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A method of calculating the heat exchange and hydraulic resistance during film con- 
densation in a vertical pipe is discussed. The results of the calculation are com- 
pared with experimental data on the condensation of nitrogen tetroxide and water. 

The calculation of heat-exchange apparatus with condensation in bundles of pipes operat- 
ing in parallel and with a variable cooling intensity along the rows and along the length of 
the pipes is possible only With the use of methods permitting the computation of the local 
and average values of the coefficients of heat exchange and hydraulic resistance. The con- 
ditions of condensation of turbulent and laminar streams of vapor with a laminar film of 
condensate are widespread in practice. However, the known calculating recommendations do not 
possess enough universality, mainly because of the serious assumptions simplifying the solu- 
tion in the calculation of the velocity of the condensate film and the shear stresses at the 
phase interface. 

Comparable solutions of the problem of laminar condensation of a rapidly moving vapor 
at a vertical plate are obtained in [1-3] with the force of gravity neglected, An equation 
determining the average coefficient of heat exchange (~) for a vertical pipe was derived 
analyticall[, in [4], in which the inertial forces and the influence of the transverse flow 
of vapor (Vr) were ignored while the shear stress at the phase interface (rif) was defined 
by analogy with the case of a dry smooth wall. Using the Blasius resistance law for the con- 
ditions of con__stant vapor velocity in a vertical pipe an expression was obtained in [5] for 
calculating Nu. The functions from [1-5] are valid at high vapor velocities V" and do not 
provide for the limiting transition to the conditions of heat exchange when the vapor is mo- 
tionless. The approximate equation of [6, 7] has definite advantages in this respect. Sat- 
isfactory generalization of experimental data on the condensation of water vapor is achieved 
by these functions in the ranges of the parameters with the dominant influence of the factor 
being taken into account or by the introduction of empirically chosen constants. In this 
connection, the experimental data on the condensation of nitrogen tetroxide, Which is dis- 
tinguished by a high density of the vapor and by low values of the viscosity of the phases 
and of the surface tension, cannot be generalized satisfactorily by the known calculating 
func t ions. 

In the general case the motion of a condensate film is determined by the forces of grav- 
ity and friction and by the effect of momentum transfer by the condensing vapor, The main 
difficulties consist in the calculation of the coefficient of friction at the phase inter- 
face (cf) in the wave mode of film flow with allowance for the wave height and the change in 
the vapor velocity profile. 

We obtained a calculating function for cf on the basis of the equation [8] for adiabatic 
annular flow, refined in [9]: 
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In (i) the thickness of the viscous sublayer of the gas stream (the last term) is subtracted 
from the actual wave height, which is proportional to ~ The quantity cf is calculated from 
the equation for turbulent flow in a smooth dry pipe. It is obvious that (i) is valid when 

11 

~/D > 5/Re"/~cf, while in the opposite case cf = cf. Under these Conditions of descending, 
comoving, annular, two-phase flow, in the absence of separation and of annular Waves of large 
height, the constancy of the relative wave amplitude (l = 0.46 [i0]), close to the value of 
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Fig. i. Dependence of the coefficient of fric- 
tion for a dry smooth wall with uniform suction: 
solid curve) calculation according to [15] ; dashed 

T, 
curve) by the equation cfo = cf (i + 17.5 Re ''~ 
8) [13]; dash-dot line) by (2). 

X = 0.48 calculated analytically in [Ii], is usually retained. In an ascending stream with 
constancy of the liquid flow rate, X increases (from 0.48 to 0.86 [i0]) with a decrease in 
velocity, so that Eq. (I) evidently corresponds better to descending comoving flow. 

With condensation under the action of a transverse flow the velocity profile of the vapor 
stream changes, with an increase in the velocity gradient at the phase interface and a de- 
crease in the thickness of the viscous sublayer, and therefore these factors must be allowed 
for in (i). 

The coefficient of friction for turbulent flow with mass exchange (cfo) can be calculated 
by various methods [12-15]. For the problem under consideration it is most reasonable to use 
the results of [15], which is a development of the calculation method worked out in [13] and 
[14]. Simple solutions in closed form for cfo and the longitudinal velocity profile are ob- 
tained in [15] using the Stevenson boundary law [16]. 

An equation for the calculation of cf_ is recommended in [13] which gives overstated re- 
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sults in the requisite region of 0 = Vy/V x < 0.08 and Re" < 105 in comparison with a calcula- 
tion by the method of [15] (Fig. i). Better agreement with the calculation is achieved by 
replacing the constant 17.5 by 14. Then 

c jo=:  c~(1 ~- 14R~o,2~0) .  ( 2 )  

It must be noted that, according to [13-15], Cfo in (2) does not allow for the variation of 
the momentum of the vapor stream along the channel. 

An increase in 0 with a fixed V~, which is equivalent to an increase in the heat load 
during condensation, leads to an increase not only in cfo, but also in the total frictional 
resistance because of a sharp increase in the "profile" component. The latter is determined 
by the height of the waves "projecting" into the turbulent core of the stream, proportional 
to the thickness of the condensate film and the size 6v of the viscous vapor stream. Pro- 
files of the longitudinal vapor velocities calculated by the method of [15] for different val- 
ues of 8 are shown in Fig. 2 (solid lines). In the presence of surface mass exchange the 
variables u+ and y+ do not allow one to obtain a universal velocity profile, and the curves 
u + = f(y+) are layered at different 8. Allowance for the decrease in ~v and the increase in 
the effective wave height in Eq. (i) can be made by multiplying the last term by the ratio 
of the thicknesses of the viscous layers with mass exchange and without it (0 = 0). A func- 
tion for the calculation of this correction was obtained on the basis of an approximation of 
the calculated data. It was arbitrarily assumed that ~vo/6v = y~/y+; the values of y~ and 
y+ were found from the coordinates of the points of intersection of the curves of the turbu- 
lent profile and u+ = y+. In reality, these curves have a flat conjunction (see Fig. 2), and 
in the transition from dimensionless to absolute values of V x and y one should allow for rw, 
but allowance for these factors adds unjustified complication to the calculation. As a first 
approximation, the correction can be calculated by the equation 

Ko - 6v~ - Re  " - ~ 1 7 6  e x p [ - - ( 5 0 0 ) l ' 6 ] .  ( 3 )  
6v 

5 4 5  



In the range of 0 = 0.025-0,01 and Re" ~ 105 the departures of (3) from the calculation 
are less than 4.5%. 

The characteristics of a wavy surface depend to a large degree on the value of the sur- 
face tension [17-19]. In theexpression of [19] for calculating the coefficient of friction 
in the presence of condensation its influence is allowed for by the factor o -2/a, and in [17] 
in the form of the ratio o/oH~ O. On the basis of an analysis of the available data we adopt- 
ed the correction 

With allowance for the foregoing, the expression for calculating the coefficient of in- 
terphase friction in the laminar condensation of a turbulent vapor stream has the following 
form: 

c ~ f  - -  % 1 + a00Ko D --. 26 Re ~ Ko �9 (5 )  

In (5), cfo, K0, and K a are calculated by (2), (3), and (4), respectively. 

Under these conditions the heat exchange is determined by the thermal resistance of the 
condensate film, since it is assumed that 

dT AT 
dy 5 (AT : :  ~ f  - -  Tw)' ~ 6 

The velocity of the film surface (Vxa) and the average velocity over the cross section 
(V~) can be calculated by equations obtained through double integration of the equation of 
film motion, 

d2V~ 
~ g ( ~ - - o " ) =  o, 

dy 2 

with the standard assumptions for such a problem (P, T = const, etc. [20]). The conditions 
of the interaction of the phases at the interface are 

~ f  = T , , = T s  ' ~ ( 0 _ ~ y ) i f  ::: rVu9'  ~ f  = P"' 

[ ) = (E  - Vo,) + 0,5% (E - 4-~t \ ~ if 

and those at the wall are 

V, V~ O, ~.[ 0_~.. T \ (T" 
~ u y !  .W  

The shear stresses $if are determined by the transfer of the momentum of the vapor, which de- 
pends on the difference between the velocities of the vapor and the film surface (Vol) , and 
by the frictional forces, proportional to the difference between the velocity of the vapor and 
the phase velocity of the waves (Vo2) when "profile" losses have the dominant influence. Ac- 
cording to [8, i0, ii, 18], one can take Vo2 ~ 2.5Vx. 

As a result of integration, we obtain 

l 
V.,.6= - - 6  [g (p - -  9") 6 ___ V p"Vo,-4- Tcqf VV 3, (6)  

V~: = 7 ~ -  g (p - -  p") a .4-- kV~3O o, q--~c/if p"V~, . (7) 

The equations for the film thickness at a distance x from the entrance can be obtained 
by solving (7) jointly with the equation 

dO = ~ dx == d(~.~6) = ~" ATAx.  (8)  
r - &  

For the conditions of AT = const we have 

u'J~ATx _ g (P - -  P") 54 :I: 1 . . . .  V 6 a ,<'v2 ,Sa (9)  
pr, 4 - 3  vvp o, -+-c]ff v - o ,  ~ , 
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Fig. 2. Velocity profiles of a turbulent stream with suction 
in the boundary region at Re" = 13,500. 

Fig. 3. Comparison of calculated and experimental data on the 
condensate flow rate and the static pressure drop; total con- 
densation: i) HaO [24]; 2) NeOn, 7.5 bar; 3) N204, 4 bar; 4) 
partial condensation of N20~, 7.5 bar; 5) AP, N204. G e, G c, 
kg/h; APe, APc, kg/m a. 

while for q = const we have 

~qx ! 

~-- c] ifV' p~ 3 ~ (P -- p') 6~ __ (v~vo, +__ ~,) 6~". (io) 

The variation in ~ along the length of a section Ax = Xn+ I -- Xn is calculated by (9) and 
(i0) with ~m replaced by m (~n+x -- 6~). The + or -- signs in (6), (7), (9), and (I0) are chosen 
as a function of the relative directions of the velocities of the film surface and the vapor 
and of the gravity vector. 

Wave formation lowers the thermal resistance of a condensate film, which is usually taken 
into account by the correction factor gu. In the condensation of a stationary vapor, ev = 
0.835Re -~ according to [21]. Motion of the vapor intensifies the process of heat and mass 
transfer in the film; moreover, the local values of E u_ must somewhat exceed ~u. Therefore, 
with allowance for the results of an analysis of experlmental data for the conditions of Re > 
25,000, we took CDx = 0. gRe -~ 

The momentum of a laminar film is relatively low, so that it is admissible to calculate 
the change AP in static pressure along the length of a pipe by confining the analysis to the 
vapor stream. The calculating equation for determining AP in a sufficiently small segment 
Ax of pipe length is obtained from the equations of continuity and motion: 

av~ a 
r @ (rV~)-- O, ( l l )  

Ox Or 

V .  9V~ .... g - -  ~ v r . ( 1 2 )  
Vx-a~ + " Or pdx rar _ Or ] 

Solving (ii) and (12) jointly, ai~d neglecting the third term on the right side of (12) 
because of its smallness or equality to zero when q = const, we have 

/ . 
- -  AP -- ~ p . . . . . .  ) pV~ Ax 2pl o VuAx 

g (Vx~-- V~,  I --pAx"t-clff "4- ' = g ( e - - 6 , ~ )  g ( R - - ~ )  (13) 

where B is a parameter of the velocity profile allowing for the nonuniformity of the velocity 
distribution over a cross section of the pipe, 
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_-- x - o (14) 
-,,z 1 

o 

and has a complicated dependence 
quantity 8 is close to unity. 

on Re" and 8 [22]; at moderate values of Re" and 8 the 

Experimental data on the condensation of N20a of stable composition [23] and of water 
vapor [24] in vertical pipes were analyzed using the method under consideration. The experi- 
ments on N204 condensation in a pipe with a length of 781 mm and an inner diameter of 8 mm 
were conducted at P = 7.5 bar (with total and partial condensation) and 4 bar (with total con- 
densation). The vapor velocity at the entrance was 0.71-7.10 m/sec, the Reynolds number of 
the film at the end of the pipe was 123-559, and the thermal load was 11-170 kW/m 2. The water 
vapor was condensed (without evaporation) in pipes with a length of 1500 mm and diameters of 
i0.i and 19 mm at pressures of 7.5 and 28 bar, vapor velocities at the entrance of 0.22-7.22 
m/sec, thermal loads of 15-121 kW/m 2, and film Reynolds numbers of 131-447. Unfortunately, 
the original experimental data on the pressure drop during condensation under these condi- 
tions are absent from the literature, and therefore Ap was calculated only for the conditions 
of the experiments with N204. For the analysis we chose experiments with parameters corre- 
sponding to the conditions of the given problem and with a minimal error. In connection with 
the absence of recommendations on the calculation of Recr in the condensation of moving vapor 
we arbitrarily took 400 as the most likely value of Recr. 

The calculation was carried out on a Minsk-22 computer by the method of successive ap- 
proximations in steps whose size was increased from 0.5 to 55 mm over a length of 285.5 mm 
and then remained constant. We assumed that AT is constant over the length of a step. In 
the initial section with a smooth film (Re --<- 6) the coefficient of friction was determined by 
(2). With laminar flow of the vapor cfi f = 16/Re". As a result of the calculation we de- 
termined the local values of the parameters of the vapor stream and the condensate film and 
the overall data on the condensate flow rate and the static pressure drop. Since the conden- 
sate flow rate in the experiments (G e) was determined with a minimal error in comparison with 
u, a comparison of the experimental and calculated data on the condensate flow rate as well 
as of the data on AP is given in Fig. 3. 

A comparison of the results of calculations of the length of condensation (required for 
the condensation of G e under the experimental conditions) made by the present method (L c) and 
by the Nusselt theory (LNu) showed the following. Despite the similar values of p" and V x 
under the conditions of the experiments with N20~ and H20, the degree of action of the vapor 

" < 3.9 m/sec for H20 stream on the condensate film differed sharply. For example, with Vin - 
with total condensation LNu/L c ----- 1.05, while for N20~ with the same velocity LNu/L c ~ 1.269 
and 1.752 with total and partial condensation, respectively. A similar divergence of the 
data is also observed at other velocities. 

Attempts to correlate the experimental data on H20 and N204 using various dimensionless 
complexes did not yield positive results. In particular, with equality of the parameter [25] 

9" ( G a l l  3 
- -  Fr 
9' --~e, 

the divergence in the values of LNu/Lc for H20 and N20~ increased two or more times. The 
use of the complex [25] (p"/p')Fr somewhat improves the results, but not to the required ex- 
tent. This indicates the inadequate universality of the available criterial functions and 
the reason for the unsatisfactory generalization of the experimental data on N20~ by func- 

tions obtained for H20. 

The comparative data presented in Fig. 3 confirm the possibility of using the method un- 
der consideration for calculating the process of laminar condensation in a pipe. 

NOTATION 

~, mean thickness of condensate film, m; x, y, longitudinal and transverse (radial) 
dinates; D, pipe diameter, m; ~ = Vr/Vx, ratio of suction velocity at the wall to axial 

COOT-- 
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velocity; u + = Vx/T~w/9, dimensionless axial component; y+ = y/~cp/~, dimensionless trans- 
verse coordinate; OH20, surface tension of water under standard conditions; r = r/R, dimen- 
sionless radius; Fr, Froude number; Ga, Galileo number. Indices: ", vapor stream, 0, con- 
ditions with suction; v, viscous boundary layer of stream; w, wall; if, phase interface. 
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