
A
T

M
D
M
a

b

c

d

e

a

A
R
R
1
A
A

K
I
F

1

i
t
p
h
t
r

h
c
d
s
i
s

s

0
h

Fusion Engineering and Design 89 (2014) 1557–1561

Contents lists available at ScienceDirect

Fusion  Engineering  and  Design

jo ur nal home p age: www.elsev ier .com/ locate / fusengdes

lternative  analysis  for  fuel  storage  and  delivery  in  the  ITER
ritium  Plant

in  Ho  Changa,∗,  Sei-Hun  Yuna,  Hyun-Goo  Kanga, Seungyon  Choa,  Kyu-Min  Songb,
ukjin  Kimc,  Hongsuk  Chungd,  Patrick  Campe, Wataru  Shue, Scott  Willmse,
anfred  Gluglae

National Fusion Research Institute, 148-169-gil Gwahak-ro, Yusung-gu, Daejeon 305-333, Republic of Korea
Korea Hydro & Nuclear Power Co., 70-1312-gil Yusong-daero, Yusung-gu, Daejeon 305-343, Republic of Korea
KOCEN Consulting and Services, Inc., 5442-1 Sangdaewon-dong, Seongnam-si, Gyeonggi 462-729, Republic of Korea
Korea Atomic Energy Research Institute, 989-111 Daedeokdaero, Yuseong, Daejeon 305-353, Republic of Korea
ITER Organization, Route de Vinon sur Verdon, 13115 Saint Paul Lez Durance, France

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 16 September 2013
eceived in revised form
9 December 2013
ccepted 20 December 2013
vailable online 30 January 2014

a  b  s  t  r  a  c  t

The  Storage  and  Delivery  System  (SDS)  of  the  ITER  Tritium  Plant  has  to safely  handle  the  fuel gases
including  tritium  and  deliver  those  gases  to the  Fuelling  System  (FS).  Recently  the  ITER fuelling  scenarios
have  been  developed  in  more  detail  considering  ramp-up,  flat-top,  and  ramp-down.  With  this  as  input,  an
alternative  analysis  was  performed  for how  SDS  will  support  ITER  inductive,  hybrid,  and  non-inductive
plasma  operations.  The  fuelling  rates  from  SDS  to FS  were  evaluated.  To supply  gas  to  FS,  SDS  must  draw
eywords:
TER Tritium Plant
usion fuel storage and delivery

gases  from  one  or  more  sources.  These  sources  could  be SDS  tanks,  SDS hydride  storage  beds  or  the  Isotope
Separation  System.  Case  studies  were  performed  to  evaluate  the  relative  merits  on various  configurations.
For inductive  operations,  it was  found  that tritium  could  be  supplied  with  either  27  hydride  beds  and  one
tank  or  with  12  beds  and four  tanks.  For  deuterium  supply  the  results  were  either  43  beds  and  one  tank  or
31 beds  and  four  tanks.  Also  studied  were  options  for  distributing  supporting  gas  inventories  elsewhere
in  the  Fuel  Cycle  or on larger  hydride  beds.  Evaluation  criteria  included  operability  and  safety.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The Tritium Plant is a key facility for the overall Fuel Cycle. This
s true for ITER as well as for future fusion power plant. The Tri-
ium Plant delivers fuelling gases, such as tritium and deuterium,
rocesses tritium-contaminated gases to remove impurities from
ydrogen isotopes, separates the hydrogen isotopes, stores tri-
ium and tritium-contaminated deuterium gases, and prevents the
elease of radioactive gases to the environment.

The Storage and Delivery System (SDS) of the ITER Tritium Plant
as to safely handle fuel gases including large quantities of tritium-
ontaminated gases. One of the main objectives of the SDS is to
eliver tritium and deuterium to the Fuelling System (FS) for sub-
equent delivery to the fusion reactor via gas puffing and pellet
njection. Gas must also be delivered to neutral beam injection

ystems.

This study performed an alternative analysis for the ITER fuel
torage and delivery fuelling process within safety constraints.

∗ Corresponding author. Tel.: +82 42 879 5722.
E-mail address: mhchang@nfri.re.kr (M.H. Chang).

920-3796/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.fusengdes.2013.12.057
Considering daily plasma operations, various process concepts
were developed and analyzed with respect to the numbers of main
processing components, such as tritium storage beds, buffer ves-
sels, and fuel delivery pumps.

2. Fuelling scenarios of ITER

2.1. Fuelling requirement of ITER

ITER will operate with a 25% duty factor and the following
scenarios: (1) inductive-450 s burn and 1350 s dwell, (2) hydrid-
1000 s burn and 3000 s dwell, and (3) non-inductive-3000 s burn
and 9000 s dwell [1–3]. Recently, these scenarios have been
developed in more detail including fuelling requirements dur-
ing the ramp-up, flat-top, and ramp-down portions of a plasma
burn. These values for DT plasma operations are summarized in

Table 1. The DT atomic ratios during fuelling are 3:1 to 2:1 for
ramp-up; 2:1 to 1:1 for flat-top; and 6:1 for ramp-down. The
fuelling times are 100 s for ramp-up, 400/1000/3000 s for flat-
top for inductive/hybrid/non-inductive, respectively, and 300 s for
ramp-down.

dx.doi.org/10.1016/j.fusengdes.2013.12.057
http://www.sciencedirect.com/science/journal/09203796
http://www.elsevier.com/locate/fusengdes
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2013.12.057&domain=pdf
mailto:mhchang@nfri.re.kr
dx.doi.org/10.1016/j.fusengdes.2013.12.057
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Table  1
Fuelling rates for DT plasma operation in ITER.

Scenarios Average fuelling rate (Pa m3/s) Min. period (s)

Ramp-up Flat-top Ramp-down

Inductive 130 220 70 1,800
Hybrid 110 176 55 4,000
Non-inductive 80 132 40 12,000
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Fig. 1. Schematic diagram of SDS interfaces for DT plasma operation.
.2. Fuelling rates required from SDS

The delivered fuel gases to the fusion reactor are recovered by a
acuum Pumping System (VP). The hydrogen isotopes are purified

n the Tokamak Exhaust Processing System (TEP) and the hydrogen
sotopes (T2, DT, HT, D2, HD, and H2) are separated by the Isotope
eparation System (ISS) [3].

ITER plasma operations campaigns are planned to occur over
eriods of one to two years followed by long term maintenance.
ach campaign is planned for two weeks followed by a short term
aintenance period. Daily operations are round-the-clock with

pproximately 4 h of maintenance. This study is focused on sat-
sfying the fuelling requirements for the daily plasma operation in
DS.

To start plasma operations, fuelling gases will initially be sup-
lied from storage hydride beds to buffer vessels. Then, the gases
ill be delivered from the buffer vessels to FS via tritium compati-

le pumps [4]. Unburned DT will be returned to the buffer vessels
rom ISS. When sufficient gases have been loaded into this recycle
oop, supply from the storage hydride beds will be discontinued.

The tritium gas includes <20% D2(T) line, and the deuterium
ncludes <20% T2 line.

Delivery rates for from SDS to support DT plasma operations are
ummarized in Table 2. To determine the conditions that require
he most tritium, maximum flowrates are evaluated with 20%-D
n T2 and 0%-T in D2(T), and only the highest tritium ratios are
onsidered.

The required fuelling rates for D2(T) for DT plasma operations
re summarized in Table 3. As for tritium flowrates, conditions
esulting in the highest deuterium concentration are used: 0%-D
n T2 and 20%-T in D2(T).
able 2
equired fuelling rates in T2 line from SDS to FS.

Scenarios Average fuelling rate (Pa m3/s) DT ratio for
ramp-up/flat-top

Ramp-up Flat-top Ramp-down

Inductive 54.2 137.5 12.5 2:1/1:1
Hybrid 34.4 110.0 9.8 3:1/1:1
Non-inductive 25.0 82.5 7.1 3:1/1:1

able 3
equired fuelling rates in D2(T) line from SDS to FS.

Scenarios Average fuelling rate (Pa m3/s) DT ratio for
ramp-up/flat-top

Ramp-up Flat-top Ramp-down

Inductive 121.9 183.3 70.0 3:1/2:1
Hybrid 103.1 146.7 55.0 3:1/2:1
Non-inductive 75.0 110.0 40.0 3:1/2:1
Fig. 2. Feasible mapping of equipments to pass fuel gases through SDS for pulse-
by-pulse plasma operation.

3. Alternative analysis of SDS process concept

3.1. SDS process concept

SDS receives gas from ISS and delivers it to FS as shown in Fig. 1.
It is noted that there are various options for performing these two
functions. SDS can receive gas from ISS into a hydride bed, a buffer
vessel or simply into a pipe (i.e. into no component). In like manner,
SDS can supply gas to FS via a hydride bed, a buffer vessel, or a
simple pipe (no component). Thus, all receipt/delivery options are
shown in Fig. 2. There are nine (three by three) theoretical cases,
but four cases are irrelevant: i.e. pipe to bed, pipe to vessel, vessel
to pipe, and bed to pipe. Also of no interest is case E consisting of
gas receipt into a buffer vessel and gas delivery from a hydride bed.
Buffer vessels are attractive because they supply gases very quickly.
Thus, placing a hydride bed after a buffer vessel is not attractive.
Rather, case B would always be more favorable than case E.

Two goals for a favorable configuration are to minimize the tri-
tium inventory in the buffer vessel and to keep the discharging
pressure of pump lower than atmospheric.

Fig. 3 shows a simplified view of the Fuel Cycle. Once initially

loaded form hydride beds, T2 and D2(T) fuel gases will circulate
from ISS to SDS, FS, Torus, VP, and TEP. SDS performs the shown
transfer function with one of the cases described here (e.g. pipes
(case A) or buffer vessels (case C)). Fig. 3 shows integrated flow

Fig. 3. Conceptual arrangement for flow not routed through hydride beds – without
buffer vessels (case A) and with buffer vessels (case C).
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ig. 4. Conceptual arrangement for flow through hydride beds – without buffer
essels (case B) and with buffer vessels (case D).

iagram scheme for both the cases A and C. The returned fuel gases
rom ISS shall be directly transferred to the pipes in the case A or
o the buffer vessels in the case C. As needed, makeup gas may  be
dded from storage hydride beds. ISS separation capabilities are
ey to evaluating the options in Tables 2 and 3.

Fig. 4 shows integrated flow diagram scheme for both the cases B
nd D. All gas from ISS is loaded on hydride beds. And beds are used
o supply gases to FS either directly without a buffer vessel (case
) or through buffer vessels (case D). As in the previous paragraph,
akeup gas can be added from hydride beds and ISS performance
ill influence how attractive an option is.

For cases B and D, fuel gases returned from ISS are stored in beds.
o receive and store gas, the hydride beds must be cool (less than
50 ◦C) and to deliver gas they must be heated to approximately
00 ◦C. To support plasma operations there must be a sufficient
umber of cool beds for receiving gas, and time must be allowed

or heating beds for gas delivery.
Cases A and C required fewer beds compared to cases B and D.

owever, cases A and C are more closely dependent on ISS opera-
ility to meet fuelling requirements.

A mass balance model was developed to determine the numbers
f hydride beds and buffer vessels for each of the four cases. The
odel included a limitation of 70 g of T for both hydride beds and

uffer vessels.

.2. Analysis
The model was run using some equipment parameters based
n the analysis of Chang et al. [4–6]. The pumps were configured
or parallel operation of four Metal Bellows MB601 pumps. Each
ump two pumping stages were configured in series. The pump

Fig. 5. Equipment configuration and operating conditio
Fig. 6. Required minimum flowrates from ISS or SDS beds at points 2 and 4 in Fig. 5
during plasma burn.

configuration drives the minimum suction pressure necessary to
maintain the flowrates in Tables 2 and 3. For inductive plasma oper-
ations, the required flowrates are 137.5 Pa m3/s and 183.3 Pa m3/s
for T2 and D2(T), respectively. The associated minimum suction
pressures are 43 kPa for T2 and 54 kPa for D2(T). The operating
conditions for buffer vessels were set as follows: the maximum
pressure was 120 kPa, the temperature was 25 ◦C, and the volume

was 0.2 m3. The desorption rate of beds was  assumed constant
at 20 Pa m3/s. Fig. 5 shows the equipment configuration and
operating conditions for the inductive plasma operation.

ns in the model for inductive plasma operation.
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4.2. Other considerations
ig. 7. Required minimum number of beds in SDS for daily plasma operation.

The time profile for the flowrate from SDS to FS is somewhat
f a “square wave”, i.e. it is on during burn and off during dwell.
onsidering just a single burn cycle, in one extreme, if there is suffi-
ient buffer vessel capacity, no flowrate from beds or ISS is needed
o sustain flow to FS. In the other extreme, if there is no buffer
essel capacity, beds and/or ISS must support all the flow to FS.

With this in mind, the first part of the analysis was to determine
he required flowrates at points “2” and “4” in Fig. 5 for various
umbers of buffer vessels. This was done for each ITER plasma oper-
tion scenarios, and the results are given in Fig. 6. This shows the
owrates during burn with respect to the number of buffer vessels

or T2 and for D2(T). For inductive plasma operations, 93 Pa m3/s
f T2 is required for one buffer vessel. This number is reduced to
6 Pa m3/s for four vessels. For D2(T) the corresponding numbers
re 147 Pa m3/s (one vessel) and 74 Pa m3/s (four vessels).

As a basis for evaluating hydride bed performance the follow-
ng assumptions were made: 0.5 h for desorption, 2 h for cooling,
.5 h for absorption, 0.5 h for evacuation of outer jacket of bed, and

 h for pre-heating. It was assumed that beds were filled to 90%
f the full capacity (i.e. 90% of 70 g-T equivalent). Fuel cycle con-
itions assumed were as follows: fuel gases return from ISS after
wo pulses for inductive plasmas, after one pulse for hybrid plas-

as, and during burn (after about 60% of burn) for non-inductive
lasmas.

Using these assumptions, the required number of hydride beds
onfigured according to case D was determined for each type of
lasma operation and for various numbers of buffer vessels. The
esults are given in Fig. 7 for both T2 and D2(T). For inductive plas-

as, 27 beds are required T2 with one buffer vessel. This number

s reduced to 12 for four vessels. For D2(T) the corresponding num-
ers are 43 for one vessel and 31 for four vessels. It is also observed
Fig. 8. Required number of beds in SDS: fuel distributed case in the Fuel Cycle.

that, compared to inductive and hybrid operations, non-inductive
plasmas operations require fewer beds.

4. Alternatives

4.1. Fuel gases distributed in the Fuel Cycle

Analysis in the previous section assumed that all available
inventory was  returned from the fuel system systems to SDS as
soon as possible. This resulted in the need for larger SDS capacity.
As an alternative, it is possible to leave some inventory distributed
in Fuel Cycle systems other than SDS. This was analyzed by consid-
ering that inventory could be held not only in the SDS buffer vessels
but also in the ISS cryogenic distillation columns, the buffer ves-
sels in the Tokamak Exhaust Processing (TEP), the cryopumps in
VP, etc.

This analysis was  performed for the case A/case C configuration
(recycle flow not through SDS hydride beds). The required number
of hydride beds for this configuration is given in Fig. 8. The number
of beds increases slightly as the number of buffer vessels increases.
This is due to higher minimum inventory associated with larger
numbers of vessels. Compared with Fig. 7, however, the numbers
are markedly lower, i.e. 27 to 7 for T2 and 43 to 12 for D2(T) for
inductive plasma operation with one buffer vessel.

As the number of buffer vessels increases, the required flowrate
from ISS or/and SDS beds can be decreased, but the amounts of fuel
gases in the buffer vessels increases. This is an engineering trade-off
that must be assessed.
In the analysis above, only numbers of fixed capacity buffer
vessel and hydride beds were considered. And only one pump
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onfiguration was considered. However, considering safety, ope-
ability and other factors, future work will assess whether or not
here is value in examining a broader range of design options.

. Conclusions

An alternative analysis for the plasma fuelling function of SDS
as performed considering the most recent understanding of ITER

nductive, hybrid, and non-inductive plasma operations. This study
xamined impacts of these various operations on SDS. A mass
alance model was prepared and run to examine various con-
gurations of buffer vessels and hydride beds to meet plasma
equirements. Results were quantified in terms of numbers of
uffer vessel and/or hydride beds required to support operations.
onsideration was given to accumulating all inventory in SDS and
o utilizing Fuel Cycle capacity elsewhere in the Fuel Cycle. These
alues will be useful in making engineering decisions as the SDS
esign progresses.

The results of this study will also need to be considered together

ith broader design issues such as the storage and delivery require-
ents for neutral beam gas supply, supporting hydrogen-only and

euterium-only plasmas during the ITER DT phase, and controlla-
ility and operability of multi-bed/multi-vessel system.

[
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