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NOMENCLATURE 
area ; 
thermal accommodation coefficient; 
heat capacities of the vapor; 
thickness of the discontinuity zone for tem- 
perature distribution (Knudsen zone); 
relation between mass flow rate and tempera- 
ture drop in the film, ddmed by equation (11) ; 
gravitational acceleration ; 
latent heat of vaporization ; 
latent heat, which includes change of enthalpy 
due to the subcooling of the liquid, = h, + 
0.68 c,(T, - T,),c, = heat capacity of the liquid ; 
thermal conductivity of vapor ; 
thermal conductivity of liquid ; 
molecular weight ; 
bulk saturation pressure of the vapor; 
saturation pressure, which corresponds to 
temperature ?; of subcooled vapor ; 
saturation pressure which corresponds to liquid 
surface temperature T,; 
measured heat flux; 
temperature (identified by subscripts); 
mass flux ; 
coordinate, normal to the wall. 
universal gas constant ; 
vapor FYandtI number ; 
condenser plate length 

Greek symbols 
6, thickness of the condensate film ; 
L mean free path of the vapor molecules ; 
PY dynamic viscosity; 

119 kinematic viscosity ; 
P. density ; 
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0, condensation coefficient ; 
5* temperature jump coefficient. 

Subscripts 
c, condensation : 
1, interface ; 
& condensate surface ; 
C, vapor ; 
H’, wall ; 
1, liquid. 

INTRODUCTION 
IN lm case of fihn condensation of liquid metals the experi- 
mental heat flux for given vapor and wall temperatures was 
found to be much smaller (S-30 times) (sse for example, 
[I], [2]) in comparison with prediction by film theory [3]. 
The most probable cause of the lower heat-transfer rate is 
the presence of a thermal resistance at the. liquid-vapor 
interface. This resistance was analyzed by means of kinetic 
theory and the application of a mod&d Hertz-Knudsen 
mass transfer quation ([4], [S]): 

W 2a M + 
- = - - 
A ( > 2-u 2RT 

@, - p,). (1) 

The interphase mass transfer was also studied in detail in 
other works. It is worth noticing that neglecting the tempera- 
ture gradient in the vapor is a shortcoming of previous 
theory, as mentioned in [6-g). 

So, the analysis of liquid metals condensation data was 
based on using the equation (1) for the interphase resistance 
and equation (11) for the liquid fti resistance. In this case 
the condensation coefficient u can be determined from experi- 
mental data because T, T’, and (q/A) are nmsurcd. 

All the experimental results which have been reported for 
potassium, sodium and mercury show the condensation 
coefficient changes with experimental conditions and de- 
creases with increasing vapor pressure as shown in Fig. 1. 

Actually no physical consideration is able to support this 
behavior of the condensation coeiIicient. Moreover, most of 
the theoretical predictions [4] and experiments with pure 
metal surfaces [1] showed u to be close to unity. 
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FIG. 1. Condensation coeflicient vs. 
subcooling effect). 

PROPOSED MODEL 

Kinetic theory ofcondensationdescribes the process purely 
in terms of mass tram&r and consists of the assumption that 
bulk vapor conditionn prevail up to the liquid surface, i.e. 
it neglects the possibility that interactions between evapora- 
tion (and tefleeting) mole&es and condensing molecules 
might alter the energy (temperature) of vapor mole&es near 
the interface. in terms of the maeroseopic mass and energy 
transport equations it indicates that the phenomenon is 
associated with aubcophng of the vapor boundary ‘layer 
adjacent to the liquid. 

(2) 

The solution is : 

Bulk nucleation theory [15] which requires a substantial 
degree of supersaturation to maintain net nucleation, 
permits subcooliig. 

It has been suggested ([6], (71) that the vapor subcooling 
effect must be included in a more precise theory. This idea 
was used for describing gradients in vapor properties in terms 
of the macroscopic transport equations for condensing 
superheated steam (161 and for the analysis of the condensa- 
tion of steam at low pressures [7]. However, the s&cooling 
Idea was not append quantitatively to the analysis of liquid 
metai condensation data 

Let us consider a saturated vapor at uniform bulk tempera- 
ture T, in contact with the liquid fti whose surface tempera- 
ture T. is lower than TV Therefore heat transfer occurs from 
the vapor to the liquid and a non-zero temperature gradient 
exists in the vapor near the interface(Fig. 2). The temperature 
profile in the vapor can be found from the solution of the 
differentiaf equation for conduction in the flow to the con- 

Fm. 2. Temperature distribution 

deasatc surface (neglecting any convection effect): 

In most cases the size of zone AX = .Y - d (Pig. 2), in 
which the vapor temperature changes significantly (e.g. 
when (7: - T)/(I; - 7J = 090) will not be more than a 

P,h 
pressure (without 
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few hundreths of an inch, which makes this subcooling effect 
very difficult to observe experimentally. 

If the temperature gradient does exist, rather than a sharp 
discontinuity, T - T, < T, - T, The apparent condensation 
coefficient (see Fig. 1) is deftned by the latter difference 
(T,, - TJ. The true condensation coefficient is greater when 
it is calculated using the true difference (z - T,) or (pi - p,). 

ANALYSIS 
Experiena with heat transfer between rarefied gases and 

solid surfaces gives us from kinetic theory ([17], [18]) a 
relation between the temperature jump T - T, and the 
temperature gradient (dT/dxk which we propose to apply 
here to the condensation process at the liquid-vapor 
interface. This relation is : 

(4 - r,) = (5 + d) g 0 

velocity of the molecules, which is certainly true in any prac- 
tical case of a condensing vapor. 

An energy balance for the control volume between the 
plane at i and the vapor (Fig 2) is : 

combining equations (7) and (4) yields : 

(7) 

(8) 

An overall energy balance for a control volume between 
the wall and the vapor is: 

(9) 

where the temperature jump coefficient is given by : where 

h;, = C&T, - T,) + h,, + 3 C,(T, - T,). (10) 
(5) 

Here ‘I; is the average temperature of molecules striking the 
surface and region of dimension d (Fig 2) is known as the 
Knudsen xone and is the region where interaction between 
the molecules coming from the surface at T. and the molecules 
going toward the surface prevail. The sixe of this zone is of the 
order of a few mean free paths. This distance is sometimes 
interpreted as the average distance from which the molecules 
striking a surface have their last collision. For the hard 
sphere model of a gas at uniform temperature in the absence 
of a solid surface d is calculated to be U/3. When a solid 
surface is present the magnitude may be in the range of 1 to 
51([ 181, [ 191). It is probable that d at liquid-vapor interfaces 
is also of this order of magnitude. 

For determining the temperature drop across the liquid 
layer we use the ordinary Nusselt type analysis. This may be 
expressed as [21] 

;=G(T,- T,) (11) 

where for a vertical plate : 

G i @943 * 1 (12) 
and for a horizontal tube: 

* 
(13) 

Anticipatmg a conclusion that the mass accommodation 
codficient u is unity, we conclude that the thermal accommo- 
dation coefficient II in equation (5) is unity because with 
u = 1 all of the molecules going toward the surface con- 
dense and the molecules leaving the surface are at T, [15], 
[ 171, [ 183. Then equation (5) becomes : 

5: = 21 c&. . 
I+ k,Ic,) + 1 

(6) 

This temperature jump coefficient may be seen from equation 
(4) to be interpreted graphically by the distance t: shown in 
Fig 2. 

Because of the existence of the temperature jump T - T, 
in this condensation problem the process in the vapor can 
be tested in terms of the rarefied gas temperature jump 
(orslip)theory.Theeffectofthemasstransferonthecoefficient 
4 was considered by Mills [20] who showed that equations 
(4) and (5) are valid provided the ratio of vapor bulk velocity 
toward the surface is small compared with the mean thermal 

h;, = h,, + @68.c,.(T, - T,). 

For the temperature jump (T - T,) equation (1) is 
revised as follows : 

@i - P.) (14) 

where pi is the saturation pressure corresponding to T and 
pr is the saturation pressure corresponding to T, 

The use of p, as the saturation pressure corresponding to 
T, in equation (14) represents the flow rate of molecules 
leaving’the liquid surface if the entire system were uniformly 
at the temperature T, 

The fact that the vapor is at 4 does not alter this rate of 
flow significantly. In other words, quasicquilibrium is 
assmned In a similar way we may use p, as the saturation 
pressure corresponding to q to calculate the flow of vapor 
molecules towurd the liquid surface if we postulate that a 
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small amount of homogeneous nudaotion takes plaa in the 
subcookd vapor at q and that this condeuaate forms at the 
temperature Tk Under these ciroumatances the euergy 
balance equation (7) shoufd really be written as fotlows : 

where a is the fraction of the mass flow to the surface which IS 
condensed in the vapor by homogeueous nuckafion. An 
evatuat~on of Q from homo~eous nuckation theory (IS) 
suggests that for the ranges of variables in the liquid metal 
data discussed here its magnitude is in the range of BY3 to 
lo-‘. For the purposes of the present analygis., the term 
invofvipg a in equation (15) will be neglected. 

For a particular magnitude of d, equations (81, (9.), (11) and 
(14) permit the catculation of (g/Al at the wail for particular 
~~~of~~~~~~~g~= f. 

It will be shown in the next section that d taken equal to 
101 yields results in good agreement with experimental data 

b 

The mean free path i was calculated from the expression 
(see for example [23]) 

where : 

xS(T) = 266.93 5.7 

(T - “K, p = poises, n - numerical dens&y of vapor, 
liemff 

The effect of dimerixation was neglected for all the media. 
The properties of the media were taken from [24] and were 
evaluated at temperature 17; for calculating b 

The data provides measurements of (q/A),, T, snd T,. 

From these and the equations suggested here, the magnitude 
of 4 may be caicutated for any assumed vatue of d 

Figure 3 represents the condensrition coefkient for re- 
calculated data as a function of the pressure p, for d 1= 102. 

Saxon pressura of Mpof, p, atm 

Fm. 3. Condensation coefficient vs pressure (with sub- 
cooling eBkQ 

RESULTS The results for ditferent vapors scattered about a horisontal 
Tbeanalysisdescribed above was used to treat experimtntal 

data Cl, 2, lt-13, 22. 25, 261 for mercury, potassium and 
straight hue at u = 1.0, except for the sodium data of 
Barry [13] and some of the mercury data of Misra and 

sodium saturation vapour, condeusing on vertical and hori- Boniiia [22]. 
xontal surfaces in the saturation pressure range p, = O@OOl 
- l(fatm. 

it shouid be noted that the i, cakukated from equation (16) 

The temperature jump coefficienk 6 was cakulated from 
is the 1 appropriate for viscosity. The appropriate Iz for this 

equation (6). 
condensation proems may be quite different, heuce the 
magnitude of 10 for d/L should not be alarming. 
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CONCLUSIONS 10. D. A. LABUNTSOV and S. I. Sr.sta~ov, Heat transfer in 

(1) Taking into account the vapor subcooling effect 
(neglecting the quantitative effect of homogeneous nuclea- 
tion) near the liquid surface during film condensation of 11 
liquid metal vapors leads to the conclusion that the conden- 
sation coefficient u is independent of pressure and is equal 12. 
to unity when the Knudsen zone thickness d is taken as 101. 

(2) The suggested model employing equations (8), (9). (11) 13. 
and (14) with equations (6) and (12) or (13) with the above 
magnitudes of u = 1 and d = 101 may be used to predict 
heat flux associated with film condensation of saturated 14. 
vapors. 

15. 
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