the planning for the ITER
EDA by serving as a member of the QEN multi-site Working Group and as co-chairman
of the US SWG-1 Group.



2. PROPOSED WORK
2.1  System Studies Activity

Our intended workplan for our participation in the ITER System Studies activity during
the fiscal year 1992, includes the continuation of the SUPERCODE and impurity seeding
tasks. More specifically:

SUPERCODE: We will continue the development of physics modules for the code. At
the present time we have completed the development and implementation of the neutral
beam heating and current drive module. This module is based on a diffuse-beam model
and can calculate the neutral beam (NB) deposition profile, the heating power to the
plasma ions and electrons, the NB-driven current profile, the fast ion beta and the fusion
power due to beam-plasma interactions. This model, while fast and simple, is remarkably
‘accurate when compared with results from more sophisticated NB deposition codes.
However, it does have its limitations since it can only model beamlines whose centerline
lies on the midplane, and cannot take into account the complete MHD geometry of the
~ plasma. It is anticipated however that it would be adequate for most of the SUPERCODE
simulations, with the possible exception of design optimization studies depending
critically on NB geometry and shape parameters. For these cases, we are planning to
provide a more accurate, albeit computationally slower, multi-pencil beam model that
would allow arbitrary beam orientation (including off-midplane injection) and exact
treatment of the MHD geometry. It is anticipated that both models will be available in
the code by incorporating fast/slow switches.

The first version of the SUPERCODE will be run with fixed density profiles. i.e. no
transport of the densities of the various ion species will be attempted. However, the
density transport option will be soon implemented, and an accurate determination of the
different fueling sources will be needed. We are planning to provide such modules, for
gas puffing and pellet injection fueling. Both fueling methods will be feedback-
controlled, using the edge density for the gas puffing and the central density for the pellet
injection as control variables.

Another important area, in which we are planning to contribute modules, is impurity
transport. The first version of the SUPERCODE will assume impurity profiles that are
proportional to the electron density profile, and impurity concentrations given by the
latest ITER design guidelines [9]. However, a more accurate impurity model will be
needed in order to investigate operating scenarios relying on impurity seeding or gas
injection. We are already studying such operating scenarios (see the Impurity Seeding
task below) using time-dependent, multi charge state, impurity transport routines. Direct
implementation of such routines into the SUPERCODE would not be practical, since it
would violate the most important requirement of the code, i.e. speed. We do expect
however to use the experience gained from our impurity transport simulations, to come
up with simpler models that would contain most of the essential physics. Such models
could be based on the transport of a few important charge states, or on parametric fits
that would be derived from the more accurate full impurity transport simulations, and



would be valid in the parameter range of interest.

We are also planning to assist the LLNL SUPERCODE group in other, non-physics,
computational aspects of the project.

After the first version of the SUPERCODE becomes available (early next year), we will
actively use the code to undertake several system studies. This would include parametric
studies of different configuration options, analysis of NB current-driven steady-state
scenarios, burn control scenarios, impurity seeding operation, etc. depending on the

needs of the System Study activity. -
Impurity Seeding: We will continue our work on the evaluation of impurity seeded

operating scenarios for ITER. High in our priority list, is the implementation of the edge
model developed by W. Barr [10] which will take into account the ITER magnetic
geometry at the SOL. Also, recycling of the seeded impurities which has been neglected
in our present calculations, will be included. The issue of edge thermal stability after the
impurity injection will be investigated in more detail. The results of the impurity
simulations will also help us in the development of fast impurity transport modules for
the SUPERCODE (see above).

2.2 Confinement/Plasma Performance Activity

Our main task for this activity is burn control analysis including simulations using 14D
transport codes, and the development of burn control requirements for ITER.

We have already established the capability of 14D transport simulations of burn control
scenarios using the WHIST code [11], from our work during the ITER CDA [3]. During
the current FY, we continued our burn control work, at a reduced level of effort, studying
control scenarios based on spatially-resolved neutron measurements .

We are planning to continue our burn control simulations during the EDA phase of the
ITER project. Particular emphasis will be placed on issues that were identified as
critical at the International Workshop on ITER Burn Control (Garching, July 16-18,
1990), in which we participated. These issues include the definition of the minimum
diagnostic requirements for controllability, the identification of worst case transients, and
the study of the effect of perturbations introduced by sawteeth oscillations and pellet
injection on the thermal stability. We will also extend our transport simulations to
evaluate alternative control methods such as modulation of the fueling mix, density
control and injection of impurities. Earlier 0-D simulations had indicated that these
methods can be effective for the control of even true ignited operating points [2], alone
or in conjunction with heating power feedback. However, profile effects are believed to
be very important and should be addressed before a credible control scenario based on
any of these methods is proposed.



2.3 Direct Support of DOE

The PI will continue to provide direct support to DOE/OFE, as requested, on the
planning and implementation of the ITER EDA. It is anticipated that the present
activities in support of preparation for SWG-1 will continue and that new activities will
be identified by DOE/OFE.
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SUPPORT OF U.S. ITER ACTIVITY

ABSTRACT

It is proposed to continue our work in support of the U.S. participation in the ITER
Engineering Design Activity (EDA) as part of the U.S. Home Team Design Activity,
including associate JCT member support. Our contributions will be in two task areas. In
the System Studies activity we will continue our participation in the development and use
of the SUPERCODE, the fast 1%4-D systems and operational code for the ITER EDA. In
the Confinement and Plasma Performance task area, we will continue our work in the
modeling and analysis of radiative edge operating scenarios for ITER with impurity
seeding. In addition, we will continue our work on burn control and the development of
burn control requirements for ITER.

1. SYSTEM STUDIES TASK AREA

1.1  SUuPERCODE Development

Progress Report of Work To Date:

We have been participating in the development of the SUPERCODE, the new fast 14-D
systems and operational code for the ITER EDA [1], since its inception in 1990. We
have provided models and routines for the self-consistent, profile-dependent evaluation
of neutral beam deposition, heating and current drive [2], the implementation of theory-
based transport models including the Rebut Critical Electron Temperature Gradient
model, the calculation of the bootstrap current, and the accurate calculation of the peak
neutron wall load (modules Beams, Boots, NDWallLoad, and routines rebutChiElec,
rebutChilon, neoclassicalChi, and nocentiniChi of the VarTr module). These routines
greatly enhance the capabilities of the SUPERCODE and extend its usefulness as a modern
systems analysis tool for the design of ITER and other future tokamak reactors.

At the same time, we have provided benchmarks with the transport code WHIST, and
have used the SUPERCODE for the study of possible operating scenarios for ITER.

r rk:

The SUPERCODE is already operational and is being used for the analysis of ITER EDA
operating scenarios. During the course of the EDA, it is expected that the code will be
extensively used by the members of the Joint Central Team. At the same time, the code
will be continuously maintained and upgraded. We intend to continue our contributions
to the development of the SUPERCODE during the fiscal year 1993. For this, one of us
(JM) could become an associate member of the JCT for a closer cooperation between
developers and users of the code. Specifically, regarding the upgrading of the physics
models of the code, we will provide modules for:

» ICRF heating and current drive: Most accurate calculations for fast wave heating and
current drive are performed using time-consuming numerical codes based on ray



tracing or full wave techniques. Such methods cannot be implemented in the
SUPERCODE, whose primary requirement is computational speed. Instead, a routine
based on M. Brambilla's recent work [5] will be developed, that is based on analytic
estimates of the wave behavior near resonances, and on simplifications of the real
geometry. The routine will be benchmarked extensively against full wave
calculations performed by D. Batchelor's group at ORNL.

QDE solvers for time-dependent capabilities; The current version of the SUPERCODE
can run only in steady-state mode. While this is sufficient for the majority of system
and optimization runs, some important phenomena such as burn control scenarios and
start-up simulations cannot be analyzed. We intend to provide the required numerical
routines that will give time-dependent capabilities to the code.

Calculation of fueling sources: In the current version of the SUPERCODE, only the
temperature profiles are transported. The density profiles remain fixed, and only the
average density and the edge-to-average density ratio can change. Although the code
has the capability to transport the densities of the different species built-in, to
activate it requires routines for the calculation of the relevant fueling sources. We
will develop and implement such routines based on fast but accurate models, for both
pellets and gas puffing fueling.

Impurity radiation routines; Currently, impurity radiation is included in the
SUPERCODE using the simple fits that were developed during the ITER CDA [6].
However, a more accurate impurity model will be needed in order to investigate
operating scenarios relying on impurity seeding or gas injection. We are already
studying such radiative edge operating scenarios (see the Impurity Seeding task
below) using a time-dependent 1%4-D transport code, coupled with multi charge state
impurity transport routines. While direct implementation of such routines into the
SUPERCODE would not be practical, we do expect to use the experience gained from
our impurity transport simulations to come up with simpler models that would
contain most of the essential physics. Such models could be based on the transport of
a few important charge states, or on parametric fits that would be derived from the
more accurate full impurity transport simulations, and would be valid in the
parameter range of interest.

In addition we will provide benchmarks with the transport code WHIST, and will assist

the

LLNL SuUPERCODE group with other, non-physics, computational aspects of the

project as needed.

2.

2.1

POWER & PARTICLE CONTROL

Modeling of Radiative Edge / Impurity Seeding

Progress Report of Work To Date:

During the last two years, we have been involved in the evaluation of ITER operating
scenarios with impurity seeding [7-9]. Such scenarios have been proposed as a way to
alleviate the divertor heat load through increased radiation levels from the plasma edge



and divertor regions. Recent experimental results [10] have also demonstrated that
plasma conditions in which a large part of the power is exhausted by radiation can be
obtained and maintained without serious contamination of the core plasma.

For the purposes of this work, a multi charge state impurity transport routine has been
developed and implemented in the WHIST 1%-D transport code, providing us with an
advanced computational capability. Unlike previous studies that analyzed the effect of
impurity seeding by assuming a background plasma with constant properties, our
treatment allows for a more self-consistent analysis of the effect of enhanced edge
radiation on the power balance of the core and edge plasmas.

Our results have indicated that impurity seeding is a promising method to alleviate the
deleterious divertor conditions, specially for the hybrid and steady-state modes of
operation of ITER.

Pr /ork:

We propose to continue our modeling and analysis of radiative edge operating scenarios
for ITER with impurity seeding, building upon our substantial computational capability
in this area. Our first task during the new year would be to implement a simple but
comprehensive divertor model for a better estimation of the peak divertor heat load. The
model will be based on the well-known two-point divertor models [11-12], but with
extensions for an accurate estimate of the radiative power levels from impurities in the
SOL and divertor chamber and with inclusion of effects due to neutrals. This divertor
model would be coupled, as a boundary condition, to our 1%-D transport calculational
model. A Ph.D. student of our group is doing his thesis on this subject. The second task
that we will undertake is an analysis of the effectiveness of impurity seeding in the
plasma edge in reducing the divertor heat load in ITER, in both the driven and ignited
modes of operation, thereby exploiting our (possibly unique) computational capability.
We will also examine the sensitivity of our calculations to the transport models for the
impurities and the main plasma species. In addition, the important issue of edge thermal
stability during impurity seeding will be investigated in detail.

3. CONFINEMENT AND PLASMA PERFORMANCE TASK AREA
3.1  Burn Control Analysis

rogress Repor r
During the current year we have been doing mostly maintenance work, upgrading our
computational tools for the burn control activity. In particular, we have been upgrading
the MHD equilibrium routines of the WHIST 1%4-D transport code (the older routines

had problems finding MHD equilibria for a large number of possible operating points of
the CDA and HARD ITER designs) and installed new theory-based transport models.



Proposed Work;

For the new year we are planning to carry out simulations of burn control scenarios for
the ITER EDA design, using WHIST and the recently developed fast 14-D systems and
operational code for the ITER EDA, the SUPERCODE. The use of a systems code will
make it possible to include in our analysis in a self-consistent way the effect of thermal
instabilities on the different parts of the reactor, as well as to assess the constraints and
evaluate the requirements that these parts may impose on the controller. The advanced
physics models of the SUPERCODE will ensure that no compromises are made in the
evaluation of the physics-related parts of the calculations. Emphasis will be placed on a
number of critical issues, including the definition of the minimum diagnostic
requirements for controllability, the identification of worst case transients, and the study
of the effect of perturbations introduced by sawteeth oscillations and pellet injection on
the thermal stability of ITER designs. Possible new methods of burn control, based on
control of the edge conditions and hence of the confinement properties, will be studied.
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