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Analysis of spray sodium fire phenomena in the containment vessel
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ABSTRACT

A hypothetical accident in the containment vessel of liquid metal reactor could cause a pressure,
temperature rise, and a strong aerosol release. The computer codes relating to the modelization of these
accident make it necessary to use various input parameter, among which is the dynamic shape factor of
aerosols produced. Combustion experiments of sodium spray fire carried out in a closed vessel, which
was vertical cylinder made of 1.2m in diameter and 1.8m hight with a volume of 1. 7m® The results of
theoretical analysis presented here was compared to data obtained from experiments.

The experimental results were summarized as follows.

1) The aerodynamic diameter and geometric diameter of aerosols are decreasmg with increasing of
injection pressure and injection temperature of sodium
2) The dynamic shape factor of aerosol is proportional to the aerodynamic diameter for a given particle.
3) The correspondence between the aerodynamic diameter and geometric diameter can be as D,=0.70
Dge-
4) Peak pressure rose with increase in pressure and temperature of injection sodium, being more
sensitive to the injection pressure than the injection temperature.
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Fig. 1 Schematic diagram of experimental apparatus for sodium spray fire

7] Y3} 58 ZA%o JEE A EAS Teotst
71 918 FR o)y, WA 120cm, %£720] 180cm(9
E29)=115cm), 9 1.7m%S) 9538 JYE
Fol 2% Ry I AP s FHL£9H
(5Kg/cm?) B HALZ(500C)N 2# 7mme
STS 342 AAAL, ANPL7]Y REEZE 93}
o 3Kg/em?2 2R Y AHPEI A Fo] o}
AEE7] el AAs] e HolZe FR2
e ARG 2", BEY A gAY
YEE FY lineddl, To]Z& 500W<] cable
heater?} TEA ) o) dAH 2x=2 71g B
gt}

UJEE AZYAGHE 429 34 YEFS
180T 7HA 7tE 3t S-§4euE e F udg
B3te FFHAz olFsle FA et} HFHY=a
2 AHEHE dume A% 60cm, ¥°) 88cmlHl
A7lof AR YEFY F2 o 200kgolt}. o1&
20C A 180T AR 7Hdsted Bele Ale 7
Aoz &o 5.2Kwd#He 7tdrigt Azt
A 5o} glov B9 ARoe H3l plugE ©l
/3 level AA7]7F H&F o] 9ok, aglx A

W F71e fFadAE AT d43F 2 wr1AA

82

(bubbler or lute)& A3}k

UEE FFHIE AA AN o|$3td AF
5ol A& 20T JEFS 4g=20 €od
=R 7tE3Eted REg&7)o FFete FAEA
500Ce HdALE9 34948 5Kg/em®2 3l
4mme] STS 304 A&FeP. "#azazle 974
40cm, Z°] 60cmz ¥-37} 49, 480cm®Ad Y EH
< AR 75% ALohA 2 FS 9 35Kgol
AP 2.8Kw €39 7171 AN 45
5ol o FFeAL ARoE= A3 plugE o
€% level AAIZI7} H3ts o] Uk, a8 23
W F71Y FUERE A% AL 9w
(bubbler or lute)E A x}& %t

N2 2EAATS FVIGEV], Aivbxe
ojitsleth AT, E¥HI 181 FEA ¢
FHFAR FAS JEF A A=A
AE g7 ArFEE 0~2mol% 9] HeiZ =
A = AA sk

Ag FHAAE YEF SAAHA AP LY
A FH3 Ml 42 2 LY ¥HE A
A%E 2 o2& 7] W3l E gAY g 3
g3t} A3y, ol ZHAZE HFHA AR

Joumnal of KIS Vol, 11, No. 2, June '%



Mgl 4tA SAFRAE SALEA w47
Hel drwe HSE A7) 43 FH2A 7}
25 ANEAMF 7] 4% ¢HIE, JEF o9
2EE A%t 2409 filter, AAMNE 53
7] 98 7128 WGAA FE cold trap, A1E &7
el Atawn WsE EXe da EX77 4
AE A g2 adx 4 @AY G272 FAH
o] Atk 2xot e E2AFA = LA
&7 7tie SREEE A3 8N
@09 portel]l ol A HAANE FAlA F4,
Ugo] FAFHHA &0 28 23S
He]&= vl= Conax buffaloAl?] multi-probe ther-
mocouple assembly® %¥ dE 7] (pressure
transducer) & AH&-3tATh 53] oojgE &3 &
AF AR A FAe 27 H RiE oo
2E AAE & 2 widgo s 7tz g e 9
oA AHET = ALFE =Hof ek F AP 47
HA X EE FUY7HA 20em HAo 2 A AH, 4
BrZoM olglFo = 20ecmtE e Al A 5 =
T 9Ro A A A7} 73 EE dAskEd.
A&7} BExpete ©e 1905 2dHQde s ~Y g
o|ZE olgSHL, & AsAHH TAEE 1/4%
2] HE dAsle] dte EUET HojFra 4Y
T F ARE U Aoz E gAY A
X & light diffraction$} light scattering®] 2
o] &3 APIAHUSA)S AEF(ndw AEROSIZ-
ER Mach 2)& A} &t}

Control panele HEF A A ML kdstn &
EHOZ F] Y8 AHERZREH Y4 A
g7t A9 oA F Aol VES 3 2w
9 59 YEEF /MEARNES gAHLERE A
st W87, JEF 8 % AFdz9 A7
ZRE A" 2, 48 5§ dF@sid Yz
vetetn A3g JPAFIHA v g Aol thu)s}7)
A FA2A FHY 29X B 25 47
el )X 2FHe 12709 PID =244 11
g1 2% A4 olatillA FAEHE air pumpst
LAY ojdfA AR & NPELY) &
AX7F Yov dA JEE FFZ2AE 1749 &
TUH, FU|AE719 2y AFTHE AY29H
7F Stk AAAIZE 12709 PID 222849 &
ZAAA, AEEr] B o) dAd™
HHRAA, 7t2 2AATY 54, A3

SR UPHsEX] A M2S ‘%4 68

L7 |HM- 2R UEESIA 34 o4

AF Ad £47] 28)a 393N YEF &
5 EAShe 3709 EAIRoel Uk

2.2 AEwY

BEF Agz GEF QololE 4UF 9L
¥ AZYLE FFAA UEF APEE AT
2 ¥ g A4 haE FY%el YES ARz

#eo] 15psi AE2 wrETh I o wigR, 4
EF A%z 9 3FZRE 7T 180TAA A
3] 7HEeteA FIFHEE FEAA dFyer
e A4 728 A FYste] 4ES 15psi A
=2 geth YEF AZzd FY9F JEF
$88 AAL=(UF 180C)7HA 7o) ¢
HY 180T7HA] d e WA FE F3to Fa 7}
29 gtgoz A FGA (e 180T) YEF FF
Z2 ol¢gth UYEF FF2d ol$dE £% 4
EEFS 4dzdd 888 27tz 7tgdA g
7tE3t7] Aol AlEE 7ihol 5 2484 nozde
£ AXNT T T/ 2E ASS FEAA AF L7
el 3 (15psi)# Atae] BEF 4EFA 2
ot B5E A4 vAREE 9 & A
= %48 samplingZ %, video camera, A& Y
A ABE AFAIIHEAM BBE du YEF
FAAAL. JEE 9 =5 A% 8]
AEE ASAA AP 87N hEids], Aba
=usl, SEEE 2 Joj2E 7] Wil &
o, 49 98 F, Ag47UE AFes @
A4 E FYAMNA 15psig THE ©-3o] Zo)e
Il SAE FZ718 A3 FAAA vE
< NaOH 49 Jelg AMAANA A3t

Z

ol

K

A

i o:_ il ol off 1Y mo R off

UEE #59 34 84 482 4749 1.2mm

50081 % ==& 3 85 UE
FE FY AA YA YEFIA oo
2E dRarl 9 EXE R8s AP Fa
Hes UER FYes, JES 2A9E 2 4
7 Solth. AFLxE 30004 350T 7R o W9
ReH, 7t exdM FF B39 mF9] 2xv}
LA H=E Yt JEF BARES 30, 40, 50
2 60psi2 WA o, o] gt wet yEF

of BAR=EOIN ETHE Y4T UEF G50

83



ZHY, BN, LY

gebdr}, A 32 e 20%94 $YsHm, o
o2& A AEAH AN BE7] FU
A ZAA. $H SHALL ooz E Age
Al i SR8 Haon, 3 ¥ 208 HHom
LY L7 WF ool T/} #4472 &4 7}
T %} 1INAA ZAAC

3. o2t % a@

3.1 UEESK HUZRE 4

Fig. 2& €& YEF FUE/ 320C4d UE
F 7Y 988 eSS R st YESHA o]
229 A5 $8% aerodynamic diameter$}
UEFSHA odle]2& AA FQAIFE geomet-
ric diameter®] 3FA7|E Alztel wel Bl F3
Ak, JEFSA A2 ZE9 aerodynamic dia-
meter®} geometric diameter?] HEI7= £§ W
EF 79 984 v ZAse Aoz ey
t. 278 A5 4N Fa8 A EF
oA B5 el & AdEe 27 AR
71 o8] Be JEe wE Aoz A4 ¢ A
. BF xEdA A3 43 27le 2RxEY
7t 22 F¢ EERAN AP g2 8
F Itk B ATdME Heslerol 98 AAg o

S

»

Mean diameter of aerosol, m
w

N

0 10 20 30 40 50 €0 70
Measuring time, min

Fig. 2 Effect of injection pressure on aerosol mean
diameter (Black~aerodynamic diameter,
white-geometric diameter)

84

23 2L oz BEAFY =279 JEFESA
dojzZel #AAE AW BoAHTH,

027
) (Rep)-0.75 (1)

Diaar=1.6 X107

#Uo
& 714 Dy,ay=droplet average diameter, cm
6 =surface tension of sodium, dyne/cm
#  =viscosity of sodium, cP
Uy =velocity in nozzle, m/sec

Re, =Reynolds number in pipe
2(1)& ol &std EF=SoH WA= AF
#2718 dF8E 227t 2o JEFY 49
32 B4 EL 2o YAHE BRddar]e
o] Lol A Reynolds9} =Fol A £F&£22] ¢
F2 A4 At wEdA JEFY FALH
o] Z713tH mZdA £§ YEFY £E9 Rey-
noldsT7F E7RlRg B4He d8ars da
g Aoz dZEn, oz A YEFIA w4
Al AREE doj2E A7) w3 FAde AL
2 AZEoh. & Alzke) Aps) ol whe) oo}
2% 9] aerodynamic diameter®} geometric diameter
o FA77t Fadte AL dojzE:y Fxd
2] §A ddcoalescence) Bt} o] 29 A7
(sedimentation)ol] 913+ AP A o] xu¥QA &

< 37 gEA Aoz AAY F sidh
Fig. 3& 88§ YEF ¢ o] 40psid o }

5
® O 300C
Az O 320C
3 A A 30T
3
Bal
£
B
g | e Tl
: -
E2Fa T
- B
g
L
A ..
“—a
0 1 1 L ’ - !

0 10 20 30 40 50 60 70
Measuring time, min

Fig. 3 Effect of injection temperature on aerosol mean
diameter (Black-aerodynamic diameter,
white-geometric diameter)

Joumal of KIS Vol. 11, No. 2, June "%



EE 79 2 & SR st YEESHA o
N2 Z9 aerodynamic diameter$}t geometric dia-
meter®] HFA7|E A|Ttol| whel B 31 gl
UYEFESA o2& aerodynamic diametere}
geometric diameter®] #7437+ &8 HEF F
Y =7 wobgol met Zadhe Aoz vEh
o} ol¢} T AFL YEF FdF8H B
59 2% &EAAA 71 Aoz Az
g dFAEd 93 &4 JEFY U, A
X, ¥9AEe eyt ZUstd 4t Ba
ol U0, asjmg ol & EAA W}
FRE=EA &§ YEF £5E o 28 ¢4¥
oM =7t EEFE AL AFE WAIA HA
dol2& Ao AF %S F71 GED A=
AZret,

Fig. 4= YEEHA JoJ2Z9 aerodynamic
diameter®} geometric diameter?] AE HaF1
At aerodynamic diameter®} geometric diameter
o] FAZE AP Aolgte AL doj2EY R
U= (apparent density)7} olo]2& =79 &3
< AL v

5

(2] o>
T T

Aerodynamic diameter, m
N
T

Geometric diameter, gm
Fig. 4 Aerodynamic diameter vs. Geometric diameter
Fig. 55 YE&ZA Ao]2£9 aerodynamic
diameter$} dynamic shape factor] A& B F

2 ok BfEY dE dolzE dxte AL
% (sedimentation velocity)&= olol2 &9 2%, 2

SIRAYNEX| HNA H2S ' 68

HEB|UUM 22 UEEAT By Y

Dynamic shape factor

0 L 1 ! 1
1 2 3 4 5 8

Aerodynamic diameter, pm

Fig. 5 Dynamic shape factor in terms of aerodynamic
diameter

71 S 3% don T3 AR spherical parti-
ce)ql ASE e 2AAN A7 |WY 2 &
e BNE F dAT, ¥TFE A non-spheri-
cal particle)?) 73-%-= dynamic shape factorg& =%
st} 4 4 Ak dynamic shape factore ¥l
8 g7t ofd MAGM HH &5, Vi2 £
A o ¥E drag forced}t & ¥ & ZE 7EY
A7t 2 FAREER A W 2E dH(dag
force) el HlgZ AHolgr,
o D?..C(Dge)
=B ST (2)
£oD%,.C(Dae)
o714 Py,  =unit density, lg/em®
Dge =geometric diameter
D, =aerodynamic diameter
C(D) =Cunningham slip correction factor
B AFMx 2(2)E o] &3l dynamic shape
factorZ TR Fig. 5914 & 4 A= A 2
o] YEE 3} ollo] 2% 9] aerodynamic diametero]
27}8l42 dynamic shape factor?] k= Z7}314
th oj¢} e AF A= M. Barbe-le Borgne®
A tte ATAEY] AFEHdE Aot v
= AoZ B AFdA HAF qeizE] A7|7t

zd geg A7 dojzEe 27](2umel

sHed =7 & Rozw Aztgct. 8y
M. Barbe-le Borgne= ¥ 79 vl&g A7 2

85



T, AN, gYe]

#HE B YT,

3.24g 7| 25 ¥ o 84

Fig. 62 UYEF FU2: 2 27ILFEES
242k 330C, 2lmol% 2 YA A FAAF 2 F¢
He UYEF 4 40psi2 3 SPRAY-3 2=
B ANS Fgste) e AF2AQ 40psid) UE
59 dgolA 38 2Ead sing Ao
th Fig. 69 Altell w& 729 ¢4 wWsiel &
T=HEE A el 28 YEd vie} o]
AGgo 7t29 4EHH exe FA3 FU18
A7t A2, o9k Zol AFE7W 7h2=9
4 HFere FE A u$ F33 45
syt YEESY F490) 62 F FHHW F
3] Zasdte A FAE dHGdHE FAE 29
o] AZ £§ UEF] ithel F23] w339
7] 8 Aoz AR, FYHE YEF ¢
2 40psi®) A AIME k29 HOdE2 10
53psig® Ak 11.05psigst vl A F AA&H
a, A et APx7) vlad & dA)sigch 2
H} 259 Ao gHAE 2 Add £
o} APA 7L viwy EF 0|7t JeldE BAF1
gitt. ol RE] SPRAY-3ZE 9 dAY w9
FA.-Hgo] Wedrhe AL 4 4 Uth Fig. 7
o] A WE g7 Ha hEa A F
718 AP 28NN 1o FE uie) 2

12 250
10F @ O pressure 200
A A temperature

LT3 o
2 -1 150 g
g ef g
2 &
g 100 E
&, L =

2 - 50

0 1 1 L. ] 1 i 1 I L o

20 30 40 50 60 70 80 90
Measuring time, sec

Fig. 6 Pressure and temperature in reactor vessel
(Black-experimental value, white-calculated
value)

86

o] ¢ EFY BAIH] Skl wet shs
9 An e YAz FoHdt ok &
§ HESY dadolu 8go] 44 YEE 3
o Blesy] WEA Aoz Az wRHE
JEE 97 27k JEF A4 $58 AWshe
W F98 W)yl o] dshasy 47194
g AHgsted UES A4S THse) UEE 947
2718 ARste 2gsel S99 A A
e Mozt A4 $REL UEg d45g
AAFYsE Roldm BusD Uk o] A
G ES olgsel BF A4S 2HY ol
Aot ol F4e Hasar] As 284
2971004 BN, 1Y ES Aol 4
2@ )63 7018 ReE ] go] £2 uy
o We 494 ANt AgatelE Aol 9l
th 2 AFAE 2 4(1)L ol §ael UEg
A5 278 ARk AEIRON, FALol
FHE4E 44HE 47 gasgo. o
4 AHEE AR 2717 wele Hnd
3 uge wAst dee ¢ & ok

18 1.00
4 .95
15}
w 4 .90
'Z 14} 5]
= 48 E
& .
= ]
% 13k e ®
o o)
- {75 &
E 12 a
.70
1"
.65
or - .60
9 1 1, 1 L 1 .55
35 40 45 50 55 60 85

Injection pressure, psi

Fig. 7 Effect of injection pressure on peak pressure and
droplet size

Fig. 8& F{= =] ot Ag&rve] Fust
gt AdHe 9459 Z71F Jepda Uk F
Y 2%t ket Adgrie Hugky xd
Z7hed, ddarie Z4dth FRHE &8
GEFY exrt Asgtel wel AgEvIne vt
229 HuYy el Wi go] FYYH WA
B} A, ol FYHE 4 UEEY &5 A

Joumal of KIIS Vol. 11, Na. 2, June '%



-
-]
-
o
o

15+ - .95
14 - .80
2
1724
“m— J85 g
g £
2 .
@12 - .80 g
g 3
- 475 S
54 =
@ )
* 10F <4.70 A
8 .85
sl - .60
7 1 3 i 1 55
300 310 320 330 340

Temperature, C

Fig. 8 Effect of injection temperature on peak pressure
and droplet size

o]7} Hol &§ JEF EAA ¥
& B ol §§ YEFO| E&F
HASH JEE d4A9L g vlg 3

7] giol YEH FAE H4AE 5 A =

oMy FUEHE YEER 259 Fio] A

o He oz AAdrh

4d B
AR F&H2 4G&7oA 7HA e &%, ¢

-f% ¥ dojz &g LA o]
BAEE7] Y8 AFEH Z=e Be 9

T HQaE s, dojzEY ZYAAE o

s 5 ] 3}‘401‘4- 27 1.2m, ¥°] 1.8m, ¥ 7}

Lm*Q A gl i ERY e

@ o] A ‘:}"J—} 2 HdES 4k
28 YEF FY2xe FYgHo] T
F5, YEF3A] olo] 2 %9 aerodynamic dia-
meter?} geometric diameter®] BH# A7z Fa
=

2) YEFFA oloiZF 2] aerodynamic diameter
¢} geometric diameter®] &A% D,=0.70 D,
o]t}

3) VEE A oo]2F9] azerodynamic diameter
o] A7} F71E 42 olo] 2 & 9] dynamic
shape factor= & 78kch

4) &§ UYEFY FYP2L9 qFHo| FhE4E

2
s;a Hu

Sxiiiordatsix] HA H2S ‘% 6%

A42o|UolN 298 USRS 84 §M

AGE7 29 Hagdae HM3zez =
7bein], FQerrd FUtd o 2 4
S ook

o
ro

F o2

1) S. Jordan, Release of Fission Products from
Contaminated Sodium Fire, ISPRA Courses,
4, p. 1955, 1976.

2} Quarterly Technical Progress Report,
LMFBR Safety Programs, January-March
1971, AI-AEC-12992, Atomics International,
May 31, 1971.

3) E. Hines, A. Gemant and J. K. Kelley, How
Strong Must Reactor Housings be to Contain
Na-Air Reactions, Nucleonics, Vol. 14, No.
10, pp. 38~—41, 1956.

4) J.R. Humphreys Jr., Sodium-Air Reactions
as They Pertain to Reactor Safety and
Containment, Proceedings of Second Interna-
tional Conference on Peaceful Uses of Atomic
Energy, Geneva, Vol. 22, p. 177, 1958.

5) I.D. Gracie and ].]. Droher, A Study of
Sodium Fires, NAA-SR-4383 Atomics
International, October, 1960.

6) 1. Charak and F. A. Smith, Preliminary Eva-
luation of a Technique to Study Expulsion of
Sodium into Air, Proceedings of Conference
on Safety, Fuel and Core Design in Large
Fast Power Reactors, ANL-7120, p. 868,
Argonne National Laboratory, October, 1965.

7) E. Garelis and J. B. Nims, Sodium-Air Acci-
dent Study for a Sodium Cooled Reactor,
AECU-4164, Division of Technical Informa-
tion Extension, Oak Ridge, Tennessee, July
1959.

8) L. Baker and A.D. Tevebaugh, Sodium-Air
Reaction Calculations, Reactor Safety, Che-
mical Engineering Division Annual Report,
January-June 1965, ANL-7055, p. 208,
Argonne National Laboratory, October, 1965.

9) L. Leibowitz, Sodium-Air Reactions, Fast
Reactor Safety Studies, Chemical Engineer-

87



ZgE, AN, Yy

ing Division Semiannual Report January-June
1966, ANI.-7225, p. 201, Argonne National
Laboratory, June, 1966. (

10) L. Leibowitz, Calculations for the Sodium-
Air Reaction, Reactor Development Program
Progress Report June 1966, ANL-7230,
Argonne National Laboratory, 1966,

11) L. Leibowitz, Thermodynamic Equilibria in
Sodium-Air System, Journal Nuclear
Materials, Vol. 23, pp. 233~235, 1967.

12) T.S. Krolikowski, Violently Sprayed
Sodium-Air Reaction in an Enclosed
Volume, ANL-7472, 1968.

13) M. Silberberg, Spray Burning Experiments,
Annual Technical Progress Report, LMFBR
Safety Program, GFY 1971, AI-AEC-13006,
Atomics International, Sept. 15, 1971.

14) Quarterly Technical Progress Report,
LMFBR Safety Programs, January-March
1972, AI-AEC-13026, Atomics International,
May 1972 ’

15) W. Cherdron and S. Jordan, Physical and
Chemical Characterization of Sodium Fire
Aerosols, Proceedings of the LMFBR Safety
Topical Meeting, pp. M1-71-79, Lyon,
France, 1982,

16) J.R. Richard et al., Spontaneous Ignition
and Combustion of Sodium Droplets in Va-

nous Oxidizing Atmospheres at Atmospheric

Pressure, 12th Symposium on Combustion,
Paris, p. 39, 1969.

17} Quarterly Technical Progress Report,
LMFBR Safety Programs, July-September
1975, AI-ERDA-13161,
International, Nov. 1975.

18) F. Huber et al., Behavior of Sodium Fires
and Testing of Protective Systems,
K{K-1970, Karlesruhe Nuclear Research
Center, Apnl, 1974.

19) Annual Technical Progress Report, LMR
Safty Programs, AI-ERDA-13155, Atomics
International, 1975.

20) C.C. Addson, The Chemistry of the Liquid
Alkali Metals, John Wiley & Sons, pp. 1~
7, 1984.

21) G. Tarroni et al., Morphological analysis
and Evaluation of Dynamic shape Factor of
Particles Produced in a Real Scale Sodium
Fire, J. of Aerosol Sci., 20, 8, p. 1409,
1989.

22) M. Barbe-Le Borbne et al., Experimental
Determination of the Dynamic Shape Factor

Atomics

of the Primary Sodium Peroxide Aerosol, J.
of Aerosol Sci., 17, 1, p. 79, 1986.

23) S.T. Hwang et al., A Study on the Safety
Measures of LMR Coolant,
KAERI/RR-1378/93, pp. 61~118, 1994.

88

Joumal of KIIS Vol 11, Na. 2, June '%



