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Synopsis

The original 3-year research plan proposed for ARIES included three main tasks:
1. Completion of ARIES research on PMI/PFC issues.
2. Detailed engineering design and analysis of divertors and first wall/blankets.

3. Mission & requirements of FNSF.

Major changes to the program occurred during the period of performance, impacting the pace
and scope of the research. The ARIES budget was cut substantially (by more than half) during
the first year. In January 2014 the program management officially transferred to PPPL, leaving
UCSD with an additional budget cut (again in half), reduction in work scope and layoffs of both
students and staff. Notwithstanding all of these major impediments, still the principal goals of
the program were met. The ARIES-ACT study was completed and the results documented in a
special issue of Fusion Science and Technology. These results include detailed engineering
analysis of the blanket and divertor. Contributions were made to the newly formed FNSF
program, now led by PPPL. These contributions include support for the originally planned
development of the mission and requirements of the facility, but also substantial support in the

development and definition of a design point.

Results are summarized briefly in the following sections, organized by year. Extensive
documentation was produced in the form of peer-reviewed journal articles and project reports.
These are listed at the end of this report. All of the ARIES results (including publications,
project meeting presentations and minutes, conference calls, town meetings, US-Japan
workshops, efc.) are publicly available from the on-line archive. That archive has been relocated

to the URL http://aries.pppl.gov

2013: UCSD Contributions to the ARIES Study

In 2013 our primary accomplishments were: (1) the completion and documentation of the
ARIES-ACT] fusion power plant study and (2) design and analysis of the ARIES-ACT2 power
plant. ACT1 is a high-beta (wall stabilized) tokamak with a high-temperature PbLi-SiC blanket.
ACT?2 is a lower beta tokamak with a dual-cooled (PbLi/SiC and He/steel) blanket having a more
modest coolant outlet temperature. Table 1 summarizes the main system parameters for these

two devices.



Table 1. ACT1 and ACT2 system parameters

ACT1 ACT2

R (m) 6.25 975 m
Bthermal ™ BNfast 5.64 2.6

fss 0.91 0.77

qos 4.5 8

I, (MA) 10.93 13.98 MA

Br on axis (T) 6 875 T

Bron coil (T) 11.83 1438 T

Precire (MW) 160 321 MW
Fusion gain 42.5 25

<P,> @FW 2.45 1.47 MW/m*
Peak qrw 0.27 0.28 MW/m’
Peak qqiv 13.3 10 MW/m’
hin 0.58 0.45

COE 64.32 86.2 mill/kWh

Extensive documentation was produced during 2013, as detailed in the publication list. All
aspects of the ACT1 design study have been published in peer-reviewed journals, including

physics, engineering, neutronics and safety.

UCSD provided project management and led various technical activities including power
core engineering, vacuum vessel design and analysis, configuration and maintenance, and CAD
drawings. We supported independent subcontractors, and hosted a long-term visitor from
Karlsruhe Institute of Technology.

UCSD arranged three project meetings and several conference calls in 2013. We participated
in several national and international meetings, most notably the 2013 US/Japan Workshop on
Power Plant Studies and Advanced Technologies with participation from China and Korea (26-
27 February 2013, Kyoto University, Uji Japan) and the 25" IEEE/NPSS Symposium on Fusion
Engineering (June 10-14, 2013, San Francisco). Individuals contributed to several other meet-
ings and workshops.



2014: UCSD Contributions to the FNSF Study

“Fusion Nuclear Science Facility” (FNSF) is a generic term referring to an experimental
facility between ITER and a demonstration reactor, with the goal of fusion nuclear testing and
validation. In 2014 the primary technical accomplishments at UCSD were: (1) FNSF device
definition and R&D needs, (2) FNSF system code development, testing and implementation, and
(3) final documentation of the ARIES-ACT1 power plant study. In addition, UCSD participated
in project meetings and conference calls, and was involved in the organization of three

international conferences and workshops.

1. ENSF device definition and R&D needs. During the early stages of the FNSF study, it is

crucially important to establish the role, mission and requirements of the device. This requires a

deep understanding of the current status of R&D in both plasma confinement and fusion
technology, and the expected roles and requirements of other facilities and programs on the
pathway to fusion energy (such as ITER, Demo, confinement experiments and nuclear
technology R&D programs). UCSD contributed to the development of scenarios, and also led
the production of “white papers” describing the R&D status and needs in four areas:

(a) challenges using water in a fusion power core,

(b) the technology readiness of helium as a fusion power core coolant,

(c) a strategy for FNSF divertor development, and

(d) R&D needs related to the materials-design interface for fusion power core components.

2. FENSF system code. Systems analysis of FNSF helps to explore tradeoffs and identify

potentially attractive regions of parameter space. The engineering module of the ARIES systems
code was substantially updated and rewritten for higher performance and more seamless
integration with the other elements of the system code. The engineering algorithms for pumping
power were improved, including more sophisticated treatment of the DCLL blanket and the
helium-cooled divertor. Support was provided to PPPL in other areas of code development and

parameter space exploration for FNSF.

3. ARIES-ACT closeout. Extensive documentation was produced during 2014, as detailed in the

publication list. Three papers on ARIES-ACT with UCSD primary authors were submitted,

reviewed, revised and accepted for publication in the journal Fusion Science and Technology.

4. Other activities. UCSD staff attended (in person) both of the project review meetings held
during 2014, at PPPL (January) and Idaho Falls (June). In March, Dr. Tillack hosted the 2014




US/Japan Workshop on Power Plant Studies and Advanced Technologies. He served on the
program committee, as well as attended and presented an invited talk, at the 21% ANS Topical
Meeting on Fusion Energy. Dr. Tillack also serves as the Technical Program chair of the 2015
IEEE/NPSS Symposium on Fusion Engineering; his responsibilities began to ramp up in 2014,
and continued through June 2015.

2014 Conferences and Meetings

M. S. Tillack and J. P. Blanchard, “First wall, divertor and blanket/shield issues,” Fusion Nuclear
Science Facility Study Kick-off Meeting, January 2014, Princeton Plasma Physics Laboratory.

M. S. Tillack, “Overview of the ARIES ACT2 power core,” US-Japan Workshop on Fusion
Power Plant Studies and Advanced Technologies, March 2014, UC San Diego.

M. S. Tillack, P. W. Humrickhouse and S. Malang, “Assessment of water and helium as fusion
power core coolants,” FNSF Face-to-Face Meeting, June 2014, Idaho National Laboratory.

M. S. Tillack, “Key challenges for developing an attractive tokamak power plant” (invited), 21*
Topical Meeting on the Technology of Fusion Energy (TOFE), November 2014.

C. E. Kessel, et al.,, “The Fusion Nuclear Science Facility (FNSF), the Critical Step in the
Pathway to Fusion Energy,” (invited), 21* Topical Meeting on the Technology of Fusion Energy
(TOFE), November 2014.



2015: Design Options, Systems Analysis, and Transient Heating Prescriptions for FNSF

1. Evaluation of design options for ENSF

Starting in 2014, design options for FNSF were evaluated. Most notably, at UC San Diego
we published a journal article on the use of water in the fusion power core and a technical report
on the use of helium as a power core coolant. In 2015 we continued this activity by reviewing

divertor design options and DCLL blanket design options.

The most attractive and credible divertor option for high-temperature operation in a high-
fluence neutron environment is the He-cooled W-alloy concept. That concept has remaining
uncertainties, but the database is growing with worldwide R&D efforts, especially at KIT. If we
restrict water from the power core, then the only alternative under scrutiny is liquid metal
cooling. That option has much greater uncertainty, especially the free surface option with its
strong interactivity with the plasma. We contributed to the 2015 DOE PMI workshop, with
results published in two white papers and in the final report, “Fusion Energy Sciences Workshop
on Plasma Material Interactions: Report on Science Challenges and Research Opportunities in
Plasma Materials Interactions,” May 4-7, 2015. We also presented a review of divertor design

options at an FNSF project meeting.

The DCLL blanket was chosen as the top candidate base blanket for FNSF due to its
attractive features, compatibility with FNSF design parameters, and long history of R&D in the
US and worldwide. The DCLL blanket can operate in different temperature regimes, which is
one of its attractive features. We provided input to the evaluation of operating parameters, and

also helped to coordinate analysis tasks performed at other institutions, most notably UCLA.

physics engr build cost
inpar sysout sysengrout buildout
inpar2 sysengin sysengrtab costin
buildin sys.cgm

Figure 1. Schematic of the system code flow from physics analysis, to engineering analysis to

build and costing.
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Figure 2. Cross section of latest FNSF reference design as defined by the new build algorithm

2. System code efforts

In 2015, the system code, shown in Figure 1, which is used to impose self-consistency and
explore design variations, was extensively rewritten. The engineering, tokamak build and
costing routines were recreated “from scratch”. In 2015, we continued debugging activities,
performed benchmarking against results obtained using the previous code, and implemented
several improvements. Most notable among these improvements were: (1) changes to costing for
concepts that do not generate and sell electricity, and (2) fixes to the build, espcially in the
placement of the outboard TF coils. (Figure 2 shows a current cross section of the tokamak as

produced by the build section of the code).

Many of the costing algorithms used in the old ARIES systems code were based on net
electric power. For FNSF, electricity to operate the plant may be purchased rather than
generated. Even using net electric power as a “placeholder” would be inappropriate, because
these devices tend to use large amounts of recirculating power for sustainment. For example,

Figure 3 shows a scan of design points comparing the gross electric power vs. net electric power



(assuming electricity is generated using high grade heat from the power core). Net electric can
be much less than gross electric, or even negative in some cases. Costing algorithms were
changed to use thermal power, electricity consumption, or other parameters that more accurately

represent system size and cost in this regime.
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Figure 3. Comparison of gross electric and net electric power for a range of FNSF design points

Several scans of parameter space were generated as part of the debugging and testing of the
code. These were also used in the selection of a reference design point for more detailed
analysis. For example, Figure 4 shows a scan of the facility total capital cost as a function of the
fusion power for three different major radii (4, 5 and 6 m). The chosen reference design point

has a major radius of 4.8 m and fusion power of 517 MW.
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Figure 4. Capital cost of the facility vs. fusion power



3. Transient specifications

In order to perform analysis of the transient behavior of in-vessel components, transient
loading conditions must be defined. In ARIES-ACT, a methodology was established to
approximate the thermal and electromagnetic loading on in-vessel components using scaling
laws calibrated against real experimental data. Using that methodology, we estimated FNSF

loading conditions from ELMs and disruptions using baseline FNSF design parameters (see
Table 2).

The general methodology is to determine the total energy released, E, (sometimes as a
fraction of the total available energy), the time over which the energy is released, t, and the
deposition area, A. A temporal profile of heat flux, q, can be obtained from q=E/(At). In most
cases, a triangular waveform is assumed, such as that shown in Figure 5, with the possibility of

different rise and fall times. Results for ELM’s and disruptions are presented in Tables 3 and 4.

Table 2. Baseline parameters for transient analysis

Parameter Value Explanation
P;,, MW 517 fusion power
R, m 4.8 major radius
P oMW 173 particle transport power through the scrape off layer
£ averor 0.9 Fraction of SOL power radiated in the divertor
A ,mm 505 A (m)=725x10" q 0 "ip. "B

C| q 93 L SOL, T
qdiv,OBpeaka MW/m’ 10.8 peak outboard divertor heat flux averaged over the conduction footprint
9 IBpeak’ MW/m’ 3.9 peak inboard divertor heat flux averaged over the conduction footprint
A on m’ 183 total outboard first wall area
A m’ 97 total outboard first wall area
A divcond’ OB, m’ 1.33  steady state (inter-ELM) conduction footprint on the outboard divertor
A 1B, m’ 1.14 steady state (inter-ELM) conduction footprint on the inboard divertor
A rad’ OB, m’ 31.7 steady state (inter-ELM) radiation footprint on the outboard divertor
A rad’ IB, m’ 13.6. steady state (inter-ELM) radiation footprint on the inboard divertor




Table 3. ELM loading conditions

Parameter Value Explanation

V ptasma, M 263

W_o.., MJ 39

T4 keV 3.0

., 10°/m’ 1.25

DW i\ /DW g 02

DW ., %, MJ 7.8 total ELM energy

DWy, ,, eedverer MJ 39 half goes to the divertor, half to FW

area expansion factor in divertor 4

observed experimentally

Apvain s, M 532 footprint area in each divertor top/bottom
A vrw, M° 4575 1/4 of the OB FW area (IB FW not exposed)
Adisrupt v, M 91.5 1/2 of the OB FW area for disruptions

t;, ms 0.38 Ty = 27R qos/Cq 1eq

Ditgy p yise, MS 0.76 2 *

Dtgy p gy, MS 1.52 4 *t,

f . Hz 6.65 oy Wi = 20-40% of Pooy

from X DWELMmge, MW 52 transport power into ELM’s

Qaiv-08"" (ELM), MW/m* 418 peak heat flux in divertor from ELM (actual)

inter-ELM transport power, MW 121

inter-ELM fraction 0.70
Qaiv-0p” " (inter-ELM), MW/m’ 7.56
Qaiv ™ (inter-ELM), MW/m® 2.73
Grw.05"" (ELM), MW/m’ 74.8 actual peak
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Table 4. Disruption loading conditions

Parameter Value  Explanation

W, MJ 169 plasma stored energy

mitigation factor 0.1 10% W, to divertor in mid-plane disruption
W ioaiy. MJ 169

W pw MJ 152.1 90% W, to first wall

W kw0, MJ 121.7 80/20 split OB/IB

W .rw s, MJ 30.4

Ay F, m? 133 per divertor, 10x expansion vs. SS
Agicay, M 114 !

Agiorw o, m° 91.5 half of the OB FW

Agerw > M’ 48.5 half of the IB FW

Dto, ms 1.9 (average of 1.2-2.5 ms)

thermal quench rise time,ms 1.9

thermal quench fall time, ms 5.7 2-4 times the rise time (we use 3)
et oiy. MW/m? 217 peak, 10% to 2 OB divertors, 65% imbalance
Qen-rw o5, MW/m® 350 peak, 90% to FW, 80% OB
Qw1 MW/m® 165 peak, 90% to FW, 20%IB

W oo MJ 124.6 W oaeine + 0.2W o

W nag ini: MJ 70 plasma internal energy

W ag exis MJ 273 external inductance with structures
Dt.,, ms 18 (correlation from ITER database)
£ Frw 0.8 fraction of W, radiated to FW
f..q Fw OB 0.8 fraction of FW radiation to OB

f o Fw B 0.2 fraction of FW radiation to IB
Qumaeorw op MW/m? 48 4

Qoo orw 5 MW/m® 22.8
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Figure 5. Generic description of heat flux vs. time due to transients.
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