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AbstractPIn earlier theoretical studies of film condensation from a vapour flowing over a horizontal tube, the 
pressure gradient, arising from the flow of vapour over the curved surface, has been omitted in the momentum 
balance for the condensate film. This has been included in the present work and shown to lead to higher heat- 
transfer coefficients over the forward half of the tube. It is shown further that, under certain circumstances, a 
solution (calculation of the condensate film thickness around the tube) is not possible for the lower part of the 
tube where the surface shear stress and pressure gradient act in opposite directions. Specifically, for the 
problem considered [vertical vapour downflow, ‘potential’ flow assumed outside the vapour boundary layer, 
asymptotic (infinite suction) approximation used for surface shear stress] an infinite rate of increase of film 
thickness with angle is encountered at some location on the downstream half of the tube when p,U~/pgd 
> l/8. This may lead to instability of the laminar condensate film followed by some degree of waviness, 
turbulence, or conceivably, removal of condensate from the tube into the vapour stream. All of these 
possibilities would lead to enhanced heat transfer over the rear part of the tube. When p,Ui/pgd < l/8 it is 
found that the increase in heat transfer for the forward half of the tube is almost balanced by a decrease for the 
rear half, so that the mean Nusselt number for the tube is very close to that found when the pressure gradient is 
neglected. Numerical solutions have been obtained for wide ranges of the relevant dimensionless parameters 
and used to obtain accurate expressions for : (a) the mean heat-transfer coefficient for the whole tube when the 
pressure gradient term is unimportant, (b) the angle, 4,. at which dh/dd becomes infinite when p,UL/pgd 
> l/8 and(c) the mean heat-transfer coefficient up to 4,. A conservative equation for estimating the mean heat- 

transfer coefficient for the whole tube is also given and compared with available experimental data. 

NOMENCLATURE 

tube diameter 

&,dglUz,k AT 

(~Tkl~~r,)(~~/~,~L,)“2 
specific force of gravity 
specific enthalpy of evaporation 
thermal conductivity of condensate 
condensation mass flux 
Nusselt number for the whole tube, 
Qd/ATk 

mean Nusselt number for the upper half of 

the tube, Q+d/ATk 
mean Nusselt number up to r$,, Q,Cd/ATk 

PghgvlA Tk 
pressure 
mean heat flux for the whole tube 
mean heat flux for the upper half of the 
tube 

mean heat flux up to 4, 
Reynolds number for single phase flow over 
a tube based on free-stream approach 
velocity and tube diameter 
‘two-phase’ Reynolds number, U,pd/p 

tube radius 
vapour-to-surface temperature difference 
free-stream vapour velocity 
tangential velocity at ‘edge’ of vapour 
boundary layer 
tangential velocity in condensate film 

%I radial outward velocity at tube surface in 
single-phase flow 

Y radial distance from tube surface. 

Greek symbols 

P suction parameter, -(v,,/U,) Re’/’ 
6 condensate film thickness 
6* 6(U,/rv)‘i2 

e Fj8P = pgd/8p,U2, 
V P/P 

P viscosity of condensate 

PLs viscosity of vapour 

P density of condensate 

ps density of vapour 
r shear stress 

rd shear stress at condensate surface 

4 angle (see Fig. 1) 
angle at which d6*/d4 + cc 
angle at which vapour boundary layer 
separates. 

1. INTRODUCTION 

THE PROBLEM depicted in Fig. 1 has received 
considerable attention in recent years. A review of the 
current position is given in ref. [ 11. With the exception 
that the pressure term in the momentum balance for the 
condensate film is neglected in earlier studies, it may be 
said that the heat transfer for the upper half of the 
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40 J. W. ROSE 

exception that the shear stress at thecondensate surface 
is not neglected. In the present work, the circumferen- 
tial variation of pressure in the condensate film is also 
included. A momentum balance for an element in the 
condensate film then gives 

FKX I. Physicat model. 

condenser tube can now be calculated with good 
accuracy. Difficulties arising from the possibility of 
separation of the vapour boundary layer, render the 
calculation for the lower half of the tube less certain. 
Since most of the heat transfer takes place on the upper 
part ofthe tube this is not Coo serious and, as seen in ref. 
[I], three different methods of treating the condensate 
surface shear stress problem lead to very similar values 
of the mean Nusselt number for the whole tube. This 
may be satisfactorily represented by the equation given 
by Fujii et al. [2] : 

Nu R;e-‘f’ = 0.9(1+G-‘)1;3 

x {1 +0.421F(1+G-‘)-4/3j1/4. (I) 

For large values of G, equation (1) becomes 

Nu &-“’ = 0.9(1 +0.421F)1’4. (2) 

Equation (2) is in close agreement with an earlier 
expression given by S~ekr~ladze and Gomelauri [3], 
who used the asymptotic value of the surface shear 
stress (strictly valid only for infinite condensation rate) : 

Nu &kl” =0.64{1+(1+1.69F)112}1i2. (3) 

For values of G > - I (which covers the bulk of the 
experimental data) the difference between equations 
(l)-(3) is of similar magnitude to typical scatter of the 
data. 

The present investigation was prompted by the fact 
that significant discrepancies exist between measured 
values of Nu and those given by equations (lH3) (see 
ref. Cl]). In particular, measurements for steam at high 
velocity [4-61 give lower heat-transfer coefficients, 
while recent data for R- 113 [7, S] give heat-transfer 
coefficients higher than the theoretical values. 

2. ANALYSIS 

As in the earlier studies the basic assumptions of the 
simple Nusselt theory are adopted [9] with the 

1 dp +pgsin4----==O, 
r d4S 

(4) 

which, with boundary conditions : 

y=o, u=o; 

y=d, r=Tg; 

may be integrated to give 

Since the primary objective here is to investigate the 
effect of the pressure term, the simpler Shekriladze- 
Gomelauri [3] model is adopted, i.e. 

r* = MU@ (6) 

the asymptotic value (m -+ 031, with U, >> ugZii 
As indicated above, this simplification (which avoids 

the necessity ofconsideringdetails ofthe vapour flow in 
order to match the interface shear stress at the vapour- 
liquid interface) is satisfactory for G z=- - 1 which 
covers most of the data. Later a small correction is 
indicated for lower values of G. 

As in the earlier studies, potential Bow outside the 
vapour boundary layer is considered so that 

and 
U, = 2U, sin 4, (7) 

dp 
i&i- - -2p,UZ, sin 24, 

As in the Nusselt theory, a mass balance for the 
condensate film gives 

and an energy balance gives 
m = kAT/6hf, (10) 

When equations (Q-(S) are used to eliminate 7d and 
dp/d4 from equation (S), the integral in equation (9) 
may be evaluated and the resulting value of m used in 
equation (10). With some re-arrangement the resulting 
differential equation for thecondensatefilm thickness is 

x 2Psin2Q+gsin+ 
( )I 

=;, (11) 

where 
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with the boundary condition 

d?i*/dd = 0 at 4 = 0. (15) 

The first term inside the derivative in equation (11) 
results from the surface shear stress while the term 
involving P is due to the inclusion of the pressure 
gradient. When both of these terms are omitted, 
equation (11) reduces to the simple Nusselt problem. 

Before proceeding to obtain solutions of equation 
(11) and thence to calculate the heat transfer for the 
tube, two points may be noted. First the possibility that 
the surface velocity gradient may go to zero is 
considered. This would lead to re-circulation or 
‘separation’ of the flow in the condensate film. 
(~Yu/ay)~=~ may be obtained from equation (5) and, 
using equations (6)-(8), it may be shown that the 
condition 

au C-J ay y=. < 0, (16) 

becomes 

1+~(;+4Pcos+0. (17) 

Evidently condition (17) can only be satisfied for 
4 > rcf2 and when P > F/8. Secondly, inspection of 
equation (11) shows that da*/d4 becomes infinite when 

1+6*2 
( 

;+4Pcose5 =o. 
> 

(18) 

As in the case above equation (18) can only be satisfied 
for 4 > n/2 and again when P > F/8. Clearly the 
condition, equation ( 18), will be met at a smaller value of 
4 than that of equation (17). Since for P > F/8, 
solutions will not be possible beyond 4,, the value of 4 
satisfying equation (18), the condition and associated 
problems given by equations (16) and (17) do not arise. 

3. SOLUTIONS 

As indicated above, solutions of equation (11) will 
only be possible for the whole tube when P < F/8. For 
this case, the dependence of 6 on 4, for 0 < Q < R, may 
be determined numerically for various values of F and 
P, and the mean heat flux 

and Nusselt number 

Nu=Qd 
AT k’ 

(19) 

may be evaluated. 
With the dimensionless film thickness defined in 

equation (12), equations (19) and (20) give 

Nu &?k 
21/z 

112 = _ s K d4 
-. 

0 6* 
(21) 

IL 

When P > F/8, it will only be possible to obtain 
solutions for 4 < 4, where 4, > x/2. 

Numerical solutions of equation (11) have been 
obtained for F = 103, lo’, 10, 1, lo-‘, lo-‘, 10m3 and 0 
and for P = O,O.OOl, 0.01,0.02,0.05,0.1,0.2,0.5,1,2,5 
and 10. These values extend beyond the ranges of F and 
P found in practice. Specimen film thickness profiles are 
shown in Figs. 2(a)(c) for cases where P = 0, P < F/8 
and P > F/8. 

3.1. P = 0 
This is the case examined by Shekriladze and 

Gomelauri [3] where the pressure gradient term is 
omitted and for which equations (2) and (3) are 
approximate expressions for the mean Nusselt number. 
Equations (2) and (3), when compared with the present 
solutions, were found to have maximum errors in 
Nu I&- 1/2 of around 7 and 2%, respectively. Alterna- 
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FIG. 2. Calculated thickness of condensate film. 
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tive expressions for Nu fip’12, involving adjustable 
parameters, were considered. Values of the parameters 
were chosen so as to minimize the sum of squares of 
residuals of Nu fi- lf2. Equation (22) 

Nu ~e-1~2 =: 
0.9 t0.728F”’ 

(1 + 3.44F1’2 +F)P’ (22) 

satisfies the zero and infinite velocity asymptotes 
(F -+ moo, F --+ 0) and gives values of Nu R”e- Ii2 to 
within 0.4% of the numerically obtained values for 
all F. 

Following Fujii et al. [2] equation (22) may be 
modified to include a (generally small) correction for 
the fact that the asymptotic shear stress expression 
[equation (6)] has been used, thus 

Nu fi_1,2 _ 0.9(1 +G-1)“3+0.728F’32 - 
(1+3.44F”2+1;)“4 . (23) 

and the corresponding Nusselt number by 

Qz,z d Nu,,, = ~ -, 
AT k 

so that 

Values of NzL,,~ at relatively high values of P/F are 
significantly greater than the corresponding values for 
P = 0 (i.e. when the pressure gradient term is omitted). 
For example when F = 0.01 and P = 1 the mean 
Nusselt number for the upper half of the tube is 24% 
higher than for the same value of F when P = 0. When 
the pressure gradient term is omitted (P = 0), 
Nz+ fi- li2 is given,? to within O.t$i’, by 

Nu,,, l%-‘i2 = 
1.273 +0.866F"2 ...____I_ 

(1+3,51F*~53+F)“4’ (27) 

3.2. 0 < P < F/8 When the pressure gradient term is included, for the 
It may be seen from Fig. 2(a) that when the pressure case where the vapour shear force overwhelms gravity 

term is included in the analysis (i.e. P # 0) the (F -+ O), the mean Nusselt number for the upper half of 
condensate film is thinner for the upper part of the tube the tube is given? to within 0.33% by 
and thicker for the lower part. For all of the present 
solutions the mean Nusselt number for the whole tube 

Nu,,, R”e-“’ = 1.273(1+ l.81P)0.209. (28) 

was generally within about 1% of that found when the As with equation (22), equation (28) may be modified to 
pressure gradient term was omitted i.e. the case when include the~generally small) correction for the fact that 
P = 0. Only for P close to F/8 and when F > 1 was the asymptotic shear stress expression has been used, 
the mean Nusselt number significantly different from thus : 
(and less than) that for the P = 0 case, the maxi- 
mum discrepancy being around 5%. Thus, for 

Nu,,2 R;em,,2 _ 1 *73(1+ 1 81P)o.209 
- * 

’ 
practical purposes, equations (22) and (23) should be x(I+G-‘)“~. (29) 
adequate when P < F/8. 

Equations (27) and 129) may be used as a basis for 
obtaining a conservative estimate of the Nusselt 

3.3. P a F/8 number for the whole tube, thus : 
In this case solutions cannot be obtained for 4 > 4, 

as shown in Figs. 2(b) and (c). Attention is first directed 
Nu &l/Z = 

to the upper half of the tube, 0 < S$ < nj2, for which 064(1+ 1.81PfQ.209(1 +G-‘)L’3-i-0.728F’iZ . 
solutions can be obtained in all cases and where the (1+3.5fF0~s3+F)“~ . (30) 
possibility of vapour boundary-layer separation, 
excluded from the present analysis, should not arise. 
Comparisons between these results and experiments 
using a condenser tube with the lower half well 
insulated, might be used (in future studies) to establish 
the general validity of the theory. The results are also 
used below to provide a basis for a conservative design 
equation using accurate values for the heat transfer for 
the upper half of the tube and neglecting heat transfer 
for the lower half. 

For comparison purposes in future studies, values of 
#, have also been obtained and the total heat transfer 
for the tube surface up to #, has been determined to 
provide a basis for a (future) study incorporating a 
model for the lower portion of the tube (4 > 4,). 

The mean heat flux for the upper half of the tube is 

At low vapour velocity (F --f co) equation (30) blends 
with the Nusselt result. For the high velocity extreme 
(F -+ 0), the Nusselt number given by equation (30) is 
that obtained when the heat transfer for the upper half 
of the tube is given by equation (29) and that for the 
lower half is neglected. 

In Fig. 3 equation (30) is compared with equation (1) 
far a typical value of G and for a high value of P such as 
may be obtained for a refrigerant, and a relatively low 
value of P representative of the steam data. For the low 
value of P the enhancement of the heat transfer for the 
forward half of the tube,due to inclusion of the pressure 
term, is slight and the neglect ofheat transfer for the rear 
halfresults in equation (30) predicting a smaller Nusselt 
number than equation (1). For the higher value of P, 

given by 

s 

ni2 kAT 

0 

6 dbi, 
t The procedure for obtaining equations (27) and (28) from 

(24) the numerical solutions was the same as that described in 
connection with equation (22). 
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FIG. 3. Comparison of equations (I), (30) and (31). 

equation (30) gives a slightly higher Nusselt number 
than equation (1) notwithstanding the neglect, in 
equation (30), of heat transfer for the rear half of the 
tube. Values of Nu fi- ‘I2 given by equation (30) are 
compared, in Figs. 4(aHd) with observations for steam, 
and in Figs. S(aHc) with observations for R-21 and R- 
113. With the exception of the high velocity data for 
steam [4-61 the agreement is generally good or 
equation (30) is somewhat conservative (e.g. R-l 13 data 
refs. [7, 17, 181) as anticipated. 

A commonly used earlier conservative estimate [IO] 
based on the Shekriladze model [3] gives : 

Nu fi’,-“’ = 0.416{1 +(l +9.47F)1i2}1i2. (31) 

As discussed in ref. [l] equation (31) is, from a 
theoretical standpoint, three-fold conservative. 
Equation (3 1) is included in Fig. 3 where it is seen to give 
significantly lower Nusselt numbers than equation (30). 

3.4. Values of 4, 
The numerical solutions for cases where P > F/8 

were used to determine values of 4,. Two adjustable 
parameters, in a suitable empirical expression for $,, 
were determined by minimizing the sum of squares of 
residuals of I$, to obtain the result : 

4, = cos-’ {-(1 +21.5M”~05)/(1 +21.5P’,05)}, (32) 

when 

lj=F= pgd < 1 
8P 8p,u2,” 

(33) 

Equation (32) satisfies the conditions: 4, = n, both 
when P = 0 and when 6 = 1; 4, + ~12, when for finite 
F (U, # 0), P + co. Equation (32) agrees with the 

numerically obtained values of 4, to within 0.6%. It 
should be noted that equation (32) strictly gives a lower 
limit for 4, since the present solutions are based on the 
asymptotic expression [equation (6)] which under- 
estimates the surface shear stress. The accuracy of 
equation (32) should increase with increasing values of 
G. Comparison of the solutions of Fujii et al. [2] with 
the present results for P = 0 suggests that G > 1 can be 
considered ‘large’ and G > - 5 is essentially infinite. 

3.5. Heat flux for tube surface up to 4, 
The numerical solutions for cases where P > F/8 

were used to determine values of the mean heat flux for 
0 < 4 < 4,, i.e. Q,+,. The corresponding Nusselt 

number Q,=d/kAT is given by 

(34) 

so that, with equation (12), one obtains 

(35) 

The numerical solutions showed that Nu+= fi- 1/2 is 
only weakly dependent on F. In much the same way as 
described in connection with equations (22), (27), (28) 

and (32), the following equation was obtained for NUKE 
when F = 0 (i.e. infinite velocity) 

Nu+,= Z&“’ = 2.14+0.0463P 

- 1.24 exp (- 0.7P”.38). (36) 

Equation (36) agrees with the numerically obtained 
values for F = 0 to within 1%. It may also be noted 
that when P = 0, 4, = x and equation (36) gives 
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FIG. 4(aHd). Comparison of equation (30) with experimental data for steam. 

Nu,~ = NM = 0.9l%~“~ in accordance with equation 
(22). Owing to the weak dependence on F, equation (36) 
also gives the values of Nu,= & ‘/’ to within 5%, and in 
most cases to within l%, for all values of F and P 
covered in the present investigation. In a future 
‘complete’ model, i.e. including the part of the film 
where 4 > d,, equation (36) would give the heat 
transfer up to 4c and the mass flow rate in the 
condensate film at 4,. 

4. CONCLUDING REMARKS 

The pressure gradient term in the momentum 
equation has been shown to be important when 

0( = F/8P = pgd/8p,U2,) 

issignificantlyless thanunity. It may beseenfromTable 
1 that only for two of the data sets is 6 always greater 
than unity. Owing to the higher vapour density, 

pressure gradient effects should become important at 
lower velocities for the refrigerants than for steam at 
comparable pressures and temperatures (see Table 1). 
For steam, pressure gradient effects should be more 
important at relatively high pressures. To date, only 
low pressure steam data are available owing to the large 
mass flow requirement to obtain appreciable velocities 
at higher pressures. 

Inclusion of the pressure gradient term has two 
effects : 

(a) it gives rise to an increase in the heat-transfer 

coefficient over the forward part of the tube. This effect 
is stronger for higher values of P (= P&v/ATk), i.e. for 
the refrigerants (see Table l), and 

(b) it leads to an instability in the condensate film at 
some location over the rear half of the tube when 0 < 1. 
Depending on the nature of the flow beyond the 
instability (e.g. turbulence, waviness or removal of 
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FIG. 5. Comparison of equation (30) with experimental data for R-21 and R-l 13. 

Table 1. Approximate ranges of the parameters of experimental investigations 

Ref. Fluid k x lo4 F G P 0 = F/8P 

Fujii et al. [2] 
Fujii et al. [13] 
Nobbs [ 151, 

Nobbs and Mayhew [16] 
Lee [173, Lee and Rose [lS] 
Nicol and Wallace [4,6], 

Wallace [S] 
Gogonin and Dorokhov [19] 
Gogonin and Dorokhov [20] 
Lee [17], Lee and Rose [18] 
Lee et al. [8] 
Honda et al. [7] 

steam 9.63-103 
steam 2.89-377 

steam 
steam 

R-21 
R-21 
R-113 
R-113 
R-113 

0.29-52.5 0.12-3310 1.8-6.2 0.0240.072 
1.25-56.3 0.2@138 0.5-7.2 0.0160.110 

36.8-549 0.001-0.25 3.1-6.5 0.008-0.026 0.00&1.52 
0.91489 141922 0.2-1.4 0.440-3.400 3.90-103 
0.5748.1 0.028-94 0.2-2.5 0.240-3.600 0.012-7.85 
1.37-7.87 1.2-36 0.7-2.9 0.18(M.540 0.76614.8 
3.62-23.5 0.14-4.2 0.7-3.1 0.17&0.580 0.07 l-2.04 
0.37-31.8 0.083-1002 0.5-2.3 0.229-1.068 0.026-296 

0.091-15 0.5-1.2 
0.036-840 l&3.6 

0.039-0.090 0.173-20.6 
0.017~.050 0.138-3607 

0.44913 000 
l.l(r26.2 
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condensate?), this could give rise to an appreciable 
increase in the heat-transfer coefficient over the value 
calculated for laminar flow when the pressure gradient 
term is neglected. 

It should be noted that the values of 4, obtained in 
the present work, and given with good accuracy by 

equation (32), are based on the asymptotic expression 
for the surface shear stress [equation (6)] with the 
‘potential flow’ expression for U, [equation (7)]. 
Equation (32) would thus be invalid if vapour 
boundary-layer separation occurred at an angle 4, less 
than 4,. If separation were accompanied by a sharp 
pressure rise this could initiate an instability in the 
condensate film near 4,. Alternatively if, for 4 > c$, the 

pressure were to remain essentially uniform and the 
surface shear stress were negligible, it may be that no 
irregularity of the film would be seen. Lee [ 1 l] has used 
the method ofTruckenbrodt [12], described by Fujii et 
al. [13] and discussed in refs. [1, 143, to estimate the 
angle at which vapour boundary-layer separation 
occurs. These results, strictly for flow over a cylinder 
with uniform s&tion, have been used by the present 
author to obtain approximate expressions for 4,. 
Values obtained are closely approximated by 

4, = l.76+0.164~+0.00869/?2, (37) 

when adopting the method of Truckenbrodt [12] 
directly and by : 

C#J, = 2.93-1.02 exp(-0.147~-0.0127~2), (38) 

when adopting the method of Truckenbrodt [12] as 
modified by Fujii et al. [13]. 
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EFFET D’UN GRADIENT DE PRESSION EN CONVECTION FORCEE AVEC 
CONDENSATION EN FILM SUR UN TUBE HORIZONTAL 

R&urn&-Dans les Ctudes thkoriques anttrieures sur la condensation en film d’une vapeur sur un tube 
horizontal, le gradient de pression qui provient de I’Bcoulement de la vapeur sur la surface courbe a &tB omis 
dans le bilan de quantiti: de mouvement du film de condensat. II a Btt inclus dans ce travail et il conduit h des 
coefficients de transfert thermique plus ilevCs sur la moitik amont du tube. On montre que, sous certaines 
conditions, une solution (calcul de l’kpaisseur du film autour du tube) n’est pas possible pour la partie infkrieure 
du tube od la tension de cisaillement superficielle et le gradient de pression agissent dans des directions 
oppos&es. Pour le probl8me considtrt [Bcoulement vertical descendant de la vapeur, kcoulement “potentiel” 
supposi hors de la couche limite de vapeur, approximation asymptotique (suction infinie) utiliske pour le 
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cisaillement pari&al], un accroissement infini de I’kpaisseur du film avec I’angle est rencontrC a un certain 
endroit sur la moiti6 aval du tube quand p,UZ,/pgd > l/S. Ceci peut conduire B une instabilitk du film 
laminairede condensat suivie par une ondulation, la turbulence ou I’enlivement du condensat dans le courant 
de vapeur. Chacune de ses possibilitts conduit B un accroissement du transfert thermique sur la partie arriere 
du tube. Quand p,UZ,/pgd < l/S, on trouve que l’accroissement de transfert thermique sur la moiti6 avant du 
tube est i peu prts compenste par une diminution sur la face arrikre, de telle sorte que le nombre de Nusselt 
moyen sur le tube est trts proche de celui obtenu quand on niglige le gradient de pression. Des solutions 

numkriques sont obtenues pour des domaines ttendus des paramttres sans dimension et utilisies pour obtenir 

des expressions pr&ises pour: (a) le coefficient moyen de transfert pour le tube entier, (b) I’angle 4, oti d6/d$ 

devient infini quand p,Ui/pgd > l/S et (c) le coefficient moyen de transfert jusqu’d 4,. Une kquation 
conservative pour estimer le coefficient moyen pour le tube entier est donnke et comparte avec des don&es 

exptrimentales. 

DER EINFLUSS DES DRUCKGRADIENTEN BEI DER FILMKONDENSATION AN EINEM 
HORIZONTALEN ROHR BE1 ERZWUNGENER STROMUNG 

Zusammenfassung In friiheren theoretischen Untersuchungen der Filmkondensation eines strdmenden 
Dampfes an einem horizontalen Rohr wurde der Druckgradient, der durch die Striimung des Dampfes iiber 
die gekriimmte Oberflache entsteht, in der Impulsbilanz fiir den Kondensatfilm vernachl%ssigt. In der 
vorliegenden Arbeit wurde er beriicksichtigt, und es wurde festgestellt, daB er zu h(iheren Wlrme- 
iibergangskoeffizienten an der vorderen Halfte des Rohres fiihrt. Weiter wird gezeigt, da13 unter 
gewissen Umstlnden eine L&.ung(Berechnungder Kondensatfilmdicke urn das Rohr) fiir den unteren Teil des 
Rohres, wo die Oberflachenschubspannung und der Druckgradient in entgegengesetzten Richtungen 
auftreten, nicht miiglich ist. Speziell fiir das betrachtete Problem vertikale Dampfstr6mung, angenommene 
“Potentialstriimung” auljerhalb der Dampfgrenzschicht, asymptotische Nlherung (unendliche Absaugung) 
fiirdie OberflLchenschubspannung wird ein unendlich schnelles Anwachsen der Filmdicke mit dem Winkel an 
irgendeiner Stelle aufder unteren Halfte des Rohres festgestellt, sofern p,Ui/pgd z l/8 betrggt. Dies kannzur 
Instabilitiit des laminaren Kondensatfilms, verbunden mit einem betrlchtlichem Grad von Welligkeit, 
Turbulenz oder-was such denkbar ist-dem AbreiRen von Kondensat vom Rohr in den Dampfstrom fiihren. 
Alle diese Miiglichkeiten wiirden zu einem erhiihten WLrmeiibergang an der Riickseite des Rohres fiihren. 
Wenn p,Ui/pgd < l/8 betrlgt, zeigt sich, dalj die Zunahme des Wirmelbergangs an der vorderen HBlfte des 
Rohres durch einen Riickgang an der hinteren Halfte fast ausgeglichen wird, so da13 die mittlere Nusselt-Zahl 
fiir das Rohr derjenigen bei vernachliissigtem Druckgradienten sehr nahe kommt. Numerische Liisungen 
wurden iiber groBe Bereiche der relevanten dimensionslosen Parameter erhalten, und es wurden exakte 
Ausdriicke berichnet fiir (a) den mittleren WLrmeiibergangskoeffizienten fiir das ganze Rohr, wenn der 
Druckgradient unwichtig ist, (b) der Winkel d,, bei dem da/d4 unendlich wird, wenn p,U$Jpgd > l/8 ist und 

(c) den mittleren Wirmeiibergangskoeffzienten bis 4,. Eine Gleichung zur Abschiitzung des mittleren 
WIrmeiibergangskoeffizienten fiir das gesamte Rohr wird ebenfalls angegeben und mit verfiigbaren 

experimentellen Daten verglichen. 

BJIMIIHME ~PAAMEHTA AABJIEHMR HA ~~EHo~HYI~ K~HAEHCA~WIO nw 
BbIHYXCflEHHO6.I KOHBEKUMM HA TOPW30HTAJIbHOti TPY6E 

AmioTaqHn-B paHCC npOBOLWiBIIIHXCR TeOpU'WICCKHX HCCJIejlOBaHHflX IIJIeHOYHOti KOHAeHCaLWi napa, 
06TeKalOmerO rOpA30HTanbHyKI Tpy6y, rpaA!-icHT flaBJIeHWI, BOJHIIKaIOLIIA~ npli TcYeHIiIi napa Ha 

HCKpnBJIeHHOii nOBepXHOCTn, He yYHTb,BanC5! B ypaBHcHAll 6UIaHCa KOJIWIeCTBa LIBA,KCHIIII &WI 

nJIeHKN KOHLICHCaTa. B AaHHOii pa6Ol'e paCYCT npOBOLWIC5l C yseTOM rpaLWeHTa naBJIeHllll H 

noKa3aH0, wo B pe3ynbTaTe nonyYamTcn 6onee ablcoKne 3HaYeHw Ko3@mmewroB nepeHoca Tenna 

Ha nepenHeii ‘lacTII Tpy6bI. KpoMe ~Oro nOKa3aHO. YTO npn OnpeneneHHbIx ycnoBMnx pemeHIte 

(paCYeT TOJILUUHbI nJlcHKA KOHncHCaTa BOKfJYr Tpy6bI) HcBOJMOX(HO nOJIyWTb mS HEiEHeP 'IaCTH 

Tpy6b1, me HanpnmeHae camira Ha C-reHKe H rpanaeHT KdaneHnK npoT~BononomHbt no HanpaBneHwo. 

B YacTHocTM, B paccMa-rpuBaeMoE sanaqe [BepTuKanbHoe 0nycKHoe Tegemie napa, npennonoEeHse 

0 ~a.nwimi ctnoTeHmianbHor0)) TeqeHm4 aHe norpaHwHor0 cnoK napa, ncnonb30BaHne acm4nToTw 

WCKOrO (6eCKOHeWbIii OTCOC) npe6nemeHen LUIR HanpR~eHIUl CABllra Ha CTeHKe] HeOrpaHHYeHHbIti 

pOCTTOnII,MHbInJIeHKIiCyBenWSCHllCM yrJIaCTeKaHW4 MMCCT MCCTO B HeKOTOpOti o6nacTa UeHTpanbHOii 

'IaCTA Tpy6bI n0 TWCHIIIO, KOrna p,U:/pgd > l/8. 3TO MOIKCT npHBOnIlTb K HeycTOtiYHBOCTM 

JIaMHHapHOfi n.ileHKA KOHneHCaTa C nOIlBneHIieM He60JIbLLIOti BOSIHHCTOCTU, Typ6yJIeHTHOCTH H, 

BOSMOEHO, K yXOny KOHneHCaTa 83 TPy6bl B nOTOK napa. 3TO MOTeT BbISbIBaTb I,HTCHCH@fKaUI,IO 

TennonepeHoca Ha 3anHeti qaCTA Tpy6bI. ,&~x p,lJ:,/pgd< l/8 ycTaHoBneH0, YTO ycMneHIte Tenno- 

IIepeHOCa Ha IICpCLlHCfi YaCTM Tpy6bI nOWA ypaBHOBeIII‘IBaeTC$I CrO yMeHbUIeHW2M Ha 3anHeii WC7U, 

TaK 9~0 cpenHee 3HaveHMe wicna HyCCenbTa nnn Tpy6bI oKa3bIBaeTcR BecbMa 6JIA3KI(M K 3HaqeHnw, 

HaiiAeHHOMy B TOM C,Iyqa‘Z, Korea rpaaMew AaaneHw He yqaTbmaeTcs. YecneHHbre pemeHIta 

nonyveHbr nJl* IWpOKHX miana3oHoB COOTBeTCTByH)mAX 6e3pa3MepHbIX napaMeTpoa Ii UCnO,Ib30BaHbI 
J"TR BbIBODa BbIpameHd,C nOMOIUbI0 KOTOpbIX MOXHO TOYHO paCCWTaTb (a)CpeAH,d KO$+,AL,AeHT 

-rennonepeHoca PJln B&i Tpy6b1, Korna qneHoM yf,aBHCHHS, yWTbIBaloIL,MM rpanaen-r AaBneHHX, 
MOXHO npeHe6peqb, (6) yron 4c, npH KOTO~OM OTHOUIeHBe d6/dq5 CTpeMHTCn K 6cCKOHeVHOCr&i 

npH p,U:/pgd> l/8 M (B) CpCAHHii K034&iUNCHT TennonepeHoCa BnJIOTb no 4,. npe&nOxeHo 

TaKme KOHCepBaTABHOe ypaBHeHMe D,nII OueHKA cpenHer0 3HaqeHwI Ko++iqI4eHTa TennonepeHoca 

mll SC& Tpy6bI II npOBCLlCH0 CpaBHeHHC C AMCIOIIWMWCII ?KCnCpMMeHTa,IbHbIMH IlaHHbIMA. 
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