HEAT TRANSFER IN CONDENSATION ON THE EXTERNAL SURFACE OF HORIZONTAL TUBES
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A relation taking account of the intensification of heat transfer on account of
waves at the lower and lateral surfaces of tubes is obtained.

Comparison of experimental data on heat transfer obtained in the condensation of motion-
less water and khladon vapor with the same Reynolds numbers (KPr > 5) reveals a discrepancy
between these data themselves and also with the results obtained by calculational methods [1].
The most widespread method of calculating the mean heat transfer takes account of undulation
at the lateral surface only for tubes satisfying the condition We=!/2 > 20 [2]. The correction
factor introduced in this case for the Nusselt formula is some function of the Reynolds num-
ber

Nu = 0,95 Re ***Nuy. (1)

This approach tg calculating condensation gives two dependences for the heat transfer in
tubes of large (We™!/? > 20) and small diameter, with no systematic transition between them.
Experimental investigation of the condensation of Khladons [3] shows increase in heat transfer
on account of wave motion of the condensate even when We~™*/? < 10. These findings and the
available theoretical results [4] lead to the conclusion that the method employed in [2]
needs refinement.

Retaining the general structure of the method of calculating the mean heat transfer,
when the change in thermophysical properties of the condensate, the convective acceleration of
its particles, and the wave of the phase interface are taken into account by introducing the
corresponding correction factors to the Nusselt formula, the following expression may be writ-
ten

Nl_l = &€;8; Nﬁ]\l. (2)

When KPr > 5, o and €4 are close to unity, and the presence of spatial instability of the
condensate film leads to growth in heat transfer on account of increzse in the phase~interac-
tion surface and convective motion at the lower gemeratrix and lateral surface of the hori-
zontal tube. The latter factor is taken into account as follows in calculating the heat
transfer

gp== 1485+ 8,5 (3

where €y p, €y g are determined by the characteristics of the waves and the conditions of their
appearance at the lower generatrix and lateral surface, respectively.

As shown in [5], at the coolant flow rates realized in the operation of heat exchangers
in nominal conditions, practically motionless waves appear at the lower generatrix of the
horiziontal tube; the wave characteristics, found by a method analogous to that in [5], sat-
isfy the following relation when We=*/2 >> 2§
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Dispersion Eq. (4) takes account of the curvature of the condensate surface and the reactive

force of phase transition. Analysis of Eq. (4) at the extremum allows the dominant (with max~
imum growth rate) wavelength to be isolated
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The presence of the dominant perturbation leads to discrete runoff of condensate from the
lower generatrix of the tube, and the most probable distance between the centers of jet or
drop formation is determined by the dominant wavelength. The result obtained in Eq. (5) with
We = 0 and K = = coincides with the expression characterizing a Taylor wave for thin liquid
films [6].

Taking account of the small reactive force of phase transition in the condensation pro-
cesses realized in technical devices, it is found that

‘ "_2____._.

For comprehensive testing of the resulting expression, experiments are undertaken allow-
ing the influence of the thermophysical properties and tube diameter of the condenser on the
dominant wavelength to be determined. In the first case, the variation in temperature of the
liquid fed inside the porous cylinder simulates the runoff of condensate from the lower gener-
atrix of the tube. In the second, the condensation of saturated vapor is investigated at hor-
izontal tubes of the following diameter, m: 41073, 6.4¢10~°, 8.4¢10=%, 1.22¢10 2. The domin-
ant wavelength is determined as a result of statistical analysis of the experimental data for
the distance between the centers of the departing drops or jets on photographic prints, in ac-
cordance withthe scale. The experimental results obtained (Fig. 1) give good agreement with
calculations by Eq, (6): the maximum deviation of the statistical mean of Zd from Eq. (6) is
no more than 10-12%,

The appearance of instability in condensate flow over the lateral surface of a horizontal
tube was considered in [4]. It may be shown that, for We—'/2 > 4, phase-interface waves de-
velop at Reynolds numbers greater than

1,06
Re, = (ﬁg’_ Ka‘/3°) , €]
by
beginning at the angle
0, — 43 (Re Ka—1/30)—0.94, (8)

Using Eqs. (7) and (8), sections with purely laminar and undulatory flow of the condensate may
be distinguished in calculating the heat transfer,

In the case of purely laminar condensate flow over the lateral surface (Re < Re_, €ois =
0), intensification of the heat transfer occurs only on account of wave formation at the’iow—
er generatrix. At small Re, increase in heat transfer is associated principally with increase
in surface area of the phase interface. In the case of drop runoff, the relative proportion
of increase in phase interface is

aDL + LF/ldly F 9)
f=—pr— ="'t

where F = 5.471% is the mean surface of a spherical drop after it grows to a diameter corres-
ponding to brealocaway‘(3Z0 [61).
Using Eqs. (9) and (6), the first approximation for the correction factor is found from
Eq. (3)
1,35
5t

€ p == 1V 2We 4 4W€) . (10)
In Fig. 2, the results of calculating the heat transfer according to Egs. (2), (3), and (10)
are compared with experimental data satisfying the condition Re = 10 < Re, [3]. Deviation

of the experimental values when We~*/? < 2 is associated with reduction in the dominant wave-
length in Eq.(6) to a value close to the drop diameter, their partial coalescence, decrease
in surface of the phase interphase and consequently increase in the thermal resistance. This
constraint on the use of Eq. (10) does not extend to power equipment, since the tubes used
there are not so thin,
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Fig.l. Dependence of the dominant wavelength on the Weber criterion: the points cor-
respond to experiment and the curve to Eq. (6).

Fig.2. Influence of growth in the surface of the phase interface on the heat transfer
when Re= 10: the curve corresponds to Egs. (2), (3), and (10) when év s = 0 and the

points to experiment [3]. ’
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Fig. 3. Comparison of calculations by the present method with
experimental data [7, 8]: 1) Freon-12, D = 0.006 M (Ka =3-10°,
We"1/227); 2) Freon-21, D = 0.016 M (Ka x6:10%°, We~1/2 2 16);
3) Calculation from Egs. (2), (3), (12), and (13) when Ka =
3109, Wel/? = 7); 4) calcuylation from Egqs. (2), (3), (12), and
(13) when Ka = 6:10%°, Wel/2 = 163 5) calculation by Nusselt
theory.

Growth in Reynolds number under the condition of laminar flow at the lateral surface
leads to the appearance of convective mixing on account of increase in the amount of departing
condensate and intensification of heat transfer. This effect, observed experimentally in [3],

allows Eq. (10) to be corrected by introducing some power-law dependence on the Reynolds num~
ber

€0,5 = &,5 ARe™. (11)

The constants found from the results of [3] are A = 1.0, m = 0.03,.

Jet runoff of the condensate corresponds to an increase in phase interface that is some-
what different from Eq. (9). However, as shown by experiment, there is no pronounced change
in heat-transfer law on transition from drop runoff to jet runoff. Hence, with any conditions
of condensate runoff, intensification of heat transfer on account of waves at the lower genera—
trix of the tube is taken into account by the factor in Eq. (11), which is written in the fol-
lowing form after taking account of Eq. (10)

&b = —1%5—1/2We(1+4we)'12e0705. (12)

Increase in heat transfer on account of waves at the lateral surface of the horizontal
tube appear when Re > Re_. In this case, isolating the wave zone with the boundary defined in

Eq. (8) and taking account of the dependence of the characteristic of the wave conditions on
Ka and Re, it is found that ’

' Bu,s=0,01(ReKa—1/“)"2(1— 8, ) (13)
11
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Empirical values of the constants in Eq. (13) are found as a result of analyzing the experimen-
tal data of [3] (Khladon~12; T = 343 K; D = 0,012 m) by the given method using Eqs. (2), (3),
(8), (12), and (13).

In Fig. 3 the results of calculation by the given method are compared with the available
experimental data. The results obtained explain the difference in condensation rate of motion-
less vapor for materials with different Ka, We, and may be used to calculate the heat transfer
in the condensation of pure motionless saturated vapor in the laminar—wave region.

NOTATION

€, semiempirical coefficient; p, density; g, acceleratlon due to gravity; v, kinematic
viscosity; L, D, length and diameter of tube; 7 (vl/ yr/2, = (o/p. g)I/ , viscous and
capillary constants; ., §, wavelength and thlckness of the condensate layer, referred to Lg; -
k = 2n/1, dimensionless wave number; w, angular frequency, referred to (g/ly)'/?*; 0, angle
measured from the upper point of the horizontal tube; A, thermal conductivity; o, heat-
transfer coefficient; Nu=al, /A Re=nDg/rov, We==(l4/D)? Ka=(l/W)® Pr, K=r/cAT | Nusselt, Reynolds,
Kapitsa, Prandtl, and Kutateladze numbers; Indices: N, Nusselt theory; t, taking account of
the dependence of the thermophysical properties on the condensate temperature; i, character-
izing the influence of convective acceleration; v, taking account of, or corresponding to,
the presence of interphase surface waves; d, dominant wave; b, s, lower and lateral genera-
trices of tube surface; 1, liquid; 2, vapor. :
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