EFFECT OF VAPOR VELOCITY ON HEAT TRANSFER
DURING CONDENSATION
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An analysis of recently published results of an experimental investigation of heat transfer duringfilm
condensation of a moving vapor on a horizontal tube [1] confirms, as shown below, the previously noted[2,
3] divergence between the experimental and theoretical data for this case of condensation. The approximate
theoretical formulas taking into account the tangential stresses on the liquid—vapor interface, and so, the
heat-transfer coefficient as a function of the density of the transverse mass flow, can be used, however, as
a first approximation in those cases when direct experimental data are absent.

The asymptotic solutions of the equations of motion for laminar and turbulent boundary layers with
suction [4-7] lead to the following relation for shear stress on a longitudinally streamlined permeable plate:

T=jU (&H)]

where j is the density of the transverse mass flow and U is the velocity of the medium beyond the limits
of the boundary layer.

If we assume that during film condensation of a moving saturated vapor the shear stress on the phase
interface is determined by Eq. (1), we can obtain {2, 3, 8]

@ _ 4 F
=~ 7z (2)
Here o and g are the heat-transfer coefficients during condensation of moving and stationary vapor;
F=U?%/(gl) is the Froude number for the vapor flow; P =vpcp/ A is the Prandtl number of the condensate;
K=1/ (cp#) is the phase transition number; g is the acceleration of gravity; I is a characteristic dimension
(height for a vertical surface and outside diameter for a horizontal tube); v, A, Cp, p are the coefficient of

kinematic viscosity, coefficient of heat conductivity, specific heat, and density of the condensate; r is the
heat of condensation; ¢ is the vapor—wall mean temperature difference.

Equation (1) does not satisfy the limiting conditions 7—74 when j— 0 (where 1 is the shear stress
of "dryn friction in the absence of a transverse mass flow). But during condensation of 2 moving pure vapor
the value of j is generally relatively large and remains large also when
U—0. '

§ /; The numerical solution of the problem of heat transfer during film
‘/ / /"’Z—_’ condensation of moving vapor on a vertical surface (flat plate or surface
o —eZ of small curvature) proposed by Nusselt [9] was based on the assumption
/ v that T =74, i.e., did not take into account the effect of the transverse mass
{ / flow on shear stress. However, when determining 7 by means of Eq. (1) we

1.6

can use the results of this numerical solution if in the complex

1.2
o Utp” %
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il where cy is the frictional resistance coefficient and p is the vapor density,
7 Z ¢ we replace 7, i.e., use instead of [ the modified complex
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The relation thus obtained for the heat-transfer coefficient in the case of a descending vapor flow
is described nicely by the equation (3]

-Of‘—s=o.125(1/11-*—16-;-zVﬁ)(VIH-m'—Vﬁ)"‘5 (5)
where
Il = F/(PK)

For condensation on a transversely streamlined horizontal tube the equation [2]

o

(7.?)_4 +0.79 105 (ais)"” ‘—1=0 (6)

was obtained by approximate solution.

The relations described by Eqs. (5) and (6) can be approximated for the range of values a/ag=1.6
with sufficient accuracy by the simple equation [8]

oo =1 all"5 (7
where for a vertical surface a=0.345 (curve 1 in Fig. 1) and for a horizontal tube ¢=0.24 (curve 2 in Fig.1).

Since the available experimental data for the condensation conditions being considered are still few
and cover only narrow regions of the change of the main parameters of the process, it was suggested to
use Egs. (5)-(7) for an approximate evaluation of the effect of vapor velocity on the heat-transfer coeffi-
cient in those cases when experimental data are absent [8]. The reference here was to the fact that the
additional effects not taken into account by these equations, mainly the possibility of disturbance of thelam-
inar flow regime of the liquid film under the effect of perturbations caused by the vapor flow, should lead
to an increase of the intensity of heat transport across the film, i.e., the practical use of the indicated equa-
tions cannot lead to an insufficient value of the required heat-transfer area. Here it was stipulated that
the form of Eg. (2) for different conditions requires correction as new theoretical and experimental data
appear. In this connection it is of interest to examine the results of an experimental investigation of the
condensation of moving Freon-21 vapor on a horizontal tube described in [1].

On the basis of determining the shear stress 7 by means of Eq. (1), the authors of [1] plotted their
experimental values of a/og as a function of the product of mym,, where

v Uzp"atg
= —ﬁ-“ y Tig = lpg

Here v is the linear velocity of the transverse flow.

Substituting the indicated values of the parameters m; and m,, we obtain that

The authors of [1] presented the experimental results only in a graphic form, but the averaging curve
(straight line in semilogarithmic coordinates) plotted by them through the experimental points can be de~
scribed by the equation

afa =1.46 4~ 0.104 In I'I& (8)

A dependence of the form a/ag =f(IIN*) is inconvenient since the argument In* includes the heat-
transfer coefficient o being determined. To obtain a more clear-cut and convenient dependence of the heat-
transfer coefficient on the vapor velocity, we will transform Eq. (8).
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For condensation on a horizontal tube the parameter I+ can be represented as
- e
Ty =052 5 -1 , (9)

where 1] is the complex figuring in Eq. (5). Then from (8) and (9) we obtain

oxp [9.62 (x/a; —1)]
0526 afas =1 (10)

Equation (10) is presented in a graphic form in Fig. 1 (curve 3) and in log-log coordinates in Fig. 2.
If we replace the curve in Fig. 2 by a broken line with a break at 17 =0.1, then with deviations from its cor-
responding values of &/ag of not more than +1.5% we can represent this dependence in the form

ajo, =1+0.620"% when 0.003 <TI0l (11)
ajo, =104 0% when 10<T<Y

As follows from a comparison of curves 2 and 3 in Fig. 1 and from Egs. (7) and (11), the experimental
data of [1] for condensation of Freon-21 vapor agree well with the previously published analogous experi-
mental data of the All-Union Institute of Heat Engineering [10] for condensation of water vapor. In the re-
gion of comparatively small I1 they demonstrated a considerably greater increase of the heat-transfer co-
efficient with increase of vapor velocity than in the theoretical calculations, which suggest a purely laminar
flow of the condensate and take into account the effect of shear stress T only on the thickness of the laminar
condensate film.

The experimental data considered confirm the presence of additional effects intensifying heat trans-
port across the condensate film, An additional increase of the heat-transfer coefficient can be caused by
a shift in the presence of condensation of the point of separation of the boundary layer from the surface
of the cylinder in the direction of the larger polar angle reckoned from the front eritical point and by dis-
turbance of the purely laminar flow regime of the condensate film with its transition to a laminar-wave
regime, These experimental data confirm also the validity of using Eqgs. (5)-(7) in calculations for con-
ditions not covered by experimental investigations, which permit evaluating the effect of vapor velocity on
the heat-transfer coefficient with some reduction.
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