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LAMINAR FILMWISE CONDENSATION ON A VERTICAL 

SURFACE 

TETSU FUJI1 and HARUO UEHARA 

Research Institute of Industrial Science, KyiishB University, Fukuoka, Japan 

(Received 22 June 1970) 

Abstract-Two-phase boundary layer equations of laminar filmwise condensation are solved with an 
approximate method due to Jacobs under the conditions as follows; saturated vapour flows vertically 
downwards, a cooled surface of uniform temperature is placed parallel to the flow direction, both body 
force and forced convection are considered in the condensate film, which is so thin that the inertia and 
convection terms can be neglected. Numerical results for average coefficients of heat transfer are expressed 

as, 

Ne,={@656(1-2O+&yRef +0,79O$r. 

This expression is compared with experimental results hitherto reported. The agreement is fairly good 
for the cases where the temperature diflerences between the vapour and the cooled surface are restricted 
within some limitations and where Nu, is smaller than 2 x 104. When the predicted Nu, is larger than 
2 x 104, the experimental Nu, is about from 1.3 to 1.9 times as large as the predicted one except for the 
cases of small heat flux. The experimental data beyond the limitations of the temperature differences for 
organic substances show higher values of similar order at the smaller predicted Nu,. The c&e of these 

high values seems due to turbulence in the liquid film. 
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NOMENCLATURE 

coefficients in (26) and (27) or 
(36) and (37); 
specific heat at constant pressure; 
inner diameter of a cylinder; 
gravitational acceleration; 
Grashof number defined by (32) 
or (33); 
nondimensional number of con- 
densation defined by (4); 
nondimensional number defined 

by (53); 
latent heat of condensation ; 
height of a cooled surface; 
Nusselt number defined by (22) 
or (24); 
condensation number defined by 
(57); 
Prandtl number; 
heat flux ; 

R 
Re, 

Re*, 

G 
T 
u:'V, 

Uin, u~ut, 

4 v, 

Ul, 

x, Yv 

pp-ratio defined by (20); 
Reynolds number defined by (41) 
or (46); 
film Reynolds number defined by 

(58); 
temperature of vapour; 
temperature of a cooled surface; 
x- and y-component of vapour 
velocity respectively; 
vapour velocity outside the bound- 
ary layer; 
mean velocities of vapour at the 
inlet and outlet of a tube re- 
spectively; 
x- and y-component of the velocity 
of the condensate; 
nondimensional velocity defined 
by (50) ; 
coordinate variables shown in 
Fig. 1; 
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transition point defined by (54) 
or (56); 
nondimensional length defined by 

(49). 

Greek symbols 

a, coefficient of heat transfer defined 
by (21) or (23); 

A, thickness of the vapour layer; 

8, thickness of the liquid film; 

61, nondimensional thickness of the 
liquid film defined by (51); 

i, variable transformed by (13); 

A thermal conductivity; 

/A dynamic viscosity; 
v, kinematic viscosity; 

P, density. 

Subscripts 
L value at x = I; 

m, value averaged over the cooled 
surface; 

x, local value at x ; 

4 value at the interface between 
vapour and liquid; 

exp, experimental value; 

th, theoretical value. 

Physical properties with and without super- 
script - are for vapour and liquid respectively. 

1. INTRODUCTION 
SIMILARITY solutions of the two-phase boundary 
layer equations concerning laminar lilmwise 
condensation on a vertical surface were ob- 
tained by Koh et al. [l] and Koh [2] for the 
cases of body force convection and forced 
convection respectively. These solutions enable 
us to appreciate several assumptions which had 
been adopted in conventional approximate 
treatment, and to exhibit the ranges of para- 
meters in which these approximate results 
can be applied. The similarity solutions, how- 
ever, are inconvenient practically, because they 
have been given only for some numbers of 
combination of nondimensional parameters 
Pr, R and H. 

When the vapour space is narrow relatively 

to the cooled surface, the film of the condensate 
is affected by self-created forced convection 
of the vapour, because the liquid film inspires 
the vapour of equal mass flow rate as a whole 
during steady condensation. On the contrary, 
for condensation on a vertical plate placed in 
forced flow of vapour, the liquid film is affected 
by the self-inclusive body force as the thickness 
increases. 

There is no similarity solution of these 
combined body force and forced convection. 
Shekriladze-Gomelauri [3] proposed unique 
approximate solutions for various cases of 
condensation, introducing an assumption that 
the local shearing stress at the interface of 
vapour and liquid is equal to the momentum 
given up by condensing vapour. The limitations 
of nondimensional parameters for their applica- 
tion, however, are uncertain. Jacobs [4] pro- 
posed an approximate integral method for the 
two-phase boundary layer equations, and 
showed some curves of numerical results, which 
agreed fairly well with his experimental results 
for Freon 113 at atmospheric pressure. This 
agreement is unsatisfactory yet as veritication 
of the theory, because measurements of heat- 
transfer coefficients. of condensation are subject 
to relatively large errors. First of all, the theory 
itself must be logically exact, but his solutions 
do not coincide with similarity solutions for 
both limit cases of body force convection only 
and forced convection only. 

The object of this study is to derive correct 
solutions concerning the condensation on a 
vertical surface with the approximate method 
similar to Jacobs, and to propose simple 
expressions of the numerical results. Then a 
newly derived expression for the average co- 
efficient of heat transfer is compared with 
experimental results hitherto reported. 

2. BASIC EQUATIONS 

In Table 1 are shown some rough values of 
principal parameters concerning filmwise con- 
densation. Within respective limitations of tem- 
perature difference between the saturated vapour 
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Table 1. Examples of parameters Pr, R, H and limitations of v, - Tw) 

H 
T Pr R ___ x 103 

(T, - Tw) 
K - Us K - T,)F 

(“C) Weg) (deg) (deg) 

Acetone 56.1 3 90 1 35 100 
Benzene 80.1 5 120 1 20 15 
Diphenyl 255.3 5 100 0.7 30 30 
Ethanol 78:4 11 150 0.6 15 7 
Methanol 64.5 5 180 1 20 6 
Toluene 110.8 4 83 3 10 4 
Water 20 5 2000 0.3 70 20 
Water 100 2 200 1 50 50 

T, saturation temperature. 
(T, - T,),, limitation of temperature difference in (30) for body force convection. 
(T, - Tw)F, limitation of temperature difference in (44) for forced convection. 

and the cooled surface (T, - T,) given in the 
Table, the approximate solutions of Nusselt 
[S] and Cess [6] are applicable to the cases of 
body force and forced convection respectively 
within the accuracy of a few per cent [l, 21. 
These suggest that the inertia and convection 
terms in the boundary layer equations of the 
liquid film may be neglected prior to theoretical 
calculations. The variation of the physical 
properties with temperature for small tempera- 
ture differences, vapour density relative to 
liquid density, and thermal resistance at vapour- 
liquid interface [8, 231 may be also neglected. 
Furthermore, it is assumed that the temperature 
of the cooled surface is uniform, the vapour 
is saturated, and the flows of both the vapour 

’ I \ 
I Vapour 

, 2 boundary 
/ Liquid 1 layer 
I film I 

’ ,. I 
I 

and the condensate are laminar. 
I 

Figure 1 shows the physical model and FIG. 1. Physical model and coordinate system. 

coordinate system. By means of the afore- 
mentioned assumptions, equations of conti- 
nuity, momentum and energy are written simply where 
as follows; for the liquid film, 

au 
+E=o, 

H= CpK - KJ 

(1) 
PrL ' 

Z ay for the vapour boundary layer, 

(2) 
a% 

v7+g=o, ay 

d$/ udy = I(’ - =,) I vH 
PL 

(3) 

0 

g+dv=o, 
ay 

au2 auv _aw 
x+dy=vdy27 

(4) 

(5) 

(6) 
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with the boundary conditions, to 5, and then eliminating V with (3) and (1 l), 

y = 0; u = 0, v = 0, T = T,, (7) 
we obtain 

A 

{= A; W= U,, z=O, T= T,, (8) 2 
f 

U(U, - U)di + $(U, - ua) 

0 

and with the compatibility conditions of velocity, au 

shearing stress, condensation rate and tempera- = C ai ( > & (17) 

ture at the vapour-liquid interface respectively, 
By substituting (14) and (16) into (lo), the ratio 

where 

Integrating (2) twice subject to (7) and (9), 
we obtain 

(14) 

of the thickness of both layers is given as 

(9) A 2Fi(Uc0 - ua) 
s = /.@I& - gS2/2v)’ 

(18) 

(10) 
Substituting (16) into (17) and eliminating A 
with (18), we obtain, 

d (U, - u&* (2U, + 3~~) 6 - 
dx ( (@a - g~2/2v) 

(11) + 15RZv(U, - ua) 

(12) 
26 

w4 
or 

(13) 
( -2(U: + LJ;u, + 3~;) + (U, + 9u,)f d2 du, 

(U& - g62/2v)2 dx 

+ VJ, - u,)(2U, + 3us)(ua + ga2/2v) dd2 

2(u, - gS2/2v)2 dx 

Substituting (14) into (3), we obtain 

6 d(Q) ga3 d6 
vH=5 dx +-4--z 

(15Y 

When the velocity profile in the vapour layer 
is taken as a quadratic formula of C subject to 
(8) and (9), it is expressed as; 

u = lla f (U, - l.48) . (16) 

15R2v 
+ 2 (19Y 

where 

R = (~~/~~)i. (201 

If U, and 6 are solved simultaneously from 
(15) and (19X the local coefftcient of heat 
transfer, the local Nusselt number, the average 
coefficients of heat transfer and the average 
Nusselt number are given by the following 
formula respectively, 

(21) 

(22) Integrating (5) and (6) from 0 to A with respect 
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1 
where 

1 
am = (T, _ T,)/ s ‘dx’ (23) Gr, = ~ and G = !$!. 

V2 
r1 (32), (33) 

0 

Nu, = F’. 

3. NUMERICAL RESULTS AND THEIR 
APPROXIMATE EXPRESSIONS 

3.1 Case of body force convection 
For the case that U, = 0, (19) reduces to 

l.46 - gs2/2v 

> 
= 0. (25) 

UtS 

The simultaneous equations (15) and (25) take 
the following particular solutions, 

u,=+(gHx)+, 6=B (261, (27) 

These results correspond to the Nusselt’s [S]. 
By the way only one pair, which satisfies the 
conditions B2 > A > 0 and B > ,/2, among 
the six pairs of roots of (28) and (29), has physical 
meaning, because A must be positive. 

3.2 Case of forced convection 
For the case that g = 0, (15) and (19) reduce 

respectively to 

(34) 

- ua)2 (2U, + 3U,) s 

u, 

+ 15R2W, - Ua) H _ u, 
26 I u, - u, 1 

= 0. (35) 

The particular solutions of these simultaneous 

where the coefficients A and B are solved from equations are 

the following equations, which are derived by 
substituting (26) and (27) into (15) and (25) 

u&=AU,, 6’=Bx, (36), (37) 

where the coefficients A and B are solved from 

B4 + 3AB2 - 16 = 0, (28) the following equations 

A3B2 + 4R2A(B2 - A) - z (B2 - A)2 = 0. 
4vH 

B=-, 
AU, 

(29) 4(1 - A)’ (2 + 3A) 15A3 -- 

Since R2/H is much larger than unity in reality, 
(29) is approximated as B2 - A z 0. It is 
therefore obtained that 

R2 H 

+ 15(1 - A)A2 =O. (39) 

A = 2 and B = 42. The local Nusselt number is expressed as, 

The local and average Nusselt number are 
expressed respectively as; 

(,/A) (JReJ, (40) 

2JH 

Nu, = ;(-$’ = ($$ (30) where Re, _ u,x, 

(41) 
V 

Nu 
In 

’ (31) 
Numerical results are shown in the relation 
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of Nu,/,/Re, vs. RH in Fig. 2. Because these 
results have the characteristics as, 

for RH$l, NuJ(,/Re,) = O-450 (RH)-*, 

(42) 

for RH -+ 10, Nu,/(,jRe,) = 0.500, (43) 

in the range of RH < 10, it may be proposed 
that 

2 = O-450(1-20 + A)+. (44) 

HARUO UEHARA 

-2(l+u,,+3uz;+(l+bu 18 16 

ha - 8m2 dz 

+ (1 - u,& (2 + 3~1,) (ula + 6:/2) da: 
2(u,, - q/2)2 dz 

o 

’ (48) 

--- Equation (43) 

Calculated values. Equation (40) 

FIG. 2. Local coefficients of heat transfer in forced convection. 

This expression agrees with the numerical 
results and with Cess’ approximate solutions 
[6] within the errors of maximum 2 per cent 
and about three per cent respectively. 

The average Nusselt number is expressed as 

~=0.!90(*.20+$+, (45) 

where 

Re = V,l/v. (46) 

3.3 Case of combined body force and forced 
convection 

The simultaneous equations (15)’ and (19)’ 
are nondimensionalized respectively such that 

by using the following formula 

6: = 62 -& ( > . 
co 

(4% (50) 

(51) 

Because 6, = 0 at z = 0 physically, (47) and (48) 
cannot but be solved with power series expan- 
sion method in the range of small z, that is, the 
formula 

Ul& = A, + A,z + . . .) 

8; = B,z + B2z2 + . . . 

are substituted into (47) and (48), then coefficients 
of the terms with same power of z are taken as 
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zero identically. Thus derived equations of The maximum discrepancy between the numeri- 
A, and Z?, take the same form as (38) and (3% 
This fact indicates that the liquid film near the 

cal results and this expression is only 2.5 per 
cent. 

leading edge is unaffected by body force. In the 
range z -C lop5 the solutions in previous item 

The cross points of the curves of (30) and (44) 

3.2 were employed, and in the range z > 10T5 
shown in Fig. 3 yield the expression 

(47) and (48) were integrated successively with 4K2U2 H 
Rung~Kutta~~ method. x, = m 

9 * 
(54) 

The numerical results for four combinations 
of R, H are shown in the relation of Nu,/,/Re, It may be considered roughly that x, is a 
vs. z/H in Fig. 3. The values at small z/H in this transition point from the region of forced 

- NumerIcal results 
---- Equation (30) 
-- - Equation (4 41 
----- Shekriladze-~melaur~ 

IO’ 
0) 

R H 

(1) IO2 10s “Y 9. -f 
K =C 

10. 3.5x10+ 

(2) IO 10-4 10-s 4.5 I-6x10“ - 

f3)102 to-+ to-* 2.0 6.4xlo-3 

f4)2x103 3x1C46x0-’ 6.4x10-’ 2 0x10+ 

FIG. 3. Local coefficients of heat transfer in combined convection. 

figure is naturaIly coincident with those of the 
same RH in Fig. 2. With increasing of z each 
curve transits gradually to a curve, which ex- 
hibits the characteristic of the body force con- 
vection. An approximate expression, therefore, 
may be proposed such that 

where 

convection dominance to that of body force 
one. 

The solution of Shekriladze-Gomelauri [3] 
is expressed by using the nondimensional para- 
meter in this paper as; 

It is clarified numerically that this expression 
corresponds to (52) at RH z 10 as shown in 
Fig. 3. Since Jacobs [4] gave V = 0 instead of 
aU/ay = 0 in the boundary condition (S), 
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additional parameters p/p and V/V emerged in 4. COMPARISON WITH EXPERIMENTAL 

the subsequent equations. These are unreason- RESULTS 

able. The theoretical results obtained in the pre- 
The average coefficients of heat transfer are vious section are compared with experimental 

obtained by integrating (52) with respect to x. results hitherto reported on average coefficients 
Some results by Simpson’s integration rule of heat transfer. Many experiments concerning 
are shown in Fig. 4. An expression that satisfies the condensation on a vertical surface were 
the characteristics of both limit cases of body performed with the inner surface of a tube from 
force only and forced convection only, may be practical interest, while some were with a plate 
proposed as 

or 

Nu,= {O-656(1.20 +&)+Re; 

or the outer surface of a cylinder mainly from 
theoretical interest. In Table 2 are listed up 
the experiments, in the data of which the vapour 
velocities are represented or can be calculated, 

(55) including the cases where the velocities may be 
appreciated to be zero. 

+ 0.7909 1 
f 
. 

The rearranged data are plotted in Figs. 5 
and 6, respectively for water and organic sub- 
stances, the ordinate of which is measured 
Nusselt number (Nu,),,~ and the abscissa is 
predicted one (Nu,),~ from (55). The calculation 

- Eqwtion (SS);(I)K=O 5,(2)X= 0 6,(3) 

- Nusselt, equation (31) 

FIG. 4. Average coefficients of heat transfer in combined convection. 

This expression agrees with each integrated 
value within the accuracy of about four per cent. 
By the way, the transition point from forced 
convection to body force one in (55) is evaluated 
approximately as; 

wm = 
20K4U2 H 

9 m . (56) 

The effect of forced convection is apparently 
broadened for the averageVcoehicients of heat 
transfer. 

of the nondimensional numbers in (55) was 
performed under the following rules; 

(i) As the representative temperature of the 
cooled surface T,, is adopted the value at the 
middle height of the surface, as far as the tem- 
perature distribution is available. In most data, 
however, merely the mean values are represented. 

(ii) As the representative velocity of vapor is 
adopted the value at the inlet portion or at the 
leading edge. This choice is based on somewhat 
practical convenience, therefore, detailed theo- 
retical consideration remains to be required. 
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When the vapour velocities are not described 
in the literature, they are evaluated such that 
the total condensation rates are divided by the 
cross sectional area of the vapour path and by 
the density of the vapour at the inlet portion. 

(iii) As physical properties of the liquid film 
are adopted the values at reference temperature 
T, = Z’, + O-3 (T, - 7’,‘,), which is referred from 
the theoretical results of Poots-Milles [7]. 

4.1 Cases of water 
In the first place, there are treated the cases 

where the body force convection is dominant, 
that is, where the transition height (x,),,, shown 

71 

5 

31 

in Table 2 is much smaller than the total height 
of the cooled surface. Mills-Seban, cf. Table 3 
of [S], as to a small plate of about 0.127 m height 
placed in relatively large space of steam at 
about 0.01 ata., showed that the thermal re- 
sistance at the interface of vapour and liquid 
film was negligibly small, as well as Nusselt’s 
prediction (31) was consistent. Burov, cf. Figs. 
3-5 of [9], as to the outer surfaces of cylinders 
of 1, 0.55 and 0.275 m height placed in relatively 
large space of steam at about atmospheric 
pressure, found that the values of (Nu,),,~ 
were about 10 per cent larger than those pre- 
dicted by (31). Hebbard-Badger, cf. Table 1 of 

c’ Goodykoontz-Donch (F) 
G Goodykoontz-Dorsch (C) 

Wurster (F) 

7 Carpenter (F) 

7 Carpenter(C) 

n Jokob el o/.(F) 

A Jakob ef al. (C) 

* Shea-Krase (C) 

- Shea-Krase (6) 

EZnHebbard -Badger(B) 

momt3urov (B) 
. MillsSeban (B) 

FIG. 5. Correlation between experimental (Nu,),,, and theoretical (Nu,)~,, predicted from (55) for water. 
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a .: 
Carpenter 

6 0 Methanol (F) 

q Methanol K) 

0 Ethanol (F) 
4~ 0 Ethanol (C) 

” Toluene (F) ” 

3 Toluene (C) 

2~ 

f 

A Aceton;Wurster (F) 

A Aceton;Colburn (6) 

v Benzene;Tepe-Mueller (F) 

x Diphenyl,Badger et a/ (8) 

FIG. 6. Correlation between experimental (Nu&~ and 
theoretical (Nu,,& predicted from (55) for organic substances. 

[lo], as to the outer surface of a tall cylinder of 
3.6 m height, found that the values of (Nu,),,,, 
were about 34 per cent larger than those pre- 
dicted by (31). 

Shea-Krase, cf. Table 2 and Fig. 6 of [ 111, 
measured local coefficients of heat transfer by 
dividing a plate of 0584 m height vertically into 
five heat transferring sections, and showed that 
the steam velocity made the coefficients large 
from 9 to 18 per cent, when x, was from OX)03 to 
O-016 m. With regard to the data rearranged in 
Fig. 5, the coefficients of heat transfer are 
averaged from the top to the corresponding 
section, and the symbols of body force conveq 
tion and combined convection are correspond- 
ing to the cases where (x,),/l is smaller and 
larger than 0.1 respectively. Because the effects 
of both the vapour velocity and the representa- 
tive temperature difference are taken into 

account, the scattering of the data is diminished 
to the extent of the same order as the measure- 
ment error. On the whole, however, the experi- 
mental values are larger than those predicted 
by (55). The cause seems due to the clumsy 
estimation of the heat flux, since the temperature 
rise of cooling water is very small. 

Goodykoontz-Dorsh performed various and 
careful measurements and demonstrated the 
detailed data, which pertained to the inner 
surfaces of a steel tube of 0.0159 m i.d. and 244 m 
length, cf. Table 1 of [12], and of a copper tube 
of 0.00745 m i.d. and the same length, cf. Table 1 
of [13]. The former data cover the cases of both 
combined and forced convection, while the 
latter mainly of the forced convection. Since 
steam has completely condensed in the tube, 
the effective length of heat transfer is different 
in every run. For the data in the range of 
(Nu,,,)~,, < 2 x 104, rearranged in Fig. 5, the 
values of (Nu,),,~ are about 20 per cent smaller 
than those of (Nu,),, for the former experiments, 
on the other hand about 20 per cent larger for 
the latter experiments, though the scattering of 
respective data is appreciated to be about 10 
per cent. These discrepancies seem due to 
experimental error peculiar to respective ap- 
paratus. In the range of (Nq,,),,, > 2 x 104, most 
of the data are located on a line which lies about 
70 per cent higher than theoretically predicted 
one, however, some are lower than the curve. 

These (Nu,),,~ are evaluated apparently lower, 
because the saturation temperature correspond- 
ing to the static pressure at the inlet portion is 
taken as the representative one, although the 
static pressures of the steam vary remarkably 
towards the flow direction. 

Carpenter, cf. Table IV of [14], experimented 
with the inner surface of a tube of 001165 m i.d. 
and 2.53 m length. Some data pertain to the 
case where steam has completely condensed 
in the tube, and others to the case where steam 
flows through the tube. Carpenter represented 
average values of overall heat transfer co- 
efficients, overall temperature difference and 
heat transfer coefficients of steam side without 
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measuring wall temperature. Since steam tem- 
perature falls gradually towards flow direction 
except near the inlet portion as shown in one 
example in [14], the experimental data re- 
arranged in Fig. 5 are calculated with the 
assumed values of T, such that T, = (T,),,, - 
(T, - T,),, where (T,),,, is steam temperature 
measured at the bottom and (T, - T,), is 
average temperature difference between steam 
and wall calculated from the original table. The 
general characteristics of correlation in Fig. 5 
are similar to those of Goodykoonts-Dorsch, 
except for two points of combined convection, 
which are corresponding to the case of very 
small rates of condensation. 

In the experiments by Jakob et al., cf. Fig. 12 
of [ 151, steam flows through a tube of 004 m i.d. 
and 1.21 m length. The data for the cases where 
the steam velocities at the inlet are about 
10-40 m/s and 60-80 m/s, are corresponding to 
the combined convection and the forced one 
respectively. Most of the data rearranged in 
Fig. 5 are in good agreement with the theoretical 
prediction within the accuracy of measure- 
ments. Some data with vapour velocity of 
80 m/s, (Nu,),,, of which is at about 2 x 104, 
are as large as those of Goodykoontz-Dorsch 
than the theoretical predictions. 

Wurster, cf. Table 1 of the discussion of [20], 
calculated the average coefftcients of heat 
transfer in commercial condensers. The data, 
appreciated as forced convection, are in fairly 
good agreement with the theoretical predictions. 

In the range of (Nu,)~,, < 2 x 104, expression 
(55) with the effects of both vapour velocity and 
body force correlates adequately the experi- 
mental data on any cases of a vertical plate 
and the inner and outer surface of a vertical 
cylinder, though the conditions of the experi- 
ments are not strictly coincident with the 
theoretical assumptions, especially as to the 
distribution of the surface temperature, the 
variation of vapour velocity and the flow regime 
of the vapour, namely, laminar or turbulent. 
In the range of (Nu,),,, > 2 x 104, however, 
the most data are distributed between 30 and 

90 per cent larger values than the theoretical 
predictions. The cause of these larger values 
seems due to turbulence induced in the liquid 
film. A best fitted band with 20 per cent width 
for the experimental results is shown in Fig. 5. 

By the way, it must be noted that the pre- 
dicted values of the average Nusselt number 
(Nu,),, are widely affected by the choice of the 
representative values of the surface temperature, 
vapour temperature and vapour velocity. The 
physical properties in the rearrangement of this 
section are referred from [16]. 

4.2 Cases of organic substances 
All the experimental results in Table 2 except 

for water are rearranged with respective symbols 
in Fig. 6. Though some of the physical properties 
are altered by referring to [17-191, their values 
especially for thermal conductivity are some- 
what uncertain yet. Therefore, the nondimen- 
sional data of these substances contain perhaps 
larger errors than those of water. 

The best fitted band obtained for water is 
also inserted in Fig. 6. Most points for methanol 
and three points for ethanol by Carpenter, 
cf. Table IV of [ 141, and most points for aceton 
by Colbum et al., cf. Table 1 of [20], are dis- 
tributed within the band or very near it. The 
lowest point for the latter experiments is 
somewhat uncertain, because the total length 
of the tube is taken as the effective length of heat 
transfer commonly. The value evaluated from 
a commercial condenser of aceton by Wurster, 
cf. Table 1 of the discussion of [20], is in good 
agreement with that predicted from (55) though 
(Nu,)~,, is larger than 2 x 104. The flow of 
liquid film in this case seems to be laminar 
owing to relatively small heat flux. The tem- 
perature differences (T, - T,) of all above data 
are taken within the respective limitations given 
in Table 1. 

The values of (Nu,,,),,~ for the other data, 
together with toluene by Carpenter [20], benzen 
by Tepe-Mueller, cf. Table I of [21], and 
diphenyl by Badger et al., cf. Tables I and II 
of [22], are about from 2 to 10 times as large 
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as (Nu,&, and the values of (T, - T,) are 
beyond the respective limitations. The simi- 
larity solutions [I, 21 suggest that the data of 
these conditions of temperature differences 
take somewhat larger values than those pre- 
dicted by (55). It is reasonable to consider 
that these effects due to convection terms will 
become more emphasized, when the flow of the 
liquid lilm becomes turbulent. 

For very small (Nu,,,),,, of body force convec- 
tion, by the way, Slegers-Seban [23] obtained 
the same results with n-butyl alcohol as Mills- 
Seban [8] with water. 

5. REMARKS ON THE NONDIMENSIONAL 

EXPRESSION OF HEAT TRANSFER 

COEFFICIENTS BY MEANS OF FILM REYNOLDS 

NUMBER 

Experimental data on the heat transfer co- 
efficients of condensation in a circular or 
annular tube are usually correlated in the 
relation between condensation number Nu* 
and film Reynolds number Re*, which are 
defined respectively by 

[14,25] and by Goodykoontz-Dorsch [12] are 
referred from the corresponding figure of each 
literature. For the first time, Kirkbride [26] 
proposed this kind of coordinates, by which 
the data of Badger et al. were correlated suc- 
cessfully. It has been considered, therefore, that 
the tendency that the values of Nu* are separated 
with increasing Re* from a curve corresponding 
to Nusselt’s theory as shown in Fig. 7, indicates 
the existence of turbulent film. However, the 
widely scattered data such as shown in Fig. 7 
make it impossible to predict the heat transfer 
coefficients for any condition of condensation. 

When vapour condenses in a tube, the vapour 
velocity depends on the average heat flux, that 
is, the following relation is given, 

where Ui” and U,,, are the sectional mean 
vapour velocity at inlet and outlet respectively. 
If (55) is consistent, namely, the flow of the liquid 
film is laminar, mean heat flux q,,, is calculated by 

, Re* =f$. (57),(58) qm = 

In Fig. 7 data on diphenyl by Badger et al. 
[22, 241 and on water by Carpenter-Colbum 

x ui,l ’ 

c-1 v . WI 

zo- ", , "'I 

q Goodykoontz-Drosch (D=O-0159m) 

n Carpenter-Colburn 
IO - 

. Badger et a/. 

06. 

Colburn (@‘5) 

01 .--- ,, ,,' 

IO2 IO3 IO4 IO5 

ReX 

FIG. 7. Comparison between experiments and theoretical results hitherto reported in the relation of Nu* vs. Re*. 
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When (T, - T,) and q,,, are calculated from 
(59) and (60) numerically with a parameter 
(V, - U,,,), Nu* and Re* are evaluated from 
(57) and (58) respectively. 

A comparison between experiments and 
theoretical calculations are shown in Fig. 8, 
where the nondimensional data are calculated 
from the original data of Goodykoontz-Dorsch 

0 0% 

006. 
I / ,,I 

IO3 IO4 

Rex 

FIG. 8. Comparison between experimental data by Goody- 
koonts-Dorsch and Nu* predicted by the authors. 

__.~ 

D&n) T,(T) .. I(m) 

A 15.9 140 2 
B 15.9 100 2 
C 744 110 2 
D 144 110 0.7 
E 144 110 2 
F 7.44 110 0.7 
N Nusselt’s prediction 

- ___- 
0 forced convection, D = 744 mm 
[7 forced convection,jD = 199 mm 
q combined convectbn, D = 15.9 mm 

laminar 
iaminar 
laminar 
laminar 
turbulent 
turbulent 
taminar 

with the aforem~ntion~ rules and the repre- 
sentative conditions of the experiments shown 
in the table attached to the figure are taken as 
the conditions of the calculation. Furthermore, 
the curves E and F in the figure are obtained 
by using I.7 q,,, instead of qm as examplesrfor the 
case of turbulent film, though the characteristic 
of this case are not yet clarified. The corres- 

pondency between the experimental data and 
the calculated curves is in similar trend as in 
Fig. 5. The fact that the data for I) = O-0159 m 
of Goodykoontz-Dorsch in Figs. 7 and 8 are 
inconsistent with each other in spite of the same 
data, is mainly due to the different definitions of 
average coefficients of heat transfer, that is, 
those by Goodykoon~-Dorsch in Fig. 7 are 
average values of local heat transfer coefficients, 
while those by the authors in Fig. 8 are average 
values calculated by using representative tem- 
perature differences. 

The demonstration in Fig. 8 allows the 
following conclusion. In the first place, the 
tendency, that the values of iVu* separate from 
the Nusselt’s prediction and increase more and 
more with increasing of Re*, indicates a 
characteristic of the condensation in a tube, 
whether the flow of the liquid film is turbulent or 
not. In the second place, the calculated curves 
are remarkably affected by the diameter and 
effective length of the tube, vapour temperature 
and variation of the physical properties with 
temperature. Furthermore, when the condensa- 
tion has not completed in the tube, the curves 
are also affected by the vapour velocity at the 
outlet U,,, though this effect is not shown in the 
figure. Inclusively, it is not adequate to use the 
relation of Nu* vs. Re* for the correlation of the 
heat transfer data on condensation in a tube, 
because the nondimensional&d data are 
affected by the dimensions of the apparatus and 
the experimental conditions, or in other words, 
Re* is not uniquely corresponding to the vapour 
velocity, which is one of the most important 
factors. 

Since the experiments by Badger et al. were 
performed in an annular tube of large diameter 
ratio, the coefficients of heat transfer are almost 
unaffected by the inlet vapour velocity. The 
values of (Nu,),,~ in Fig. 6 are about five times 
larger than the values predicted by (31), while 
those of Nu* in Fig. 7 are about ten times larger. 
In the latter demonstration, the discrepancy is 
enlarged apparently by the physical properties. 

Theories concerning tubulent liquid film must 
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be composed on various assumptions yet. The 
curves inserted in Fig. 7 correspond to the 
theoretical results by Colbum [24], Dukler 
[27] and Kunz-Yeraznis [28], each of which is 
justified on the basis of the experimental results 
by Badger et al., Carpenter and Goodyboontz- 
Dorsch respectively. The scattering of the 
experimental data in Figs. 7 and 8 is caused 
not only by the measurement errors but also by 
the aforementioned characteristics. It may be 
suggested, therefore, that the same number of 
theoretical curves as experimental runs must be 
described for exact comparison in the relation of 
Mu* vs. Re*. 

6. CONCLUSIONS 

The theoretical treatment of laminar filmwise 
condensation on a vertical surface and the 
comparison with experimental results hitherto 
reported allow following conclusions. 

(1) The local and average Nusselt number are 
expressed by (52), (53) and (55) respectively. The 
effects of forced and body force convection are 
dominant near the leading edge and faf from it 
respectively. The transition points of these 
effects are predicted approximately by (54) and 
(56) for the cases of local and average Nusselt 
number respectively. 

(2) The limit values of the solutions for the 
cases of body force convection only and forced 
convection only coincide with respective simi- 
larity solutions within the accuracy of a few 
per cent. Of course, these possess the common 
nond~ension~ parameters of the same form 
respectively. 

(3) The approximate solution of Shekriladze- 
Gomelauri coincides numerically with (52) at 
RH x 10. The fact that the solutions of Jacobs 
possess two other parameters besides those of 
similarity solutions, is due to the mistake of the 
boundary condition outside the vapour layer. 

(4) For the cases where temperature differ- 
ences between the vapour and the cooled surface 
are restricted within the limitations as shown in 
Table 1, ex~r~ent~ Nusselt number (Nu,),,, 
agrees with (Nu,), predicted by (55) within the 

experimental accuracy in the range of 
iVu,<2 x 104. In the range of (A$,),,>2 x IO”, 
however, (Nu,),,, is about from l-3 to 1.9 
times as large as (Nu,,& A best fitted band for 
the experimental results is proposed in Fig. 5. 
Especially for the case of very low heat flux, 
even though (Nu,,,)~~ P 2 x 104, (A%&_, agrees 
with (Nti&,. 

(5) For the cases where the temperature 
differences are beyond the limitations, usually for 
organic substances, (Nu,,,),,, becomes larger 
than (Nu,,& at smaller (Nu,&. The cause of 
these larger values, together with the case of 
above term (4), seems due to turbulence induced 
in the liquid film. 

(6) As to the condensation in a tube, it is 
inadequate to use the coordinates of condensa- 
tion number Nu* and film Reynolds number 
Re* for the nondimension~ demonstration of 
heat-transfer coefficients. 
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CONDENSATION EN FILM LAMINAIRE SUR UNE SURFACE VERTICALE 

RksumC-On r&out les tquations de la couche limite biphasique pour une condensation en film laminaire 
en utilisant une mkthode approchke due g Jacobs, dans les conditions suivantes: une vapeur saturee 
s’tcoule verticalement vers le bas. une surface refroidie g tempbrature uniforme est placbe paralltlement 
g la direction de l’tcoulement. on considkre & la fois la force de volume et la convection for& dans le 
film de condensat lequel est si mince que les termes d’inertie et de convection peuvent i%tre n&glig&s. Les 
r&sultats numCriques pour les coefficients moyens de transfert thermique s’expriment par 

Cette expresslon est cornparke aux resultats expkrimentaux connus. L’accord est trts bon dans les cas 
oii les diffkrences de temptrature entre la vapeur et la surface froide sont soumises & certaines restrictions 
et quand Nu, est infkrieur g 2.10”. Quand la valeur calcul& de Nu, est supkrieure $ 2.10’. la valeur 
exptrimentale de Nu, est plus grande dans un rapport I,3 B 1.9 sauf dans le cas d’un petit tlux thermique. 
Hors de la restriction sur les diffkrences de tempi‘rature les resultats exp&rimentaux relatifs aux substances 
organiques donnent des valeurs plus klevtes que celles calcultes. La cause de ces &carts semble pouvoir 

&tre rattachCe g la turbulence dans le film liquide. 

LAMINARE FILMKONDENSATION AN SENKRECHTEN FL;iCHEN 

Zusammenfassung-Die Zwei-Phasen-Grenzschichtgleichungen fiir laminare Filmkondensation werden 
gel&t mit einer Ngherungsmethode nach Jacobs unter folgenden Bedingungen: Geslttigter Dampf 
striimt senkrecht nach unten. eine gekiihlte Oberfllche gleichmlssiger Temperatur wird parallel zur 
StrBmungsrichtung angestcllt, Fowohl Schwerkraft als such erzwungene Konvektion \+ erden im Kondensat- 
film bcriicksichtigt, er ist so diinn, dass die Trlgheits- und Konbektionsterme vernachllssigt werden kiinnen. 
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Kumerischc Ergebnisse fur mittlere Warmciibcrgang~koeffiiLienLcn konncn wit folgt dargcstcllt wcrdcn: 

Dieser Ausdruck wird verglichen mit den bis heute bekannten experimentallen Ergebnissen. Die Uberein- 
stimmung ist ziemlich gut fur den Fall, dass die Temperaturdifferenz zwischen Dampf und der gektihlten 
Oberfllche innerhalb bestimmter Grenzen liegt und dass Nu,,, kleiner als 2.10“ ist. 1st das vorausberechnete 
Nu, grosser als 2. lo“, so ist das experimentelle Nu, etwa 1.3 bis I.9 ma1 grosser als das berechnete, mit 
Ausnahme des Falles kleiner Warmestromdichten. 

Die experimentellen Daten jenseits der Temperaturdifferenzgrenze zeigen bei organischen Substanzen 
hdhere Werte Bhnlicher Grossenordnung bei kleineren berechneten Nu,. Der Grund fur diese hohen Werte 

mag in der Turbulenz des Fltissigkeitsfilms zu suchen sein. 

JIAMHHAPHAR IIJIEHOYHAA KOHflEHCALJtiR HA BEPTItHAJIbHOm 
HOBEPXHOCTB 

hEOTal(HsI-YpaBHeHHH ,QByX@a3HOrO nOrpaHWiHoro cJIoH npK JIaMkIHapHOn IIJIeHOqHOi 

KOHfieHCaqHA peIuaIoTcR C nOMOlqbIO npM6nHHteHHOrO MeTOga fiHmKo6ca npll CJIe~yIOIIJHX 

yCJIOBMHX: HaCbI~eHHbIii nap Te'4eT BepTHKanbHO BHA3; OXJIamfieHHaR nOBepXHOCTb C 

nOCTOHHHOti TeMnepaTypoP pacnoJIaraeTcH napaJInenbHo HaIIpaBneHmO noToKa; MaCcOBaR 

CKJIaII CHJIa,BOSHHKIIIaH 3aC'IeT BbIHyHIAeHHOti KOHBeKIJHH, PaCCMaTpHBaIOTCH B HaCTOJIbKO 

TOHKOti IIJIeHKe KOHneHCaTa, 9TO RHepUHOHHbIMEi B KOHBeKTHBHbIMEl VJIeHaMCI MOWHO npe- 

He6pesb.~HCneHHbIepe3ynbTaTbIHnHCpeAHIlXK03~~ll~EleHTOBnepeHOCaTennaBbIpama~TCR 

cnenymqm o6pa3oM: 

Nu, = (0,656 (l.20+&)4’3 Rq2+0,790 ,)I, 
3TO BE.fpaHteHkte CpaBHKBaeTCFI C nOJIy=IeHHhlMH paHee 3KCnepKMeHTaZbHbIMH AaHHbIMIl I4 

COOTBeTCTBHe Memay HHMIl AOBOJIbHO XopoIIIee AJIR cJIy~aeB,KOrAaHapa3HOCTb TeMnepaTyp 

MeFKAy napoM II OXJIaHcHeHHOii nOBepXHOCTbI0 HaKJIaAbIBaIOTCH OnpeAeJIeHHbIe OrpaHWleHwH 

Pi NU, MeHbIIIe 2 Xlo*.KOrAapac4eTHOe 3HaqeHHe NU,,, 6onbme 2 X104,3KCnep14MeHTaJIbHOe 
3naveHHe Nu,, npH6nn3KTenbHo B l&1,9 pass 6onbme pac4eTHoro 3HaqeHm, 38 HCK~IO- 

qeHHeM CnysaeB C MaJIbIM nOABOAOM Tensa. 3KCnepKMeHTaJIbHbIe AaHHbIe 6e3 OrpaHWIeHAti 

pa3HOCTIl TeMnepaTypEJ AJIH OpraHRqeCKAX BeIJJeCTB nOKa3bIBaIOT 6onbmae 3HaYeHBR 

aHaJIOrElWSOrOIlOpFl~KanpHMeHbIIIkSXpaC~eTHbIX 3Ha'4eHHRXN&,.~pMWHaTaKIlX BbICOKHX 

3HaYeHIiti KpOeTCf&nO-BPiAHMOMy,B Typ6yJIeHTHOCTH HUfAKOi% IIJIeHKII. 


