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Abstract-The behaviour of measured quantities (0.02 ml) of cold water (295 K) when injected into hot 
sodium (480-730 K) has been followed using high speed (5000 frames s- ‘) cink film. From the results, a 
model of the reaction system based on transient and steady state film boiling processes is constructed, and 
equations are established which enable the temperatures, rates ofreaction and life times of water droplets in 
hot sodium to be estimated. The application of the results to the sodium filled heat exchanger circuits of 

nuclear reactors is discussed. 

NOMENCLATURE 

radius of droplets dispersed in sodium 

[ml; 
specific heat of media 1,2 (Fig. 3) 
[Jkg-‘K-l]; 
inside diameter of syringe [m] ; 
height of droplet above hot surface 
(Appendix 3) [m] ; 
thermal conductivity of water-hydrogen 

mixture [Wm-‘K-l]; 
.H, thermal conductivities of water vapour and 

hydrogen respectively [W m-l K-l]; 
thermal conductivity of water vapour 
at 373K [Wm-‘K-l]; 
cavity radius on symmetrical model [m] ; 
radius of contact between droplet and 
hot surface [m] ; 
characteristic velocity [equation (7)] 

-1 
[ I> ms 

average vapour velocity out from gap h 
ms -1 

[ I> 
distance from interface [m] ; 
mutual diffusion coefficient of water 
vapour and hydrogen (Table Al) 

c 19 m2s-1 

ideal gas constant [8317 J kgmol-’ K-l]; 
latent heat of vaporisation of water 
[Lo + 2.5(373 - T,)] kJ kg- ‘. 
(L, = 2256.67 kJ kg- ‘); 
one atmosphere (1.01325 x 105Nmm2); 

vapour pressure at droplet surface 
(normalised to 1 atm); 
dimensionless quantities r/a, ut/a 

respectively ; 
temperature of bulk sodium [K] ; 
373K; 

droplet temperature [K] ; 
(0.02 x lO-‘j m3) volume of injected water; 

total volume of vapour generated [m3] ; 
evaporation rate [kg mol s- ‘1. 

Greek symbols 

NW,, thermal diffusivity of cold water 

[1.44x 10-7m2s-‘]; 

P L’> density defined by equation (A3.4) 

(Appendix 3) [kgme3] ; 

PW? density of cold water [ 1000 kg m- “I; 

P~,~, density of media 1,2 (Fig. 3); 

g, surface tension of cold water 

CO.075 N m- ‘1; 

P> average viscosity of the water-hydrogen 
mixture (Table Al) [Nsmm2]; 

I’, kinematic viscosity of cold water (295 K) 
[l.OlO x lo-6 m2 s- ‘1. 

1. INTRODUCTION 

WATER leaks into the sodium circuit of a secondary 
heat exchanger in a fast reactor can result in severe 

corrosion to adjacent plant surfaces, leading to exten- 
sive damage. Although details of the process remain to 
be settled, corrosion is known to be most intense at the 

sodium-water reaction interface [l]. It is important to 
know how much of the plant has been put at risk, and 
therefore how far round the sodium circuit water can 

be carried before being consumed. 

Substantial gaps in the present understanding of the 
basic parameters which control the reaction rate of 
water in sodium, however, hamper a precise evaluation 

of this problem. To gain a better insight into these 
factors, a series of experiments was carried out to 
measure the behaviour of known volumes of cold 
water when injected into hot sodium. The experimen- 
tal results and their interpretation in terms of heat 
fluxes and vapour films are described in Sections 2 and 
3. It is proposed that steady film boiling develops for 
the water-sodium interaction, and the consequences of 
this are examined in Sections 4 and 5. In particular, a 
simple model is constructed which allows estimates to 
be made of the lifetimes of water droplets immersed in 
hot sodium. 
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2. EXPERIMENTS AND RESLILTS 

The apparatus is shown in Fig. 1. After filling with 
dry argon. sodium (65 ml) in store A was melted and 
tittered through C into the quartz reaction vcsscl E. 

Water (0.02 ml at 295 K) was injected into the sodium 
as a stream of fine droplets liom syringe H. Vessel E 

was fitted with optical windows. and subsequent 

events were recorded on high speed (5000 frames s ’ ) 
tine film. 

E 

S-odwm 

FIG. I. Apparatus used to study the behaviour of tiater 
injected into liquid sodium. 

At temperatures between 480 and 650 K, the sodium 
surface rose twice, firstly on completion of the water 

injection (0.1 s), and then as a mushroom of sodium 
(0.15-0.20 s) which was thrown to a height 2-4 cm 
(Fig. 2a). In all cases timings are given from, the 
moment of imtial water impact on to the sodium 

surface. 
A few large water drops with a volume appro- 

ximately equal to the original (0.02 mm’) were ejected 
from the sodium as the mushroom collapsed (Fig. 2b). 
Events in the range 650 -730 K were essentially similar, 
except that there was no initial rise in the sodium 
surface. The mushroom was formed after only 0.1 s. 

Strikingly different results were obtained from a 
contrasting series of measurements in which cold 
water was injected into chemically inert silicone oil at 
temperatures between 420 and 720K. The surface of 
the oil rose steadily with the generation of a mass of 
fine vapour bubbles, until, after 0.1-0.2 s, the reaction 
vessel was completely filled (Fig. 2~). The rate of 
surface rise increased with oil temperature, and there 
was no evidence of droplet coalescence. 

md W. D. HALSI‘I~RI) 

3. INTERPRETATION OF THE EXPERIMENTAI 
RESL’I,TS 

Firstly. it i\ necessary to detcrminc whether IX not 
transient boiling effects in the initial stages could 
account for the observations. The time r OLL’~ w111c1r 
transient energy transfer occurs is i0d hj equating 
the thermal boundary-layer thickne\\ ‘(~,,,t)’ ’ !I, ihc 

droplet radius LI. 

I = 2 ‘II?,,, Ill 

II: hoacver. there is circulation m the drop due to 

relative motion of the ambient vapour, the time taken 
[or the hydrodynamic boundary layer to reach the 

centre IS 

and the ratio t/t, = \‘/s(,~, = I-‘,-. the Prandtt number. 
For water this number decreases with temperature 

(f’r = 6.X at 295 K, Pr = 1.8 at 373 K 1. 
.4ssuming the column of water (diameter J _- 

0.15 mm) breaks up by Rayleigh instability [2]. 
water enters the sodium as a stream of droplets with 
mean radius u = 0.95d = 0.143mm. Thus /. f, = 
0.035. 0.005 s respectively at 295 K. and 0.030. 

0.017 s respectively at 373 K. Equilibrium conditions 
in the droplet should be established by about 0.04 5 

Heat transfer from the hot sodium should sustain 
transient boiling if the temperature of the interface is 
maintained above the boiling point of water through- 
out this initial time. At times less than 0.04 s when all 

boundary layers are smaller than the radius of the 
drop, the interfacial temperature between the water 

(medium 1 ) and sodium (medium 7) may be calculated 
from the one dimensional model shown in Fig. 3 

where .-1 ). AL. H,. L?, are determined from the mitral 
values and continuity of heat Rux at x = 0. If 7: is the 

bulk sodium temperature. and 7;, (295 K) that of the 
cold water. the interface temperature at \- = 0 (r 7’ 0) ix 

For the water-sodium interaction. ;’ = 6.014 and 

interface temperatures corresponding to bulk sodium 
temperatures of 480. 594 and 726 K are 454, 551 and 
665 K respectively. In all cases this temperature i\ 

x 

Temperature T, Temperoture T2 

Thermal diffuslwtv a, Tkrmol diffuslvlty a2 

Medium I Inte’rface Medium 2 

(water) (hot llquld 1 

t;‘~c;. 3. Model of heat transfer processes at interfaces 
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s. 2. 
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xperimental observations: (a) Sodium mushroom on point ofcollapse (sodium temperatul 
d droplet ejected from the sodium following the collapse of the sodium mushroom. (c)Intel 

water droplets with silicone oil at 572 K. 

re 594 K). 
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much higher than the boiling point of water, so that 
transient boiling of the droplets should be maintained. 

The initial surface rise (around 0.1 s) is believed due 
to transient film boiling. Studies by Board et al. [3] 
suggest that for surface temperatures below - 620 K 
(at I atm), the vapour film due to transient boiling is 
unstable, and periodically collapses permitting large 

heat ltuxes into the drop. However, this vapour film 

tends to stabilise with increasing surface temperature, 

and the average heat flux is reduced. As observed. the 
initial surface rise should become less marked. 

sodium 

FIG. 5. Film boiling with chemtcal rcactlon. 

Support for this model comes from the behaviour of 
the water silicone oil system. Due to the low thermal 

conductivity of the oil (0.142 W m-l K-’ compared 
with 76 W m ’ K- ’ for sodium) large temperature 

dXerences arc required to maintain the transient heat 
tluxes. Corresponding to bulk oil temperatures of 423, 

507. 7 I7 K. the interface temperatures from equation 
(4) arc 325, 345 and 395K respectively. With the 

exception of 717 K (the boiling point of the oil) the 

interface temperatures lie well below the boiling point 
of water, so there is no initial vapour generation. In this 

situation direct contact occurs between the two li- 
quids. and there is no vapour film to moderate the heat 

Rux into the drop [3]. Once sufficient heat has entered 

the drop. boiling occurs with vigorous, rapid vapour 
growth. 

A model of film boiling is shown in E‘ig. 5, in which a 
spherically symmetrical mixture of water vapour and 

hydrogen surrounds a droplet at temperature r,. The 
following assumptions are made. 

(i) Heat and mass transfer take place under steady 
state conditions. 

(ii) The pressure inside the vapour cavity is appro- 

ximately 1 atm. This is confirmed from the Rayleigh 

equation, provided the velocity of the cavity wall is less 
than - I m s- I. 

(iii) The temperature of the surface of contact I\ 

equal to the bulk sodium temperature. The high 
thermal conductivity of sodium ensures that the hear 
fluxes for steady film boiling can be supported for 

small temperature differences. 

4. STEADY STATE BOILING IN THE 
WATER-SODIUM SYSTEM 

The initial presence of a vapour tilm round each 
droplet opens the way for a steady state situation in 

which fihn boiling is dominant. The continuing gene- 
ration of vapour by this process probably accounts for 
the formation (0.15P0.20 s) of the sodium mushroom. 

As confirmed by the subsequent ejection of large drops 
(Fig. 2b), the high surface tension of sodium 
(0.17 N m ’ ) should encourage droplet coalescence 

during this stage. Figure 4 illustrates a possible 

sequence of events. 

(iv) The concentration of water vapour is zero at 
the cavity wall. In fact the hydroxide layer on the 

cavity wall is found to be so thin (c 1 r_lm) that water 
molecules and sodium will react instantaneously. 

(v) The effect of convection from the drop is neglig- 

ible. Assuming that the heat reaches the drop purely by 
conduction, the Nusselt number for a drop in an 

infinite gas obeys the Langmuir equation 

u Pipette 
0 

0 
0 
0 
0 

Sodrum surface 

(a) (b) 

CC) Cd) 

F-Ic;. 4. Experimental system. (a) Droplets impinge on the 
sodium surface. (b) Initial transient boiling of the droplets. 
The vapour causes a small surface rise. (c)Steady film boiling 
before coalescence. Growth ofthe sodium mushroom. (d)Thc 
Leidenfrost effect. After coalescence a single large drop rests 

at the foot of a vapour cat it!. 

where h is the coefficient of heat transfer, 2u the 

diameter of the sphere, and k the thermal conductivity 
of the vapour. However, when there is also convection 

present. the Nusselt number is [4] 

where ATis the temperature difference between the gas 
and the liquid surface. The greatest value of C’,A.T/I, is 
0.292 (for a bulk sodium temperature of 726K), and 
the corresponding value of Nu is I .76. Thus convection 
is expected to remain small for all sodium tempera- 
tures considered here. 

An equation of cavity growth can be determined 

once the droplet temperature T, and the correspond- 
ing vapour pressure P, are known. In steady state 
conditions the diffusion rate of water vapour in 
hydrogen is equal to the evaporation rate from the 
droplet. and for spherical symmetry (Fig. 5) 

P,, and 7; are also related by the vapour pressure 
curve for water, and hence ma! hc ihnnd. 
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Defining a characteristic velocity 
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to disappear is 

t =$.[Lp,/k(T,-T,)]3’4.(9~/8p,g)1’4.a5’4. (9) 
u = k,GT,?/P,L,a = 0.8375 m s- ’ (6) 

from Appendix 2, in dimensionless quantities R = r/a, 

T = ut/a, the cavity growth equation is 

dR [kGT,(T, - T,)l(l2L au P,)].& 
-= 
dT (Ts/T,).(3RZ-R-+)+(l-+PP,).(R+#’ 

(7) 

This model can be tested by comparing the esti- 
mated cavity growth with observation. The dimen- 
sionless radius R for the vapour cavity surrounding an 
individual droplet is found during the period of film 
boiling, i.e. up to t = 0.1 s. The total volume of vapour 
produced is 

I’, = Vo.(R3-1). (8) 

Thus V, varies from 6 x lO-‘j m3 (at 480K) to 26 
x 10m6 m3 (at 726K). 

In practice, the film boiling stage is concluded by the 
collapse of a sodium mushroom of radius- 1 cm and 
height varying from 2-4cm, i.e. of volume (6-12) 
x lO-‘j m3. These are seen to lie in the same range as 

the estimated volumes V,. 

5. THE LIFETIME OF WATER DROPLETS 
IMMERSED IN LIQUID SODIUM 

The model developed so far assumes that a droplet 
evaporates uniformly from the centre of a spherical 
vapour cavity. Although this is reasonable for short 
periods of film boiling (0.1 s), relatively long times are 
required for total evaporation to occur. The droplet is 
expected to settle near the base of the cavity, and is 
supported against gravity by the rapid efflux of vapour 
(Fig. 6). 

Water droplet 

FIG. 6. The Leidenfrost effect in detail. 

This phenomenon, the Leidenfrost effect, is de- 
scribed by Gottfried and Bell [5], although the theory 
requires some modification to take account of chemi- 
cal reaction. Details of the process are given in 
Appendix 3, and the time taken for a droplet of radius a 

Using the values given in Appendix 1, corresponding 
to bulk sodium temperatures of 480,594 and 726 K the 
time taken for a droplet of radius 1.42 x 10e4m to 
disappear is 1.3,0.9 and 0.7 s respectively. 

Finally, in the later stages of the reaction when r 

> a, the ratio of evaporation rates for the symmetrical, 
and the Leidenfrost model is found to vary from 1.2 (at 
480 K) to 1.7 (at 726 K). Thus the evaporation rate is 
not critical on the position of the drop within the 
cavity, and, in many cases, the simple, spherically 
symmetrical model will be adequate. 

6. DISCUSSION AND CONCLUSIONS 

The experimental/analytical work described in Sec- 
tions 2 and 3 shows that for water entry into molten 
sodium, the temperature of the interface remains well 
above the boiling point of water at all times. The heat 
flux into the droplets is reduced by a vapour film, and 
steady film boiling is allowed to develop. By contrast, 
when water is added to hot oil, there is no vapour film 
to moderate the heat flux, and nucleate boiling with 
vigorous vapour growth occurs instead. In Sections 
4-5, two different models of film boiling are described 
for a droplet in molten sodium, and differences be- 
tween them are seen to be relatively unimportant. 

The actual lifetime of such a droplet depends on 
several factors, including its size and the bulk sodium 
temperature, but for the fine droplets discussed in 
Section 5, it is of the order of a second. If a droplet of 
this size was injected from a leak into sodium flowing 
at, say 3msC’ at a temperature of 726K, a possible 
situation in a secondary heat exchanger in a fast 
reactor, then the droplet would be transported appro- 
ximately 3 m before being consumed. Thus plantwork 
up to this distance downstream from the original site of 
the leak should be regarded at risk. 
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APPENDIX I 

Numerical values of component properties used in the calculations 
_._-__ _______~_~ 

k I, ‘\,I 11 ii 
T,(K) T,(K) (Wm ‘K ‘) (Wm ‘K I) (,,,:; / ) (m’s ‘1 1nat-n ‘1 

480 331,s 0.030 0 249 
s94 335.7 0.034 O.‘T? /_ 
726 341.3 0.040 0.79x 

7.07 )i IO i I.54 x 10 i 0.13x * IO i 
7.37 * IO i 1.90x10 i 1,.!52 X IO J 
7.77^10 ’ 2.34 X I(1 -I 0 ITI x 10 L 

APPE\DIX 2 

I. nw (Number o/ wcrer rnolr,~ ~JI rhr cucity). The toll- 
centration of water vapour at the hydroxide surface (r) is zero, 
so. assuming steady-state diffusion. at distance r’(o (: r’ < 7) 

c(,.‘) _ [r’:,)[::, - I )kgmolm-’ (A2.l) 

where C,V = P,,P,:GT, is the concentration ofwater vapour 
at r = n. Thus 

2. nH (Number of h~tlrogun moles irf the cucirJ). Let c‘, 
= P, (I -P,)/GT,, and C, = P,,.!GT, be the concentrations 
of hydrogen at (I ) the droplet surface and (2) the cavity wall 
respectively. The concentration at a distance r’ is 

and similarly to equation (AX 1 

XC: ~~.‘+:Ur]+[l-PR.]~ui+~(ir]). (A2.3) 

3. k. An approximate expression for the conductivity ofthe 
water vapour -hydrogen mixture is 

I, = (Il$, I<,, +/l,,k,,):(ri,, +rz,,) (A2.41 

50 

where 

If W = 4nkra(T, -~Y).‘18L(r~tr) (kgmolm~Ls ‘1 is the 
evaporation rate from the droplet, the rate of absorption of 
water vapour in the cavity wall is W-d/?,+/df. The increase in 
hydrogen content of the cavity will be 

The cavity growth equation (71 is obtained by substitution 
from the above. 

APPENDIX 3 

The Leidenfkst effect ad chemicul rcuctwu 
The theory set out by Gottfried and Bell [S] requires 

modification when chemical reaction is present. Let U (m s- ’ 1 
be the average velocity of a gas out from the gap h (Fig. 6). The 
average concentration of hydrogen in the vapour is (kg 
molm- ‘I 

If the water evaporation rate from the base of the drop is il 
(kg m ’ s- ‘), the flux of hydrogen from the,sodium surface is 
:.(W/18) kgmolm- s ’ -‘. The continuity equation for the 
flow field beneath the drop becomes 

On replacing equation (2) in the original analysis [5] h! 
equation (A3.2). the final result is 

mot, = ?nCVpr$Z/,, h’ ! A 3 .: I 

where m,, is the droplet mass. /1 the vlscclsltb ofthe vapour. r,/ 
the radius of contact, and 

/‘, = IXP” (A3.41 

Provided the droplet diamctcr is less than 2(rr/pwy)‘?, i.e. 
5.4mm, surface tension forces dominate gravity and the drop 
remains spherical. In this case the radius of contact (rg) is 
approximately equal to;he radius of the droplet. Thus the 
droplet mass is m, = ytp,,,r,$ and the mass loss from 
evaporation is W = k(T, - r,), l.11. so 

where 
ii = Kr:, ’ 

K = [9R(T, --‘~,)~‘~(XLI’,(,,,(/)_I’ ‘. 
(A3 5) 

The rate of mass loss from the droplet I\ 

so the droplet radius as a function of tlmr is determined from 

l%us the time taken for the droplet oi initial radtus ~1 to 
disappear is 

LA REACTION ENTRE EAU ET SODIUM 

Rbsumc? --En utilisant un film cinema g haute vitesse (5000 vues par s), on suit le comportement des quantitCs 
mesurCes (0,02cm3) d’eau froide (295 K) injectCes dans du sodium chaud (480K i 730K). A partir des 
rCsultats, on ktablit un modile du systZme en r&action bask sur les micanismes de I’6bullition en film, 
transitoire et stationnaire. Des Cquations permettent d’estimer les tempiratures, les vitesses de r&action. les 
durtes de vie des gouttes d’eau dans le sodium chaud. On discute l’application des rCsultats aux circuits 

Cchangeurs de chaleur des rkacteurs nucltaires i sodium. 
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DIE REAKTION VON WASSER MIT NATRIUM 

Zusammenfassung-Das Verhalten bestimmter Mengen (0,02 ml) kalten Wassers (295 K) beim Einspritzen 
in he&s Natrium 1480 K bis 730 K) wurde mit Hilfe einer Hocheeschwindiakeitskamera f5000 Bilderis) 
verfolgt. Aus den Ergebnissen wurdekin Model1 des Reaktionsverfahrens ersteilt, das auf instationLem und 
stetigem Filmsieden beruht. Gleichungen wurden aufgestellt, die es ermoglichen, die Temperaturen, 
Reaktionsgeschwindigkeiten und Lebenszeiten von Wassertropfen in he&m Natrium zu bestimmen. Die 
Anwendung der Ergebnisse auf natriumgefiillte Warmeaustauscherkreislaufe in Kernreaktoren wird 

diskutiert. 

PEAKIJMR MEXaY BOflOH I4 HATPMEM 

AmoTaqm-_oBeAeHae H3MepeHHbIX 06aeMoB (0,02 Mn) XonoAHoii BOAbl (295 K) nocne wx 
BIlpblCKUBaHRe B rOp5IYHii HaTptiti (OT 480 K A0 730 K) H3y'ianOCbC~OMOLUbtoBblCOKOCKOpOCTHOii 
KUHOKaMePbI(5000KaApOB/CeK-I). ~OnOnyYCHHblM pe3ynbTaTaM nOCTpOCHaMOACnb~ar~py~~eii 

CWCTeMbI, OCHOBaHHaR Ha HeCTa~WOHapHbIX H CTaUHOHapHbIX IIpOWCCaX IlJIeHOYHOrO KWIIeHAII, Si 

BblBeAeHbIypaBHeHwn,nO3BOna~~ueOnpeAenwTbTeMnepaTypy,CKOpOCTb peaKlU.iH H BpeMS )I(H?HA 

KaneJIb BOAbI B rOpSl'leM HaTpIN 06cyxcAaeTcs IlpPiMeHeHHe pe3ynbTaTOB K KOHTypaM HaTpEiCBblX 

TeIIn006MeHHHKOB SIAepHbIX peaKTOpOB. 
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