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The conjugate problem of heat exchange is solved for the case of condensation of 
slowly moving saturated steam in a horizontal tube without the formation of a 
draining stream in its lower part. 

Many cases in technological practice often involve the problem of determining the heat- 
transfer coefficients and the general heat-transfer conditions in vapor condensation in hori- 
zontal tubes, in particular, in steam piping used for various purposes in atomic or thermal 
electric power plants under heating conditions. The nonuniformity along the periphery and 
along the wall thickness that arises in this case controls the heating rate and, thus, essen- 
tially, the pace of a certain part of the entire technological process. 

The boundary conditions of heat exchange during condensation of stationary or slowly mov- 
ing saturated steam in a horizontal pipe are usually determined by means of Nusse!t's equa- 
tions [I], derived for the isothermic outside surface of the pipe. Actually, the temperature 
distribution over the condensation surface is often nonuniform, which, as was shown in [2], 
markedly affects the local and the mean values of the heat-transfer coefficient. Since the 
temperature distributions inside the wall and at its surfaces are not known beforehand be- 
cause they depend on the specific heat-exchange conditions, the use of Nusselt equations is 
difficult and fundamentally unjustified. 

The interrelationship between condensation and the thermal conductivity of the wall is 
determined by solving the nonstationary conjugate problem that accounts for heat transfer by 
the condensate film, the storage capacity and the thermal conductivity of the metal wall, and 
the heat-exchange conditions at the outer bounding surface. The solution of the conjugate 
problem for a horizontal tube of infinite length is given below. 

Film condensation of slowly moving saturated steam is contemplated under the assumption 
that the effect of surface tension forces is negligible. Moreover, it is assumed that the 
liquid running off into the lower part of the pipe does not form a stream at the bottom, but 
runs off through a conventional draining slot. 

These assumptions allow us to consider the two-dimensional statement of the problem. 
The integration region (an arbitrarily chosen transverse cross section of the pipe) comprises 
two layers: the pipe wall, assigned by the inside R~ and the outside R2 radii, and the con- 
densate film, whose thickness is determined in the process of solving the problem. 

We use two coordinate systems with the common x axis, which is superposed on the inside 
surface of the tube, and the radial y axes, which are in opposition to each other. The co- 
ordinate origin is on the upper generatrix of the tube, in the symmetry plane. It is assumed 
that the thickness of the condensate film is much smaller than the curvature radius of the 
surface. 

Variation of the film thickness along the periphery makes it difficult to use grid inte- 
gration methods. Therefore, this region is reduced to the canonic -- rectangular -- form by 
passing to the relative radial coordinate ~ = y~/~(x). The present value of the condensate 
film thickness ~(x) is used as the transformation scale. 

The other variables are reduced to dimensionless form by means of the following scale 
transformations: X = x/R~; U~u/~gR1 ; V~v/|/gR1 ; T~t/f~; ~T/M~; Y2~2/6w �9 Different 
time scales are used, depending on the type of problem (nonstationary or stationary). 
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The initial system of equations, including the equations of motion (of the boundary- 
layer type), continuity, heat transfer, and thermal conductivity and the relationship between 
the mass and heat flows for determining the condensate film thickness are given by 
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Equation (5) was obtained from the equation of thermal flux balance, written for an ar- 
bitrary film element with the thickness ~ and the extent dx. 

The boundary conditions (6) follow from the symmetry of condensate runoff over the pipe's 
inner surface. In the bottom part, the free-flowing condensate drainage is assigned as con- 
servation of the rate of change in the sought functions (7). The slightly retarding action 
which the condensing steam mass exerts on the flowing liquid is reflected in the fact that 
the change in the momentum of this mass is equal to the friction stress at the interface be- 
tween the phases (8). It is assumed here that the velocity of the condensed vapor mass in- 
creases from zero to the peripheral component value at the film surface. In accordance with 
the law of mass conservation in phase transition, the normal velocity component at the inter- 
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face between the phases is related to the increase in the condensate discharge along the X 
axis. The conditions of liquid adhesion and of ideal thermal contact between the liquid and 
the wall (9) are assigned at the inside surface of the pipe. The cooling conditions (i0) on 
the outside are determined by the heat transfer coefficient and the coolant temperature. 

The problem was solved by using the numerical method. On the time -- space grid that we 
introduced, the differential equations were approximated by using the implicit, locally one- 
dimensional scheme of fractional steps. The calculation stability was ensured by "freezing" 
the coefficients in front of the convective terms of the equation of motion. The velocity 
derivatives were expressed in terms of their values at the adjacent grid nodes with the "float- 
ing" weight o. For instance, the derivative of U with respect to X at the i-th node was ap- 
proximated by means of the expression 
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Representation of the derivatives at the (i -- l)-th and the (i + l)-th nodes by one- 
sided differences (with the error O(AX =) in front and behind, respectively, makes it possi- 
ble to obtain a three-point approximation of the first derivative in the following form: 
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the error of which depends on the value of weight o. 

If o = 0.5, expression (ii) assumes the form of symmetric approximation of the deriva- 
tive with the error O(AX=). For all other o values within the range from 0 to 1.0, the ap- 
proximation error is equal to O(AX). The difference equations were solved by using the meth- 
od of trial runs. The value of weight ~ was determined from the condition of positive ap- 
proximation ensuring calculation stability. If the sign in front of the derivative in the 
differential equation of motion or continuity is positive, then o < 0.25; otherwise, d > 0.75. 

The use of three-point approximation is indispensable for derivatives with respect to 
the longitudinal coordinate and for the derivative of the sought transverse velocity compo- 
nent in the continuity equation. 

Equation (5) was integrated by iterations with referral of the film thickness in the de- 
nominator of the third term to the preceding approximation. At the same time, condition (6) 
for the film was satisfied. 

The conjugation of solutions of the energy and thermal conductivity equations was achiev- 
ed by means of the generalized heat-exchange equation for the film-wall boundary surface. 
This boundary condition can be obtained from Eqs. (3) and (4) by putting U = V = 0 for Y2 = 
Y~ = 0. As a result, we obtain 
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By summing the equations and considering the contact conditions (9), we obtain 
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Equation (12) was approximated according to the general scheme. The temperatures at 
three grid nodes, (m -- I), m, and (M + I), of which the middle one belongs to the layer bound- 
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Mean (a) and local (b) heat-transfer coefficients 
at the condensation surface as functions of the pipe wall 
thickness and the external cooling conditions (tco_ = 20~ = 
= const; I) ~cOo = i00; II) 2000 W/m2-K). i) ~w =u0"01 m; 
2) 0.025; 3) 0.05; 4) 0.i; 5) 0.2 m. 

.n 
2O 

/0 

I I 
!05 O/ OJ5 FO 

Fig. 2. Time variation of the relative 
heat-transfer coefficient in heating pipes 
by steam with constant parameters (t s = 
150~ (I) externally cooled pipe, ~_ = 
0.i m, too = 80~ ~_^ = 300 W/m='~; (II) 

0 ~ u O  
heat-insulated pipe, to = 20~ i) B = 
1.086; 2) 1.172; 3) 1.259; 4) 1.345. 

ary, were used along the Y axis. This made it possible to perform through trial runs in two 
layers in solving the difference equations. 

The above approach involving conjugation of convective heat transfer and thermal conduc- 
tivity was used in solving the stationary problem by means of the determination method. In 
the case of the nonstationary problem of heat exchange, conditions (9) were satisfied by suc- 
cessive approximations with separate solution of the equations describing the heat transfer 
in the film and in the wall. 

In order to accelerate the calculation, the time scale M~ was assumed to he equal to 1 h 
in solving the stationary problem; it was reduced to 72 sec in the case of the nonstationary 
problem in order to improve the accuracy of the intermediate results. The relative time inter- 
val was equal to 0.i. 

The basic calculations were performed on a grid with 30 spacings along the X axis, 7 
spacings along the film thickness, and 8 spacings along the wall thickness. 

The initial conditions were used in the form of approximate film thickness, velocity, 
and temperature distributions. 

The described method was checked by comparing the results of calculations of water vapor 
condensation on an isothermic wall with data obtained as a result of the Nusselt analytical 
solution [i]. The deviation of the mean heat-transfer coefficients did not exceed 1.5% in a 
wide range of parameter values. The results of calculations performed in the range of criti- 
cal parameters t s = 370~ for the temperature head At = 90~ are in good agreement with the 
conclusions reached in [3]. Consideration of the inertial forces and the convective heat 
transfer in the film for K = 0.121 and Pr = 6.79 leads to an increase by 52% in the mean heat- 
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Fig. 3. Temperature profiles along the wall thickness in the 
region of the upper generatrix of heat-insulated pipes at dif- 
ferent times [a) B = 1.086; b) 1.172; c) 1.259; d) 1.345]. !) 
Fo = 0.0011; 2) 0.0043; 3) 0.0064; 4) 0.0096; 5) 0.021; 6) 
0.032; 7) 0.043; 8) 0.054; 9) 0.064; I0) 0.075; II) 0.086; 12) 
0.107; 13) 0.128; 14) 0.161; 15) 0.214. 
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Fig. 4. "Top--bottom" temperature drop A0=0ix=0--01x_ ~ at the 
inside (a) and outside (b) surfaces of insulated pipes as a 
function of Fo. i) B = 1.086; 2) 1.172; 3) 1.259; 4) 1.345. 

transfer coefficient, or an increase by 49% according to data from [3], in comparison wit~ 
the results obtained by means of the Nusselt equation. 

Calculations of steady-state condensation conditions with an allowance for the thermal 
conductivity of the wall have shown that the temperature field of the pipe depends only on the 
radial coordinate over approximately two-thirds of its angular extent. Considerable axial 
asymmetry of the temperature field is observed in the bottom part of the pipe, where the thick- 
ness of the condensate film sharply increases. For equal condensation parameters and constant 
conditions of external cooling, the peripheral temperature nonuniformity increases with a re- 
duction in the wall thickness. Thus, for t s = 150~ tco o = 20~ and aco o = 2000 W/m2.K in a 
pipe with R~ = 0.29m and a wall thickness of 0.2 m, the "top-bottom" temperature drop amounts 
to 7~ whiles for a thickness of 0.01 m, it is equal to 33~ (k2 = 45.4 W/m.K). 

As a result of the film thickening and the rise in the thermal resistance to condensation 
heat transfer with intensification of external cooling , the peripheral nonuniformity of the 
wall's temperature field increases. A change in ~coo from 300 to 2000 W/m2"K for a wall thick- 
ness of 0.0l m causes the tenperature drop to increase from i0 to 33~ An increase in the 
thermal conductivity of the wall also causes a rise in the temperature difference between the 
upper and lower generatrices of the two surfaces of the pipe. A change from I0 to 80 W/m'K 
in the value of I= for a wall 0.01 ~ thick produces an increase in these temperature drops 
from 21.7 to 34.5~ for ~coo = 2000 W/m2-K. As the thermal conductivity coefficient increas- 
es, the effect due to the rise of the radial thermal flux is more p~onounced than that due to 
the rise of the tangential flux. Therefore, the effects of I= and aco o are qualitatively iden- 
tical. 
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All other conditions being equal, an increase in the heat-transfer coefficient on the 
outside leads to a reduction in the mean heat-transfer coefficient at the condensation sur- 
face (Fig. la). This is caused by wall cooling, an increase in the vapor-wall temperature 
drop, and the thickening of the condensate film. However, a reduction in the heat-transfer 
coefficients does not indicate a lower condensation intensity; on the contrary, it indicates 
that this intensity increases. This apparent incongruity supports A. A. Mikhalevich's opin- 
ion [4] on the contradiction between the concept of the heat-transfer coefficient in condensa- 
tion and its physical meaning. With a reduction in the wall thickness, the difference be- 
tween the temperatures of its surfaces diminishes, which, for constant steam and coolant tem- 
peratures, produces an increase in the temperature head on the side of steam and a reduction 
in the heat-transfer coefficient in condensation. 

The local values of the heat-transfer coefficient have a highly nonuniform distribution 
over the inside pipe surface if the overall level of these values is high (Fig. Ib). With an 
increase in the condensate film thickness, they are reduced by a factor of 3-4 in the lower 
part of the pipe. 

The nonstationary problem of heating by steam with constant parameters was solved for 
cooled and heat-insulated pipes, In the first case, the increase in the heat-transfer coef- 
ficient during condensation (Fig. 2) is initially replaced by the asymptotic approach to val- 
ues corresponding to the steady state at the end of heating. Its final value exceeds the ini- 
tial one by a factor of 2.5. The maximum "top--bottom" temperature drop of 20~ that is ini- 
tially established for t s = 150~ and an initial wall temperature of 80~ gradually diminishes 
with a general equalization of the wall temperature. 

The variation of the heat-transfer coefficient in an insulated pipe has a different char- 
acter and is to a large extent determined by the wall thickness. The common feature charac- 
teristic for the different wall thicknesses is the gently sloping initial part of the ~(Fo) 
diagram and its steep rise due to the "drying-up" of the film at the final heating stage. The 
thicker the wall, the greater the extent of the gently sloping segment, which is explained by 
moderation of the wall temperature rise as a result of heat retention. After a 14-min inter- 
val following the start of heating of a pipe with RI = 0.29 m, the heat-transfer coefficient 
increases in comparison with its initial value by a factor of slightly more than 3 for the 
wall thickness ~w = 0.i m, a factor of almost 5 for 6w = 0.075 m, and a factor of more than 
18 for ~w 0.05 m. 

With a reduction in the wall thickness, the heating rate increases, and temperature equi- 
lization occurs faster in both the radial and the peripheral directions. Figure 3 shows the 
temperature distribution along the wall thickness in relation to B and Fo for X = 0. Compar- 
ing the four cases characterized by different wall thicknesses, we see that the heating time 
is reduced by one order of magnitude as B decreases from 1.345 to 1.086. Similar results were 
also obtained for the peripheral temperature distribution (Fig. 4). The greatest peripheral 
temperature nonuniformity develops initially at the heated surface and diminishes in the 
course of time (Fig. 4a). At the outside surface, the maximum temperature differences is the 
larger, the thinner the wall (Fig. 4b). The largest temperature differences develop later in 
time in pipes with a large wall thickness. 

The above suggests that, because of the interrelationship between the condensation and 
thermal conductivity processes in pipe heating, the problem of determining the heat-transfer 
coefficients by means of Nusselt's equation is indeterminate, so that it must be solved as a 
conjugate problem. The temperature head between the wall and the condensing steam in this 
case varies both in time and along the longitudinal coordinate. At the same time, the local 
values of the heat-transfer coefficient are affected not only by the overall level of the tem- 
perature head, but also by the nonisothermicity of the wall and the longitudinal temperature 
gradient. It is impossible to separate in the conjugate problem the effect of the tempera- 
ture gradient inside the wall in the direction of the condensate film flow; however, the cal- 
culations performed_for an assigned nonisothermicity indicate that, for the power law of tem- 
perature variation t = (t - tmin)/(tma x -- tmi n) = (i -- X) n, the mean heat-transfer coefficient 
diminishes by a factor of 1.3 as n increases from 0.25 to 4. 

NOTATION 

x, y, present coordinates; T, time; X, Y, and ~, dimensionless space and time coordi- 
nates; ~x, thickness of the condensate film; ~w, thickness of the pipe wall; u and v, longi- 
tudinal and transverse velocity components, respectively; U and V, dimensionless velocity com- 
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ponents; t, temperature; t s, saturated steam temperature; to, initial wall temperature; At, 
temperature head; 0 = (t -- to)/(t s -- to), relative temperature of the pipe wall; T, dimen- 
sionless temperature; MT, time scale; p, density; c, specific heat; ~, thermal conductivity 
coefficient; ~ and ~, dynamic and kinematic ~iscosity, respectively; r, latent vaporization 
heat; g, acceleration due to gravity; ~ and a, local and mean heat-transfer coefficient, re- 
spectively; a = %/cp, thermal diffusivity coefficient; Pr = ~/a, Prandtl number; Fo = aTPRI, 
Fourier number; K = r/cAt, Kutateladze number; B = R2/RI, relative thickness of the pipe wall; 
dG, amount of condensate formed over the section dx; AX and AY, discrete steps along the coor- 
dinate axes; i and m, grid node numbers. Subscripts: 1 and 2 pertain to the condensate film 
and the pipe wall, respectively; coo, coolant; ", vapor phase; ', liquid phase. 
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