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A theoretical solution is proposed for a problem of heat transfer on horizontal 
tubes in the condensation of a descending vapor flow. Results are presented from 
calculation of theoretical heat transfer and are compared with experimental re- 
sults. 

An analytical solution was given in [i] for a problem of heat transfer in the laminar 
film condensation of a descending vapor flow on single horizontal tube. The following as- 
sumptions were made: a) the laminar film of condensate flowed under the force of gravity, 
pressure, and shear forces at the boundary between the condensate film and the laminar 
boundary layer of the moving vapor, which was regarded as a boundary layer with suction; the 
shear forces acted on an arc from the frontal point to the separation point of the vapor 
boundary layer; beyond this point, the condensation conditions were assumed to be the same 
as in the condensation of stationary vapor; b) heat flux on the arc ~ was considered to be 
constant and equal to qm, while heat flux on the arc ~ -- ~ was also constant and equal to 
qn <qm" Thus, on the arc ~, the rate of suction (blowing) from the vapor boundary layer 
turns out to be uniform and equal to (- vo) = qm/(pvr); c) beyond the boundary layer, the 
vapor flow was assumed to be a potential flow, meaning that the tangential velocity of the 
vapor U at the outer boundary of the boundary layer was distributed according to the familiar 
sine law; d) about the tube periphery, the available temperature head 0 and the total heat- 
transfer resistance of the cooling medium and tube wall Rgw, referred to the outer surface 
of the tube, were constant. 

It was shown that the coefficient of heat transfer ~m from the moving, condensing vapor 
on the arc ~ depends on the dimensionless complexes Revc , ~m, Id, Nugw, and ~ (the effect 
of ~, characterizing the pressure forces, is relatively slight), while the ratio ~m/~n de- 
pends on Km, Id, Nugw, and ~. 

It is important to note that the complex Km in [i] entered into all of the equations for 
determining the thickness of the condensate film ~c not independently, but only in the form 
of the product ~ml~ ~2, while the complex I d also entered into these equations independently. 
It can be shown (which was not done in [i]) that (~ml~1~) ~3 is the well-known complex ~m2 = 
FrvH if the vapor--wall temperature head ~ entering into H is the mean temperature head in 
the condensation of the stationary vapor under the conditions q = qm = const, i.e., if 

/ ~  .'{: 2 3 1 /3  
= ~ -~ qm / n ,andCZ n ---- a [ggC ~gr/(licda.qm)] , 

Then 

Thus, 

1 U ~  (qm/r)I/3/(g~pc~ccln)21a - -  1 r , 4 / a r - ~ / a  Um "~ " (1) 
a G 

~m= [(Revc, Umz'Id, NUgw); a m ~ a n  = r  Nugw). (2) 

Since, strictly speaking q~=const and~=~ const with the boundary conditions 0 = const 
and Nugw = const, the solution obtained in [i] is approximate. However, as follows from [2], 
it agrees rather well with the empirical data. 
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An exact solution of the problem posed in [i], i.e., at qm # const and qn # const, can 
be obtained only through a numerical solution on a computer. 

The present work offers such a solution for determining heat transfer in the laminar 
film condensation of a descending vapor flow on horizontal tubes. The flow of the vapor 
beyond the boundary layer obeys a more complex law than the sine law assumed in [i]. 

As in [i], the equation for the local thickness of the film of condensate on the tube 
is written 

2d Jd 13 302 3  n[S ] yc{dn 6c @ -- 6c -- - -  

The derivative dp/d ~in Eq. (3) may be written 

(3) 

dp/d~ . . . .  Pv U (dU/d~). (4) 

We will determine the shear stress at the phase boundary To from an expression similar 
to that in [i]: 

To _3,22]//#( 0,0682 @0.174)(2a la dU 0,0682 ) 
~o.~c a U~ dq~ -+- a ~ 0,174 (5) 

obtained as a result of calculation of an incompressible laminar boundary layer with blowing 
control. The form parameter ~ is determined from the equation 

i oz 0.22U~ U 5 (1 - -  2a) d% I a ---- I (q~), (6) 
U6Ia 

0 

while 

r = Uqlr, q = q (~). (7) 
The vapor velocity distribution about the perimeter of a tube located in a tube bundle 

and submerged in a potential flow 

U = U (% S1, S2) 

was d e t e r m i n e d  by the  method of  e l e c t r o d y n a m i c  a n a l o g y  ( see  [ 3 ] ,  e . g , )  on a s p e c i a l  u n i t .  

The thus-obtained relation (8) is shown in Fig. 1 for certain corridor and staggered 
bundles. 

System (3)-(8) was solved on a BESM-4M computer with a special program in which the 
values of U from (8) were introduced in tabular form. 

As a result of the calculation, after specifying values of the parameters and vapor 
velocity, law (8), and values of e and Nugw, we can obtain the distribution of the quanti- 
ties To/To.ac, q, ~, ~c, and ~ = ~c/~c about the tube perimeter, as well as mean values of 
the heat-transfer coefficient 

(8) 

I ! 

where m is the number of sections A~i into which the tube perimeter is divided in the com- 
puter calculation, i being the number of the section. 

Figure 2 shows the resulting theoretical local values of To/To.ac, q, and 9 with dif- 
ferent values for the parameters of the water vapor and its velocities at the inlet to a 
staggered bundle. The values of e and Rg w are the same in all cases. 
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F i g .  1. V e l o c i t y  d i s t r i b u t i o n  abou t  t he  p e r i m e t e r  o f  a 
tube in a bundle submerged in a flow of different vapors: 
a) corridor bundles: I, 2, 3, 4, 5, 6) $2 ~ 5 with S = 
5, 2.5, 2, 1.5, 1.25, and i.i, respectively: 7, 8, 9) 
$I =S==1,5, 1,25, and 1.14; b) staggered bundles: i, 2, 3, 
4) $I = 1.14 with S= = 1.14, 1.25, 1.4, and~l.5; 5, 6, 
7) $I = 1.25 with $2 = i.I, 1.25, andS1.5; 8, 9) $I = 
1.5 with $2 = 1.3 ands1.5, I0, ii) $I = 1.85 with $2 = 
0.54 and~l.5, respectively. ~ , deg. 
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Fig. 2. Local values of q (W/m2.~ ~(~ and 
To/To.ac about the perimeter of a tube with d n = 
19 mm in a staggered bundle with S~ = 1.5 and 
$2 = 1.3, R~w = 1"10 -4 m2.~ and ~ = 30~ 
a) t n = 240 C; i, 2, 3) q; 4, 5, 6) $ at U~ = 
0.6, 6, and 9 m/sec; b) same, but t n = 140~ and 
U~ = 0.6, 6, and 18 m/sec; c) same as b, but t n= 
40~ d) To/To.ac = f(~): i, 2, 3) t n = 40~ 
U~ = 0.6, 6, and 18 m/sec; 4, 5, 6) same, but 
t n = !40~ 7, 8, 9) t n = 240~ U= = 0.6, 6, and 
9 m/sec. 
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Some of the calculations were performed for an actual velocity distribution, taken from 
data in [4, 5]. Here, the mean values ~ for the actual and potential flows did not differ 
by more than 10% in the cases examined. 

Analysis of the results of the calculations also showed that the velocity distribution 
law (8) could be replaced by the sine law 

U = 2U~ sin % where U~ = k*U~, (10)  

with k* = f(S~) for corridor bundles and k* = f(S1, $2) for staggered bundles (see Fig. i). 
If such a substitution is made, the mean heat-transfer coefficient does not differ from the 
exact value by more than 5% for a fairly broad range of values of the determining parameters. 

The angle ~ = ~, at which ~o/To.ac = 0, corresponds to the separation point of the vapor 
boundary layer. It follows from Fig. 2d that nonseparated flow (~ = 180 ~ ) is seen only at 
low parameter values and low vapor velocities (t n = 40~ U= = 0.6 m/see). At a pressure 
above atmospheric and with the other conditions remaining the same, the position of the 
theoretical point of separation changes within a relatively narrow range, 130-123 ~ It also 
follows from Fig. 2d that the shear stresses are close to the asymptotic values only for 
vapor with t n = 40~ and that they deviate considerably from the latter when the pressure 
increases. Finally, it is evident from Fig. 2a-c that q and ~ are fairly close to q = const 
and $ = const on the arc ~ (especially with an increase in the parameters and vapor veloci- 
ties), which validates the assumptions made in the analytical solution in [i]. 

To evaluate the proposed theoretical solution, we adopted the coordinates Nuex = 
f(Nutheo) to compare more than i000 experimental values of heat transfer in the condensation 
of a descending vapor flow on horizontal tubes without condensate inflow, taken from well- 
known works, with theoretical values of heat transfer calculated by the method described 
above for the conditions which prevailed in each experiment: the parameters and velocities 
of the vapor, values of 0 and Rgw, and the geometric parameters of the bundles. We deter- 
mined Rgw = (~w -- tg)/q = (0 -- ~)/q from the experiments in which direct measurements were 
made of the mean temperature of the tube wall t w (all of the experiments in [6-8] and one 
series in [9]) and the total heat-transfer resistance of the cooling medium and tube wall, 
which are needed to calculate the theoretical heat transfer. In particular, from [9] we ob- 
tained the relation Rg w = f(Gg, ~g), which was used to determine Rg w in those experiments in 
which wall temperature was not measured. 

The results of the comparison are shown in Fig. 3, which provides evidence of the sat- 
isfactory agreement between the theoretical and empirical heat-transfer values for both water 
vapor and vapors of Freon-21 and Freon-12. It should be pointed out that the best agreement 
between the theoretical and experimental values of heat transfer is seen for the cases of 
vapor condensation on tubes located in a rectangular channel: vapors of Freon-21 and Freon- 
12, tube with d n = 2.5, 6, 16, and 17 mm [7, 8]; water vapor, tube with d n = 19 mm [9]. 

Most of the experimental values of heat transfer for the tubes located in staggered 
bundles [6-9] were about 10-25% higher -- and in corridor bundles with S= = 1.25 [9], about 
10% lower -- than the theoretical values. This is evidently connected with the features of 
actual flow in tube bundles. In particular, the poor heat transfer in the above corridor 
bundle compared to the staggered bundle can be explained by the presence, on each tube in 
the corridor bundle (apart from the tubes of the first row) in real flow, of two (rather than 
one) frontal points, shifted by an angle ~ ~ 30-40 ~ , and the occurrence, on the arc of B, of 
reversed currents [4] which act to slow the film of condensate. 

In tests in [7-9], not shown in Fig. 3, the experimental values of heat transfer coef- 
ficient exceeded the theoretical values by 40-50% at Rev> 60,000 and blowing velocities 
(--Vo) = 0.1-0.3 m/see (Re v was calculated for the vapor velocity in a narrow cross section 
of the bundle). It may be assumed that this is the result of agitation of the vapor bound- 
ary layer and condensate film in these tests, whereas the layer and film were assumed to be 
laminar in deriving the theoretical relations. 

In accordance with [i0], the transition from a laminar boundary with blowing control to 
a turbulent boundary layer can be expected when 

In Re~ ~ 34.2H3,, - -  47.8l  (ll) 
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Fig. 3. Comparison of theoretical and experimen- 
tal heat transfer: I) N~ex = N-Utheo ; II) mean 
lines of tests of series IV with water vapor in 
[6] and of some of tests with Freon-21 and Freon- 
12 in [8] (Table 2, tests 26-89, Table 3, tests 
13-27); i) tubes with d n = 17 and 16 mm in stag- 
gered and corridor bundles, Freon-21 and Freon-12 
[7, 8]; 2, 4, 6) single tubes with d n = 17 and 
2.5 mm in rectangular channels, Freon-21 [7, 8] 
and d n = 19 mm, water vapor [9]; 3) single tube 
with d n = 6 mm in a rectangular channel, Freon-21 
[7]; 5) tube with d n = 19 mm in a staggered bundle, 
water vapor [6]; 7, 8) tube with d n = 19 mm in 
corridor and staggered bundles, respectively [9]. 

and will definitely occur when 

In Re6~>34,2H32"46.78, (12) 

where Re~2 = U62/~v, and 62 = OrPv/q; Hs2 is the form parameter, determined from [i0] in 
relation to 62. 

Calculations of local values of 62 and Re d show that, under the above conditions, the 
appearance of a turbulent vapor boundary layer may be expected when Re v > 4"104 and guaranteed 
when Rev > 12"104, which covers the experimental values of Re v. Local values of Re c = ~c6c/V c 
fall within the range 30-50 under the conditions of these experiments. 

As follows from [ii], agitation of the vapor boundary layer shifts its separation points 
down the flow and increases the shear stresses, meaning that there is also an increase in the 
average heat-transfer coefficient about the tube perimeter. The length of the turbulent 
boundary layer to its separation point and its effect on mean heat transfer will depend on 
Rev, the geometry of the bundle, and heat-transfer conditions. This question requires fur- 
ther study. 

NOTATION 

a, coefficient in the expression for e~; d, tube diameter, m; d, differential sign; g, 
acceleration due to gravity, m/sec=; p, pressure, Pa; q, heat flux, W/m2; r, heat of condensation, 
J/kg; R, heat-transfer resistance, m=-deg C/W; $I, $2, relative transverse and longitudinal 
spacings of tubes in bundle; t, temperature, ~ U, tangential velocity of vapor at the outer 
boundary of the boundary layer, m/sec; U~, US, velocity of vapor far from surface, m/sec; v, 
transverse velocity of vapor in the boundary layer (blowing velocity), m/sec; w, velocity of 
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condensate film, m/sec; ~, heat-transfer coefficient, W/(m2.~ Yc@ = gPc sin~, projection 
of force of gravity onto the tube circumference tangent, kg.m/sec2; ~, thickness of film, 
layer, m; ~ = t n -- tw, vapor-wall temperature head, ~ %, thermal conductivity, W/m,~ 
~, ~, dynamic and kinematic viscosities, kg/(m-sec) and m2/sec; p, density, kg/m3; T, shear 
stress, kg/(m-sec2); ~ , running angular coordinate, rad; ~, angular coordinate of separation 
point of laminar vapor boundary layer, rad; ~, form parameter of boundary layer with blow- 
ing; e = t n -- t~, available temperature head, ~ Indices: v, vapor; c, condensate; n, 
stationary (for-q, ~, ~, ~c, and Nu), external (for d), or saturated (for t); m, moving; g, 
cooling medium (water); w, wall; 0, phase boundary; ac, asymptotic complexes; Frv = U$2/ 
(gdn); H = %c$/(Bcr); I d = (U~PvBv/dn)(r/q)2; Nu = ~dn/% c = dn/~c; Nug w = dn(R w%c); Re v = g 
Uvdn/~v; Revc = USdn/%c; ~m = Frv(Ov~v/Pc~c)~2; E~ = FrvPv/PC ; ~m 2 = FrvH ~ 
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