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ERGIMIS TUZ REAKTORLERININ DOGRUSAL OLMAYAN DINAMIK MODELI ICIN
YENI BIR COZUM YAKLASIMI

Abstract:

The reactor dynamic modeling of the Molten Salt Reactors is very important due to the
circulating liquid fuel in the primary loop. The delayed neutron precursors generated in the core
may decay in locations of low importance for criticality and even out of the core. Therefore,
determining the amount of the prompt and delayed neutrons, and reactivity feedback are very
important for the reactor control. In this study, a new reactor dynamics model is proposed to
determine these crucial parameters along with other reactor parameters and transient behavior
of the system. The thermal-hydraulic model is adopted differently from the ones available in
literature. Point kinetic equations in nonlinear form are linearized and derived in state-space
form. A new solution approach for the nonlinear dynamic model of molten salt reactors was
achieved in addition to a MATLAB-Simulink model.

Ozet:

Erimis Tuz Reaktorlerinin reaktér dinamik modellemesi, birinci ¢evrimde dolasmakta
olan siv1 yakit nedeniyle ¢ok Onemlidir. Cekirdekte iiretilen gecikmis notronlar kritiklik
acisindan diisiik 6nemdeki bolgelerde ve hatta kor disinda bozulabilir. Bu nedenle, ani ve
gecikmis notronlar ile reaktivite geri besleme miktarin belirlenmesi reaktdér kontrolii
acisindan olduk¢a o©nemlidir. Bu c¢alismada, bu kritik parametreler ile diger reaktor
parametrelerini ve sistemin zamana bagli davranigini belirlemek i¢in yeni bir reaktor dinamigi
modeli Onerilmistir. Termal-hidrolik model, literatiirde bulunanlardan farkli olarak
olusturulmustur. Dogrusal olmayan formdaki nokta kinetik denklemler dogrusallagtirilmis ve
durum-uzay formunda ifade edilmistir. Ergimis tuz reaktorlerinin lineer olmayan dinamik
modeli i¢in yeni bir yaklagim ve MATLAB-Simulink modeli elde edilmistir
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1. Introduction

The Molten Salt Reactor (MSR) is one of the six reactors selected as Generation-1V
reactors to be designed. One of the most important distinguishing feature of MSR design is that
the fuel circulates through the primary circuit and goes out of the core. Of course, this design
has advantages as well as significant challenges. One of the design challenges is related with
reactor dynamics. Since the fuel itself circulates through the system and remains outside the
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core therefore loss of delayed neutrons outside the core will affect the reactor control
mechanism.

In terms of neutron kinetics, the modeling of these reactors is similar to that of solid fuel
used in conventional reactors. For the modeling, transit time, during which fuel salt stays
outside the core, has to be taken into account. Therefore, a time multiplier term for the delayed
neutron precursor is added to neutron kinetics equations (Shimazu, 1978). On the other hand,
the thermal-hydraulic models of these reactors are quite different from those of other reactors.
The core region of the other conventional reactors is represented by the solid fuel and coolant
regions (and maybe moderator region different from coolant region), while MSRs contain only
liquid fuel. However, the thermal type MSRs may also have graphite zones in the core.

In the literature, several dynamic models are available for circulating fuel reactors
(Cammi & Marcello, 2011; El-Sheikh, 2017; Shimazu, 1978; Singh et al., 2018; Zarei, 2019).
These models are generally developed for thermal reactors with a graphite moderator.
Therefore, a thermal-hydraulic model is also created for the graphite zone in the core. In these
studies, the fuel region is generally modeled as two lumped regions. One of the most significant
reason to do this is to be able to write the state equation of the core outlet temperature.

In some studies (El-Sheikh, 2017; Zarei, 2019; Zhang, Qiu & Su, 2009), one or two
lumped regions are used for the thermal-hydraulic model. Besides, more than two lumped
regions were also used in several studies (Shimazu, 1978; Singh et al., 2018). By increasing the
lumped region in the core, the core outlet temperature can be approximated more accurately. In
all studies, it is assumed that the core outlet temperature is equal to the average temperature of
the upper lumped region.

State-space equations for the thermal-hydraulic modeling of the reactors are generated
by using the energy balance for each control volume of the core and heat exchanger (HX) unit.
The change in the average temperature of the control volumes can be defined depending on (1)
the temperature of the fluid entering that volume, (2) the temperature of the fluid leaving that
volume, and (3) the external heat sources.

As above mentioned, when the models available in the literature are examined, for all
of them, it is assumed that the outlet temperature of the reactor core is equal to the average
temperature of the last of the lumped regions in the core (Cammi & Marcello, 2011; EI-Sheikh,
2017; Shimazu, 1978; Singh et al., 2018; Zarei, 2019; Zhang, Qiu & Su, 2009). If the core
temperature rise in MSRs is assumed to be around 100 °C, calculation of the core outlet
temperature will be quite inaccurate by using this approach in the literature.

In this study, a new approach is proposed to solve this problem. In the core model,
energy balance equation for fuel temperature is written without using any assumption and using
a single lumped zone. In that condition, one more balance equation has to be taken into account
to determine the core outlet temperature. In this study, the required balance equation is formed
by using the control volume of the pipeline at the core outlet. Since the temperature difference
in the pipe section is very low (compared to the core region) due to the insulation, the core
outlet temperature can be calculated more accurately by using this method.
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2. Materials and Method

In order to solve the thermal and neutronic characteristics of conceptual Molten Salt
Reactors, a simplified model for the primary side is adopted. The schematic view of the
conceptual MSR is presented in Figure 1.

o

Figure 1: Schematic view of the Molten Salt Reactor primary circuit.

There are several conceptual designs for MSR available in the literature (Antonio
Cammi, Marcello, Luzzi, Memoli, & Ricotti, 2011; Serp et al., 2014). It can be thermal or fast,
breeder or burner, chloride fueled or fluoride fueled, etc. In this study, a fast spectrum reactor
model is adopted. There is no graphite in the system.

Reactor core consists of only liquid fuel, so the thermal model is created for just one-
lumped fuel region. There is one circulating pump located upper side of the heat exchanger unit.
For the heat exchanger model, the heat transfer mechanism is simulated with the assumption of
a "cooler" operating at a constant temperature. The heat transfer between the hot and cold sides
is calculated using average temperatures. The heat transfer coefficient is assumed to be
constant.

2.1. Mathematical Model

The point kinetic model of MSR core has been represented with one group of delayed
neutrons in this study. For the reactivity feedback mechanism, only the variation in fuel
temperature has been considered. The lumped method is used for the fuel salt in both reactor
core and heat exchanger units.
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2.1.1 Reactor neutronics

For the circulating fuel salt, power is generated both inside and outside the core due to
the prompt and delayed neutrons. Point kinetic equations derived for these regions are given in
Egs. (1) and (2) (Shimazu, 1978).

dP(t) — pnet(t) - ﬁeff

— X P(E) + A C(D), (M

dC(t 1 e_)lefffloop

€W _Perr pepy = defrC(t) = ——C(t) + ————C(t — Tio0p)» (2)
dt A Tcore Tcore

where P and C represent reactor power and delayed neutron precursor concentration,
respectively. The terms ppee, Besr, Aefp and A represent net reactivity, effective delayed
neutron fraction, effective delayed neutron decay constant and neutron generation time,
respectively. T represents transit time. Fuel salt passes through the core, pipe section #1, heat
exchanger and pipe section #2, respectively and enters the core again (see Figure 1). T50p
represents the transit time out of the core region and it is expressed as, Tjoop = Tp1 + Tpz + Th,
where subscripts p1, p2 and h represent pipe section #1, pipe section #2 and heat exchanger,
respectively.

2.1.2  Reactor thermal-hydraulics

The thermodynamic characteristic of the core region is represented by one region fuel
lump. The average temperature of the lumped region represents the core fuel temperature. In
this study, energy balance is determined via a dimensionless (0-D) model. It is assumed that the
specific heat capacity is constant and it is computed at an average temperature of the fuel. The
balance equation for the core region can be expressed as

dT,
mf%f% =P(t) — mfcp,f[Tc,o(t) —T.;(®)], (3)

where m; and m; represent the fuel mass in the core and fuel mass flow rate, respectively. ¢, ¢
represents the average heat capacity of the fuel in the core. Tf, T;; and T, represent core
lumped fuel temperature, core inlet temperature, and core outlet temperature, respectively.

The balance equation for fuel side of the HX unit can be expressed as

——— = Mo [Thi(®) — Tho (O] = (UALITH(E) — Tsink (O], 4)

where my, and m,, represent the fuel mass in the HX and fuel mass flow rate (my, = my),
respectively. ¢, , represents the average heat capacity of the fuel in the HX. Ty, Ty ;, Ty, and
Tsink represent lumped fuel temperature in the HX, inlet temperature of the HX, outlet
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temperature of the HX and average temperature of the heat sink, respectively. U and Aj
represent the overall heat transfer coefficient for the HX unit and heat transfer area or the HX,
respectively. It is assumed that the overall heat transfer coefficient is constant in this study.

The balance equation for the pipe section #1 can be expressed as

dT,,(t
My1Cpp1 %() = mplcp,pl [Tc,o (t) - Th,i(t)] - (UA)pl[Tpl(t) - Too]r (5)

where subscript p1 represents the pipe section #1. T,y and T, represent lumped fuel
temperature in pipe section #1 and ambient temperature, respectively. It is assumed that the
overall heat transfer coefficient is also constant for pipe section #1.

2.1.3 Reactivity feedback mechanism

The net reactivity for the MSR can be expressed as

pnet(t) = Po + pext(t) - af [Tf(t) - Tfo]’ (6)

where p, represents initial balancing reactivity, p.,; represents external reactivity which can
be added with bubbles, a; represents the core-fuel temperature coefficient of reactivity and T,
represents the steady-state fuel temperature in the core.

2.2. State-Space Representation

The nonlinear differential equations introduced in Section 2.1 may be written in linear
form by considering small perturbation around the steady-state operating point. These equations
can then be transformed into a state-space model form. Around the steady-state power (P, and
Co), Egs. (1) and (2) can be written as

Sp(0)6P(t)  Pesr 5P(E) + A

. P,
SP(t) = X&D(t) + A A errOC(L), (7)
. Berf 1 e ~AeffTioop
5C(t) ==L 8P(t) — (ess + )SC(t) + —————8C(t — Ti00p), (®)
A Tcore Tcore

where P(t) = Py + 6P(t), C(t) = Co + 8C(t) and p(t) = 8p(t) = af[T;(t) — Tro| due to
the nature of the reactivity. The reactor has to be critical at steady-state operation, so the

reference reactivity (0 + pext) Will be zero at this point.

The nonlinear term, §p(t)SP(t), is still exist in Eq (7). It can be inferred that the point
kinetics equations is linear only for constant reactivity conditions. To perform linear analysis,
this second-order term is neglected in this study.

Lumped fuel temperatures for the core and the HX regions can be calculated as
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1
Tf(t) = E [Tc,o(t) + Tc,i(t)] )

and

1
Ty(t) = > [Th,o(t) + Tpi(t)] (10)

respectively. By taking consideration of the transit times at pipe sections #1 and #2, the
following substitutions:

Th,i(t) = Tc,o (t - Tpl) (1 1)
and

Tc,i(t) ~ Th,o (t - sz) (12)

can be made to state the relations between the temperatures. Amount of temperature decrease
of fuel salt in the pipeline is neglected due to the insulation. With using Egs. (9) to (12), Egs.
(3), (4) and (5) can be written in the following forms:

. 13
it £ [To (6) + T (€ = Tyr = Tps) — 2T (t — )] (13)
MpCppTh () = zmhcp,h[Tc,o (t—1p1) — Th(0)] = (UA)R[TH () — Tsink] (14)
and
mpl Cp,pch,o (t)
= mplcp,pl [Tc,o (t) - Tc,o (t - Tpl)] (15)

- (UA)pl [Tc,o (t) + Tc,o (t - Tpl) - 2Too]/2

where T4 (t) = 1/2 [T.o(0) + T o(t — Tpl)]. It is assumed that T, (t) = T, (¢) and Ty is
constant.
Finally, for the Egs. (7), (8), (13), (14) and (15) take the state space form as follows:

0x = Ajx + Ayx * 6(t - Tloop) + Azx * 5(1: — rpl) + Ayx

*6(t—rp1—rp2)+Bu, (16)

where

x=[6P(t) SC(t) Tr(t) Th(t) T o], (17)

Makale Gonderim Tarihi : 27/10//2019
Makale Kabul Tarihi :26/12/2019




Turkish Journal Of Nuclear Science (2019), Cilt. 31, No. 2.
http://www.turkishnuclearscience.com http://dergipark.gov.tr/tjns

[ Berr arPo
Berr 1
= ) - 0 0
A eff TCOT@
1 21y
A, = 0 0 —
MgCp f my
2m UA
0 0 _ f_( )
Mg MgCpp
0 0 0 0
mg
0 0 0 00
0 e_leffnwp/‘[core 0 0 0]
A, =10 0 0 0 o}
0 0 0 00
L0 0 0 00
0 0 0 0 0
00 0 0 0
0 00 0 0
2m
As={0 0 0 0 i & :
my
m UA
mg mecp,pl_
0 0 0 0 O
000 0 0
my
A,={0 0 0 0 ——|
mg
000 0 0
0 0 0 0 O
T
afPO 7
— 0 0
A
1
0 0 — 0 0
fCo.f
B =
UA
0 0 0 Gl 0
mfcp'h
UA
0 0 0 WA
MfCpp1
and

u=[Tro Po Tsink Tw]”.

Makale Gonderim Tarihi : 27/10//2019
Makale Kabul Tarihi :26/12/2019

(18)

(19)

(20)

21

(22)

(23)




Turkish Journal Of Nuclear Science (2019), Cilt. 31, No. 2.
http://www.turkishnuclearscience.com http://dergipark.gov.tr/tjns

It is important to note that m; = m;, = m,,; = m,, due to the closed-loop operation
(variation of expansion tank level is neglected). All physical properties are taken as constant
and calculated at the average temperature of lumped regions. Transit time can be calculated by
dividing system length (or height) by velocity of the fluid.

3. MATLAB-Simulink Model

The primary loop of MSR is simulated under steady-state condition using MATLAB
Simulink (MATLAB-Simulink User’s Guide R2019b, 2019). The dynamic model configuration
is presented in Figure 2. Core dynamic model consists of neutronic and thermal-hydraulic
coupled system. Coupling is provided with the reactivity feedback mechanism. Therefore, by
doing so a tool to make analysis with the new modeling has been generated.

= e = I =

Precursor Concentration Power Fuel Lumped Temperature Reactivity HX Lumped Temperature

REACTOR CORE PIPING SYSTEM HEAT EXCHANGER
P T co T co T hi
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Figure 2: Simulink model

In this tool, the input parameters are external reactivity, ambient temperature and heat
sink temperature. The output values are mainly reactor power and the core outlet temperature.

There are several different MSR concepts presented in the literature. Therefore, there is
a wide variety of values for both input and output parameters. Table 1 presents the MSR (fast
or thermal) parameters and their value ranges that can be used for the developed model and the
tool. The proposed model and derived state-space equations can be used for any specific fast
MSRs. The equations are written for generic parameters.

Table 1: MSR parameters and the range of values

Parameters Sym.  Unit Range in literature ©
Reactor power P MWth 300 — 3000
Prompt neutron generation time A s 107-10°
i1 balanc . 1 — e~ essTloop
Initial balancing reactivity Po pcm Besr [/‘lefchore 1o lefffzoop]
Steady state external reactivity Pext pcm Pext = —Po
Effective delayed neutron fraction Besr - ~0.0033
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Effective delayed neutron decay constant A,z f s ~0.06

Core transit time Teore S ~my [Ths

Loop transit time Tioop s Th + Tp1 + Tp2

Pipe section #1 transit time Tp1 s ~My,q /My

Pipe section #2 transit time Tp2 s ~My, [Ty

Heat exchanger transit time Th s ~my, [

Fuel temperature coefficient of reactivity  ay K! ~3.4x107°

Fuel mass flow rate e kg.s! depends on the power
Fuel mass in the core me kg drarVeore

Fuel mass in the HX my, kg drar,Vn

Fuel mass in the pipe section #1 Mpq kg df@Tp V1

Fuel mass in the pipe section #2 My kg df@sz V2

Specific heat capacity of the fuel Cp Jkg 'K —1111 + 2.782T;
Heat exchanger heat transfer coefficient (UA), W.K'! P = Nyx (UA), AT},
Average fuel temperature (in the core) Ty K ~975

Average fuel temperature (in the HX) Ty, K ~975

Average temperature of the heat sink Tsink K 750-900

Ambient temperature Tw K ~300

Density of the fuel salt df kg.m? 4983.56 — 0.882T
Volume of the core Veore ~ M° depends on the power
Volume of the HX Vy, m? depends on the HX capacity
Volume of the pipelines #1, #2 Vo1,p2 m? depends on the design

® (Aufiero et al., 2014; Fiorina et al., 2014; Kése, Kog, Erbay, Ogiit, & Ayhan, 2019; Lecce, 2018; Merle-Lucotte
etal., 2012)
") Ny represents number of HX unit in the design and AT}, is the log mean temperature difference.

4. Results

In this study general Simulink model was developed for fast type MSRs. There is only
liquid fuel in the core. Unlike the thermal MSRs, there is no graphite moderator in the core
region. The values in the Table 1 are reactor dependent parameters. There is no available fast
type MSR in operation right now. However, there are several publications for the fast type
concept MSR. Reactor parameters used in the simulations are presented in Table 2.

Table 2: Fast type MSR parameters used in the simulation

Parameters Value
Reactor power 3000 MWth
Average core temperature 700 °C
Core transit time 2s

Loop transit time 2s
Transit time for each pipes 0.1s
Effective delayed neutron fraction 0.0033
Effective delayed neutron decay constant 0.0611 s™
Prompt neutron generation time 0.95e-6 s
Fuel temperature coefficient of reactivity 3.4e-5 K
Coolant bulk temperature 570 °C
Ambient temperature 40 °C
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For the steady state operation, power profile, precursor concentration and fuel
temperature of the core and heat exchanger regions are presented in Figure 3.
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Figure 3: Reactor parameters at steady state operation

As seen in Figure 3, the reactor reaches thermal equilibrium at 2.98 GW with the
parameters in Table 2. After about 100 s, the reactor reaches steady-state operation level.
Temperature differences between the fuel temperatures of the core region and the HX region
are so small. There is about 1 K temperature decrease due to the heat loss at pipelines. In this
concept reactor, there is 100 K increase in fuel temperature across the core.

The fast type MSRs can be simulated with the proposed model. This model can also be
used for perturbation cases. Parameters for the reactor system of fast MSR is adopted from
literature (Kose et al., 2019; Lecce, 2018; Merle-Lucotte et al., 2012). The results are consistent
with each other and the values are meaningful compared with these studies.

5. Conclusion

There are several dynamic models for thermal Molten Salt Reactors in the literature. In
these studies, two or more lumped regions have been used at the reactor core for thermal-
hydraulic modeling. Furthermore, in all of them, it is assumed that the core outlet temperature
is equal to the average temperature of the upper lumped region. However, by this assumption,

calculated core outlet temperature will be inaccurate due to the significant temperature rise in
the reactor core.

For all types of MSR, one of the main concern is circulating fuel. For thermal or fast
spectrum types, there are no significant differences in terms of the core dynamic model for the
fuel side. On the other hand, there is a significant difference in the thermal reactor model due
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to the moderator region. Graphite region has to be modeled due to the feedback effect of
moderator temperature in the thermal MSRs. There is no moderator region in the fast MSRs.

In this study, a new dynamic model is proposed for the fast MSRs. One lumped region
has been adopted for reactor core since there is only fuel salt in the core. The energy balance
for the core outlet temperature has been determined using pipeline temperature. The nonlinear
point kinetic equation has been linearized about the point of steady-state operation condition.
State-space form was obtained and MATLAB-Simulink model was created using this form.
The proposed model was tested for conceptual reactor using available data from the literature.
The proposed final model can be used for all kinds of fast MSR since generic parameters for
the fast type MSRs are used in this model.
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