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Abstract

The main goal of this work is to perform an analysis of a Sodium-cooled Fast Reactor
using the AZTHLIM code, simulating two transient events: an Unprotected Loss-of-Flow
(ULOF) and an Unprotected Transient-Over-Power (UTOP). The AZTHLIM code is a
thermofluid code whose main objective is to describe the processes of heat transfer
between the fuel rod and the coolant, developed as part of the AZTLAN Platform project.
The core design used in this work has the characteristics of European Sodium Fast
Reactor (ESFR), the nominal power of 3600 MWth and fuel based on mixed oxides of
uranium and plutonium. For the transient analysis, it is applicate a reduction of the coolant
flow to simulate a ULOF transient, using 50% and 10% of the nominal flow. In the case of
UTOP transient, it is considered an increase of 100 pcm and 175 pcm in reactivity. For
ULOF transients, the maximum sodium temperature obtained is 964.18 K, when the inlet
flow is 10% of nominal flow. And for the UTOP transient, 875.72 K was the maximum
temperature with an increase of 175 pcm.

1. INTRODUCTION

The Generation 1V International Forum (GIF) identified six technologies of reactors [1], these
reactors are a potentially sustainable energy source, particularly in terms of waste management
and nuclear fuel optimization [2]. Two of these technologies are nuclear Fast Reactors cooled by
liquid metals; Sodium-cooled Fast Reactor (SFR) and Lead-cooled Fast Reactor (LFR). The SFR
is the technology of GIF that has around 55 years of technological experience, and many
countries have investigated and built it [2]. The Sodium-cooled Fast Reactor is one of the most
promising candidates to meet goals of the GIF [3].

To study the phenomena in the nuclear reactors core, different codes have been developed to
model these phenomena, such as SIMMER-III [4-6]. In some cases, it has been possible to
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compare the results of the codes with experimental data, as shown in the work of Droin, et al. [7].
The main goal when developing nuclear reactors is the safety, for this reason, it is necessary to be
able to simulate transitory events, such as the ULOF and UTOP, to identify the main challenges
[8-10]. In Mexico, some institutions are working to develop a set of codes to describe nuclear
reactor phenomena, one of these efforts is the AZTLAN Platform project, where the AZTHLIM
code belongs to.

The AZTLAN Platform project [11] is a national initiative led by the National Institute of
Nuclear Research which gathers the main public institutions of higher education in Mexico: The
Autonomous Metropolitan University, the National Polytechnic Institute, and the National
Autonomous University of Mexico and the. It consists in the development of a modeling platform
for the analysis and design of nuclear reactors. This project aims to modernize, improve and
integrate the neutronic, thermohydraulic/thermofluid and thermomechanical codes, developed in
the national institutions, is a platform integrated and developed by Mexican experts. The
AZTHLIM code is a thermofluid code whose main objective is to describe the processes of heat
transfer between the fuel rod and the coolant for SFR.

In this work the AZTHLIM code is used to analyze a SFR in steady state and in ULOF and
UTOP transients, considering the neutron, heat transfer and thermofluid processes. The design
considered for these exercises is the ESFR [2] reactor. The steady state shows a temperature
profile of the fuel, gap, cladding, and sodium. For the transient analysis, it is applied a reduction
of the coolant flow to simulate a ULOF transient, using 50% and 10% of the nominal inlet flow.
In the case of UTOP transient, it is considered an increase of 100 pcm and 175 pcm in reactivity.

1.1. Core Specifications
The core design used in this work has the characteristics of European Sodium Fast Reactor
(ESFR) core [2]. In Table I, the main parameters of the core and the values of radius and length

of the fuel pin are presented. The core design is a fuel based on mixed oxides of uranium and
plutonium.

Table I. Core parameters of ESFR [2]

Core parameters

Thermal power 3600 MWth Inner central hole radius 0.1257 cm
Fuel type Pins/Pellets Fuel slug radius 0.4742 cm
Active height 1.00566 m Inner radius of cladding 0.4893 cm
Core inlet temperature 668.15 K (395°C) Outer radius of cladding 0.5419 cm
Core outlet temperature 818.15 K (545 °C) Pin to pin distance 1.1897 cm
Average fuel temperature | 1500.15 K (1227°C) | Pin per assembly 271

Inlet flow 19,000 kg/s Fuel assemblies 453

1.2. Definition of Transients (ULOF and UTOP)
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In general, transients could be protected or unprotected. Protected transients correspond to
accidents when the reactivity control system works as designed and the initiating event of the
transient is followed by SCRAM. During the unprotected transients, however, there is no
SCRAM. The classical unprotected transients under consideration are Unprotected Loss-of-Flow
(ULOF), Unprotected Transient-Over-Power (UTOP) and Unprotected Loss-of-Heat-Sink
(ULOH) [7, 9, 12].

A ULOF (Unprotected Loss-of-Flow) transient is initiated when the power of the primary pump
is lost, or a shaft beak occurs. Due to the lack of SCRAM, the only mechanism for decreasing the
reactor power is the sum of reactivity feedbacks [12].

A UTOP (Unprotected Transient-Over-Power) transient is initiated when a control rod begins to
move out of the core; the control system does not induce SCRAM and the pumps maintain the
nominal coolant flow through the core [12].

2.AZTHLIM CODE DESCRIPTION

The AZTHLIM code is a thermal-fluid code, i.e. it models the heat transfer processes in the
coolant (liquid metal) of a fast reactor, considering the heat transfer phenomena in the fuel rod
and the neutron processes.

The code is constituted by two main modules: module (1) contains the heat transfer process in the
fuel rod, considering the fuel pellet, gap and cladding, and in module (2), the heat transfer in the
coolant is modeled from mass, momentum and energy balances. For this work, neutron point
kinetics equations were used to describe the neutronic process.

In the following section the mathematical models used, correlations for the properties of the
materials, and the solutions methods are described.

2.1. Neutronic Model

The neutron density is calculated with neutron point Kinetics equations with six precursors of
delayed neutrons:

dn(t) _ a (tA)‘ﬂ n(t)+Z61:/11-Ci (t) (1)

dt
dGi) _ A4 :
———=—=n—-(t)-AC(t) . for 1=123,..,6 2
A O-AGO )
_ <Tf >0ut
pr=pg+Kpin + aiXTs) + aXT.) +  aATg) (3)
Tdin ) ——— o ——
Fuel expansion ~ Clad expansion  Sodium expansion
Doppler
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where At is the total reactivity, g is the total fraction of the delayed neutron, A is the mean
neutron generation time, 4 is the decay constant of delayed neutron precursor, C; is the
concentration of the i-th delayed neutron precursor. The subscripts f,g,c,s correspond to fuel,

gap, clad and sodium respectively. The nuclear parameters (Table Il) used in this study were
obtained using the stochastic code Serpent version 2.1.28 [13].

The total fraction of delayed neutrons is given by /£ =0.00432039 , and the mean neutron
generation time is A = 4.48274x10" s .

Table Il. Nuclear parameters.

Group Jis™h 5i
1 0.0127023 8.78147x107°
2 0.0301099 8.16105x107°
3 0.112331 6.51854 10~
4 0.327449 1.7707 %1073
5 1.22596 7.88203x107%
6 8.14883 2.05715%10%

The total reactivity is given by Eq. (3), that assumes various contributions: initial reactivity
margin (pg), Doppler effect, fuel expansion, cladding expansion, and the effect of sodium

density whose parameters are: Doppler constant Kp =—-834.66 pcm, reactivity coefficients by

fuel expansion a; =-0.303pcm K1, by clad expansion a, =0.0405pcm K™, and by sodium

expansion ag =0.4505pcm K1 [13]. It is important to note that the «, includes the effects of
the axial and radial expansion of the clad.

The changes in the average temperature in Eq. (3) are defined as: A(T;)=(T{)—(Ts)o

XTo)=(T.)—(Te)o, and A(Tg) =(Tg)—(Ts)g [14], where the subscript O represents the
reference temperature, and (+) represents the average temperature on volume in the fuel core,
clad and sodium. The thermal power in the subchannel is given by:

P(t,z) = Ryn(t)y (2) (4)

where Po is the nominal thermal power per fuel rod, N(t) is the neutron density, and ¥ (2) is the
axial power distribution. In this work, the axial neutron flux profiles within the active height were
obtained from the work given by Aufiero et al. [15].

The numerical solution of the neutronic power considers two methods. The first is the Runge-
Kutta 4th order method, applied for the numerical solution of neutrons density, given by Eq. (1),
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and the second is the Euler method, applied for the numerical solution of a concentration of the i-
th neutron delayed precursor, given by Egs. (2 and 4). The step length used in this work was
0.0001s.

2.2. Fuel Heat Transfer Model

The fuel mathematical model calculates the heat transfer in annular fuel pellets, as it is illustrated
in Figure 1. In the model the inner hole is not considered. The temperature distribution in the
annular fuel pin, initial and boundary conditions are given by:

( C) an kf 0 an m(t ) Fuel <r< (5)
—_—= | — |+ ,2), ue r,<rsr
PLP)¢ at ror or q a f

(oCp) 8Tg kg o 6Tg G e ©)
PPl S = o ar P f g
or. k. o[ 0T,
Cp), —S=—"S—|r—=|, Clad r,<r<r 7
(PCp)c at r ar( al’j g c (7

Figure 1. Annular fuel pellet.

The initial condition is given by T (r,0) = f(r) , and the boundary conditions are:

T g t )
_ s a r=r.
dr a

dT,

I
—
-
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dT,

—k, d_rc =hy(Tg —T¢), at r=r, (10)
dT,

o =Nse=Ts). at r=r, (W)

In these equations p is the density, Cp is the specific heat, k is the thermal conductivity, hg is
the sodium heat transfer coefficient, h, is the gap conductance, and q"(t,z) is the heat source

given by:
P(t,2)
f

q"(t,2) = (12)

where, P(t,z) is the subchannel power given by Eq. (4), and V; is the fuel volume. The physical

properties of fuel (considered 0.15 in a molar fraction of plutonium oxide and 0.85 of U-238) as a
function of temperature are presented in Table I1l. Table IV shows the physical properties of the
gap (helium) and cladding (SS T91).

Table I11. Fuel properties [17].

Property Correlation
Density i = 110435
-3 N 3
(kgm™) (9.9672><10_1 +1.179%10°T —2.429x107°T 2 —1.219><10_12T3)
Specific heat 6 2
Jka-LK-1 Cps =0.85x —90'998”02 A 11.6926x1072T 41020107 2101
(Jkg ) (A-1)T T
6
+0.15x M+ 2.9358x1072T
(B-1)T
Thermal . 1158+ 1 6400 o—16.35/7
2 iy
Conduit'v'tly 0.1205+ 2.6455x1074T /512
m K™
4 ) A_S486BIT. o ~185417/T. _ 1 1000
Heat transfer
coefficient hy =5000 [18]
Wwm?K™D

The heat transfer coefficient of Eq. (11) is calculated by hg =kg Nu Dh‘l, where kg is the
thermal conductivity (given in Table 1V), D,, is the equivalent diameter, and the Nusselt number
for each fuel-assembly arrangement, which correlation is given by Todreas and Kazimi, [16]:
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Nu =7+0.025(PrRe)"® (13)

where Pr and Re are the Prandtl and Reynolds numbers, respectively.

Table IV. Gap and clad properties [18].

Property Gap Cladding
Density (kg m_3) 2.425 77000.0
Specific heat (Jkg™1K™) 5191.0 622.0
Thermal conductivity (Wm™2K™) 15.8x1074T%7 26.0

The annular fuel pellet temperature distribution is obtained considering nineteen radial nodes at
each of the twenty-four axial nodes in the core. Ten nodes were considered in the fuel, four nodes
in the gap, and five in the clad. The differential equations described previously are transformed
into discrete equations using the control volume formulation technique in an implicit form [19].

2.3. Thermofluid Model

The thermofluid in the core is modeled with mass, energy and momentum balance that considers
thermal expansion effects whose physical properties are given in Table V.

o d&_}_@—o

thAs T T T Mass balance (14)
0Ts _ Puhs (Te —Ts)_gﬁTs

ot ArpsCps  ps oz Energy balance ~ (15)
B__ (G ofCF)

ot 2 | psL) ozl ps PsY, Momentum balance  (16)

In these equations, oy, is the thermal expansion coefficient, G is the mass flux, P, is the wet
perimeter (given by dyoq (7—4)+4l;), and A; is the flow area (cross-sectional area). In the
momentum balance given by Eq. (16), the friction coefficient is calculated with the following

relation:
0.210 L I 032
Epp=— — 14| 2 — 17)
i Re%% D drog
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where the rod pitch used is 1, =11.897mm [2], d,oq is the rod diameter, and A; is the flow area.
The hydraulic diameter for each array is given by:

2
thi(\/glz—ﬁdidJ (18)

”drod 7 P 4

The numerical solution applied to balance equations of mass, energy, and momentum was the
Euler method.

Table V. Sodium physical properties [20].
Property Value
Density (kgm™) 845.0
Heat capacity (J kgt K™) 1269.0
Thermal conductivity (W m=K™) 68.8
Viscosity (Pa-s) 0.00025

The coupling of the physical processes involves a complex dynamic interaction of variables
among the nuclear processes, of fuel heat transfer, and thermofluid. The simulation of nuclear
processes with the neutron point kinetics approach is coupled with fuel heat transfer through
average temperatures of the fuel and cladding, and at the same time it is coupled with thermofluid
through the average temperature of the sodium.

The fuel heat transfer calculations requires the knowledge of the nuclear heat source and the
thermal properties of sodium. And the calculations of the thermofluid behavior in the core
requires the cladding temperature.

3. SIMULATIONS
3.1. Stationary State

The analysis developed in this work begins with an analysis of stationary state, Figure 2 shows a
distribution axial-radial temperature of a fuel rod, in this figure it is possible to identify the
differences of temperature between fuel, gap and clad. The maximum temperature is 1912.4 K, it
is in the yellow zone at z =0.61 m, and the minimum temperature is 675.52 K, it corresponds to

the position of the gap at the beginning of the fuel rod (coordinate —z).

With AZTHLIM code it is possible to obtain the radial temperature profiles, in Figure 3 it is
showed the profiles at z=0 where the bottom part of the active core is located, at z=0.61 m
where the core has the maximum temperature, and at z=1.0056 m at the highest part of the
active core. The profile on z=0.61 m is the highest in fuel zone, nevertheless, in the cladding
zone the profile is highest in another z coordinates different from z=0.61 m. In safety analysis,
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the clad temperature is important, in this work the wall temperature at the end of the active core is
828.93 K.

The distribution of temperature on fuel has a profile such as the axial power distribution, where
the highest power is in z=0.61, in the case of cladding profile, the maximum temperature is in
the end of active zone due to the direction of the fluid and the accumulation of energy in the

coolant.
1
1800
0.8
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0.6 1400
0.4 1200
1000
0.2
800
0
15 2 25 3 35 4 45 5

Radial coordinate [mm]
Figure 2. Axial-radial distribution of temperatures in the fuel rod.
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Figure 3. Radial distribution of temperatures in the fuel rod.

The axial profile of temperature is obtained for the fuel, gap clad and sodium, Figure 4 shows the
average temperature obtained for each zone. The average temperature of the fuel has the behavior
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of the axial profile [15], and the temperature of the clad and coolant has an average difference of
20 K. The maximum average temperature of the fuel (1640.51 K) and gap (1041.30 K) is at
z=0.61 m, on the other hand, the maximum average temperature of clad (841.47 K) and sodium
(825.77 K) is when z=1.0056 m.

Tfuel = = =Tgap Tclad =——#— Tsodium
1800 T T T T T T T T

1600

1400

1200

Temperature [K]

1000

800

600 1 1 1 | 1 1 1 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

z [m]
Figure 4. Axial distribution of temperatures in the core.

3.2. Analysis of ULOF and UTOP Transients
For the analysis of transients, two events were selected; Unprotected Loss-of-Flow (ULOF) and

Unprotected Transient-Over-Power (UTOP). For ULOF transients, in this work the simulation
consists in to reduce the flow of coolant until having only 50% and 10% of nominal flow.

1500 1

—

N

©

o
T

1

1480 B

T

1470 i

1460 - 4

Fuel average temperature [K]
=
a
o

1440 £ _J —10% flow |

50% flow

1430 | | | :
0 20 40 60 80 100

t[s]
Figure 5. Fuel average temperature during an ULOF transient.
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Figure 5 shows the fuel average temperature during the transient, in the case for 50% of flow the
fuel temperature is 1461.18 K, for 10% of flow is 1495.94 K, having a time to stabilization
around 100s.

Is possible to see the effect in the sodium temperature, Figure 6 shows the profiles of temperature
at 100s after ULOF transient, the maximum temperature is when the inlet flow is 10% of
nominal, 963.98K and for 50% is 881.35 K. In the case of 10% of flow, the temperature is close
to sodium boiling temperature.

1000 . . 1 .

950

900

850

800 r

~

a

o
T

Coolant temperature [K]

— — = Stationary
m— 10% flow -
=== 50% flow

650 1 1 | Il 1
0 0.2 0.4 0.6 0.8 1

z [m]
Figure 6. The behavior of sodium temperature before an ULOF transient.
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Figure 7. Reactor power normalized during an ULOF transient.
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In Figure 7 the reactor power is showed, in the beginning of the transient the power increase 4%
for 10% of flow and 1.5% for 50%, then, the power decrease to 96% for 10% of flow, and for
50% it decreases 1.2%.

In the case of UTOP transient, a positive reactivity was introduced. Two cases were analyzed:
when the reactivity increases 100 pcm and 175 pcm. In this transient, the temperature of the
sodium increases as the reactivity increase. Figure 8 shows the fuel temperature during the
transient, for the increase of 100 pcm, the fuel average temperature is 1585.51 K. In the case of
175 pcm, is 1698.98 K.

1750 T T T T

1700 -

1650 - i
1600 - .
1550 - .

1500 - 4

’_1 100 pcm

m— 175 pcm

1400 : : : :
0 20 40 60 80 100

tIs]
Figure 8. Fuel average temperature during an UTOP transient.
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©
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Figure 9. The behavior of sodium temperature before an UTOP transient.
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Figure 9 shows the temperature of sodium after UTOP. The maximum temperature 876.10 K is
with 175 pcm, and with a 100 pcm increase to 854.26 K. These results are similar to the ones
reported in the work of Matuzas et al [21].

The reactor power is showed in Figure 10, in the beginning of the transient the power increase to
1.70 for 170 pcm and to 1.32 for 100 pcm, then, the power it stabilizes to 1.25 for 175 pcm and in
1.18 for 100 pcm.

18 T T T T

100 pcm
1.7 | m— 175 pcm |

1.6 - .
15+ -
14+ -

131 R

1.2+ R

Reactor power [normalized]

11+F :

1 -

09 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

t[s]
Figure 10. Reactor power normalized during an UTOP transient.

4. CONCLUSIONS

The main goal of this work was to analyze a Sodium Fast Reactor using the AZTHLIM code. The
analysis was done in stationary state and during ULOF and UTOP transients.

The results of the exercise showed that it is possible to obtain a steady state for a SFR, where it
was found that the average temperature of fuel 1506 K, is close to nominal temperature 1500.15
K, reported in Table 1. The calculated outlet coolant temperature was 825.77 K and the nominal
was 818.15 K.

In the case of ULOF transients, the maximum coolant temperature obtained was 964.18 K when
the inlet flow is 10% of nominal flow. For the UTOP transient, 875.72 K was the maximum
coolant temperature with an increase of 175 pcm.

These results are important in the verification of the AZTHLIM code, and gives confidence in it.

One of the future activities in the code development is to consider the void effect in the equation
of reactivity and in the analysis of thermofluid.
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