An Experimental Study on the Insulation
Effect of Thermal Radiation Shielding within a
Metal Containment Vessel of Small Modular
Reactors

Speaker: Beomjin Jeong
Advisor: Prof. Sung Joong Kim

Advanced Thermal-Hydraulic Engineering for Nuclear Application Lab.

Department of Nuclear Engineering, Hanyang University

May 10t 2024

301, ICC JEJU, Jeju, Korea

REIDE O RN
RN i ‘;
C RN

TR ) e



CONTENTS

* Introduction

* Methodology

 Results and discussions

 Conclusion 0 y,\’

%
aarlei |

‘%\""l‘

N
R
e N\

%,
i

EREN = =
) : S
o
L —
(e

{
A 4 ’ \\
o~

¢

= ol ¢
{’4‘: :

W FE
=}



Introduction ATHENA

SMR: definition & features

0 SMR: Advanced Reactors to produce up to 300 MWe.

[ russia  EERVETT SVBR-100 VBER-300 RITM-200  UNITERM
ELENA KLT-40S BREST300-OD  VVER-300 ABVE-M SHELF
e mmase = Features of SMR
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= Modular operation

mPower

NuScal . . .
= . & = Site selection flexibility
SMR-160 NG CHINA ) )
EM! K \JSZ/‘ o P o w [ HTR-PM ACPRS0S » Reduced construction time
GT-MHR i S } ¢ )
SUPERSTAR SRR A
Xe-100 : é\*b)b L_{, % i
e (’) Y .» 1o, O Developing i-SMR in Korea (170 MWe)
\\i ‘) EEe A I &) PR G </ . .
Wi M, R |\ » Standard design in progress (2024~)
HTMR-100 v
CAREM-25 ; PBMR-400 T
o

HANYANG
” UNIVERSITY




Introduction

ATHENA

Background of study on heat transfer behavior in the MG\

Metal

Containment 0

Vessel y ‘

(I\/ICV) ! Pressurizer

| i, Reactor Coolant
e : Pump
tj = Superheated
Steam

Steam Generator

Control Rod Drive

Mechanism
ﬁ‘ Feedwater

g -

Core
@ Reactor Vessel

2) https://lwww.iaea.org/newscenter/news/what-are-small-modular-reactors-smrs

O Enhance passive safety

O Defense in depth strategy barriers

O Acting as a heat sink in an accident

- Reducing the likelihood of serious
accidents
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Introduction ATHENA

Background of study on heat transfer behavior in the V&N

Absence of insulation
for smooth recirculation

Increase heat-loss in normal operation

CV . .
Y MCV 1 Absence of insulation can
31 % EDV PR PR
reduce reactor efficienc
PZR RPV PV o W y
NP
Reactor
Pressure NS

Vessel

AN O Apply avacuum to the gap to
' limit heat loss due to convection

(J Need to assess for heat loss
due to radiation
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Introduction ATHENA

Motivation

Heat loss of i-SMR in normal operation How to reduce radiative heat loss?

Il Convective heat transfer rate [Jill Radiative heat transfer rate

Experimental apparatus in literature research,

700 | .
EGOO - i
=,
()
E 0T 621 604 505 611 605 ]
2.0 | B w B o sl | Max radiative
7 L -
(= 96% 86% 73% 93% 87%
g 7 i U i heat transfer
+ 300 - ;
i In vacuum
5—9 200 -
S

100 |- ]

0
Vacuum Air Carbon Argon  Nitrogen
dioxide

(CFD) Heat transfer mechanism (a) cylindrical enclosure  (b) radiation shielding

S =
Thermal radiation is dominant == Solution: Thermal Radiation shielding

D ANALY OF RADIATIVE HEA RANSFER BETWEEN REACTOR PR
- Y WRM}I‘E Egé ?_ng 023 Inte, na aga 0585%88 on Advances in Nuclear Power Plantsin conjunction with 38t e
om|c ower nnua onierence, Gyeongju, ou‘th orea, Apri
2) Mohammad Sadegh Motaghedi Barfarqush, Sevfolah Saedodin, Heat transfer reductian betwee o finjite concentric cvlinders using.radiation shield
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Introduction ATHENA

Objectives
- 1. Heat trqnsfer 5 2. Effect of thermal radiation shielding — 3. Effective variables of thermal radiation shielding -
mechanism
-Con\llectiveheatllransferratel-Radialtiveheattra,nsferrale / h . Id . / h . Id Mat el'l al 1 Mat erl al 1 Mat erl al 2
— wio shietding wi shielding Diameter 1 Diameter 2 Diameter 2

.

Total heat transfer rate [kW]
s
o
o

33888t

-~ 3 o )
| EEEEE T 1 x\"’""‘/x
. Validate ! Nl %
' by experiment | = _ o  .
S —— i | : | | . |
Different diameter Different Imaterial
7 (heat transfer area) (emissivity)
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Methodology

Experimental setup

Design of i-SMR to Experimental setup

ATHENA

ATVZANNARNARNANY

AR WNIN
AN

r = 1
J Set Point

® Measurement Point (by TC) ® Measurement Point (by

1-{320.7C) |

® TGas,M iddle

e TGas,Lower

. Region of interest

- Pressurizer
(] Reactor Pressure Vessel

—> Cartridge heater-Al conductor
0 Metal Containment Vessel

- Chamber
O Tightly sealed by flanges

- For vacuum experiment
U Heat loss of chamber wall
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Methodology

Experimental setup

Design factor

ATHENA

by

Ratio scale

View factor: The proportion of the radiation which
leaves surface 1 that strikes surface 2.

/ A N 1 /o

1

[ Ratio scale of the experimental setup ]

e

View factor
(i—SMR)

0.273

temperature pressure

1

Radiative heat transfer considering the view factor

Q152 = AyF, 10(T1* — T

View factor calculation for two cylinders
R4

Fy_ 4= R,

F,1:view factor
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Methodology ATHENA

Experimental setup

Thermocouple

- Biamiat transfer area)
DC Power Supply
1 .t‘ (]

Data Acquisition System

Design of the thermal radiation shielding Schematic of experimental setup —
Material (emissivity) Diameter (heat transfer area) e - - Vacuum gauge
[ ; I 4 :
[ S S S S S S S Y R S S S S S S S S S S [ UL U DS .U VO S NS . .S U U . . WP DA U U, SN U WO, S BN, ., B 1
Al-400 $5304-400 # I ! 3 P
Al-200 ! o - ¥ = !
Al shielding (£:0.04) S$S304 shielding (€: 0.1) Diameter: 200 mm : - -2 - : . ‘aé‘
s R et : ‘ B Resistance
] ! Temperature
: Detector
i -
] =
i = g
E A '"'ﬁ
i
1
1
1
1

Thickness: 0.2~0.3 mm 1/3
Height: 520 mm
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Methodology

Test matrix

Experimental method

ATHENA

=

| — -

DN | = W:t: -
= r‘» oF = -
Power input

Mimicking a temperature of
the pressurizer part by heater assembly

Test matrix

Heater : - -
Ambient |(Pressur . Shielding [Shielding
Test Name TempeeraturTemperatur Gap condition diameter | material

Background
conduction case

Base case - -
320 °C 18 °C 0.07 bar
Al-400 400 mm Al
SS304-400

« Steady state experiment

 Repeat 3 times each

« Evaluate heat loss by heater input

Insulator+Vacuum -

400 mm SS304

11

& HANYANG
2 UNIVERSITY



Methodology ATHENA

Test matrix

Heater T : 320 °C

Test matrix | Ambient T: 18 °C _

dominant?

I
I
: ~o Chamber P : 0.07 bar
\\
: \~ Test Name Gap condition Shielding Shielding
[ ~ diameter material
: 1 Background : I I ny
: | conduction case! ™Y LIRS
1 I
: | Basecase ! Vacuum - -
| 1
| -- g
— ’
: Only Conduction ! A
I " ’
| Base case | ,"'
: I

! I
! ]
! I
if :

‘ I
I . . ..
: ] > Prellmlnary experiment Is radiation
' ]
! ]
! I
! I
! I
! ]
" I

Cond. + Rad.
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ATHENA
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Methodology ATHENA

Test matrix

Heater T : 320 °C
| Ambient T: 18 °C
Chamber P : 0.07 bar

Test matrix

Al-400 SS304-400

Al shielding (£:0.04) SS304 shielding (g: 0.1) Shieldi.ng
|m_ diameter material

mrrr—————
Al-400 : Vacuum 400 mm Al
1
1
SS304-400 | Vacuum 400 mm SS304
______________ 1
L o . . B
_________________________________________ » Shielding variables experiment Emissivity
= Material

14
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Methodology ATHENA

Test matrix

Heater T : 320 °C

P R . o
B B Test matrix | Ambient T: 18 °C —
1 Al-400 Al-200 AN Chamber P : 0.07 bar
i Diameter: 400 mm Diameter: 200 mm i \\\ —— ——e
I : I \ diameter material

I NN NN § N NNNNNNN [ ST NNNNNNNY N £ ANY [ ANN § N RNNNNNNY D I S
i | AN~ a0 | (1 MI e ] P I \\
| . | 3
I g % I \
: 2@ ; ‘ﬁ b i : \\
| | A
I Z/Z ;” I I pmmmm ey
| g?g g?g ! : . Al200 | Vacuum 200 mm Al
l 21 Z/g | ' | '

z z l
: g’; é’é I ! i Al-400 : Vacuum 400 mm Al
i ?’5 ?’? ! : ST I
I 2lz ziz | I /

ge giE
I 212 ziz | ' /
| i gl2 T
[ I 154
: /\ _ ?\/ : ,/,

4
1 17 . . . .
- ” > Shielding variables experiment Heat transfer
area
= Diameter
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Results and discussions ATHENA

Preliminary experiments: Heat transfer mechanism

[ Heat loss of Background conduction and Base cas

Background conduction case Base case
I Radiation
350 — 350 r .
i —&— Height: +250 mm —&— Height: +250 mm - Conduct[on
—h— He?ght: Center (0 mm) _-_:: —h— He?ght: Center (0 mm) 400 -
300 _ —&— Height: -250 mm 300 _ —4— Height: -250 mm 338.53
MCVinner +@ MCVinner +@ TYRT)
— — o -— - .
:Q-; 250 :.:_::_:_ -MCVouterH 8 250 :.:::__ MCV t ; 300 (57.360/0)
S ol ( ® o0l ( =1
S 200 (v S5 200 v a
g | : g | : 2 Radiation i -
5 5 = adiation is Dominant
@ " 2l center @ " 2l center
S 150} Heatercent & 150 |- Heatercent S 200 -
i i ©
& /] '—’He aterouter & /] H He aterouter @
100 pi—— 100 pl—— T
_ _ 144.34 144.34
50 il s0 il Sl (100%) (42.64%)
~ &> Conductorouer _ ~ &> Conductorouter
0 g . 1 . 1 : L 0 g . 1 . 1 : I
0 50 100 150 200 0 50 100 150 200 0
[ Temperature according to distance from the center ] Background conduction Base case
16
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Results and discussions

Experimental results: Thermal radiation shielding effect

Temperature (C)

350

300

250

200

150 |/

100 |

50

Temperature (C)

Base case
l/ —&— Height: +250 mm
—A— Height: Center (0 mm)
/// —&— Height: -250 mm
_ MCVinner +®
.. MCVouter @
7 v
._"""' Heater center
HHeaterouter
7 T—> Conductorouter _
o . I I . I
0 50 100 150 200

350

300

250

200

150

100

50

0

Al-400

H’ Heater center

-H Heaterouter

—— Height: +250 mm
—A— Height: Center (0 mm)
—&— Height: -250 mm

MCVinnerH
MCVouterH

0
\_

;?T-’ Conductorouter _
A y Z-E| . | | ) L
0 50 100 150 200

[ Temperature according to distance from the center ]

Heater Input (W)

ATHENA

[ Heat loss of Base case and Al-400 ]

400 -

I Radiation

I Conduction

w

o

o
]

N

o

o
l

100 +

338.53

(57.36%)

Base case
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Results and discussions ATHENA

Experimental results: Depending on the shielding varagies

[ Heat loss according to type of shielding]
400

o o - |

pe of shieldin

Heat loss reduction i I Radiation Heat loss increase
~3% 350 - - Szgf;iuctlon ~10%
i 183.04 | K
300 | 289.11 _,(:3%) _ - (55.91%) i Al-400 $S304-400
I 144.77 - : — —
= ) :0.04 :0.1
: ’ 5250 B (50.07%) (51.41%) i Al shielding (g ) - $5304 shielding (g )
5'“‘“\“!&\‘.“!!\“§VW 1 '.- \—-L
e e R vz -;5:- i i
£ 200 : -
-— 1 - l
B 150 | | e
T i 144.34 144.34 144.34 ) -
(49.93%) (48.59%) (44.09%) i syl
100 ! 3
i |
50 | i | :
L e )
0 | L.
i Al-200 Al-400 ! S$S304-400 ! Due to emissivity
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Conclusion ATHENA

Summary and conclusion

» Summary
» Preliminary experiment
“Radiation is dominant”

= Effect of radiation shielding experiment
— Shielding reduced heat loss about 12%.

= Effective variables of radiation shielding experiment i
— Heat loss of Al shielding is 10% lower than SS304 shielding.
— 200 mm shielding is 3% lower than 400 mm shielding. T R T

1 E 1
| | Diameter: 400 mm Diameter: 200 mm ',: | Al shielding (£:0.04) $S304 shielding (e: 0.1) |}
1 . ° . ° H d i
: 7NN Y NN W R A Y i a7, HETEIn Te) : :
1 = = = o E— "
1 [
1 - \C . L]
: a i ui| n} :

M -

n

» Conclusion
= Suggest applying thermal radiation shielding for the efficient SMR
= Reducing emissivity using surface modification methods is also worth considering

19
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Appendix

Steady state experiment

3600sec

<>

350 ¥

Heater "

300 i

¥
< 250 t n
> i >
5 00F i 3
® ¥ ®
2 Bulk ¥ 2

- 1
g 150 1 g
+ i |—

100 F L]

Flange i

50 e — ——

MCV ii

[

0 I | I I | L

0 10 20 30 40 50 60
Time (hour)

[Measurements over the entire experiment time]
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3600sec

325

X Heater
320

| 5
315
0. Reached steady state .
150 Bul
120
90 - Flange

- MCV

L | " 1 L | L 1 A |
0 600 1200 1800 2400 3000 3600
Time (sec)

[Steady state for 3600 seconds]: Max-Min < 0.5 °C
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