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Development of Dynamic Simulation Code for Fuel Cycle of Fusion Reactor
— 1. Single Pulse Operation Simulation —
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Kiyonori SHINTANI" and Yeong-Chan Kim”

Department of Fusion Engineering Research
Naka Fusion Research Establishment
Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Tbaraki-ken

(Received October 2, 1997)

A dynamic simulation code for the fuel cycle of a fusion experimental reactor has been developed.
The code follows the fuel inventory change with time in the plasma chamber and the fuel cycle
system during a single pulse operation. The time dependence of the fuel inventory distribution is
evaluated considering the fuel burn and exhaust in the plasma chamber, purification and supply
functions. For each subsystem of the plasma chamber and the fuel cycle system, the fuel inventory
equation is written based on the equation of state considering the function of fuel burn, exhaust,
purification, and supply. The processing constants of subsystem for the steady states were taken
from the values in the ITER Conceptual Design Activity (CDA) report. Using the code, the time
dependence of the fuel supply and inventory depending on the burn state and subsystem processing

functions are shown.

Keywords: Simulation Code, Fuel Cycle, Fusion Experimental Reactor, Tritium Inventory,

Single Pulse Operation, ITER CDA
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Fig. 2.1 Schematic diagram of the way to establish the dynamic equations
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Fig. 2.2 Fuel flow cycle model
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Burn (1) = f poner X p Fpusion E’-}fi( h )
E, N, (2.4)
mole
=212
fpower(GW,h)

: normalized factor of simulated pulse operation
P. . related power(1000MW)
: D,T fusion energy (17.5MeV)
K,~ K, @ conversion factor
N, ' Avogadro's Number
THb,

fPOWER

1.9
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|

[

|
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t_bum l

tpru tp_rd

—3t
|
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tcycle_p

t_burn: plasma burn time (0.17h)
tcycle_p: cycle time for plasma (0.28h)
t_p_ru: heating (0.056h)

t_p_rd: burn termination (0.056h)

Fig. 2.3 Simulated plasma burn cycle
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Bulk, (T,t)(k=div, fw) : bulk intake of tritium (moles)
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Bulk(T,t) :inventory concentration of tritium (g/m3)
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At At -
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A, : disintegration constant of tritium (1/h)

At : time step ¢h)
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Fig. 2.4 Bulk intake of tritium from Fig. 2.5 Bulk intake of tritium from
the edge into divertor the edge into first wall
(moles) : Bulkdiv_t(t) (moles) : Bulkfw_t(t)
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MAEAPS : : —Af)~ A, - 2.10

~ 760 3006 Xegge (= AD =2, -Co_d (D) (2.10)
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Co_d (1) ! tritium codeposited onto plasma facing components (moles)
Co _d(M,T) : codeposition rate (kg/burn-year)
THhB, 2I0)DFEIX. KATEA NS,
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$0.0001 f..}
Eg105E....]
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4105 b
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0Fi
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5 Uttt Btu gt bt Zoo

Time{sec}

Fig. 2.6 Tritium codeposited onto plasma
facing components (moles)
1 Co_d_t(t)
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Fig.2.7 Tritium in dust (moles)
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Fuel ((1—-¢,)=F, (O+ A (2.14)
Fuel ,()=F, _d(r)+-A—P%C%-(~I—) (2.15)
APFC (1)

Fuel ,()=F, ,(1)— Gen (1) +—-F-”-— (2.16)
PFC ,(1)= Bulk ,(t)+ Co_d ,(t)+ Dust ,(r) (k=1,d,p) (2.17)

2T, Fuel (t). Fuel [t). Fuel ,(0id, TNENNIFT A, BHAR KR
R B S N T W BB TH 5. F, 0. F, 0. F, O F7IXIFIIN
NE DRSBTS B, &, -Fuel (). Burn (). Gen (0%, BEMOMRILEK

HRTHES>TAATHFASN S,
&, - Fuel ()= Burn (1)

Burn_,(t) = Burn (1) ' (2.18)
Gen (1)=&, &, Burn (1)
3 AT LAEROMNEBEBEGE Fig. 281RT., TOIEDF, ()DyIalb—3x

R % Fig. 2.910R7 7
Bulk(t)/ A
K Co_d(ty At

g
LsDust(t)/ At Fuel_k(t)
& / k=t,d,p
.z PLASMA
Burn_t(t) Fex_k(t)
] =] Burn_d() k=t.dp
P BN

PFCs

Fig. 2.8 A schematic of an idea of the mass balance in plasma interactions
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M=T,D,P,He k=t,d,p,he

£,.., - removal efficiency of cryodeposit
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Fig. 2.10 Flow diagram of exhaust processing sub system
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Fig. 2.11 Removal rate of tritium from  Fig. 2.12 Total flow from vacuum pumps
continuous regeneration to fuel clean-up sub system
cryopump (mole/h) : Fv_out(t)

: Rvacuum_t(t)
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PRELESIY T L AT AADALFED ORSY DRSS 2 XN TERL,
F, 0)=F,, O+F,, @ (2.22)
Fpm_(t) = F;v_our (r)- X exhas _ puee (2.23)
Frp O=F, 00O Xextau_imp (2.24)
xthau_pm + xex.hau_imp = 1 (225)
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ZZT.
F._. () : pure hydrogen flow into fuel clean-up sub system (mole/h)

pure _

£, (1) hydrogen flow containing impurities into fuel clean-up sub
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: fraction of hydrogen containing impurities in exhaust processing

X exhau_ pure
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N o _re (t)
E, 0= ot 2 (2.30)
msieve _reg
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__e‘;-t_s__ =F,, ..0) (2.31)
AN ys_res (1)
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JAERI-Data/Code  97-042

djqua _reg (t) _

7 = qut,_ug () (2.33)
ZZT,
. : regeneration time of molecular sieve

msieve _reg
THDH, BEFEBEERT. NTTavABREEE~Z SN, RN S Q2ANER
ENBEEEVATFLAEY. Th®s D, . P, (1) EHALT, KA TESR

L7z

p T pem (1) X pmem _t . T e ()
Z me(r) = F pem_ydro (O Xomem_a |— t— me(t) (2.34)
P Lomem 5| | Prmen®
Fem iyaroD) = 4E, , (O +3E,, O+ 2E 5, (1) (2.35)
ZZT,
K pem K =T,D,P) : tritium, deuterium, protium in palladiummembrane
reactor (moles)
Fom iyaro(8) ¢ flOW of hydrogen from regeneration unit to palladium
membrane reactor (mole/h)
Xomem 1k =1.d,p) * isotopic fraction on regeneration unit
! omem - time constant of palladium membrane reactor (h)
TH5,
b. HAHHEX
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Frvi v D | | Frt_ou_s() T pem (1)
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Frs o aD|={ Fpe s | T E 0@ | Xor_a®) (2.37)
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Z T,

Xoo_ Dk =1.d,p) : mole fraction on standby bed after preloading
THD.
HOwmgE, RERIEEBOFIELT. RATEXLND,
Fpm._m(t) = primm_,(t) + pri_au_d(r) + FMWMAP(I) (2.38)
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Fm_in_p(t):Fi.;s_m(t)"Fiss_in_x(t)_Fm_m_d(I) (2.41)
ZI T,

F,, i () : tritium flow in 1sotope separation sub system (mole/h)
Fy, i 4() @ deuterium flow in isotope separation sub system (mole/h)
F,, , (1) @ protium flow in isotope separation sub system (mole/h)
x;ss_in_k(t)(k =td)
- mole fraction of isotope in stream from fuel clean-up sub system
Zw (D =1,d)
- mole fraction of isotope in stream from neutral beam
injection sub system
xinjj(t)(k =t,d)
- mole fraction of isotope in stream from pellet injector sub
system
h, : fraction of stream not processed and directed to gas puffer
sub system
h, : fraction of stream not processed and directed to pellet injector

sub system
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Z 7.

W, : neutral beam power (7T6MW)

E ,, : neutral beam particle energy {1.3MeV)

N, : Avogadro’s Number
Th5.
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B/ Y — 2 TEESNERTARKRICHERROEKRR, Fu w0
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Do SO F, 0 T s s®
Mo _tor (2.52)
+kisx_rrr.id 'qum(f) ' Zi.rs_nu’dﬁd(t)
Z T,
Zsto_aew_a(t) * mole fraction of deuterium in deuterium rich storage
Xis_mig_a(2) : mole fraction of deuterium in the stream from the middle
of isotope separation sub system
Ko miz © fraction of flow from middle of isotope separation sub system

directed to the neutral beam injection
Nw_w . efficiency of neutral beam injection sub system

Th5,
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o - (2.53)
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Zs!a_deu_d Rnb_rgg_d(t)



JAERI-Data/Code 97-042

Py eryo(8)= x,.b Ceryo_p(B) Ny (£) (2.54)
()
)= Jobene®) 2.55
x»b _cryo_ I() c,yo?(t) ( )
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nb_cryo
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Zﬂof dcu_k(k =1, d)
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0S: MacOS7.5)To OMEETHH .

Table A. 1 Variables and constants used forsimulation of Plasma Chamber

variable/constant! description constant value
Pfusion(t) fusion power (MW)
Feedf _t(t) amount of tritium deliberatelyfueledto the plasma from fuelers
{mole/h)
Fuel_t(t) total tritium fueledto the plasma (mole/h)
Fuel_d(t) total deuteriumfueledto the plasma (mole/h)
Fuel p(t} total protium sources to the plasma (mole/h)
Bum_t(t) tritium burnup rate (mole/h)
Burn_d(t) deuterium burnup rate {(mole/h)
Gen_p(t) formation rate of protium from advanced fuel reactions (mole/h)
Ef(t) amount of fusion energy deliberately caused by one reaction (MeV) 1.75D1
Fex_t(t) exhaust rate of tritium from plasma (mole/h)
Fex_d(t) exhaust rate of deuterium from plasma (mole/h)
Fex_p(t) exhaust rate of protium from plasma (mole/h)
Fex_he(t) exhaust rate of helium from plasma (mote/h)
xedge t(1) isotopic fractionof exhaust tritium from plasma
xedge d(t) isotopic fractionof exhaust deuterium from plasma
xedge_p(t) isotopic fractionof exhaust protium from plasma
Bulkdiv_t(t) adsorption of tritium fromthe edge into divertor (moles)
Bulkfw_t(t) adsorption of tritium from the edge into first wall (moles)
d_Bulkdiv_t(t) | rate of adsorption of tritium from the edge into divertor {mole/h)
d_Bulkfw_t(t) | rate ofadsorpion of tritium fromthe edge into first wall (mole/h)
Co d 1(t) tritium codeposited onto plasma facingcomponents (moles)
d Co d_t(t} rate of tritium codeposition onto plasma facingcomponents (mole/h)
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Dust_t(t) tritium in tokamak dust (moles)
d_Dust_t(1) rate of change of tritium in tokamak dust (mole/h)
Bulkdiv_d(t) adsorption of deuterium fromedge into divertor {moles)
Bulkfw_d(t) adsorption of deuterium from edge into first wall (moles)
d_Bulkdiv_d() | rate of adsorption of deuterium fromedge into divertor (mole/h)
d_Bulkfw_d(t) | rateof adsorption of deuterium from edge into first wall (mole/h)
Co_d_d{t) deuterium codeposited onto plasma facingcomponents (moles)
d Co_d d(v rate of deuterium codeposition onto plasma facingcomponenis
{mole/h)
Dust_d{t) deuterium in tokamak dust {(moles) ]
d_Dust_d(t) rate of change of deuterium in tokamak dust (mole/h)
Bulkdiv_p(1) adsorption of protium fromedge into divertor {moles)
Bulkfw_p(t) adsorption of protium from edge into first wall (moles)
d_Bulkdiv_p(f) | rate of adsorption of protium fromedge into divertor {mole/h)
d Bulkfw_p(t) | rateof ads;orption of protium fromedge into first wall {mole/h)
Co_d_p(t) protium codeposited onto plasma facingcomponents (moles)
d_Co_d_p(® rate ofprotium codeposition onto plasma facingcomponents {mole/h)
Dust_p(t) protium in tokamak dust (moles)
d_Dust_p(t) rate of change of protium in tokamak dust (mole/h) _
gprot relative combined reaction rates of proton branch of DD reaction and 1.0D-2
D3H reaction compared to DT
gbu fractionalburn-up of tritium 5.0D-2
fin_pellet fractionof tritium fueling through pellet injection 5.0D-1
fin_gas fractionof tritium ficling through gas puffing 7.0D-1
PFC t(t) total trittum in plasma facing components {moles}
Tpfc_m(t) mobilizable tritium in plasma facingcomponents (moles)
PFC_d(t) total deuterium in plasma facingcomponents (moles)
PFC_p(1) total protium in plasma facingcomponents (moles)
Temperature Diverter temperature (C degree) 1000
Tedge Plasma Facing Material temperature (eV) 60
Medge Plasma Facing Material (1/2/3=C/Be/W) 1
mu_A mobility fractionof absorbed inventory 1.0D-1
mu_C mobility fractionof codeposited inventory 1.0D0
mu_D mobility fractionofdust inventory 1.0D0
dc dust concentration ratio (kg_tritium/kg_dust) 1.0D-1
Vdiv total volume of divertor (m3) (2.0D-5)*(2.0D5)
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1.6D3*2.0%7.0

Viw total volume of first wall {m3)
Ad divertor wall surfacearca(m2) 2.0D2
lambda_T Decay constant of Tritium (1/h) 6.380D-6
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Table A.2 Variables and constants used forsimulation of Exhaust Processing sub system

variable/constant| description constant value
Tvacuum (t) tritium inventory per pumps (moles)
Tp_reg(t) tritizm inventory per pump (batch operation) at regencrationtime
(moles)
Tp_tot(t) total trittum inventory on all pumps
Tp_tot_m(1) total mobilizable tritium inventory on all pumps (moles)
Rvacuum_(t) | removal rate of trittum from continuos regenerationcryopump
{mole/h)
Dvacuum(t) Deuterium inventory per pumps {moles).
Rvacuum_d(t) | removal rate of deuterium from continuos regeneratiar cryopump
(mole/h)
Dp_reg(t) tritium inventory per pump (batch operation) at regenerationtime
(moles)
Dp_toi(t) total deuterium inventory on all pumps (moles).
Rvacuum_p(t) | removal rate of protium from continuos regenerationcryopump
{mole/h).
Pp_reg(t) protium inventory per pump (batch operation) at regencrationtime
(moles). '
Pp tot(t) total protium inventory on all pumps {moles).
Pvacuum(t) protinum inventory per pumps (moles).
Rvacuum_he(t)| removal rate of helium from continuos regeneraion cryopump
(mole/h)
Hevacuum(t) helivm inventory per pumps (moles).
Hep reg(t) helium inventory per pump (batch operation) at regenerationtime
(moles).
Hep_tot(t) total deuterfum inventory on all pumps (moles)
Fv_out(f) total flow from vacuum pumps to fuel clean-up unit (mole/h).
npump number of operating pumps 16
treg regenerationtime forbatch cryopumps in vacuum system (h) 2.0D0/3.0D0
tpump pumping forbatch cryopumps in vacuum system (h) 4.0D0/3.0D0
£scrap efficiencyof removal of cryodeposit for mechanical continuous 2.0D-1
regenerationcryopump
TSCTap scraping rate for mechanical continuous regenerationscheme (m2/h) | 1.92D0
acryo pump surfacearea for mechanical continuous regenerationscheme 32D-2

(m2).
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mu_v

mobility fractim ofinventory on cryopump.

1.0D-1
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Table A.3 Variables and constants used for simulation of Fuel Clean-up sub system

variable/constant description constant value

Fpuri_in(t) total flow from vacuum pumps 1o purification (mole/h)

it_(1) isotopic fractionof tritium on vacuum system cryopumps

id_(t) isotopic fractionof deuterium on vacuum system cryopumps

ip (D isotopic fractionof protium on vacuum system Cryopumps

xnhydro_(1) fractinof non-hydrogen containing impurities in adjusted flow to
purification

xh_imp(t) fractionof hydrogen containing impurities in adjusted flow to
purification

Fadj_puri(t) adjusted flow rate to purificationconsidering impurities (mole/h}

Fhydro_pure(t) | flow of pure atoms to purification(mole/h)

Fhydro_imp(t}

flow of hydrogen containing impurities to purification (mole/h)

Fnhydro_imp(t)

flow of non-hydrogen containing impurities to purification(mole/h)

Fpure_t{t) flow of pure tritium atoms to purification{mole/h)
Fpure d(t) flow of pure deuterium atoms to purification (mole/h)
Fpure p(t) flow of pure protium atoms to purification (mole/h)
F cq4_imp(1) flow of methane to purification{mole/h}

F nqg3_imp(t) flow of ammonia to purification (mole/h)
Fq2o_imp(t) flow of water to purification (mole/h)

Fhydro_imp_w(t

constituents of hydrogen flow containing impurities (mole/h)

f hydro_imp_w(ll
)

weighting fractionof constituents of hydrogen flow containing

impurities

Nimpt(t)

total impurities on purificationunit (moles)

Nhydro_imp(t)

total hydrogen in hydrogen-containing impurities on purification

unit {moles)

Nnhydro_imp(t)

total non-hydro impurities on purification unit (moles)

Ncagd_imp(t)

methane on purificationunit (moles)

Nng3_imp(t) ammonia on purificationunit {(moles)

Ng2o_img(t) water on purificationunit (moles)

Timp (1) total tritium on purificationunit (moles)

Dimp (1) total deuterium on purificationunit {moles)

Pimp (1) total protium on purificationunit {moles)
Fpuri_in_h2(t) flow of pure hydrogen molecules to purification{mole/h)

Fsub_in t2{t)

flow of pure tritium molecules to standby unit (mole/h)
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Fsub_in_d2(t)

flow of pure deuterium molecules to standby unit (mole/h)

Fsub_in p2(1)

flow of pure protium molecules to standby unit (mole/h)

Fsub_in(t)_h2 flow of pure fydrogenmolecules to standby unit (mole/h)

Mmsieve(t) number of unfilled adsorption sites forhydrogen on standby uint
(moles)

xsub_t(t} mole fractionoftritium entering standby unit

xsub_d(t) mole fractionof deuterium entering standby unit

xsub_p(t) mole fractionof protium entering standby unit

T2 sub(t) {ritium molecules on standby unit (moles)

D2 sub(t) deuterium molecules on standby unit {moles)

P2 sub{t) protium molecules on standby unit (moles)

Nhydro_sub(t)

total hydrogen on standby unit (moles)

Fsub_out_t(f)

flow of pure tritium atoms out of standby unit (mole/h)

Fsub_out_d(t)

flow of pure deuterium atoms out of standby unit (mole/h)

Fsub_out_p(t)

flow of pure protium atoms out of standby unit (mole/h)

Fsub_out_h(t)

flow of pure hydrogen atoms out of standby unit (mole/h)

Treg_out(h) tritium on regenerating molecular sieve beds {moles)

Ecgd_reg(t) evolution of methane from molecular sieve during regeneration
(mole/h) '

Eng3_reg(t) evolution of ammonia from molecular sieve during regeneration
(mole/h)

Eq2o_reg(t) evolution ofwaterfrommolecular sieve during regeneration(mole/h)

Ncq4_reg(t) amount of methane on purificationbed at regeneration (moles)

Nng3_reg(t) amount of ammonia on purificationbed at regeneration(moles)

Ng2o_reg(t) amount of water on purificationbed at regencration (moles)

Fpmem_hydro(t)

flow of hydrogen to pailadium membrane reactor (mole/h)

Tpmem(t) tritium on palladium membrane reactor (moles)

Dpmem(t) deuterium on palladium membrane reactor (moles)

Ppmem(t) protium on palladium membrane reactor (moles)

xpmem_t{1) isotopic fractionof tritium on molecular sicve at end of purification

xpmem_d(1) isotopic fractionof deuterium on molecular sieve at end of
purification

xpment_p(t) isotopic fractionof protium on molecular sieve at end of purification

Fpuri_out_t(t)

flow of tritium to isotope separarionsystem (mole/h)

Fpuri_out_d(t)

flow of deuterium to isotope separation systemn (mole/h)

Fpuri_out_p(t)

flow of protium to isotope separation system (mole/h)
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Fpuri_out(t)

total flow to isotope separationsystem {mole/h)

Xiss_in_t(t) mole fractionof tritium in stream from fuel clean-up unit to isotope
separation system

Xiss_in_d(f) mole fractionof deuterium in stream from fuel clean-up unit to
isotope scparation system

Xiss_in_p(t) mole fractionofprotium in stream from fuel clean-upunit to isotope
separation system

Fpure_{t) total flow of pure tritium, deuterium, protium and helium atoms to
purification (mole/h)

Fimp (t) total flowaofimpurities to purification (mole/h)

Timp_m{t) total mobilizable tritium inventory on purificationunit {moles)

Treg_out_m(t)

mobilizable tritium on regenerating molecular sieve beds (moles)

mu_mob mobility fractionof inventory on fuelclean-upunit molecular sieve| 1.0D-2
bed
Lhydro_ loading of mole sieves forhydrogen (scc/g) 1.2D2
Limp_ loading of mole sieves forimpurities (scc/g) 1.0D2
Ns_max maximum number of unfilled adsorption sites forhydrogen on fuel| 1.77D1
clean-upunit standby bed preloading with hydrogen (mole)
tmsieve_reg regenerationtime formolecular sicve (h) 4.0D0
mu_reg m mobility fractionofinventory on fuelclean-up unit molecular sievej 1.0D0
beds during regeneration
tpmem time constant for palladium membrane reactor (h) 2.0D0
wl number of hydrogen atoms in a methane molecule 4.0D0
w2 number of hydrogen atoms in an ammeonia molecule 3.0D0
w3 number of hydrogen atoms in a water molecule 2.0D0
xcqd_ specifiedmole fractionof methane in adjusted flow to purification | 5.6D-1
xnq3_ specifiedmole fractionof ammonia in adjusted flow to purification| 4.0D-2
xq2o_ specifiedmole fractionof water in adjusted flow to purification 8.0D-2
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Table A4 Variables and constants used forsimulation of Isotope Separation sub system

variable/constant description constant value

Fiss_in(t) total flow to isotope separation system (mole/h)

Fiss_nb(t) flow from neutral beam to isotope separation system (mole/h).

Fiss_in_t(t) flow of tritium to isotope separation system (mole/h)

Xiss_1(1) mole fractionof tritium in stream from fuel clean-up unit

Xnb_t{t) mole fractionof tritium in stream from neutral beam ¢ryopump

Xinj_t(t) mole fractionof tritium in pellet injector exhaust stream

Fiss_in d(t} flow of deuterium to isotope separation system (mole/h)

Xiss_d(t) mole fractionof deuterium in stream from fue! clean-up unit

Xnb_d() mole fractionof denterium in stream from neutral beam cryopump
fuel clean-up unit

Xinj_d(t) mole fradion of deuterium in pellet injector exhaust stream

Fiss_in_p(t) flow of protium to isotope separation system (mole/h)

Niss_(1) total amount in isotope separation system {moles)

Tiss_{t) amount oftritium in isotope separation system (moles)

Tiss_m(t) amount ofmobilizable tritium in isotope saparation system (moles)

Diss_(t) amount of deuterium in isotope separation system (moles)

Poiss_(1) amount of protium in isotope separation system (moles)

Xiss_p(t) mole fractionof protium in isotope separation system

Fiss_top_(t) flow rate from top of isotope separation system (mole/h)

Fiss_mid_(t) flow rate from middle of isotope separation system (mole/h)

Fiss_bot (1) flow rate from bottom of isotope separation system (mole/h)

Fiss_inj(t) flow directed to isolope separation system from pellet injector
(mole/h)

Fbl_cool flow rate from coclant system (mole/h) 1.0D-2

Fbl_ flow rate from blanket system (mole/h) 5.0D-2

hl fractionof stream from fuel clean-up system not processed and 3.0D-1
directed to gas puffer

h3 fractionof stream from fuel clean-up system not processed and 3.0D-1
directed to pellet injector

Fragnb switch to include neutral beam in isotope separationsystem batancg 0.0D0
(included if equals one, not included if equals zero)

Fragiss_inj switch to include pellet injector in isotope separationsystem balance 0.0D0
(included if equals one, not included if equals zero)

Xc t mole fractionof tritium in coolant system 3.0D-1
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Xbl t mole fractionof tritium in breedersystem 3.0D-1

Xc d mole fractionof deuterium in coolant stream 3.0D-1

Xbl d mole fractionof deuterium in breederstreatmn 3.0D-1

t_iss residence time in isotope separation system (h) 2.22D0
mu_iss_ mobility fractionof inventory in isotope separation system 1.0DO
Xiss_top_t mole fractionof tritium fromtop of isotope separation system 6.0D0/9.0D0
Xiss_top_d mole fractionof deuterium from top of isotope scparationsystem | 2.0D0/9.0D0O
Xiss top_p mole fractionof tritium fromtop of isotope separation system 1.0D0/9.0D0
Xiss mid_t mole fractionof tritium from middle of isotope separation system | 2.0D0/9.0D0
Xiss_mid_d mole fractionofdeuterium frommiddle of isotope separationsystem  6.0D0/9.0D0
Xiss_mid p mole fractionof tritium from middle of isotope separationsystem | 1.0D0/9.0D0
Xiss_bot_t mole fractionof tritium frombottom of isotope separationsystem | 1.0D(/9.0D0
Xiss_bot d mole fractionofdeuterium from bottom ofisotope separationsystem; 2.0D0/9.0D0
Xiss bot_p mole fractionof tritium from bottom of isotope separationsystem | 6.0D0/9.0D0
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Table A.5 Variablesand constants used forsimulation of Neutral Beam Injection sub system

variable/constant description constant value
Fplas_nb_d(1) flow of deuterium to plasma passing neutral beam (mole/h)

Fin_st_d(1} flow from deuterium rich storage (mole/h)

Fin_rec (t) recycle flow rate to neutral beam from neutral beam cryopump '

{mole/h)

Fin_iss_mid(t)

flow rate from middle of isotope separation system (mole/h)

Xcryo_d(t) mole fractionof deuterium on neutral beam cryopump

W_nb(t} required neutral beam power to be delivered to the plasma (MW)
Ncryo (1) total amount on neutral beam cryopump (moles)

Fbk nb_(1) total backflow from plasma into neutral beam (mole/h)

Dcryo (1) deuterium on neutral beam cryopump (moles)

Dnb_reg (1) amount ofdeuteriumon the neutral beam batch regeneration(moles)
Tob_cryo(t) tritium on neutral beam cryopump {moles)

Fbk_nb_t(t) backflow of deuterium from plasma into neutral beam (mole/h)
Rnb_reg_t(t) regenerationrate of tritium from neutral beam cryopump (mole/h)
tnb_ time during pumping cycle for neutral beam pumps (h)
Tnb_reg_(t) total amount of tritium on the neutral beam batch regeneration

cryopump (moles)

Tnb_cryo_tot{t)

total tritium on neutral beam cryopumps {moles)

Tob_cryo_mob(t

total mobilizable tritium on neutral beam cryopump (moles)

Dnb_cryo(t)

deuterium on neutral beam cryopump (moles)

Fbk_nb_d(t)

backflow of deuterium from plasma into neutral beam (mole/h)

Rnb_reg_d(t)

regenerationrateof deuterium from neutral beam cryopump (mole/h)

Dnb_cryo_tot(t)

total deuterium on neutral beam cryopumps {moles)

Xnb cryo_t(t) mole fractionof tritiwm on neutral beam cryopump
Xnb_cryo_d{t) mole fractionof deuterium on neutral beam cryopump
Xnb_cryo_p(t) mole fractionof protium on neutral beam ¢cryopump
Pnb_cryo(t) protium on neutral beam cryopump (moles)

Tob_wall(t)

tritium on neutral beam walls (moles)

Tob_wall_mob(t)

mobilizable tritium on neutral beam walls (moles)

Tnb_tot(t) total tritium in neutral beam (moles)

Trb_tot mob(t) | total mobilizable tritium in nueutral beam (moles)

Fob_cryo(l) flow rate from neutral beam cryopump (mole/h)

Crec(t) fractionof gas from neutral beam cryopump directed to the isotope

s¢paration system
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Fplas_nb_(t}

total flow rate to plasma from neutral beam (mole/h)

Fplas nb {(t)

flow of tritium to plasma through neutral beam {mole/h)

Fplas_nb_p(t)

flow of protium to plasma through neutral beam (mole/h)

ncycle_p(t) mumber of plasma cycles

Nnb_cryo(t} total amount on neutral beam cryopump (moles)

Rnb_reg (t) total regeneration rate from neutral beam cryopump (mole/h)

Rnb_reg_p(t) regenerationrate of protium from neutral beam cryopump (mole/h)

eta nb tot overall efficieny of transferof neutral beam feedto the plasma 3.1D-1

kiss_mid_ factionof flow from middle of isotope separation system directedto| 3.0D-1

the neutral beam

fcryo_ fractionof feedto neutral beam that flowsto cryopomyp 3.7D-1

tnb_reg regenerationtime forbatch neutral beam cryopumps (h) 2.0D0/3.0D0

tnb_pump pumping time forneutral beam batch regenerationcyopump (h) 2.0D0

nnb_ pumping cycle 5.0D0

mu_nb_mob mobility fractionof inventory on neutral beam cryopump 1.0DO

fnb_wall fractionof feedto neutral beam that ends up on the walls 5.0D-2

mu_wall_ mobility fractionof inventory in neutral beam walls 1.0D0O

teycle p plasma burning time (h) 100040/3600d0

t pru ramp-up time forplasma (h) 200d0/3600d0

t_prd ramp-down time forplasma (h) 200d0/3600d0

t_nb_ru ramp-up time forneutral beam (h) 100d0/3600d0

t b rd ramp-down time forneutral beam (h) 100d0/360040

t_bum plasma burn time (h) 600d0/360040

tcycle nb cycle time forneutral beam {(h) (100+600+100)
/3600

E nb neutral beam particle energy (MeV) 1.3D0
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Table A.6 Varables and constants used forsimulation of Pellet Injector sub system

- variable/constant description constant value
Fplas_in_t{t) flow of tritium to plasma through pellet injector (mole/h)
Fplas_in_d(t) flow of deuterium to plasma through pellet injector (mole/h)
Fplas_in_p(1) flow of protium to plasma through pellet injector (mole/h)
Fsto_out_t(t) flow from tritium rich storage to pellet injector (mole/h)
Fsto_out_d(t) flow from deuterium rich storage to pellet injector (mole/h)
Fsto_out_p(t) flow from protium rich storage to pellet injector (mole/h)
Next_12(1) total moles (of atoms) in pellet injector extruder 1 or 2 {moles)
Text_12(t) tritium in pellet injector extruder 1 or 2 (moles)

Dext 12(1) deuterium in pellet injector extruder 1 or 2 (moles)

Pext 12(t) protium in pellet injector extruder 1 or 2 (moles)
Xext_12_t(t) mole fractionof tritium in pellet injector extruder 1 or 2
Xext_12_d(t) mole fractionof deuterium in pellet injector extruder 1 or 2
Xext 12_p(t) mole fractionof protium in pellet injector extruder 1 or 2
Next_tot(t) total in pellet injector extruders (moles)

Text_tot(t) total tritium in pellet injector extruders (moles)
Dext_tot(t) total deuterium in pellet injector extruders (moles)
Pext_tot(t) total protium in pellet injector extruders (moles)
Text_m(t) total mobilizable tritium in pellet injectors {moles)
Vinj_t(t) volume of tritium in pellet injector (m3)

Vinj_d(n) volume of deuterium in pellet injector {m3)

Vinj_p(t) volume of protium in pellet injector (m3)

Xextru_i{f) mole fractionof tritium in pellet injector extruder
Xextru_d(1) mole fractionof deuterium in pellet injector extruder
Xextru_p(t) mole fractionof protium in pellet injector extruder
Nextru_{1) total amount in pellet injector extruder

Vinj_tot(t) total volume in pellet injector extruder

Dpellet(t) diameter of pellet imjector pellet (m)

Hpellet(t) height of pellet injector pellet (m)

Vpellet volume of pellet injector pellet (m3) 4.5D-7

npellet_t(t)

number of moles of tritium in pellet injector pellet (moles)

npellet_d(t)

number of moles of deuterium in pelict injector pellet (moles)

npellet_p(t)

number of moles of protium in pellet injector pellet (moles)

Rinj_(t)

pellet repetition rate forpellet injector (Hz)
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Finj_in_tot(t)

total flow rate to plasma by pellet injector pellet (mole/h)

Fbk plas_(t) backflow from plasma into pellet injector (mole/h)
Fbk_plas_t(t) tritium backflowfrom plasma into pellet injector (mole/h)

Fbk plas_d(t) deuterium backflow from plasma into pellet injector (mole/h).
Fbk_plas p(t) protium backflow from plasma into peliet injector {mole/h)
Fplas_prop(t) total flow rate to plasma from peliet injector propellant (mole/h)

Fplas_prop_t(t)

tritium flow rate to plasma from pellet injector propellant (mole/h)

Fplas_prop_d(t)

deuterium flow rate to plasma from pellet injector propellant
(mole/h}

Fplas_prop_p{t)

protium flow rateto plasma frompellet injector propellant (mole/h)

Finj_exh(t)

exhaust flow rate from pellet injector (mole/h)

Finj_exh_t(t)

tritium exhaust flow rate from pelet injector (mole/h)

Finj_exh_d(1)

deuterium exhaust flow rate from pellet injector {mole/h)

Xinj_p(t) mole fractionof protium in pellet injector

Finj_prop(t) flow of propellant gas (mole/h)

Xprop_t(t) mole fractionof tritium in propellant gas flow (mole/h)

Xprop_d(t) mole fractionof deuterium in propellant gas flow (mole/h)

Xprop_p(t) mole fractionof protium in propellant gas flow (mole/h)

Finj_rec(t) recycle flow rate to solope separation system from pellet injector
{mole/h)

finj_err erosion fractionof deuterium and tritium forpellet injector 3.0D-1

finj_mid_iss fractionof flow from middle of isotope separation system to peliet | 3.0D-1
injector

linj_bot_iss fractionof flow from bottom of isotope separation system to pellet | 3.0D-1
injector

mu_ext mobility fractionof inventory in extruders 1.0DO

kpellet t mole composition oftritium perunit volume ofpellet injector pellet 2*5.294D4

kpellet_d mole composition of deuterium per unit volume of pellet injector | 2*4.979D4
pellet

kpellet_ p mole composition of protium per unit volume of pellet injector 2%4.287D4
pellet

fcap_prop farctionof propellant recaptur_edbeforeentry into plasma 5.996D-1

fnon_iss fractionofmoles in pellet injector exhaust stream not processdbu the) 0.7D0
isotope separation system

liss p fractionof flow from top of isotope separation system directed to 3.2D-2
pellet injector

nprop amount of propellant gas required per pellet forpellet injector 4.45D-1

{moles}
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Table A.7 Variables and constants used forsimulation of Gas Puffer sub system

variable/constant

description

| constant value

Fgas t(t)

flow of tritium to plasma through gas puffer(mole/h)

Fgas_in_tri(t)

flow from tritium rich storage to gas puffer(mole/h)

Fgas in_deu(t)

flow from deuterium rich storage to gas puffer(mole/h)

Fgas_d(t)

flow of deuterium to plasma (mole/h)

Ngas_tot(t)

total amount in gas puffer{moles)

Fgas_tot(t)

total flow rate to plasma from gas puffer(mole/h)

Tgas (1) amount of tritium in gas puffer(moles)

Dgas_(t) amount of deuterium in gas puffer(moles)

Xgas_H(1) mole fractionof tritium in gas pufferexit stream

Xgas_d(t) mole fractionof deuterium in gas pufferexit stream

Xgas_p(t) mole fractionof protium in gas pufferexit stream

Pgas (1) amount of protium in gas puffe{moles)

Fpuff plas(t) total flow to plasma from gas pufferand pellet injector propeliant
(mole/h)

Tgas mob(t) mobilizable trittum in gas puffer{moles)

mgas_mid_iss fractionofflow frommiddle ofisotope separationsystem directedto| 3.0D-1
gas puffer

mgas_bot_iss fractionofflow frombottom of isotope separation system directedto] 3.0D-1
gas puffer

mu_gas mobility fractionforgas puffer 1.0DO
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Table A.8 Variables and constants used for simulation of Storage and Supply sub system

variable/constant

description

constant value

Fsto_tri_in(t)

flow into tritium rich storage (mole/h}

Fsto_tri_out(t)

flow out of tritium rich storage (mole/h)

Nsto_tri_(t) total amount in internal tritium rich storage (moles)
Tsto_tri_(t) total amount of tritium in internal tritium rich storage (moles)
Tsto_tri_m(t) "mobilizable tritium in internal deuterium rich storage (moles)
Dsto_tri_ (1) total amount of deuterium in internal tritium rich storage (moles
Psto_tri_(t) total amount of protium in internal tritium rich storage (moles)
Xsto_tri_ t(t) mole fractionof tritium in tritium rich storage

Xsto_tri_d(t) mole fractionof deuterium in tritium rich storage

Xsto_tri_p(t) mole fractionof protium in fritium rich storage

Fsto_deu_in(t)

flow into deuterium rich storage (mole/h)

Fstio_deu_out(t)

flow out of deuterium rich storage {mole/h)

Nsto_deu_(t)

total amount in internal deuterium rich storage (moles)

Tsto_deu_(t}

total amount of tritium in internal deuterium rich storage {moles)

Tsto_deu_m(t)

mobilizable tritium in internal deuterium rich storage (moles)

Dsto_deu_ ()

total amount of deuterium in internal deuterium rich storage
(moles)

Psto_deu (1}

total amount of protium in deuterium rich storage (moles)

Ksto_tri_{1)

accumulated inventory change in storage (mole)

Ksto_deu (1)

accumulated inventory change in storage (mole)

Ksto_pro (1)

accumulated inventory changg in storage (mole)

Xsto_deu_t{t)

mole fractionoftritium in deuterium rich storage

Xsto_deu_d(1)

mole fractionof deuterium in deuterium rich storage

Xsto_deu_p(t)

mole fractionof protium in deuferium rich storage

Fsto pro_in(t)

flow into protium rich storage {moles)

Fsto_pro_ouf(t)

flow out of protium rich storage {moles)

Finj_sto_pro(t)

flow from protium rich storage to pellet injector (mole/h)

Nsto_pro_(t)

total amount in internal protium rich storage (moles)

Tsto_pro_(1)

total amount of trittum in internal protium rich storage (moles)

Tsto_pro_m(t)

mobilizable tritium in internal protium rich storage (moles)

Dsto_pro_(1)

total amount of deuterium in internal protium rich storage

(moles)

Psto_pro (1)

total amount of protium in internal protium rich storage (moles)

Xsto_pro_t(t)

mole fractionof tritium in protium rich storage
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Xsto_pro_d(®)

mole fratdion of deuterium in protium rich storage

Xsto pro_p(t)

mole fractionof protium in protium rich storage

Fsto_tri_out_t(1)

required flow of tritium out of tritium rich storage (mole/h)

Fsto_deu_out_d(t)

required flowof deuteriumout ofdeuterium rich storage (mole/h)

Fsto_pro_out_p(t)

required flow of protium outof protium rich flow (mole/h)

mu_sto

mobility fractionon storage inventories

1.0D-2

linj_p

fractionof flow from top of isotope separation system directedto)
pellet injector

3.2D-2
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