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INTRODUCTION:

A multiphysics simulation tool for nuclear criticality safety

The purpose of this work is to present a multiphysics simulation tool for numerical criticality safety evaluations.

Typical design-basis events that should be considered for impact on reactivity safety are [1]:

* Fires;

* Seismic events;

* Wind, tornado and hurricane events;

* External flood and precipitation events;

* Aircraft crash events;

* Strongly energetic events such as explosions.

In these conditions, materials exhibit a wide range of responses, requiring the development of different material
response models for a correct simulation of all these accidents.
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INTRODUCTION:

Features of the developed model

In this work, particular focus is devoted to criticality safety assessment in shockwave
compression events (such as chemical explosions) of solid fissile materials.

—> Accidental explosions in facilities;

—> Subcritical plutonium experiments.

To this aim, a coupled neutronics and thermal-mechanics model has been developed
in OpenFOAM (open-source CFD and multiphysics toolkit) [2].

This model includes:

* Multi-group SP3 neutron transport equations;

* A thermal-mechanics module, implementing a dynamic mesh and different
material response models.

— Linear thermo-elastic model for small deformations;

* Hydrodynamic model for strong shockwave compression.

External iterations

BEGINNING OF TIME STEP

—-| Solve continuity eq.

|

| Solve momentum eq.

|

| Solve energy eq.

m iterations

|

—{ Move mesh

Thermal-mechanics

—-| Update cross sections

|

|Solve neutronics

!

| Update power source

n iterations

!

—| Solve for energy

Neutronics

END OF TIME STEP




PART 1: MODELLING

Overview:

PART 1: MODELLING
PART 2: VERIFICATION
PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Presentation of the developed models:
* Thermal-mechanics module = Hydrodynamic model for shock physics problems;

e Neutronics module.
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PART 1: MODELLING

The thermal-mechanics module

In the thermal-mechanics cycle, the mass, momentum and energy balance equations for a continuum medium are solved:

dp

E‘*'V'[P(u—w)] =0

a((;)tu)+l7-[pu(u—w)]=|7-§—l7p+b

d(ph) _ Dp .
3t +|7-[ph(u—w)]—k|72T+E+q

The equations are written in an Arbitrary Lagrangian-Eulerian (ALE) form. The dynamic mesh can be moved with a velocity w,
arbitrarily chosen to preserve the mesh quality in case of strong mesh distortions.

Ifw=0 —> purely Eulerian approach
Ifw =u —— purelyLagrangian approach

An equation of state is required to close the problem. To this aim, a hydrodynamic material response model is implemented.
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PART 1: MODELLING

The hydrodynamic model - An introduction to shockwaves

A shockwave is a very thin region of rapid state variation across which there is
a flow of matter [3].

p »
For strong shockwaves (5-10 GPa or above), the shear stresses become Shock front
negligible and the solid response to shock compression becomes similar to T
that of an inviscid, compressible fluid. This is known as “hydrodynamic r
. IS Upstream Downstream
approximation” [4].
Normal flow velocity Uy — U, —
Specific volume 1% Vs
SHOCK CONDITIONS: o], = [pu] N . -
Integral mass, momentum Internal energy € e,
and energy balance over a
thin volume enclosing the | | [pulus = [pu? + p]
shock front [4]. —
1, 1, X
[[1]=difference between P 3"‘5“ us = (p 3"‘5“ u+pu
upstream and downstream L
conditions
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PART 1: MODELLING

The hydrodynamic model - The Hugoniot curve

Combining the shock conditions, the Hugoniot curve (or shock adiabat) 3 ' -
is obtained. It relates the initial and the possible final states of a
material crossed by a shockwave [3,4]. 7 Possible 7=140
final states
. | . .\
The Hugoniot curve can be expressed in many equivalent ways. A
commonly used form is the Us — u curve (Lagrangian shock velocity — g gg
solid particle velocity). % | 5%
8 Initial state
1
When the hydrodynamic approximation holds (p=5-10 GPa or higher), c
the Ug — u curve assumes a linear form [4]: S
$2 Shentope
k5 Ock g
Us = Cg + Slul 05 ‘ 5 4
Ly,
where Cg and S are material constants. Hugoniot curve for air, in the p-v plane [3]
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PART 1: MODELLING

The hydrodynamic model - The Hugoniot curve

[y
o

Combining the shock conditions, the Hugoniot curve (or shock adiabat) MATERML_ URANIUM
is obtained. It relates the initial and the possible final states of a ' '
material crossed by a shockwave [3,4].

s

The Hugoniot curve can be expressed in many equivalent ways. A
commonly used form is the Us — u curve (Lagrangian shock velocity —
solid particle velocity).

When the hydrodynamic approximation holds (p=5-10 GPa or higher),
the Ug — u curve assumes a linear form [4]:

US = CB +S|u|

SHOCK VELOCITY (km/s)
o N w S o (@)} ~N (0] (o)
\

where Cz and S are material constants. 01 2 3 45 6 7
PARTICLE VELOCITY (km/s)

POLITECNICO MILANO 1863

Eric Cervi, Stefano Lorenzi, Lelio Luzzi, Antonio Cammi



PART 1: MODELLING

The hydrodynamic model - The Mie-Gruneisen equation

If the hydrodynamic approximation holds, the material behavior is described by the p-v-e Mie-Gruneisen equation of
state [4]:

p—py=%v)(e—eﬂ)

where:

* py and ey are the pressure and internal energy lying on a Hugoniot curve. If Cz and S are known, they can be
obtained using the shock conditions.

* y(v) is the Gruneisen parameter. It can be calculated from S using the following relation [5]:

y(w) = (;’—0—1)(52—§S+§)+(25—1)

Thus, if Cg and S are known, the Mie-Gruneisen equation can be written, closing the thermo-mechanical problem.
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PART 1: MODELLING

The neutronics module

The neutron flux is estimated using the multi-group SP3 formulation of the transport equation:

1 a¢0" 2 a(pz"

v ot L=V Dy Vg — Zri(Poi — 2¢02:) + Sni(L — Bxp; + SaXai + Ss; + v ot l

91 3¢, 2 2 2 2 2100,
5v, ot =V DyiV@ai— 2i2i®2i + gfr,i(‘Po,i —2¢05;) — gSn,i(l — B Xpi — ng)(d,i - gss,i + 5v ot

where S,,, S; and S; are the fission neutron, scattering neutron and delayed neutron source terms, respectively.
: 9 _
Delayed neutron precursor balance equation: % + V- [epy(u—w)| =B X VErip; — Agcy

T p
Trefr]l Pref

Cross section for the i-th reaction in the j-th energy group: 2 ;= lZ'{fj + A jlog

In addition: a power iteration routine is implemented for the estimation of the multiplication factor k.



PART 2: VERIFICATION

Overview:

PART 1: MODELLING
PART 2: VERIFICATION
PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Verification of the implemented models:
* Thermal-mechanics: correct prediction of the shock velocity and stability of the numerical solution;

* Neutronics: accuracy of the SP3 neutron transport model (especially in steep transients).
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PART 2: VERIFICATION

Thermal-mechanics

In this part of the presentation, the correct implementation of the hydrodynamic model is verified.

To this aim, the propagation of 1D shocks in a semi-infinite medium is simulated, by applying different pressure
steps at the domain boundary.

The velocity of the shock front is calculated by post-processing and is compared to the velocity predicted by the
experimental Us — u Hugoniot curve: Us = Cp + S|u|

1D shock
—_— —_—
—| >
P2 — '§ P1 P2 — P2 P1

—_ g  ——

o)
—_— —_—

0 X 0 X

t=0 t>0
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PART 2: VERIFICATION

Thermal-mechanics

Shock speed for different shock strengths in metallic uranium: Cz = 2487 m/s and S = 1.539 [6]

Pressure | Calculated shock speed | Shock speed from Hugoniot | Relative error
(GPa) (m/s) (m/s) (%)
10 2766 2779 -0.47
20 3000 3024 -0.79
30 3208 3239 -0.96
40 3437 3433 0.12
50 3588 3611 -0.64
60 3738 3777 -1.03
70 3886 3932 -1.17
80 3988 4045 -1.41
90 4131 4183 -1.24
100 4260 4313 -1.23

Calculated speed (m/s)

RED DIAGONAL = PERFECT AGREEMENT
4400 w . . w . . x ;

4200

4000

3800

3600 |

3400

3200

3000

2800

2600 1 1 1 1 1 1 1 1
2600 2800 3000 3200 3400 3600 3800 4000 4200 4400

Hugoniot speed (m/s)

The error between the calculated velocity and the Hugoniot velocity is below 1.5%.



PART 2: VERIFICATION

Thermal-mechanics

s

11.0-10 1400
100-10"] ——— 1200
* Shock conditions are satisfied for all the simulated - T o
shocks. Hence, there is coherence between the o 7o % .
shock speed and the profiles of pressure, material T o L
. . ° 10 =
velocity, density and temperature. £ a0 g
3.0-10" 00
z.u—mz 200
1.0-10
* On the right, the pressure, material velocity, density 0 | 0 ! . .
. ] 0.05 0.10 0.15 0 0.05 0.10 0.15
and temperature profiles are shown for a 100 GPa s Position (m) Position (m)
. . . 7000 -
shockwave. Numerical oscillations at the shock front w00 ————
. . 6000 |
are very limited. 25000
o 20000 g
§ 23000 5 4000
E 22000 g_m
E 21000 e
20000 2000
19000 S 1000
“umﬂ 0.05 0.10 0-.15 ’ 0 D.rIJS D.;.Cl 0.;.5

Position (m) Position (m)
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PART 2: VERIFICATION

Thermal-mechanics

Shock speed for different shock strengths in aluminum: Cz = 5328 m/s and S = 1.338 [4]

RED DIAGONAL = PERFECT AGREEMENT

10500 . | ; : ; :
Pressure | Calculated shock speed | Shock speed from Hugoniot | Relative error 10000 - |
(GPa) (m/s) (m/s) (%) —_
10 6088 6114 -0.43 % 9500 ]
20 6722 6751 -0.43 —
S 9000 :
30 7158 7302 -1.97 o
40 7692 7793 -1.30 Q. 8500 - :
50 8087 8242 -1.88 o
@ 8000 [ 8
60 8621 8657 -0.42 S
70 8971 9045 -0.82 3 75001 1
80 9308 9410 -1.08 S
7000 - 1
90 9651 9757 -1.09
100 9978 10088 -1.09 6500 - .

6000 1 1 1 1 1 1
6000 6500 7000 7500 8000 8500 9000 9500 10000 10500

Hugoniot speed (m/s)
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PART 2: VERIFICATION

Thermal-mechanics

Shock speed for different shock strengths in copper: Cy = 3940 m/s and S = 1.489 [4]

RED DIAGONAL = PERFECT AGREEMENT

6600 . . . . ; ;
Pressure Calculated shock speed | Shock speed from Hugoniot | Relative error
(GPa) (m/s) (m/s) (%) =0 ‘
10 4300 4326 -0.60 % 5000 | |
20 4665 4656 0.19 ‘_g
30 4963 4951 0.24 8 5700 - 8
40 5199 5218 -0.36 %
50 5418 5465 -0.86 T 00T I
60 5630 5696 -1.16 E 5100 - |
70 5830 5913 -1.40 §
80 6044 6119 -1.23 8 4800t -
S0 6229 6316 -1.38
100 6426 6503 -1.18 4500 - 1

4200 ] ' .
4200 4500 4800 5100 5400 5700 6000 6300 6600

Hugoniot speed (m/s)

POLITECNICO MILANO 1863

Eric Cervi, Stefano Lorenzi, Lelio Luzzi, Antonio Cammi




PART 2: VERIFICATION

Neutronics

In addition, a verification of the neutronics module is reported.
Study case: Lady Godiva super-prompt-critical burst, with initial 29.5 ps
reactor period (about 21 pcm above prompt-critical).

Neutronics modelling: SP3 transport equation, using 1-group
homogenized cross sections obtained by Monte Carlo simulation.

Thermal expansion: linear thermo-elastic model (not shown for brevity)
with a spherical moving mesh.

The calculated results are in good agreement with both experimental data
and analytical results [7]. In particular, the fission rate peak is well
predicted by the proposed model.
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PART 2: VERIFICATION

Neutronics

In addition, a verification of the neutronics module is reported. 1620
f= !
| 29.5us 4

«— period

T2t transient

Trrrrrn

Study case: Lady Godiva super-prompt-critical burst, with initial 29.5 ps
reactor period (about 21 pcm above prompt-critical).

T

i'

1019
. === Experimental [
Analytical

| =——OpentOAM

i

Neutronics modelling: SP3 transport equation, using 1-group
homogenized cross sections obtained by Monte Carlo simulation.

e —
—

Thermal expansion: linear thermo-elastic model (not shown for brevity) 1018

with a spherical moving mesh.

FISSIONS PER SECOND

The calculated results are in good agreement with both experimental data
and analytical results [7]. In particular, the fission rate peak is well
predicted by the proposed model.

1017

1
TIME (msec)
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PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Overview:

PART 1: MODELLING
PART 2: VERIFICATION
PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Content:

Two case studies are presented to demonstrate the coupling between neutronics and shock physics.
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PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Case study: infinite slab

90% enriched uranium infinite slab: thickness = 6.5 cm, pressure applied at boundary= 30 GPa, initial multiplication factor k = 0.98329

80

70 = 1.3 Pressure (Pa) Fiss. rate (m3s-1)
- 110
& 60 & 12 7.50e+10 .
2 5 £ 1 6.63es10 = 099
g o3e+
t=6us 5 % g 10 E
6 30 C o9 E 087
v c — 3.75e+10
& 20 o 08 E
a E 0.74
10 2 07 1.88e+10
[Ny
0 0.6
0 1 2 3 4 5 6 0 1 2 3 4 5 &6 1.00e+5 060
Position (cm) Position (cm) |
i i i }
1 | Pressure (Pa) I | Fiss. rate {m3sY)
80 Shock superposition s I I -+ 50e+10 | I 110
- 70 P ' | | | | E
& 12 - 099
&0 ¢ | | 6.63e+10 | |
=12 S £ 11 E
t = US — 5o = E
o Q 1.0 1 I = | | 0.87
S5 40 = = 3.75e+10
2 30 C oo [ 1 - I I
o c 3 .
s 20 o os | I 1.88e+10 I I 0.74
10 E 07 I 1 1 1
0 0.6 I I 1.00e+5 I I 0.60
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Position (cm) Position (cm)

Due to the planar geometry, the surface area remains the same during compression 2 the system stays subcritical
(the multiplication factor does not change significantly during compression)



PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Case study: infinite slab

Pressure (Pa) Fiss. rate (m3s71)

7.50e+10 - 1.10
E -~ 0.99
- 6.63e+10
= 0.87
~ 3.75e+10
3 0.74
E 1.88e+10

1.00e+5 0.60

t=0 =+ 19 us
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PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Case study: infinite cylinder

90% enriched uranium infinite cylinder: radius =6 cm, pressure applied at boundary = 30 GPa, initial multiplication factor k = 0.97911

180 ;2 Pressure (Pa) Fiss. rate (m3s-1)
160 T 32 1,6e+10 - 39.3
(%] -
= 140 i 30 E = 374
o =
t=8us g1 - 28 1.2e+10
@ 100 o 2 E
—_ [ = = 30.3
) ;o : % f
o . o 22 ~ B.0e+10
g e Converging shock @ 20 : - 243
40 £ 18 = I I -
20 /\ j\ s d.0e+10 | | 3
0 12 _ : - 18.2
6 -4 -2 0 2 4 6 6 4 -2 0 2 4 6 3 Ot I | C 140
Radial position (cm) Radial position (cm) | I
1 l |
Pressure (Pa) | | Fiss. rate (m3s1)
1.4e+28
180 1.3e+28 1ge+20 | I - 1.30e+28
160 o 1l.2e+28 E | | :
— 140 o 1.le+28 - 12e+10 | I E 0.99e428
& 1.0e+28 3 ~ 0.9+
t=16us & 120 £ ooerns E ! ,
> 100 I = 8.0e+10 |
S g0 g 08e+28 E ! - 0.74e+28
a c 0.7e+28 3
v €0 2 p.6e+28 4.0e+10 ]
e 40 2 0.5e+28 - 0.50e+28
20 0.4e+28 g
© 1.0e+5 3
0.3e+28 0.30e+28
% 2 2 0 2 4 & % 4 2 0 2 4 &
Radial position {(cm) Radial position (cm)

Due to the cylindrical geometry, the surface area decreases during compression—> the system becomes supercritical
(at t = 16 us the multiplication factor is k = 1.06520)



PART 3: COUPLED NEUTRONICS AND SHOCK PHYSICS

Case study: infinite cylinder

Pressure (Pa) Fiss. rate (m3s)

5.00e+11

E = 4.50e+29
— 3.75e+11 E

= — 3.38e+29

= 2.50e+11
= 2.25e+29

=~ 1.25e+11
E 1.13e+29

1.00e+5
0.30e+28

t=0 -+ 17 us
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CONCLUSIONS

In this work, a multiphysics model for nuclear criticality safety applications is implemented in OpenFOAM.
* Specific models were developed for neutronics and shock physics, as well as a coupling strategy between them,;
* All the developed models have been validated/verified against experimental and analytical data;

* The coupling between neutronics and shock physics is presented for two simple case studies, highlighting the impact of
geometry on reactivity.

Future efforts will be devoted to couple this model with other available modules, e.g.:
* Thermal-hydraulics models for liquid fuels and/or liquid moderators [8];

*  Combustion models, chemical models, etc., to study other types of accidents [1,2].
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