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Abstract-The usually neglected temperature drop due to the molecular-kinetic mass transfer in 
change of phase is taken into account in this analysis of Nusselt-type condensation of vapours on a flat 
vertical plate. Calculations show that the phenomenon has a significant influence at low vapour 

pressures. 
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NOMENCLATURE 

area ; 
constants, equations (2.6) and (2.7); 
accommodation coefficient; 
vapour concentrations at tempera- 
tures T’ and T”, respectively; 
tube diameter; 
acceleration due to gravity; 
enthalpy of vaporization; 
molecular weight; 
mass ; 
mass rate; 
rate of molecular evaporation/con- 
densation; 
Avogadro number; 
Nusselt modulus; 
pressure; 
heat flux ; 
gas constant; 
absolute temperature; 
co-ordinate. 

Greek symbols 
a, heat-transfer coefficient ; 

87 molecular-kinetic heat-transfer co- 
efficient, equation (1.9); 

6, film thickness; 
4 heat conductivity ; 
V, kinematic viscosity; 
PV mass density. 

Subscript 
w, wall. 

Superscripts 
I 
9 gas properties at temperature of the 

liquid; 
II 

, gas properties at temperature of the 
gas. 

1. MOLECULAR-KINETIC MASS AND HEAT 
TRANSFER ON A LIQUID-GAS BOUNDARY 

CONSIDER a flat liquid-gas boundary as shown 
in Fig. 1. The rate of evaporation of molecules 
is determined from the kinetic theory (see 
reference l), namely 

* II N 
-= 
A (1.1) 

that is, the rate of evaporation is proportional 
to the concentration of the gas. In conditions of 
equilibrium the rate of condensing molecules 
&‘/A is the same, and T’ = T”. It follows thus, 
that 

I+’ 
-- = aflc’ 
A (1.2) 

The coefficient of accommodation, a, appearing 
in these equations, defines the number of mole- 
cules which are adsorbed by the surface in the 
process of condensation, whereas (1 - a) is the 
fraction of molecules reflected. 

If T’ # T” the resulting molecule-transfer 
rate, directed to the liquid, can be evaluated as 
difference 

Es P-P 
A- A ’ 
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Using the gas Iaw 

c’ = p’/(RT’), c” = p”/(RT”) 

and taking into account that on a flat 
boundary there is p’ = p” = p, we obtain- 
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FIG. 2. 

(1.3) 
2. NUSSELT-TYPE FILM CONDENSATION 

For small temperature differences one may HEAT TRANSFER 

assume 

T” _I T 

- 1 “-2F. (1.4) 

Thus 

and 

ni ap” (T” -- T’) 
- =zz ----____ = 
A 2 

y&. (1.6) 

If L& is the enthaipy of vaporization one may 
evaluate the ~on~e~t~d heat flux 

where 

q II- j3(T” - T’), (1.8) 

The function p(p) for water and a = I is shown 
in Fig. 2. It can be expressed by an approximate 
formula 

where p is in technical atmospheres. FIG. 3. 

We analyse the process of laminar film con- 
densation on a flat vertical plate. Taking into 
account all sim~~~&ations, due to Nusselt [Z], we 
obtain the expression for heat flux 

(2.1) 

as connected with the growth of film thickness 8, 
see Fig. 3. On the other hand 

q = ; (T’ - Tw) = jl(T” - T’), (2.2) 



where 
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therefore evaluate the local heat-transfer co- 
efficient 

x 

a=S+gAz (2.8) 

and its mean value 

AT = T” - Tw (2.4) 

The greater the ratio h/p, the greater is the effect 
of molecular-kinetic heat transfer on the 
phenomenon of condensation. From Fig. 4 it 
can be seen that the ratio h//3 for water, expressed 
in metres, is of the order lo-4 for lower tempera- 
tures and pressures, if the accommodation co- 
efficient a = 1. Since film thicknesses at con- 
densation of steam are of that order, the effect 
of molecular-kinetic resistances may be signi- 
ficant in condensation of steam under vacuum. 

z’“rT-rrTl 
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hdx 
am = - 

x 6 + QA2’ 

0 

or the Nusselt modulus 

(2.9) 

(2.10) 

Now let us introduce the dimensionless quan- 
I.5 tities 

E 
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FIG. 4. 

Equating the right-hand sides of equations (2.1) 
and (2.3) we get 

g@!ilh 62 !!! = hAT 

V dx S+h//Y 

which yields after integration 

00 

(Nu)m = ‘: A;Ar / av’“+“n U). (2.13) 

u=A2(+)*, u=Se)*, (2.11) 

0 

into (2.5); this yields 

Substituting 

04 + 240s = 1. (2.12) 

Since 

1 - V4 
u=-- 

A&h ,jx = _ fkA* &, 
x=7’ 

245 ’ 

we obtain 

v3 ’ 

S4 + A2S3 = x/Al, (2.5) 
we get 

,* 
where 

” 

(NU)~ = 43 A;A~ 
s 

(2.14) 

(2.6) 0 

or 
4h 

A2 =w 
(2.7) 

The usual condition S = 0 at x = 0 was taken 
into account. 

1 

(jjr~)~ = 4 A;A1 j =;p, (2.15) 

21 

The solution of the algebraic equation (2.5), where 

S(Aa, X/AI) is known (see [2] and [3]). We may y = 1 - v4. (2.16) 
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Integration of (2.15) yields 

or simply 

(Nu)m -fAgA (i- lJs. 

From (2.11) and (2.12) it follows that we obtain 

whence 

I ( ) i - 1 3=gl, 
and 

- 

ad@ 

FIG. 5. 

(2.17) 

(2.18) 

If As-t 0 we obtain the case of Nusselt film 
condensation and 

(Nu)m = (Nu)m, N = f AI (-$ (2.19) 

Thence equation (2.18) may be written 

where 

(Wnz Y --.- 
(ivU),,N = --~ Az(AI,‘x)* ’ 

(2.20) 

(2.21) 

whereas in general the quantity y satisfies the 
equation 

(2.22) 

The relationship (2.20) is shown in Fig. 5. Since 

3. CONCLUSION 

As is welf-known, the Nusselt formula (2.23) 
also holds for horizontal tubes if we replace the 
co-ordinate x by the tube diameter d and change 
the numerical constant. Therefore the graph in 
Fig. 5 should hold for horizontal tubes as well. 
Taking for instance p = 0.0513 atm, d = 40 mm 
and AT = 20 degC we obtain for a steam con- 
denser am, N = 6150 kcal/msh degC, where- 
as /I = 18 150 kcal/mah degC at a = 1. Thence 
am, NIP = 0.339, and am/am, N = O-76. For 
the same conditions except of AT = 2 degC we 
obtain am/am, N = 0.67; and for AT = 2 degC 
and d = 4 mm it is am/am, N = O-54. These 
examples show that the influence of molecular- 
kinetic resistances in vacuum steam condensers 
may be significant. 
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R&arm&--La chute de temperature due au transport de masse au cows dun changement de phase est 
habituellement negligee. Elle est prise en consideration dam cette analyse de la condensation de 
vapeurs sur une plaque plane verticale du type &die par Nusselt. Les calculs montrent que ce 

phenomene a une intluence sensible pour les faibles pressions de vapeur. 

Zusammenfassung-Der gewohnlich vemachllssigte Temperaturabfall infolge des molekularkinetischen 
Stofftransports bei Phasenanderungen wird in dieser Analyse der Nusselt’schen Wasserhautkon- 
densation von Dampf an einer ebenen senkrechten Platte berilcksichtigt. Die Rechnungen ergeben 

einen ausgepragten Einfluss des Phanomens bei kleinen Dampfdriicken. 

AHHOTIU~UI-~~~H aHaHHae n0 HyccenbTy KOHHeHCauHM IIapOB Ha nBOCKO& BepTHKaJlbHOH 
nHaCTHHe y4HTbIBaJICR TeMnepaTypHbm HanOp aa CHeT MOnaKynHpHO-KHHeTasaCKOrO MaCCO- 
06MeHa npH @aaOBOM nepeXOHC, KOTOpbIM 06blHHO npeHe6peratOT. PaCHCTbI nOKaabrBarOT, 

HT~ aT0 HBBeriHe 0KaabrBaeT aHaHMTeBbBoe BHHHHHe npu HHaKHx HaBneBuHx napa. 


