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Project Objectives

Conduct a series of thermal stratification experiments with advanced temperature and fluid measurement instrumentation. A specific geometry will
be considered both experimentally and computationally.(UW, MIT,VCU, ANL)

 Use the STRUCT modeling approach along with URANS methods to analyze the low Prandtl number (sodium) heat transfer, thermal stratification
and thermal striping experiments (UW-MIT)

Development of improved models for thermal stratification and thermal striping to be implemented in system level codes such as SAM and
SAS4A/SASSYS-1- (VCU-ANL)

e Train several students in the aspects related to the SFR technology from working with sodium by conducting the experiments to detailed state of
the art CFD for the low Prandtl number fluids and ultimately development and implementation of models into relevant systems code (UW, VCU,
MIT)

- Sodium Fast Reactors are a leading candidate for Generation IV Reactors for commercial deployment, training students on SFR function and safety is
important for the future of nuclear power
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Overview of Completed Tasks in NEUP Project

Final Feport 10/1/2016

12/29/2019

Expenmental
measurement and CFD
modeling of thermal
gradients in sodium to
qualify the fiber optic
|probe for use m
thermal stratification
tests

10/1/2016

9/30/2017

100%

9302017

Literature review of
different models for
thermal stratification
for systems codes

10/1/2016

9/30/2017

100%

9302017

Development of

simple 0D thermal
stratification models  |(more time
for SAS4A/SASSYS- 1 requested)

10v1/2016

9/30/2018

0%

Shake down tests and
initial data on pool
type thermal
stratification

3/30/2018

9/30/2018

100%

9/30:2018

Design and
construction of
thermal stratification
test section

100172017

3/30/2018

100%

3302018

Expenmental
measurement and
modeling of low
temperature jet into
|pocl geomeiry

10/1/2018

9/30/2019

10%

System code

Benchmarkng/validati
on against thermal 10v1/2018
stratification

experiments

9/30/2019

* First Year Highlights:

- Completed design for the thermal stratification
testing facility (TSTF) and begun construction

- Used CFD techniques to simulate thermal mixing
in proposed designs to validate proposed design

- Completed in-depth literature review of past
thermal stratification computational and
experimental campaigns

e Second Year Highlights:
- Completed construction of TSTF and begun
taking data
- Conducting detailed comparison of CFD results
to experimental results

- Began development of physics based
stratification model
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Thermal Stratification Overview

s

e Thermal Stratification is the formation of a temperature gradient f |

L
[ Stratification =

e

in a volume of fluid due to thermal mixing

i =
e Understanding thermal behavior in the upper plena of a Liquid
Metal Fast Breeder Reactor (LMFBR) is important for assessing _
reactor safety and fatigue _ i
- Thermal oscillations in a reactor pool can cause thermal fatigue and f

cracking
- Must be considered when conducting reactor operation calculations

e Thermal Stratification in the Upper Plenum of a LMFBR e
- Protected loss of flow (PLOF-SCRAM)
- Unprotected loss of flow (ULOF)
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Experimental Facility Thermal Stratification Objectives

e Use pool-type reactor geometry to observe thermal stratification during loss of flow
scenarios
- PLOF — protected loss of flow (cold sodium into hot pool)
- ULOF — unprotected loss of flow (hot sodium into cold pool)

e Use high fidelity temperature measurements to validate CFD analysis

e Use best practices in safety and design to produce an organized, well documented, and high
functioning experiment

Outlets [#of Inlets |UIS Height [UIS Diameter |DELTAT Flow Rate
20 [gpm]

High or 5 or3 0.4.5" 0.5 5" 0-100 (max temp. | 10 [gpm]
Low 300[C]) 5 [gpm]

20-5 [gpm]
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Dimensionless Numbers

b ATH.,>3
« Grashof, Gr = 22221 _ 9BATHp

viscous V2

A tial D
e Reynolds, Re = ———— = ==¢

viscous v

buoyancy _ Gr _ BATgHj

* Richardson, Ri = —— 2= 52,2
inertial Re Dfu

advective transport _ UHp

[ ] — B
Peclet, Pe dif fusive transport a

» Determination of the Characteristic Length:

— Grashof number analyzes the viscous forces acting on the
fluid in the pool as a buoyancy driven thermal wave
travels along the height of the reactor pool

— Reynolds number is calculated as the bulk flow from the
reactor core

— Peclet important to stratification because it describes the
transport of heat during fluid that creates the stratified
layers
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B=coefficient of thermal expansion

a=thermal diffusivity

AT is the temperature difference between the two fluid
u=the velocity of the sodium being jetted from the core
v=is the kinematic viscosity

D=diameter of the core

H=the height of the pool; g=gravity

\,
Hot Pool Level
—fPump off Level|
1.28m
[4.2FT]
L Cold Pool Level
.91 m 1.74m
I [5.7FT]
| | I_ lz.02 Faulted level |
IHX A H;‘
Installation d
Location \ I
M
.49 m
10.16m
L [33.3FT]
A
27 m

I T

[1] ABTR Design

[1] ANL, Advanced Burner Test Reactor Preconceptual Design Report




Proposed Design for Experimental Test Section

Stratification Vessel

* Use definition of Richardson number to determine height of the vessel (H,) Design
- 1:1 similitude between the ABTR and the Experimental vessel (leda)
- Selected a pool height that yielded a similar ratio of the Peclet number r——
between the experimental design and the ABTR @
- Knowing: g, 6, AT, u, and H, —D,, are found
- uis the velocity of the slug flow coming from the core (Q = u*A,)
Parameter Experimental | ABTR Ratio
Design
Hoool [111] 1.2 8.02 0.15
Houtlet 1 [1]1] 0.4 2.673 0.15
Houter2 [11] 0.8 5347 | 0.15
Dpoot [] 0.3147 491 0.065
Durs [m] 0.1435 227 0.065
Deore [m] 0.1455 227 0.065 gPATH 3
Quror [m¥/s] 0.001429 03775 | 0.0038 Ri = > 2p
Veore [1V/8] 3.759 0.2960 12.7 U DC =
Thot [C] 300 575 0.52
Teold [C] 250 525 0.48 Hp3
Peclet [-] 1616 12520 | 0.13 Lehar = =
Revnolds [-] 28349 788237 | 0.04 D,
Richardson [-] 1616 1616 1

leda, Y., et al. "Experimental and analytical studies of the
thermal stratification phenomenon in the outlet plenum of
fast breeder reactors." Nuclear engineering and

design 120.2-3 (1990): 403-414.
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Design Benchmark Validation

e Goal: use current CFD modeling tools to
validate designs for experimental facilities

* Process: run models to observe if
stratification occurs for high flow rate
scenarios in the ABTR and proposed design
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Anti-symmetric
inlets to outlets
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Design-1 Geometry H_pool [m] 1.25
ABTR Geometry H_pool [m] 8.02 H_inlet_1 [m] 0.416666
H_inlet [m] 2.673 H_inlet_2 [m] 0.833333
D_pool [m] 4.91 D_pool [m] 03048
= D_UIS [m] 0.1397
D_UIS [m] 2.27
= D _core [m] 0.1397
D_inlet [m] 0.743 ULOF High @ [m3/sec] 0.001384
ULOF Q [m3/sec] 0.3775 ULOF Low Q [m3/sec] 0.0006919
T_hot [C] 575 T_hot [C] 275
T cold [C] 525 T _cold[€] 225
) Core Velocity High u (m/s) 3.641
Core Velocity u (m/s) 0.2906 Cora Velosity R ) e
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Experimental Vessel

* Desired Experimental Capabilities:
e Upper internal structure (UIS) with interchangeable diameters and ability to change height
e Axially deployed fiber with graphite packed (UIS) seal allows for continuous temperature resolution
e Optical fibers possess 0.653 mm resolution. 14 possible axial fiber locations
e Axial thermocouple locations for acquiring different radial measurements and fiber data validation

* Fiber optic level sensor for sodium pool height control

Outlets |#of Inlets |UIS Height |UIS Diameter |DELTAT Flow Rate
20 [gpm]
[Righlor 250 into 200 [C] or | 10 [gpm]
5 2 0-4.5" 0-5.5"
Low orf3] ; 5.5 [200 [C] into 250[c]]| | 5 [gpm]
2.5 20-5 [gpml]

Level Point

T Sensors (1"
UIS \ » spacing) \

50 [in]

Na Leve I W

‘\\:
_\\ l
m Axial Fiber
Locations

Sodium In 9
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Thermal Stratification Test Facility (TSTF)

Experimental Sodium Reservoir
Vessel

e Total Volume: ~70 [gal]

Experimental Vessel: ~20[gal]

Sodium Reservoir: ~40[gal]

Loop Piping: ~10[gal] n - ‘

*  Moving Magnet Pump 3 = o ——-

« Thermocouples and optical fiber temperature ‘ —rmee——
sensors

e Actuating Liquid Metal Valves

* Electro Magnetic Flow Meter

* Fiber optic level sensors Sodium

e 300 [gal] of workable sodium Inlets

Remote control of Data Acquisition and Control

Sodium Outlets

= ~3m tall

Electro Magnetic
Flowmeter

EREENRERERRZRYY
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Setup for TSTF Run
——  250[C]Na
Closed Line
CI Closed Valve
O Open Valve
< Flow Direction
TSTF Sodium Fill 7% Flex Hose TSTF Heating and Isolation
Test_ Dy mp Experimental Test %Dump Experimental
Section Line Reservoir Section Line Reservoir
@Q [
1
S ‘n; e /
O
| EMFM MMP ﬂ Transfer } E'Y'f':/‘ MMP
P— LK— > Line .
V4
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Protected Loss of Flow Operation: Run

TSTF Experimental Run

Test Dump Experimental
Section Line Reservoir

VA1

LAV
0]

¥ <
-

EMFM MMP ﬂ Transfer
e ° ‘ Line
V4

C
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First Run Test Results

Pressure and Flow Rate vs. Time
12

10

9 v A, .
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Presuure [psi] and Flow Rate [gpm]

200 250 300 350 400 450 500 550

-

Time [s]

Test Section Pressure[psi] Reservoir Pressure[psi] @ Flowrate [gpm] @ Water |00p UsedfO Coponent testing
* Important Findings

- Pressure lines supplying the test section and reservoir are not supplying gas fast enough to the vessels

- Dump valve needs to be throttled to allow for desired flow rate to be achieved during run (completed water
testing of valves to get idea of valve throttling capabilities at different flow rates

N
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EXP Test Results (PLOF 200 => 250 [C])

WISCONSIN

UNIVERSITY OF WISCONSIN-MADISON

Pressure (psi) and Flow Rate (GPM)

Temperature [C]
r

Pressure and Flow Rate vs. Time EXPO11 Front (S.) | Back (N.)
20 Tc30 f(TC24 i
= PT TS (rose) I
18 | - PTER (rose) | | (1tc31 MT1czs | ° High
' s Inlet Temperatures
H 260
12
10 “‘;
8 g VN sttt 250 ‘}
6 i o [}
s ‘e
Ml *
i 240 -
i . ) - e TC19 oTC20 eTC21
0 : =~
150 200 250 300 E ‘
2 b )
< 230
N.Side] o -
260 g‘ L)
O
[ ~ -
250 F 220 >
[ -s‘ s
L\ 2
240 i \.. b ‘
- < % 210
I - Y
230 + < <
[ oy
220 ; ey 200
[ "\_ 175 185 195 205 215 225 235 245 255 265 275 285 295
210 | "1.\\ Time [s]
200 L~ ——
200 250 300 o S .
Time [s] High or or3 0-4.5" 0-5.5" 0-100 (max temp.
- TC24 - TC25 -TC26 - TC27 »TC28 - TC29 Low

300[C])

20 [gpm]

~ ~

////xTCBT )

7/

(" N
. TC40 )

7/

3 Holding
ank

ated with little
02 gpm)

n to be

from (5-10 gpm)
imeters

Flow Rate

10 [gpm]

5 [gpm]

20-5 [gpm]




Simulation Results (PLOF 200 => 250 [C])

Test Parameters

- H outlet 3256 in  0.827024 m
- D_pool 12.39 in 0.314706 m
| B ovs s 0 omer  om
J II - D_inlet 0.5 in 0.0127 m
= ap A
: Q 6 0.0003785 m~3/s
Y m
WY 12
L InIe’F 89.215 in/s  0.99608 m/s
Velocity 7
Bl - > c

T cold 200 ©

I'ii
Test facility geometry in Mesh

| | 15

wisconsie P simulation
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Simulation Results (PLOF 200 => 250 [C])

Temperature (C) Temperature (C)

URANS .25@.0 -250.0

240.0 240.0

230.0 230.0

2200 200

210.0 210.0

Ig@@ 0 Igoo.a

¥ ¥ -

. i = More oscillations

Solution Time 0.504 (s) Solution Time 0.504 (s) _ In the bottom due
3 1 to increased
4 1 3 - resolved
turbulence
| structures
Solution Time 0.504 (s) Solution Time 0.504 (s) e NS
- . . . 16 (H09:
WISCONSIN |||" About 5 days for each simulation (till 400s) A
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Simulation Results (PLOF 200 => 250 [C])

Temperature vs Time Graphs

260
—TC24 : -
250 | —TC5  The time spent towards isothermal
—TC2% jiN below the outlets predicted by the
9 0] — ez (o (e CFD simulations (around 200 s) is
g :Igg (oo (o | | |Hon much shorter than the experiment
g 220 S (around 300s).
5 TC30
% —TC31 (132 ){TC26
R 220 - R, (Tc3s ) (TC27 )| * Currently exploring the possible
o TC33 | . } ’ reasons, and make changes to the
] TC34 Pl mesh and current settings
TC35 LTC3 ~{TC29 J accordln I
200 gy-
260 260
—TC24 —TC24
250 - —TC25 250 4 —TC25
—TC26 —TC26
g 20 _ng O 2401 —TC27
< T :"-_: —TC28
R —TC29 g 230 —TC29
g TC30 g TC30
g —TC31 E —TC31
e —TC32 =20y —TCR2
TC33 Tess
210 TC34 210 - TC34
TC35 TC
200 200

350 0 50 100 150 200 Zéo 300 350
wisconsiN [ =n
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EXP Test Results (PLOF 200 => 225 [C])

Front (S.) | Back (N.)
Pressure and Flow Rate vs Time (1c30 H(TC24 WK+
25 .
:?e(;\tv;::on Pressure = e 0 B:L?tTEts / (Tcar )
2 fL = Reservorr Pressure o5 \TC o || v
g . Inlet Temperatures TC 33 TC27
g - 20 > (1c40 )
515 =——-_ W
o Tc34 N(TC28
'§‘ H 275 = TC 35 TC 29 To Holding
3 V-t—a - Tank
é 10 :
2 ' = - eTCI9 sTC20 «TC2I 0 0 0
; = (1c19 ) (1c20 ) (1C21 )
é 215 - Waest Mid. East
1] - l‘i_ % N N AN
0 50 100 j -
N 210 - - .
230 - From
I “ Experimental
[ 205 e ] Reservoir . .
2 — ﬂ-'n.._ ne test has been repeated with little
[ . 200 iation of flow rate (x0.02 gpm)
220 ¢ '_‘ < 40 50 60 70 80 90 w00
. X Time [5] ting of loop has proven to be
. e , _eatable for flow rates from (5-10 gpm)
7 % r:.':\ - .
"l after 200[s] « Wide array of testing parameters
i '_‘-:‘_
205 Outlets [#of Inlets |UIS Height |UIS Diameter |DELTAT Flow Rate
_ | 20 [gpm]
20 0 50 100 150 200 250 300 High or 2or3 0-4.5" 0-5.5" 0-100 (max temp. 10 [gpm] W"‘P
Time [s] Low 300[(:]) 5 [gpm] & 38 18
m!§§v%l§§!m +TC24 +TC25 +TC26 - TC27 »TC28 «TC29 20-5 [gpm]




Simulation Results (PLOF 200 => 225 [C])

230
EXP —TC24
225 = - —TC2s
1 \ Y —TC26
S 20 1 rew
= . —TC?28 MH
- - —TC29 |
% TC30 Front (S.) Back (N.)
& 210 A Tl N ~ o
o3 (Tc30 <{TC24 )
TC33
205 3 TC34 ~ .
N - (1c31 ) {(1C25 )| = High
200 \ — ————— = . Outlets
0 50 100 150 200 250 300 350
T($) >
30 ™
- (1c32 »{T1C2 ) o
25 —TC25
_ Ten ™
A e (1c33 ){T1C27 )| =
S 20 7
< —TC28
g ' TC29 >
: TC30
5 —Tc31 ~
= 210 A —TC32 (TC 34 /"—( TC 28 }40
TC33
205 TC34 N I
e (1c35 ){TC29 )| =
200 ;
0 0 100 150 00 0 00 0
T(s)
/N N AN
19
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Final Year Plan for Research

Experimental Data Acquisition Campaign
- Use fiber optic temperature measurements to create detailed understanding of stratification
inside of testing pool

- Test different parameters: flow rate, scenario, number of inlets, outlet height, UIS
configuration

CFD work

- Conduct detailed comparison for each experimental campaign conducted. Use validated
model to help inform system code analysis

System Code Development

- Build physics based 1D model as well as an improved 0D model

Other Sodium Work

- Won grant for Isotope transport in gas bubbles in pool of liquid sodium (3 yr.)

- Won grant for developing a micro-coldtrap for implementation in the VTR sodium test
reactor (1 yr.)

WISCONSIN
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Conclusions

» Goal of the project is to obtain high fidelity data for thermal stratification
to validate 3D computational fluid dynamic codes, specifically the
URANS/STRUCT model

e Use validated CFD codes to inform system code models used analyze
nuclear reactor designs

Experimental CFD Rgcrlgg?d
Data Modeling Modeling

WISCONSIN
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Original STRUCT model

« URANS assumes large scale separation between
modeled & resolved scale

 However, this assumption is not valid for complex
flows with strong resolved flow deformation, where
overlap exists between the large-scale and residual
velocity fluctuations.

log E(k,)

Large scale separation

log K

Resolved Modeled

v

Small scale separation | ;pANg «—

wisconsiN [Tl

Idea of the STRUCT model: identify regions
where the scale overlap exists and increase
the local resolution of turbulence

These regions of high deformation are
identified using the second principal
invariant of the resolved velocity gradient
tensor, I1.

A simple formulation of STRUCT Model:

v, f.<f,
VvV, =
t ¢Vt fr 2 fm

 Resolved flow frequency: f. = ||I1|

« Modeled flow frequency: f,,, = f(ki)

* Reduction parameter: ¢ « ’;ﬂ




Original STRUCT model

Flow past a square cylinder with wall boundaries on
the top and bottom, activation regions of the original
STRUCT model (blue)

Flow past a square cylinder with symmetry
boundaries on the top and bottom, activation regions
of the original STRUCT model (in blue)

NNNNNNNNNNNNNNNNNNNNNNNNNNNN

 STRUCT has demonstrated much improved accuracy in mean and
RMS velocity profiles on computational grids typical of URANS
simulations.

« STRUCT has been tested on a variety of wall-bounded flow tests
iIncluding thermal mixing in a T junction, thermal mixing of triple
jets, mild separation in asymmetric diffuser, etc.

Problem of the original STRUCT model:

* Original STRUCT model suffers from a robustness issue when
extending to open boundary flow cases: undesirable hybrid
activation appear when improper inlet conditions are specified




Problem of original STRUCT model

Problem of the original STRUCT model:

* Original STRUCT model suffers from a robustness issue when
extending to open boundary flow cases: undesirable hybrid
activation appear when improper inlet conditions are specified

Flow past a square cylinder with symmetry boundaries

gr_:_sjct:(_)rprrz]iggetl)zt;ognj;ctivation regions of the original o Recap the STRUCT formulation:
» the hybrid activation is explicitly dependent on the modeled
« Asimple formulation of STRUCT Model: frequency f,
v, ={V‘ fr < I * In open boundary flows, the user-defined inlet turbulence
M fe2ty guantities k,,, and ¢ transport to the whole flow domain, therefore
 Resolved flow frequency: f, = ||/ if user defines k,,, and £ corresponding to a very low f,,, the
. Modeled flow frequency: f,, = f(i) activation is almost everywhere

* Reduction parameter. ¢ « ’;—m
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Proposal of improved STRUCT model

Ko

ok, _ ok, 0 v\ dk,,
— =
at axi ax]

de _ O¢ d % de £ £ —
E-I_uia_xi:a_xj[(v-l__t)_-]-l_cg —mPk—nga'l'ngkmlI”

ou;
k YT ox;

Cey = 1.44, Coy = 1.92, 0y = 1.0, 06, = 1.30, Coz = 1.5

wisconsiN [Tl

To address this issue, a new version of
STRUCT model has been proposed.

This improved model reduces the eddy
viscosity implicitly by adding a source term
C.3k,, |II] in the & transport equation of the
standard k- € model.

With this new proposed STRUCT model, the
hybridization region no longer depends on
the user defined inlet turbulence.

The formulation is also consistent with the
original STRUCT idea implying the
comparison of II and /k,, : the modification
of the & equation would only become
noticeable when |II| is compared larger than

S 5 ANS




Tests of the improved STRUCT model
 Periodic hill

Periodic with constant mass flow
/ Mean U

o EXP — URANS — STRUCT

wall

Valocity: Magnitude (m/s)
0.00010383 0.0185973 Q.03 7081 0.055570 0.07405% 0.082548

wi'H

#fH+U/Ub

Velocity: Magnitude (m/s)
o.oo00iizz1 O0.033310 0. 066506 0.0898705 0. 132590 g 16610

wisconsiy [T

OF Wi



Tests of the improved STRUCT model

e Mild separation in an asymmetric diffuser

Mean U

flow 0.02

0.0

URANS ol

0.0

No separation
002

* 003k
-0.04 F

0.05F

-0.06 =

-0.07

Mild separation




Tests of the improved STRUCT model

* The potential of the improved STRUCT model will be leveraged
to assess its accuracy and robustness for thermal striping and
stratification analysis through comparison with URANS and

e Other Simp|e tests: experimental results.
Flow past square Turbulent mixing Natural transition
cylinder in a T-junction of a hydrofoil
- URANS URANS | URANS
& aER e S s O h?:-
, .

1.34002-05 0.15621 0.71240 0.46860 0.62479 0.78099 _ VEFMR‘Y Mﬂgﬂﬁudf (mx’S)
[ D o 7n L x

STRUCT

il STRUCT

Velocity: Magnitude (m/s) Vot aomiue Velocity: Magnitude (m/s)
P T 0.16996 0.33985 0.50974 0.67963 0.54951 o e o262 052765 x 0.0000 10.000 20.000 30.000 40.000 50.000

0000000000000000000
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Liquid Sodium Background

 Liquid sodium'’ s roperties as a heat transfer fluid
- High Thermal Conduct|V|ty (64.28 W/m-K @ 500[C])
- Low Prandtl number fluid
- Similar properties to water (viscosity, density) near melting point (~98 [C])
- Low melting temperature relative to other coolants
- Good studies conducted regarding sodium corrosion of stainless steels
- Neutronics: doesn’t moderate neutrons allowing them to maintain the fast spectrum

 Liquid Sodium uses:
- Primary coolant in a nuclear reactor
- Concentrated solar thermal systems
- Titanium Manufacturing

TiCly
dDOU

TCI., +Na—l"T|+ acl
'"—/ —— NaCI
Collector Field Turbine ."

l e Generator _’1{,._
- ,__4;;_

Storage L liquid Na NaCI
Tank sodium
u Solar Steam
Generator
o C
Condenser Cly to
l make TiCly Na hisCHan

Grid

B Heat Transfer Fluid

Bl Steam
NaCl{aq)
[1] Whittle, The challenges for [2] Green Rhino Technology, [3] Guichon Valves, Guaranteed
materials i’n new reactor desians Concentrated solar systems tightness in a sodium line for a
g titanium application
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Tantalus Testing Facility

* The Tantalus facility is an 8000 sg-ft
underground building operated by the
University of Wisconsin-Madison
Thermal Hydraulics Laboratory. From
1968-1987 the facility housed one of
the first particle accelerators called
Tantalus. Tantalus sat dormant until
1997 at which time it was revitalized
as a research facility to study safety M : -
and special effects of advanced Sodium Dynamohlbfq;wﬁoé?inﬁ{ent Thermal Stratification Test Facility
nuclear reactors and fundamental
physics. In 2002 a 1 m3 sodium filled
spherical vessel, The Dynamo, was
constructed along with a room
specially suited for large scale sodium
experiments. The Dynamo was
removed and in 2012 to make room
for a new set of sodium loop facilities.
Currently work is being conducted to
support the Department of Energy’s
mission to advance nuclear reactors
and conduct testing for commercial
reactor vendors.

Materials Testing Loop
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0

Thermal Stratification Project Overview  wisconsin

= Conduct a series of thermal stratification experiments with advanced
temperature and fluid measurement instrumentation. A specific geometry
will be considered both experimentally and computationally.(UW,
MIT,VCU, ANL)

= Use the STRUCT modeling approach along with URANS methods to
analyze the low Prandtl number (sodium) heat transfer, thermal
stratification and thermal striping experiments (UW-MIT)

= Development of improved models for thermal stratification and thermal
striping to be implemented in system level codes such as SAM and
SAS4A/SASSYS-1- (VCU-ANL)

= Train several students in the aspects related to the SFR technology from
working with sodium by conducting the experiments to detailed state of
the art CFD for the low Prandtl number fluids and ultimately development

and implementation of models into relevant systems code (UW, VCU,
NAITY

Argonne®

NATIONAL LABORATORY
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NNNNNNNNNNNNNNNNNNNNN -MADISON



CFD Vallaation 1or experimental vesign

e |nitial validation of STRUCT model
with experimental data

- STRUCT model is a 2G-URANS
model recently developed at
MIT[5]

- Validations of STRUCT model
include thermal mixing in T-
junction, flow past object,
asymmetric diffuser, etc.

- Computational recreation of

i i SMALL-SCALE SMALL-SCALE .
experiment run by Tanaka[6] in ~ MALL S0DIUM o osemi _ozeies oz oz _owie:

1990 EXPERIMENT EXPERIMENT [ e 3

- Data comparison and validation
of codes

[5] Lenci, Giancarlo, and Emilio Baglietto. "A Structure- [6] Tanaka, Nobukazu, et al. "Prediction method for
Based Approach for Topological Resolution of Coherent  thermal stratification in a reactor vessel." Nuclear
Turbulence: Overview and Demonstration." 16th Int. Top. engineering and design 120.2-3 (1990): 395-402.
Meet. Nucl. React. Therm. Hydraul (2015): 1-14.
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Flow Rate Comparison

TSTF Flow Meter Data (2.5-22.5 gpm)
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Moving Magnet Pump

'~ Carbon Steel Back-Iron

316SS Magnet Holder

B
(V)
o2 %C

Static Magnets
316SS Retainer
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MMP Efficiency vs Pressure vs Flow Rate Efficiency
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[1] M. Hvasta, Designing & Optimizing a Moving Magnet Pump for Liquid Sodium Systems, University of Wisconsin PhD
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Electromagnetic Flowmeters

* Permanent magnet flowmeters induce a voltage via
Lorentz force which correlates to flow rate

» Theoretical equation predicts flowrate as a function of
hydraulic diameter, magnetic field, induced voltage
and a series of temperature and geometric scaling
functions (K1, K2, K3).

7TDH . Vm
4B K K,K;

Q:

 Micromotion FO25A Coriolis flowmeter used to find a fit
for theoretical to actual flow rate

Cold Side Flowmeter , Hot Side Flowmeter
g y=1471*x = | y=1458%x
= 2 E 2_
;1 5 | R™=0.997 SR | R™=0.998
= z
;f, 1.5¢ § 15}
= 2
= 2
= E
2 0.5 E 0.5 v 200°C
= 05} S 05F o
E N S 260°C
ﬁ & 2 300°C
= 0 . 0 . !
0 1 2 0 1 2

Coriolis Flowmeter [L/min] Coriolis Flowmeter [L/min]




Optical Fiber Level Sensor Overview

» Continuous level sensor consisting of
high resolution optlcgl 1;!ber " Optical Fiber Inlet
temperature sensor in-line wit Electrically Insulated

heater _ o _ Copper Standoff Wire
e Local convection coefficient of fluid

surrounding probe dictates

Cover Gas Fill Port ——_

temperature profile with heater on Optical Fiber in Capillary —
» Tested successfully in nitrate salt Electricallv Insulated
0 o ectrically Insulate
(60/4.0/0 NaN(.)g.,KNO?,) up to 400°C Nickel Heating Wire ™
» Obtained provisional patent and
journal article accepted for Sheath w/ MgO Potting —~
publication Temperature
Convection vs Temperature ; >
or— I — - Heater off .o
g | )
S , — Heater on -5
10°% ; e e g : hf>hg GaS: hg :
o [=Nitrate Salt===— A Fluid: h,
E:IE -—--T,-T =100°C
=3 ———TS-Tm=50°C -
=107k —T,-To=10°C }
s = e A =sms e === S

10!
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Optical Fiber Level Sensor capillary tensioning system
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Optical Fiber Level Sensor Theory of Operation

e Computer algorithm continuously —Ts g
acquires temperature data from ,
heated probe. L I— fi-1
« Numerical solutions for g‘;‘;;’:*‘_—,[za— T,  Gas:
theoretical probe temperature . I_ - Ten,gs hg
given gas and fluid temperature ‘1
and power input to heater solved. . Fluid:
Correlations for heated cylinder | T. - R
used to find convection I i
coefficient.
. Temperature vs Position
Raj = gL’p (75 — T) Nu L.nc — E T Finr Tempersture
/Y k Theoretical Curve

m— Actual Level
500 || = = Measured Level

 Theoretical 1D temperature
profile fit to optical fiber data by
finding least squared residuals

Temperature [°C]

Above Fluid
—

400 — :
20 25 30
Position Along Level Probe [cm]
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Optical Fiber Level Sensor

 Test results for optical _ Level Probe Depth vs Time, 400 °C [ inear Transducer
fiber temperature sensor Risng . Optical Fibier Tn
. . alling
In nitrate salt at 280°C 15} Level Level Heater Power In
and 400°C with 20 watt &
heater £ Translating Level
3 Sensor Mount
e Accuracy of 1.7 mm* " s ensor Aoun
. X Probe Measured
 Response time as low Actual

as 5.3s 0 500 1000 1500 2000
Time [sec]

. Probe Measurement Response
Probe Measured vs Actual Fluid Level

20 to Step Change in Level

—_ Qenfumn _ _ _ _ _ _
E ® 280 °C Salt ’ Y ,/ - I o}
D | | A 400 °C Salt ! A Probe (Rising)
S 15 % sl ﬁfabo C — Ad TRR) Molten Salt
) 5 .
o o« e [ A O Probe (Falling) Test Vessel
o S, ‘ CQ{-D — — Actual (Falling)
9 /. B l o
2 2 o Y K =53s
&L 5 s o 1o rise
3 & 05| Tﬁtf’di‘qxp
© &« | | Tean~ 2218 2
O™ . 00 A MV oFoon,

0 5 10 15 20 ! : ‘ ;

0 10 20 30 40

Actual Fluid Level [cm] Time [sec]




Continuous precision level sensing

» Continuous level sensing or thermal Optlcal Fiber Inlet
conductivity in high temperature fluid/solid .
use of optical fiber level sensor EleCtrlcally Insulat_ed
« Optical fiber temperature sensor running COpper Standoff Wire
tangential to heating wire may diagnose
convection coefficient at level sensor surface. Cover Gas Fill Port ——_,
» Free convection coefficient may be
theoretically determined by calculating Optical Fiber in Capillary .

Rayleigh number and using correlations
provided in literature to find Nusselt number?!

gLSﬁ(Ts - Too) EL
a= Nu=—
V-ea k

Electrically Insulated
Nickel Heating Wire T

* Using heater power and calculated free
convection coefficient a theoretical
temperature profile may be determined

Sheath w/ MgO Potting —

numerically and fit to actual fiber data to Temperature
determine level position I !
I — - Heater off ~
. a 5]
Temperature vs Position —
o P S I Heater on .=
+ L
s Fiber Temperature V 7 I hf > hg Gas: hg m
s Theoretical Curve n? = =
500 | .
— Actual Level .
Fluid: by
—_ == == Calculated Level
O
g 450 | ¥ ~
©
—_ PTO/AIASS (03-13)
8_ Approved for use through 01/31/2014, OMB 0651-0032
U5, Patent and Trademark Office; U.S, CEPARTMENT OF COMMERCE
GE) 400 Under the Paperwork Reduction Act of 1995 no porsons arg reguired o respond Lo a ¢ ion of inf 11 unless it displays a valid OMB control number
k) ' . UTILITY Attorney Docket No. 1512.582 (P170028US502)
Below Fluid Above Fluid First Named Inventor | Mark Harlan Anderson
PATENT APPLICATION
H % TRANSMF'TAL Title Optical Fiber Thermal Property Probe
0 0 ]_(.) 2(.) 3.0 4(.) [Binly for new nonpravisional appiications under 17 EFR 1.53(b)) Express Mail Lobel No. | EFS-WEB J

N worked with WARF to file patent
Position Along Level Probe [cm] . .
WISCONSIN 1. Nellis, Klein, Heat Transfer, 2009
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Optical Fiber Level Sensor, Results In

Salt

Linear Transducer

Optical Fiber In

Heater Power In

Level Sensor Mount
Translated w/ Worm Gear

Molten Salt Vessel

(W)

X
<o
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Calculated Fluid Level [cm]

Level Probe Depth vs Time

280 °C Salt, 20 Watt Heater Power
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