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L1 CILC milestone – 9/30/2016

I. Seabrook plant data provided by WEC

II. Seabrook VERA-CS models (MPACT/CTF/MAMBA-1D) 
established by WEC with ORNL support
• Obtained power distribution and boron letdown curve used as input for the MAMBA-

3D/STAR-CCM+ CILC calculation

III. Corrosion model implemented in MAMBA-3D (UT/LANL)
• Used to account for growth of oxide layer below CRUD in  MAMBA-3D/STAR-CCM+ 

CILC calculation

IV. STAR-CCM+/MAMBA-3D coupling, STAR-CCM+/MAMBA-3D 
model development and execution, and comparison with plant 
data (UM with LANL support)
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MAMBA3D/STAR-CCM+ single-pin simulation

CRUD THICKNESS

Turbulent Kinetic Energy

CLAD TEMPERATURE

Need to fully “resolve” grid spacers with mixing vanes
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Content

• Corrosion model for MAMBA-3D
• VERA-CS Simulation of Seabrook Cycle 5
• CFD/MAMBA-3D model of selected 5x5 region in FA 70
• Comparison with plant data
• Conclusions
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Corrosion model in MAMBA3D
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Uniform Oxidation Model Implementation
• Implemented the 

EPRI/KWU/CE model in 
MAMBA-3D
– Calculates oxide formation for PWR fuel 

rods. 
– Includes a post-transition enhancement 

factor for fast neutron flux 
– Currently uses a constant neutron 

flux: 9.00E+14  neutrons/cm^2-s
– Does not (yet) consider cladding metal 

consumption

• Eventually moving to higher 
fidelity EPRI/SLI model
– Includes pre-transition modification 

factors for LiOH coolant concentration 
and intermetallic particle re-solution 

– Includes post-transition modification 
factors for LiOH coolant concentration, 
intermetallic particle resolution, tin 
content in cladding, heat flux, hydrogen 
redistribution, and fast neutron flux

Oxidation vs time

Includes oxidation rate increase due to temperature feedback

Presenter
Presentation Notes
Note metal consumption will be a very minor impact on Temperature distributions (high Zr-alloy thermal conductivity and relatively thin thickness), but will have a much more significant impact on clad structural stability (& for this we need coupling to BISON)
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VERA-CS Simulation of Seabrook Cycle 5
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Seabrook Cycle 5

Failures
G70 Rod G9
G70 Rod L7
G64 Rod E12
G63 Rod K12
G69 Rod M14

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

R   P   N   M   L   K    J   H   G   F   E   D   C   B   A
 Operated from Dec 1995 –

May 1997
 Core-wide CIPS and CILC 

fuel failures with max AO of 
about -3.3% by 260 EFPD
 5 leakers in 4 FAs 

(symmetric with respect to 
the core). All failed rods 
were adjacent to guide 
thimbles (water rods)
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VERA-CS Results (MPACT/CTF/MAMBA-1D)

Cycle 5 HZP radial pin power 
distribution at 329.4 cm axial height

EOC 5 Pin-wise CRUD thickness 
distribution at axial level 329.4 cm 

POWER DISTRIBUTION CRUD DISTRIBUTION

CPU Requirements: 4000 cores (INL Falcon)
6 – 16 hours/cycle
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MAMBA-3D/STAR-CCM+ Simulation of 
Seabrook Cycle 5
5x5 region of FA G70 
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

R   P   N   M   L   K    J   H   G   F   E   D   C   B   A
17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 rod

Ycorner Face 1
rod Y 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 A 63 69 63* 17
2 B 16
3 C 15
4 D 14
5 E 64 13
6 F 12
7 F G 70, 63 64 F 11 Failed
8 a H 63 63 a 10 Crud
9 c I c 9 Oxide

10 e J e 8
11 4 K 63, 64 64 2 7
12 L 70, 63 6
13 M 69 5
14 N 4
15 O 3
16 P 2
17 Q 70 70 1

O rod
Reference Hole Face 3
rod 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Rod Locations can be designated by Face #, Rod #
or by rod coordinates (A-Q, 1-17)

VERA-CS

MAMBA-3D/STAR-CCM+ model – FA G70 5x5

FAs with leakers identified as FAs 
with highest power and thickest 
CRUD deposits
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Grid 5

Grid 6

Grid 7

• Boundary conditions:
– Inlet temperature (292.7 oC)
– Inlet velocity (5.02 m/s)
– System pressure (15.5 MPa)
– Power distribution (VERA-CS)

• Two-layer k-ε turbulence model
• Fluid properties and UO2 conductivity 

function of temperature
• 144.8 million cells (hexahedral mesh)

– Cladding: 15.3M
– UO2: 4.9M
– Water: 124.4M
– Guide tube: 0.2M

STAR-CCM+ Model
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• Boundary conditions
– Boron and Litium coolant concentrations
– Soluble and particulate Ni
– Dissolved hydrogen concentration assumed to be 

32 cm3/kg

These concentrations are used by MAMBA’s internal 
thermodynamics models to compute the local pH and 
solubilities of various species of interest, such as: boric 
acid, lithium tetraborate, lithium monoborate, 
bonaccordite, nickel metal, nickel oxide and nickel ferrite.

• Meshing
– 2.5 micron radial
– 22.5 degree azimuthal (16 total azimuthal sectors)
– 1.83 cm axial (200 axial nodes total)

• Erosion of CRUD
– Reduced crud deposition proportional to turbulent 

kinetic energy (TKE). 

MAMBA-3D Model
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CPU Requirements

Depletion state point  [EFPD] CPU [hours] [CPU minutes/EFPD ]

13 0.04 0.15
26 0.03 0.15
52 0.09 0.20
78 0.13 0.30
104 0.22 0.50
156 1.15 1.33
209 1.57 1.78
261 2.95 3.41
313 5.85 6.75
365 16.59 19.14
417 38.26 44.15
502 153.50 108.35

Depletion state point CPU time [hours]
1 80

2 - 12 20.75

STAR-CCM+

MAMBA-3D

183 cores (AMD Opteron 6282 SE)

Serial calculation – 1 pin per CPU
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MAMBA-3D/STAR-CCM+ CILC RESULTS
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STAR-CCM+/MAMBA-3D RESULTS
 

 
 

  

  
 

 Strong non-uniformity in 
coolant temperature 
across subchannels

 Coolant temperature 
patterns changes with 
elevation, mainly due to 
effect of the mixing 
vanes => flow swirls
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STAR-CCM+/MAMBA-3D RESULTS @502 days

 Strong azimuthal 
variation in cladding 
temperature 
distributions

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

Cladding temperature  [K]
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STAR-CCM+/MAMBA-3D RESULTS @502 days

5

6

7

Oxide layer thickness [µm]

CRUD thickness  [µm]

 Effect of mixing 
vanes clearly visible
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STAR-CCM+/MAMBA-3D RESULTS @502 days

Oxide layer thermal 
resistance [m2K/W]

 Thermal resistance due to oxide layer is 
one order of magnitude larger than CRUD
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STAR-CCM+/MAMBA-3D RESULTS @502 days

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

θ
X

Y

 Thermal resistance due to 
oxide layer yields a strong 
increase of cladding 
temperature (~ 20 - 30 K)

CRUD Surface temperature

Cladding temperature

Rim #3

Rim #2
Rim #1
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STAR-CCM+/MAMBA-3D RESULTS
 Pin #8 (G70G09) 

is found to have 
max oxide 
thickness in the 
5x5 region

 Pin #4 and #8 are 
found to have 
max CRUD 
thickness

 Pin #1 and #8 are 
found to have 
max CRUD mass

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25
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COMPARISON WITH PLANT DATA AND 
VISUAL OBSERVATIONS
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CRUD AND OXIDE DISTRIBUTIONS
OXIDE

CRUD

(Scales are in µm)

Plant observation #1: the buildup of 
CRUD and thick oxide is mostly confined 
to the upper part of the fuel rods, between 
grid spans 5 and 7, while rods were found 
to be mostly clean below grid #5.

Plant observation #2: Oxide 
levels generally showed a step 
increase in both spans 5 & 6. 
Oxide levels in remaining 
spans were significantly lower. 

Plant observation #3: no strong trend for 
CRUD preferred orientation with water rods 
(thimbles) could be found 
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GUIDE 
TUBE 

 

   
 

Plant observation #3: no strong trend for 
CRUD preferred orientation with water rods 
(thimbles) could be found 
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5

6

7

Plant observation #4: in most cases, CRUD is 
patterned in vertical stripes, with these stripes 
maintaining the same orientation over multiple 
grid spans in some rods.

Plant observation #5: in few cases, it has been 
observed that CRUD gradually spirals within a 
grid span from one side to the other in an arc 
shape.

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25
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Quantitative comparison
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(normalized)

Plant observation #6: max CRUD thickness + oxide on pin G70G09 
found between 0o and 45o

θ
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Quantitative comparison

0 1 2 3 4
z [m]

Th
ic

kn
es

s

 

 

↑↑↑5 6 7

Plant data
MAMBA3D / CRUD + oxide
MAMBA3D / Oxide

Rod G70G09 
Average CRUD + oxide thickness as function of axis

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

Rod broke at this location during extraction from FA

Plant observation: it was evident that some 
CRUD had flaked off

This might explain the fact that no CRUD peaks 
were measured in span 5? 
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Quantitative comparison
Rod G63G09 (symmetric position with respect to G70G09)

CRUD + oxide thickness as function of axis

01 02 03 04 05

06 07 08 09 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

Peaks are present in span 5, 6 & 7.
Smaller peak in span 4
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Quantitative 
comparison
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Rod G70G09 
8 azimuthal orientations

 Overall, good quantitative 
agreement

 Missing peaks in plant data 
span #5 because of CRUD 
flacking off?

 High CRUD + oxide 
thickness predicted at 
location where fuel pin 
broke
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Conclusions

 First demonstration of VERA-CS CILC capabilities 
successfully accomplished

 Simulations results in agreement with visual observations 
performed at Seabrook

 Good quantitative agreement 
 Need for additional data for validation

Future work
 Implement and demonstrate a full multi-physics VERA-CS 

simulation of CILC including
 a more advanced corrosion model 
 inclusion of two-phase flow modeling in CFD.
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An initial oxide model has been implemented in 
MAMBA 3D

• MAMBA calls oxide model with  𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜 at each 
surface element

• Oxide model returns Δ𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 and 𝑘𝑘𝑐𝑐
• STAR-CCM+ data to MAMBA (same as in past CRUD 

coupling):
Cladding heat flux 𝑄𝑄
Tcrud-coolant

• MAMBA data to STAR-CCM+:    
Oxide layer thickness Δ𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
Oxide layer thermal conductivity 𝑘𝑘𝑐𝑐
Crud layer thickness Δ𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜
Crud layer effective thermal resistance 𝑅𝑅𝑜𝑜𝑒𝑒𝑒𝑒

• Star-CCM+ performs its conjugate heat transfer 
calculation

including both oxide  and crud layers

𝑄𝑄 coolant
flow

crud

Toxide-crud Tcrud-coolant

𝑅𝑅𝑜𝑜𝑒𝑒𝑒𝑒

Tclad

oxide
Δ𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑘𝑘𝑐𝑐

Δ𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜
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Zirconium Oxidation Kinetics Model(s)

General Formulation:
d(S3)/dt = k1exp(-Q1/RT )  - pre-transition (S<Strans)
dS/dt = k2exp(-Q2/RT )       - post-transition (S>Strans)
ttrans = D3

3/(d(S3)/dt )          - transition time

S = Oxide Thickness (μm)
t = Time (days)
T = Oxide to Metal Interface Temperature (K)
Q = Activation Energy (cal/mol)
R = 1.987 cal/mol-K

Presenter
Presentation Notes
Fairly typical cubic to linear oxide growth transition behavior observed in Zr-4 alloy cladding
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EPRI/KWU/CE Model (part 2)

d(S3)/dt = k1exp(-Q1/RT )      - pre-transition (S<Strans)
dS/dt = k2exp(-Q2/RT )           - post-transition (S>Strans)
Strans=D3exp((-Q3/RT) – E3T)
k2=C0 + U0(Mϕ)P0 - includes irradiation                     

enhancement  for post-transition 
growth

k1 = 18.9x1010 μm3/d                 C0 = 8.04x107 μm/d
Q1 = 32,289 cal/mol Q2 = 27,354 cal/mol
D3 = 2.14x107 μm U0 = 2.59x108 μm/d
E3 = 1.17x10-2 K-1                                   M = 7.42x10-15 cm2-s/neutron
Q3 = 10,763 cal/mol P0 = 0.24
ϕ = 9.00e14 neutrons/cm2-s  (fast flux, E>>1MeV)
The value for ϕ is intended to be an updated input, but is set as a constant for now 
(need to confirm value). 
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MIMIC (Michigan interface for multi-state in-
memory coupling with STAR-CCM+)

Automatic

Two-ways

In-memory

Multi-state

Volume
& Surface

** not exhaustive list of functions in 
MimicDriver.java or libmimic.so

Parallel
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MAMBA3D/STAR-CCM+ models improvement and V&V – path forward 
“Flow regimes with CRUD”

CRUD filled with water CRUD filled
with steam

CRUD filled
with particles

(a) (b) (c) (d) (e) (f)

Regimes (a) to (d) already modeled in MAMBA. Filling of CRUD with particles (e) also modeled

(g)
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MAMBA3D/STAR-CCM+ models improvement and V&V – path forward 
“Flow regimes with CRUD”

TCi TCO TCR T∞
Rth,clad

Rth,CR

Rth,evap

Rth,∞

𝑇𝑇𝐶𝐶𝑜𝑜 − 𝑇𝑇∞ ≈ �̇�𝑞
𝛿𝛿𝐶𝐶𝐶𝐶
𝑘𝑘𝐶𝐶𝐶𝐶

+
𝛿𝛿𝑚𝑚
𝑘𝑘𝑚𝑚

+
𝑘𝑘𝐶𝐶𝐶𝐶
𝛿𝛿𝐶𝐶𝐶𝐶

+
1

𝑅𝑅𝑡𝑡𝑡,𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒

−1

+
1

�ℎ𝑐𝑐𝑜𝑜𝑐𝑐𝑒𝑒 + �ℎ𝑏𝑏𝑜𝑜𝑜𝑜𝐶𝐶

𝑘𝑘𝐶𝐶𝐶𝐶 = 𝜖𝜖 𝛼𝛼𝑘𝑘𝑒𝑒 + 1 − 𝛼𝛼 − 𝛼𝛼𝑚𝑚 𝑘𝑘𝐶𝐶𝑙𝑙 + 𝛼𝛼𝑚𝑚𝑘𝑘𝑚𝑚 + 1 − 𝜖𝜖 𝑘𝑘𝑚𝑚

𝜖𝜖
𝛼𝛼
𝛼𝛼𝑚𝑚
𝛿𝛿𝑚𝑚

CRUD porosity
Fraction of pores occupied by steam
Fraction of pores occupied by particles
CRUD thickness filled particles-filled pores

Kendrick, MPO_L2.P5.02 “The question of the effective thermal conductivity values 
predicted by MAMBA, and their comparison with experiment, is an outstanding and 
important issue, and one which we will continue to pursue in subsequent work”.

• Need of revisiting WALTLOOP data
• Need for additional experiments (eg Mike Short’s loop)

Correct prediction of Tci critical for
corrosion model 
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MAMBA3D/STAR-CCM+ models improvement and V&V – path forward 
“Flow regimes with CRUD”

𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇∞ ≈ �̇�𝑞
𝛿𝛿𝐶𝐶𝐶𝐶
𝑘𝑘𝐶𝐶𝐶𝐶

+
𝑘𝑘𝐶𝐶𝐶𝐶
𝛿𝛿𝐶𝐶𝐶𝐶

+
1

𝑅𝑅𝑡𝑡𝑡,𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒

−1

+
1

�ℎ𝑐𝑐𝑜𝑜𝑐𝑐𝑒𝑒 + �ℎ𝑏𝑏𝑜𝑜𝑜𝑜𝐶𝐶

�ℎ𝑐𝑐𝑜𝑜𝑐𝑐𝑒𝑒 → 𝑁𝑁𝑁𝑁 = 𝑁𝑁𝑁𝑁(𝑅𝑅𝑅𝑅,𝑃𝑃𝑃𝑃, 𝜀𝜀
𝐷𝐷

) Modified Dittus-Boelter for CTF
Modifications of wall functions for CCM+

Enhancement of Convective Heat Transfer Coefficient due to wall roughness

Plenty of data in the literature. Need to characterize CRUD roughness 

Decrease of Tclad
observed in 
WALTLOOP when 
compared crudded
vs clean rods
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MAMBA3D/STAR-CCM+ models improvement and V&V – path forward 
“Flow regimes with CRUD”

𝑇𝑇𝐶𝐶𝐶𝐶 − 𝑇𝑇∞ ≈ �̇�𝑞
𝛿𝛿𝐶𝐶𝐶𝐶
𝑘𝑘𝐶𝐶𝐶𝐶

+
𝑘𝑘𝐶𝐶𝐶𝐶
𝛿𝛿𝐶𝐶𝐶𝐶

+
1

𝑅𝑅𝑡𝑡𝑡,𝑜𝑜𝑒𝑒𝑒𝑒𝑒𝑒

−1

+
1

�ℎ𝑐𝑐𝑜𝑜𝑐𝑐𝑒𝑒 + �ℎ𝑏𝑏𝑜𝑜𝑜𝑜𝐶𝐶

ℎ𝑏𝑏𝑜𝑜𝑜𝑜𝐶𝐶 was not enough… (look at THM efforts)…As
boiling curve depends on wall roughness

 For a given wall super-heat, heat flux increases with 
increasing roughness

 Several data available in the literature
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