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Abstract

The aim of this study is to investigate the hydrogen production potential of the magnesium
chloride (Mg-Cl) cycle in the SOMBRERO fusion reactor. Three different percentages of UO2
nuclear fuel, namely 2%, 6% and 10%, have been used while keeping the fuel zone thickness
constant. The performance of the SOMBRERO fusion reactor has been considered statically. The
neutronic calculations have performed with Monte Carlo neutron transport code. Firstly, it has
been determined that the tritium breeding ratio (TBR) and energy multiplication factor (M) values
depends on neutronically. Secondly, the amount of hydrogen production with by using energy
multiplication factor (M) have been performed. The highest hydrogen production has been
obtained as 8,12687 kg/s for 10% UO: fuel ratio.

SOMBRERO Fiizyon Reaktoriiniin Hidrojen Uretiminde Magnezyum
Kloriir (Mg-Cl) Dongiisiiniin Kullanim
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Trityum

Bu ¢alismanin amact SOMBRERO fiizyon reaktoriinde magnezyum kloriir (Mg-Cl) dongiisiiniin
hidrojen iiretim potansiyelini incelemektir. Yakit bolgesi kalinlig1 sabit tutularak %2, %6 ve %10
olmak iizere ii¢ farklt UO2zniikleer yakit yiizdesi kullanilmistir. SOMBRERO fiizyon reaktériiniin
performans: statik olarak degerlendirilmistir. Notronik hesaplamalar Monte Carlo n&tron
transport kodu yarmiyla yapilmistir. Oncelikle trityum iiretim oran1 (TBR) ve enerji ¢ogaltim
faktorii (M) degerlerinin nétronik olarak hesaplannmstir. Tkinci olarak enerji cogaltim faktdrii (M)
kullanilarak hidrojen tiretimi miktar1 arastirilmistir. En yiiksek hidrojen tiretimi %10 UOz2 yakit
oraninda 8,12687 kg/s olarak elde edilmistir

1. INTRODUCTION (GIRiS)

With the increasing demand for energy today, the
environmental impact of the methods used to
generate the necessary energy is also on the rise.
The interest in renewable energy has consequently
surged. Hydrogen is a clean energy sources in
meeting this energy demand [1]. The idea of nuclear
hydrogen production, which aims to utilize the heat
generated in nuclear reactors more efficiently, has
emerged as a result. There are many studies in the
literature on this subject. Ghorbani et. al.,[2] derived
various thermochemical cycles such as Fe-Cl, Cu-

Cl, Co-Cl, Mg-Cl, HyS, V-CI, Ce-ClI S-1 and Zn-S-
I cycles as regards thermo-eco-environment. Orug
et al. [3] examined by using various Fe-Cl, Mg-Cl,
S-1, HyS, and Cu-Cl, processes in the systems the
thermo-eco-environment. Razi et al., [4] performed
H> generation by using of Cu-Cl, Fe-Cl and Mg-Cl
for waste heat for industrial steel plants. Ozdemir et
al. [5] used Mg-Cl, H2S04 and UT-3 cycles in the
solar assisted Brayton and Rankine in terms of
energy and exergy. Asal and Acir [6] performed the
produced hydrogen amount in the LIFE fusion
reactor by using cobalt chloride (Co-Cl) process.
Juarez-Martinez et al. [ 7] investigated production of
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hydrogen with by using S-1 cycle for various heat
exchangers under conditions. Ozkaya et al. [8]
performed hydrogen production in the PACER
fusion concept with Fe-Cl cycle. Asal and Acir [9]
examined hydrogen production in LIFE engine with
Cu-ClI process under various conditions. Demir
[10] applied hydrogen production in the
SOMBRERO blanket with SMR method. Acir and
Ozkaya [11] investigated hydrogen production with
Fe-Cl and Mg-ClI cycle in the PACER concept.
Geng [12] presented hydrogen production with S—I,
SMR and HTE cycles in the APEX. Balta et al. [13]
computed exergy and energy efficiency under
various conditions for hydrogen production with the
Mg-Cl cycle. Asal et al., [14] performed exergy and
energy efficiency under various conditions for
hydrogen production with the Mg-Cl cycle in the
HTR-PM.

In this study, the neutronic performance and
hydrogen production with hydrogen unit in

— Lirmphine

integrated SOMBRERO fusion blanket have been
performed. The neutronic calculations have been
computed with Monte Carlo calculation method for
2%, 6% and 10% UO; fuel ratios. Firstly, the tritium
breeding ratio (TBR) and energy multiplication
factor (M) have been calculated. Secondly, the
hydrogen production with Mg-CI cycle in the
SOMBRERO fusion blanket have been examined
and compared.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1. SOMBRERO Fusion Reactor (Sombrero
Filizyon Reaktdrii)

Sombrero fusion reactor designed by W. J. Schafer
Associates researcher team. The SOMBRERO
names descripted SOlid Moving BREeder ReactOr
[15]. The original reactor design has been given in
Fig. 1.

Fig. 1. SOMBRERO fusion blanket section view (SOMBRERO fiizyon reaktdrii kesit goriintisii)

The conceptual designed of a 1000 MWe KrF laser-
driven IFE power plant. The SOMBRERO
systematic view used in the calculations has been
given in Fig. 2 The first wall (FW) material has been
used C/C composite with 1 cm thick. The
SOMBRERO blanket consists of three zones
various Li enrichment. The first zone consists of 3%

C/C composite and 97% L.i,O solid breeder with 19
cm thickness.

The second zone have 20% C/C composite and 80%
Li,O solid breeder with 40 cm thickness whereas,
the third zone is 50% C/C composite and 50% L.i.O
solid breeder with 40 cm thickness. The first zone
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Thickness (cm) 1 19 40 40 250 170
%3C
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Fig. 2. SOMBRERO blanket structure (SOMBRERO blanket geometrisi)

has UO, + Li»O mixed of the different ratios. These
ratios have been selected 10%, 6%, and 2% UQO, in
the LiO,. The technical properties have been given
in Table 1 [15].

2.2. Magnesium Chloride Cycle (Magnezyum
Kloriir Déngiisii)

In the calculations have been used the three step

Mg-Cl thermochemical cycle. The reaction steps
have been given as below:

MgClZ(S) + HZO(g) d MgO(S) + ZHCl(g) (4500C) (1)
MgO(S) + Clz(g) d MgClz(S) + 1/202(g) (4500C) (2)
ZHCl(g) d HZ(g) + Clz(g) (SOOC) (3)

Table 1. Technical Properties of the Sombrero Fusion Reactor (Sombrero Fiizyon Reaktoriiniin Teknik Ozellikleri)

[15]
Parameter Value
Fusion Power, Pi 304 MW
Blanket thermal power, Pf 2677 MW
Fusion energy gain, Q 8,806
Alpha particles fraction 0.2
Neutron particles fraction 0.8
Efficiency of intermediate heat exchanger 0.8
Efficiency of driving system 0.5
Efficiency of gas turbine 0.6
Isotope separation system fraction 0.05
Auxiliary system fraction 0.05
Power ratio constant 2,363
Reaction efficiencies 0.9
Required electricity power 289.5 kJ/mol
Total required thermal power 122.5 kJ/mol

The first step is the hydrolysis reaction. The
reaction actualized at 450-550°C. The second step
at between 450°C and 500°C temperature occurred
and called chlorination reaction. The third reaction

is electrolysis reaction which can occur at 70-90°C
temperature [16,17]. The Mg-Cl systematic view
have been illustrate in Fig 3.
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Fig. 3. Mg-ClI thermochemical cycle systematic view (Mg-Cl termokimyasal yéntemin sistematik goriiniimii)

The heat required (Q,kW) during a process is  where , W is work (kW), h is enthalpy (ki/kg), h?

calculated by Egs. (14-6) [9,18,19]. is enthalpy of formation (kJ/mol), h, is standard
enthalpy (kJ/mol), A, B, C, D, E, F, H values in the
Qin + Wip + Z Nin Hin = Qout + Wout equation given in Eq. (6) are obtained from the
Shomate Table 2 [19]. T is calculated as 1/1000 of

+ ¥ Nout Houe (4) the cycle temperature determined in K.

_ o T _ T The static performance calculation of the
Q= zn"“t (h? + 1 h")out SOMBRERO fusion reactor performed using the
MCNP neutron transport code [20]. Three different
percentages of UO, were used as fuel (2%, 6%,
_ _ 2 " 10%). LiO has been chosen as the tritium breeder.

h(T) —hy =AT+B—+C—+D— With the obtained data, the TBR and M values were

calculated. Using the relevant parameters of the
— ? +F—H (6) reactor and the M values, the 1-y and Pnyr data were
calculated.

_Z Nin U_l)(‘) + }_l - Eo)in (5)

Table 2. Required Mg- CI cycle data for Shomate equation

Compounds }_1} (kI/mol) T (K) A B C D E F H
MeC12yy -641,62 T23-773 7830733 | 2435888 6. 838873 -1,72897 -0,72991 | 667,582 | -641.616
H20 -241.83 723 30,092 6.832514 6,793435 -2,33448 0.082139 | -250.881 | -241.828
MgO -601.24 723-773 4725995 | 5681621 -0,87267 0.1043 -1,053%6 | -619,132 | -601.241
HClg 9231 T23-333 3212392 | -13.4381 19,86832 -6,85304 -0,04967 | -101,621 | -92.312
Cl2im 0 773-333 33,0506 12,2294 -12.0631 438333 -0,15949 | -10.8348 ]
02z 1] 773 30,03235 | 8,772972 -3,08813 0788313 -0.7416 -11,3247 0
Hli 0 333 3306618 | -11.3634 11,43282 -2, 77287 -0,15836 -0.080% ]
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3. RESULTS AND DISCUSSION (Sonuglar ve
Tartisma)

In order for fusion reactors to be self-sustainable,
TBR must be greater than 1.05. Tritium production
is produced from liquid and solid fuels containing
lithium. In this reactor, the solid fuel containing
lithium is Li.O. As given in Egs. (7-9), TBR has
been calculated by the sum of T¢ and T, which
include endothermic and exothermic reactions [8,9].

SLi+n — Te+ He + 4.786 MeV ©)

"Li+n — Ty + He + 2.467 MeV ©)
TBR=Tes+T7 (€)]

TBR values obtained in the SOMBRERO fusion
reactor have been given in Fig. 4. TBR values have
been obtained as approximately 1.31 in the fuel
range containing 2% and 10% UO.. It can be seen
from the results obtained that the reactor provides
self-sustainability.

U0, Fuel Ratio (%)

6 10

Fig. 4. Variation of tritium breeding (TBR) for various fuel ratio (Farkli yakit oran igin trityum iiretim
degisimi)

Energy production occurs as a result of the reactions
occurring in the Li,O and UO; fuel mixture located
in the first region of the Sombrero fusion blanket
structure. The energy generated as a result of the
reactions occurring in the fuel region is called the
energy multiplication factor, as shown in Eq. (4)
[8,9].

M

200 MeV#<¢p*Zf> +4.786 MeV+Tg—2.467 Mev+T
= d 6 Z+1 (10)
17.6 MeV

Fig. 5 shows the change in M depending on the fuel
ratio. The M value has been obtained as 1,31322 for
2% UO, + 98% Li.O

(=

e
. on .
[« -]

-
o8]

M

TO, Fuel Ratio (%)

Fig. 5. Variation of energy multiplication factor (M) for various fuel ratio (Farkli yakit orani igin

enerji gogaltim faktorii degisimi)
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While the M value for 6% UO; + 94% Li,O have
been obtained as 1,49052, this value have been
computed as 1,67014 for 10% UO; + 90% Li,O. As
seen in Fig. 5, it has been observed that the M value
increased with the increase in fuel ratio. This
increase is due to the fission reaction occurring in
the fuel region depending on the fuel ratio. In other
words, since the fission rate was higher for 10%
UO; + 90% L.i.0, the M value has been highest in
this parameter.

The thermal power ratio and total thermal power
used in hydrogen production for the Mg-ClI
thermochemical cycle are obtained from the
following Eqgs (5,6) [6,8,9].

1

1—p=1-
l,b nihx*nds[Q*(xa"'xn*M)"'l]*[ngt"'E] +
£ XauxtXisf 11
[ngt"'E] Uihx+[77gt+5] ( )

Phpf=(1—1/))*(1+€)*77ihx*%*[Q*(xa+
Xp * M) + 1] (12)

The hydrogen mass flow equations for the Mg-Cl
thermochemical cycle with the help of the Egs. (7-
15) given below [6,8,9]:

— Phor
dtot

Mygcel, (13)

Mp,0

My,0 = Mygcr, X Mrgct, (14)
Mugo = Mumgct, X AZVZQC(ZZ X1 (15)
Mycr = 2 X Myger, X MhcL n (16)
Mpmgci,
Thel, = Tgo X pc (17)
Mpygcl,—2 = Mygo X AZ,IMM—Q:: X (18)
Mg, = 0,5 X My g0 X MA;O;O X7 (19)
ﬁmz=05krmm1x£%ixn (20)
e, = 0,5 X Tt X w2 x (1)

Mpyci

The thermal power ratio (1 — ) and total thermal
power (P, ¢, MW) required in the SOMBRERO
fusion reactor integrated Mg-Cl hydrogen product
unit have been given in Fig. 6 and 7. The 1 — i and
Pppp With increasing UO: fuel ratio have been
increased.

0,104
0,102
o,1
0,098
0,098
S 0,094
=, 0,092
0,09
0,088
0,088
0,084
0,082

U0, Fuel Ratio (%)

g 10

Fig. 6. Variation of thermal power ratio (1 — ) for various fuel ratio (Farkli yakit orani igin

termal gii¢ oran1 degisimi)
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Phpf (MW)

U0, Fuel Ratio (%0)

Fig. 7. Variation of total thermal power (Pp,,, MW) for various fuel ratio (Farkh yakit orant igin
toplam termal gii¢c degisimi)

The 1—1 have been obtained as between The hydrogen production (ry,) for various fuel
0,09006 and 0,10222, the Py, have been ratios have been illustrated in Fig. 8.
computed as between 884,92461 MW and

1214,59578 for 2% UO; and 10% UOg,

respectively.

L
i
Tl

1
Jor
),

2t
S

"

ey
o

e

S,

L e e e e ety
(Lt nne
Tl

[
I

mH, (kg's)
s on -
/A
TR TR T LT LT L ‘-.-‘-::'\-::‘-::'\-:‘-::‘-:'\-.-‘- ML

o

Rt
siEsh

U0, Fuel Ratio (%)

Fig. 8. Variation of hydrogen production () for various fuel ratio (Farkh yakit oran igin hidrojen

iretimi degisimi)

The hydrogen production depending on the increase 1 Ne 7y, have be'en computed as 5,92103 kg/s for

in M, which has generated due to fission reaction 2% UO: fuel ratio whereas; this value has been

increasing fuel ratio, value have been increased. obtained as 8,12686 for 2% UO: fuel ratio as shown
in Fig. 8.
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Table 3. Hydrogen production values various thermochemical process and reactor (Hidrojen iiretim degerleri

cesitli termokimyasal proses ve reaktor)

Produced Hydrogen
Reference Type Cycle Amount (kg/s)
(Initial value)
Present work SOMBRERO fusion reactor Mg-ClI 5.92-8.12
Fe-Cl cycle ~13
Ref. [21] PACER fusion reactor Mg-Cl (Option 1) :gg
Mg-ClI (Option 1)
Ref. [9] LIFE fusion reactor Cu-Cl cycle 1.39
Ref. [8] PACER fusion reactor Fe-Cl cycle 7.36/10.96
Ref. [10] SOMBRERO fusion reactor | SMR+WGS 33.00
SMR+WGS+MCS 218
SMR+WGS 100
Ref. [12] APEX fusion reactor SMR 60
THE 8.60
S-1 cycle 8.40
Ref. [14] HTR-PM reactor Mg-Cl 2.43

The hydrogen production results obtained in this
study have been compared with the hydrogen
production results obtained for different
thermochemical processes and reactors given in the
literature in Table 3. Generally, the hydrogen
production has been good performance in the
compared the hydrogen production in the
SOMBRERQO fusion reactor with literature results.

4. CONCLUSION (SONUCLAR)

In this study, the hydrogen production potential of
the Mg-Cl (magnesium chloride) cycle in the
SOMBRERO fusion reactor have been investigated.
The findings obtained as a result of the study are
presented below:

e The tritium breeding ratio have been obtained
as about 1.31 between %2 UO, + %98 Li-0 and
%10 UO2 + %90 Li-O fuel.

e Theenergy multiplication factor (M) have been
computed as the range of 1.31 and 1.67
between %2 UO, + %98 Li>O and %10 UO; +
%90 Li>O fuel. The M have been increased
with higher UO- fuel.

e The hydrogen production has been calculated
as 5.92 kg/s for %2 UO, + %98 Li,O whereas,
these value have been computed as 8.12 kg/s
for %10 UO2 + %90 L.i-O.

e The hydrogen production with Mg-Cl has been
good exhibited performance in the in the
SOMBRERO fusion reactor compared with
literature. In future work, the hydrogen production
with new types of thermochemical processes will be
examined in line with the results obtained by using
different reflectors, tritium production materials and

different fuels in the SOMBRERO fusion reactor
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