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Three main concepts

e Molten Salt Self-Breeder
Reactor (TU-Delft design)

Dynamics and Fuel Cycle
f a Moderated
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Three main concepts

¢ Molten Salt Fast Reactor (Gen-1V design, CNRS)

e
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Molten Salt Reactor Experiment

» Developing calculation scheme for MSR
* 3D
» time-dependent
- feedback by coupling neutronics and thermal
calculations
* Model the MSRE
 Keep programs general

* Assumptions
« Fuel velocity field is input
« Flow parallel to the axis of the core

=
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Neutron diffusion code DALTON

DALTON used for simulations is a mature in-house developed
neutronics code (pm 2001)

Multigroup diffusion model

Geometry: 2D (rz, xy), 3D (xyz, rz)

Eigenvalue (alpha + lambda modes)

Steady-state and transient capabilities

Precursors included

Mostly used previously for coupled calculations in the field of HTR
and MSR systems
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MSRE: Discretization of the
precursor equation

e Pump transients can induce strong gradient of precursor concentration

e Discretization: % —VuC 4.

oC,
AV E = ui—l/ZAA—llzci—llz - ui+1/2AA1+1IZCi+1/2 +o

e Requires evaluation of the face value:

Upwind TVD (total variation diminishing)
1 G, =G
Ci2=6G Ci2=6G +E\P (ﬁ](cu -Cy)
r+r|
\P(r): 1+r Reduces numerical
dispersion
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3D model of MSRE

 Approximating cylindrical reactor in X-Y-Z geometry
e 8 group cross section library by SCALE
¢ Internal albedo boundaries for control rods

/ Control rods ‘
IDowncomer \

Hﬁﬁﬁﬁ#\
/

| Fuel salt | | Fuel-graphite lattice l

3
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3D model of MSR

e Fuel: Heat convection (vertical)

e Moderator: Heat conduction (3D)

e Individually calculating each fuel channel (1150 channels)
e Bulk temperatures for fuel channels
e ~1.5 million control volumes

Surface: Nusselt
correlations yield heat
transfer coefficients

Nested iterations
« obtain k. for
a given power
- obtain power for
keff = 1

Temperature step of
base XS library:
AT=100°C

Interpolation by
SCALE/ICE




MSRE: Coupling (dynamic)

:! 1
3
A e
%' [
S ! I
S| ! | |
« Explicit scheme §: I | THERM
« Exchange of power |~ o
and temperature 21 :
e Renormalizing power QC_Ju -1
distribution to keep |2, | grid conversion |
the total power =

e THERM and DALTON
calculate each step

separately
and communicate

afterwards

_—— e ———— o ——————

MSRE: Feedback Coefficients

Fuel temp. coeff. Moderator temp. coeff.
af am
Calculation -9.77 pcm/K -6.31 pcm/K
Measureme
nt (MSRE) -8.46 pcm/K -4.68 pcm/K
Difference 14 % 26 %
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MSRE: Pump start up

e Typical fluid-fuel
transient
e Power: 1W
no feedback
e Beginning:
« fuel stationary
e ke =1
e Starting fuel pump

Power [arbitrary unit]
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MSRE: Pump start up

t=ds
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MSRE: Pump start up

Layer: 17
Time: Os Precursor concentration in group 006
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data from msre3dext_00000000_precursor006_00017 dat

Precursor concentration group 6 (longest half-life)
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MSRE: Thermal flux (static)

Herizontal: Z = 105 cm Verfical, middle of the core
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MSRE: Temperature field (static)

Moderator temperature [K] Fuel temperature [K]
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MSRE: Temperature field close up

High resolution calculation to determine the surface
temperature of the graphite and the heat transfer

Temperature [K] |G raph ite blocks
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949
948
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MSRE: Temperature field (static)

Horizontal cross-sectional of temperature fields at the
middle of the core
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MSRE: Debris accident

e Debris gets into primary loop
¢ Blocks some of the fuel channels - mass flow reduced by 80%

e Total mass flow maintained
e Power reduces: 8.59 MW — 8.32 MW
Moderator temparature [K] Fuel temperature [K]
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MSRE: Debris incident

Graphite conducts the heat
from blocked channels

Moderator temperature [K] Fuel temperature [K]
1100 1100
1080 1080
1060 1060
1040 1040
E 1020 E 1020
c 1000 ¢ 1000
2 o802 980
8 9%0 2 960
" 940 W 940
t 920 g 920
= 2
02 04 06 08 1 1.2 02 04 06 08 1
Horizontal position [m] Horizontal position [m]
3 - -
TU Delft Nuclear Energy & Radiation Applications 22

Molten Salt Self-Breeder Reactor

Dynamics and Fuel Cycle

Analysis of a Moderated
Molte alt Reactor

-
TUDelft =

3
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Molten Salt Breeder Reactor
* ORNL design from the late 1960s

* 1000 MWe, breeder MSR
« Single fuel, single pass, moderated
e Salt composition: LiF-BeF,-ThF,-UF,

e The project was canceled in 1970

» The volume of the primary loop had
to be processed in 10 days

 The global temperature feedback
coefficient of the MSBR was positive

z
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Optimization methodology

Criticality calculation

e Calculate 50 years of full power operation

o Core radius: 2.5 m
» Core height: 5 m
» Salt composition: LiF-BeF,-ThF,-UF,

e Channel arrangement: triangular lattice
e Number of fuel channels: varies

e Channel diameter: varies (6 cm) iy
e Thorium concentration: varies (12 mol%)
e Volume ratio: varies (3)
» Power density: varies (5 MW/m3)
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Sensitivity to channel diameter

Homogeneous core:
high Pa production,
but high U-233 load.
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Figure 4.2: Effect of the variation of the channel diameter on the breeding gain. Th
concentration: 12 mol%, power density: 5 MW/m?, volume ratio: 3. The temperature
feedback coefficient of the core increases as the channel diameter increases. The -1.5
pem/K and 0 pecm/K points are shown in the figure.

z
TUDelft Nuclear Energy & Radiation Applications 36

Sensitivity to volume ratio
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Figure 4.3: Effect of the variation of the volume ratio on the breeding gain. Th concentration:
12 mol%, power density: 5 MW/m?, channel diameter: 6 cm. The temperature feedback
coefficient of the core increases as the volume ratio increases. The -1.5 pcm/K and 0 pcm/K
points are shown in the figure.

z
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Sensitivity to thorium concentration

0.02

Harder
0.01 . spectrum;
B 000 o femm T higher
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% light
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Figure 4.4: Effect of the variation of the thorium concentration on the breeding gain. Channel
diameter: 6 cm, power density: 5 MW/m?, volume ratio: 3.

z
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Sensitivity to power density
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Figure 4.5: Effect of the variation of the power density on the breeding gain. Th
concentration: 12 mol%, channel diamter: 8 cm, volume ratio: 3.
3 . —
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Effects of the parameter variation
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Final optimization results

Table 4.4: Power density and corresponding graphite lifetime for self-breeder cores

Th (mol%s) Channel diameter (cm)
3 4 1) 5] 7 8 9
Volume ratio 35 2hi 28 26 2.4 2.25 21
BOL load (kg) 1067 1172 1273 1347 1445 1527 1628

Power density (MW/m®) 852 822 784 755 704 655 58

12 A level-10'/cm®s) 202 189 175 165 151 1.38 1.20
Lifetime (PP) 131 185 141 145 154 164 183
Lifetime (AP) 209 215 224 231 246 262 204
Volume ratio 4 35 315 285 265 245 23
BOL load (kg) 1112 1242 1356 1484 1580 1702 1805
Power density MW/m®) 975 95 919 871 825 7.71 7.1
Flux level(-10"/cm’s) 228 213 200 184 174 156 1.42
Lifetime (PP) 112 114 117 122 127 136 146
Lifetime (AP) 178 182 187 196 202 218 233
PP - Peak Power

AP - Average Power
Lifetimes are given in full power years

z
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Description of the final design
* Vessel radius 3 m
e Core radius 2.4 m
* Vessel height 6.9 m
e Core height 5 m
e Plenum height 0.2 m
* Number of fuel channels 1327
e Channel diameter 0.07 m
e Salt composition  LiF - BeF, - ThF, - UF,
e Thorium conc. 15 mol%
» Mass flow rate 5395 kg/s
e Length of primary loop 30 m
e Power production 792 MW
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Static Dynamic

Y = !
238 group o
cross secton materals
library description conditions

i i
Geometry and ! FLOW i
materials desc. ] Flow field calculation !

i
i

1-D cell calculations

I
I
I
I
: and collapsing Flow field
! Problem Problem dependent Temperature dependent
| dependent cross ¥ iaial cross-section set i cross-section mixing i
i section set g crosssactionmiding | |, | —/m8m i i
——————————————— i i
i st ! DALTON i
! DALTON °P ; Neutronics calculation
! i Neutronics calculation ] |
I Yes : i i
i i
! Reactivity Calculation || Yes Time step ;
I converged? finished? | converged? -
I - i i
[ Mo - No ! No
! Calculation of new ; SATE Initialize next time : SATE )
! guess for total power ; Sak temp. caleulati step ; Salt temp. calculation
A O - e 1 N i
GRAPHITE : GRAPHITE
Graph. temp. calculatio ! Graph. temp. calculation
i
i
i
1 Temperature
: canverged?
: Yes
3 . —
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Building blocks of the calculations

e Salt temperature calculation:
1-D channels, 2-D plena and 1-D primary loop

 Graphite temperature calculation:
3-D finite element calculation on the whole volume

* Flow field calculation:
2-D porous media

e Reactor physics calculation:
2-D diffusion calculation

z
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Results of steady-state calculations

* Feedback coefficient of the salt:
» Feedback coefficient of the graphite:
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- 18.50
0 1 2
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o
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2
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5
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Distribution of precursors
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Zero-power pump start
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Slug flow transient

Insertion of cold salt (T-50 K) to the primary loop

1050 . . . : . 1080 . ' : ; . A .
B
am? em
1000 < 1080 I\ . Maximal
asm’ = 46m
=
950 Bm
g £ 10404 S Cutlet
= = g
= e | 45m
3 900 8 - N /
5 £ < 6m Inlet
g T asm
850 F 9204
o
800 800
: : - : : : - 880 - : : - - - .
0 20 40 B0 80 100 120 140 0 20 40 60 80 100 120 140
Time (=) Time (=)

2
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Overcooling transient

Temperature decrease secondary site heat exchanger

1150 " 1 . T
1100 50K 1080 25K
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1050 o 1080 50K
e 25K
1 g
g 1000 3 10401 m
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g 950 4 25K é E2 d
& 9004 £ g0
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750 T T T T T So0 ——— 71—
0 50 100 150 200 250 300 0 50 100 150 200 250 3004
Time (s) Tine (s}
3 . —
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Pump coast-down at zero power

Relative power and mass flow rate (arbitrary unit)

Power

Mass flow

Time (s)

60 80

2
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Pump coast-down at full power
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Conclusions

e It is possible to design a moderated Molten Salt Reactor with
« Capacity for self-breeding
- Sufficiently large negative temperature feedback coefficient
- Sufficiently long graphite life time

 The negative feedback of the salt quickly stabilizes the reactor in
the presented transients without excessive temperatures

z
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Geometry and physics includes

12550 Structural Material Modeling:
33350 30675 54 S -1 = No heat transfer in blanket,
3047.5 reflectors and absorber regions
g = Fresh fuel
o 3. 2 5 = No flow in blanket
. 2 § é ) = Complete rz models for neutronics
% E, % 3 and heat transfer and fluid
= Z & dynamics
= = Properties from benchmark
' 1207.5 description (except ‘Boussinesq’
Flon > Thrs 16275 1837s and some simplified materials)
I\GDD 2064.5
z=0.0
r=0.0 2264.5
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Neutronics model

A special version of DALTON, i.e. DALTON-MSR has previously been
developed to explicitly account for precursor transport.

Here, transport based on convection-diffusion model (effective
viscosity)

£+u-vci =V (u+u)VC + B2 Viig — AC,
g

ot
ﬁ Input from CFD ﬁ

Additonal difficulties in numerical solution:

- For stationary fuel, precursor densities are eliminated from flux
equations and afterward updated without further error
- For moving fuel, they require explicit solution

3
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Fluid-dynamics and thermal model

In-house developed code (HEAT) used for flow and heat transfer

= Navier-Stokes like model

= Geometry: 2D (rz, xy)

= Turbulence modeling: standard two-equation k-€ model (eddy
viscosity) combined with wall treatment near solid walls

= Boussinesq approximation for gravity, good validity up to hundreds
of degrees variation

= HEAT based on PETSc solvers, relieves from coding issues

p(i—l:+V~uu)=—Vp—V-r+pgﬂ(T _Tref)

T = —(,u+,ut)(Vu+VuT)+§pkl

= Pump modelled by momentum source in down comer channel
(pressure-drop as volumetric momentum source)

3
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Fluid-dynamics and thermal model

Modelling of the heat transfer in the salt is based on a standard
approach compatible with the CFD turbulence model. It includes
models for:

= Fission heat source

= Model for losses to heat exchanger
= Turbulent heat diffusion (based eddy-diffusivity)

oT
pCp(E+u-VT):V-(ﬂ+%)VT +gﬁSSZv2;¢g -h, (T-T,)
g
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Cross section generation

Based on the SCALE package

= Self shielding based on infinite homogeneous medium approach
(large fuel regions)

= A 1D axial and 1D radial computation are performed using transport
for collapsing (66 radial zones and 39 axial zones) to account for
spectral changes

= Cross sections generated for 200-2100K (100K increments)

= 9 neutron groups

= NOTE: fresh fuel case, no burnup
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Cross section mapping

Cross sections depend on space
through the temperature as well

Map needed to select proper xs set

Each mesh cell corresponds to specific
cross section library and subsequently ,
interpolated for temperature

A point either belongs to the axial set
(left of red line) or to the radial set
(right of red line)

Remains “fingerspitzengefiihl”

3
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Mesh generation o

3.5

Computational mesh for neutronics 66x78

CFD mesh twice as fine in each direction
(132x156). Has proper width near walls
for correct behavior of turbulence model,
i.e. y+ values (friction, turbulence)

2.5F

z [m]

Meshes overlap for simplicity where CFD
dictates refinement near walls 1

Interpolations required for data transfer 05F
between codes (conservation issue)

3
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Computational scheme

lib lib lib

T(r) »(r)
P(r)
u(r), s (r)
3 - -
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l Steady state results: mean flow

= Main recirculation loop:
disadvantage for temperature
field

= Small secondary flow in corner
regions

= ResultsbasedonT=3.0s
circulation time

= =3 percent additional U-233
required for criticality

L3
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. Power density/temperature
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= Long lifetimes

: homogeneous distributions and decay. Complete decay in

down comer

Short lifetimes: local balance between production and decay. Only slight
shift in spatial distribution.

Intermediate lifetimes: mixed ...
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N
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Transient behavior: simulations done

System failure (power loss):

¢ Heat-exchanger Failure (h=0)

e Pump Failure (Ap=0)

» Simultaneous Pump and heat-exchanger failure (h=0; Ap=0)

Instantaneous reactivity insertions (control issues):
e 48 pcm 0.1% extra U-233

¢ 102 pcm 0.2%

e 156 pcm 0.3%

e 265 pcm 0.5%

e 533 pcm 1.0%

z
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Transient 1: pump failure
vims™'] t=0s . vims™"] t=5s
11177 -
4 b ¢ L 1
b i SO W
35 Jsit Iy P it k I.:: 1
N b I
> - ﬂu ko] : : ' Fdos
12.5 -E- || i i ; "i“ I.
L. :r ..... - il ; tl " 08
35 I il i
g - ; e 0.4
1 ¥ o 1o
a5 -: : ::L;: 0.2
0 :j!‘\ﬁF' 18 0
rim] I
= Rapid initial decay of flow rate within first 5 seconds
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Transient 1: pump failure

S S S S 8 8

J
]
J 0.6
E 08 E ! L dos
N N "
" 0.4
Tl 04 )
| . T ] 03
I Wi "
Sl ] 1w 0.2
| i 0.2 i
: kt'} .ll < ”i‘ 0.1
1 e SR .d.d.: o ‘@A_h o
2 04 06 OB 1 12 14 18 18 2 02 04 08 08 1 12 14 18 18 2
r[m] rim]
= Flow almost steady state after 130 seconds
= Flow rate decreased by factor 6 compared to steady-state
= Pure natural convection with different structure of recirculation zone
= Complex interplay between flow and buoyancy
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Transient 1: pump failure

Sequence of events

= Flow drops due to friction

= Core salt heats up and creates feedback causing power decrease

= HX remains equally effective (constant h = model flaw) -> average T drops
while core T is in fact higher

= Flow changes structure at later times and reaches new steady state

= P(c0)=1.9 GW,,

= NOTE: T in HX reaches solidification ... T is near T_external

T 11000
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Transient 1: pump failure
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Transient 2: reactivity insertion

Sequence of events

Reactivity is instantaneously added by increasing U-233 density
Prompt jump occurs, where feedback limits the growth

Delayed effects from precursors

Complex interplay of hot and cold fluid exiting and entering the core
region cause some further transients until final steady state is
reached

= The final power in steady state is slightly larger than the initial
power to compensate for the external reactivity
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Transient 2: reactivity insertion
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Conclusions MSFR

= Complete multi-physics model describing coupled neutronics-fluid-
dynamics and heat transfer.

= Steady state temperatures reach maximum of T < 1200 K in core
recirculation zone (probably sensitive to turbulence modelling).

= The MSFR is a very stable and safe reactor due to the high fuel salt
specific heat capacity and high negative reactivity coefficient.

z
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General conclusions MSR modelling

= Fuel temperature and density have a strong influence on the power
profile and production in fluid fuel reactors

» Thermal hydraulics and thermal calculations modelled from simple
models in MSRE to full CFD in MSFR

» Meanwhile added:
@ Modelling of fuel burnup
@ Improved decay heat model

= More to come:
O More advanced geometries
O Modelling of chemical processes
a ..
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