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Abstract-Film condensation of do~ward flowing R-l 13 vapour at near atmosphe~c pressure on single 
horizontal tubes was studied ex~rimentally over wide ranges of vapour velocity and condensation 
temperature difference. The flow of condensate was visualized by injecting a dye tracer. Three flow regimes : 
smooth surface, two-dimensional waves and three-dimensional waves, were observed. In the last flow regime 
an abrupt thickening of the condensate film was seen at an angular position about 1.75 rad from the tube top. 
Turbulent mixing of condensate was observed in the thick film region. The present and earlier heat transfer 
results for R-l 13 and R-21 were compared with the laminar two-phase boundary-layer theory. The point at 
deviation from the theoretical prediction was found to be dependent on a dimensionless number which gave a 
transition criterion between smooth and wavy condensate surfaces. A correiation equation for the average 
heat transfer coefficient is proposed, where an equivalent Reynolds number is introduced for the high vapour 

velocity region. 

INTRODUCTION 

FORCED convection condensation on a horizontal tube 
has received considerable attention and an up-to-date 
review of literature is given by Lee and Rose Cl]. Lee et 
al. [Z] and Rahbar and Rose [3] compared earlier work 
and their own experimental results for steam, R-21, R- 
113 and ethylene glycol with the laminar two-phase 
boundary-layer theory incorporating the assumption 
of uniform wall temperature. The augment between 
the two was generally good at low vapour velocity, 
while the agreement was moderate or poor, depending 
on the test fluid, at high vapour velocity. For steam 
condensation at high vapour velocity, the measured 
average heat transfer coefficient was lower than the 
theoretical prediction, with the difference increasing 
with the vapour velocity. For R-l 13 condensation at 
moderate-to-high vapour velocity, on the other hand, 
the measured value was higher than the theoretical 
prediction and depended stronglyon the tube diameter. 
The ethylene glycol results showed an intermediate 
character between the steam and R-l 13 results. 

Previous theoretical studies [PS] have shown that 
the steam results can be predicted reasonably well by a 
vapour-to-coolant heat transfer theory which takes 
account ofwall temperature variation around the tube. 
However, this theory fails to predict the R-113 results. 
Recently, Rose [9] proposed a theory taking account of 
pressure variation around the tube in the momentum 
equation for the condensate film, which has been 
neglected in many of the previous studies. However, 
this theory still predicts a lower value of the average 
heat transfer coefficient for R-l 13 condensation at high 
vapour velocity, and fails to predict the dependence on 
the tube diameter. 

The present work was undertaken to obtain a better 
understanding of refrigerant condensation at high 
vapour velocity using R-113 as a test fluid. 

TEST APPARATUS AND PROCEDURE 

The test apparatus, shown schematically in Fig. 1, 
consists of a closed natural circulation loop of test fluid 
and a closed, forced-circulation loop of coolant. The 
test fluid loop is made of stainless steel except for a test 
section which is made of brass. The R-113 vapour 
generated in an electrically heated boiler (1) with a 
maximum output of 45 kW Rows through electric 
superheaters (2) and a calming section (3), fitted with a 
honeycomb and two 200-mesh screens, into the test 

i i-_--3+ 0-I 

FIG. 1. Schematic diagram of test apparatus: (1) boiler, (2) 
superheater, (3) calming section, (4) test section, (5) drain 
separator, (6) dump condenser, (7) measuring glass tube, (8) 
condensatereceiver,(9) heater,(l~)vacuumpump,(ll)coolant 
tank,(12)feedpump,(13)rotameter,(14)mixingchamber,(15) 

pressure gauge, (16) chilling unit. 
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NOMENCLATURE 

dimensionless number, Pr~~rH 
dimensionless number, PrJRH 
specific heat at constant pressure 
tube diameter 
Froude number, u,/gd 
phase-change number, c,,AT/b, 
width of vapour passage normal to tube 
specific enthalpy of evaporation 
dimensionless number, 

FrWWl - p,lpJ 
condensing length of tube 
average Nusselt number, ad/l, 
Prandtl number 
heat transfer rate to coolant 
heat loss to environment 
average heat flux 

PB ratio, (P~~Jw~)“~ 
equivalent Reynolds number, 

C& + Re~(~~/~~)“*l 
film Reynolds number, 2~dq/~~~~~ 
two-phase Reynolds number, u,d/v, 
average coolant temperature 
saturation temperature 
local wall temperature 
average wall temperature 

T wz circumferential average wall 
temperature 

AT average condensation temperature 
difference, (q - T,,) 

G oncoming velocity of vapour 
X dimensionless number, (1 $ B)2’3/A */* 
2 axial distance measured from coolant 

iniet. 

Greek symbols 
Y. average beat transfer coefficient 

cz circumferential average heat transfer 
coefIicient 

A thermal conductivity 

P dynamic viscosity 
V kinematic viscosity 

$ 

density 
angle at abrupt change of condensate 
film thickness. 

Subscripts 

r: 
calculated value by equation (I I) 
condensate; also calculated value by 
equation (5) 

t calculated value by equation (10) 
V vapour. 

section (4). A small part of the vapour condenses on a 
test tube. The remaining vapour and condensate flow 
into a drain separator (5) and the separated vapour 
completely condenses in a dump condenser (6). The 
condensate returns to the boiler through a condensate 
receiver (8). The air-tightness of the loop was such that 
the pressure rise under vacuum condition was less than 
50 Pa h - r. The loop was thermally insulated by fibre 
glass.Thecoolantis pumpedfromacoolanttank(1 l)to 
the test tube through an electric heater (91, and also to 
the dump condenser through a rotameter (13). Mixing 
chambers (14) are installed at the inlets and exits of the 
test tube and the dump condenser. The coolant 
temperature in the coolant tank is regulated by a 
chifling unit (16). 

The test section is a vertical rectangular ducting with 
internal dimensions of 110 x 100 mm. The test tube is 
positioned horizontally across thesmaiIer dimension of 
the duct. Each duct wall parallel to the tubeis fitted with 
a viewing window. In the test of higher vapour velocity, 
the width of the vapour passage normal to the test tube 
is reduced by attaching a pair ofremovable plates made 
of glass and polyvinyl chloride (PVC). 

Two copper tubes of 8.0 mm O.D. x 5.0 mm I.D. and 
19.0 mm O.D. x 16.0 mm I.D. were tested. Figure 2 
shows the 19-mm-O.D. tube fitted to the test section. 
The tube was made up of five short tubes. Adjoining 
ends of the short tubes were machined over a 5 mm 
length as shown in Fig. 2. Three or four grooves of about 

0.5 x 0.5 mm were cut axially n/2 rad apart on the inner 
contacting surfaces, and Teflon-insulated, 0.127-mm- 
diam. constantan wires with bare tips were embedded 
in the grooves. Thus 15 thermocouples were arranged 
between the constantan wires and the tube itself, where 
the contacting surfaces were soldered to form a tube. 
The wires were led out through the coolant passage. 
The test tube was positionedso that the thermocouples’ 
hot junctions were located at the top, sides and bottom 
of the tube. To increase thecoolant velocity, a PVC rod 
of 10 mm in diameter was inserted con~ntricaIly in the 
tube. The 8-mm-O.D. tube was similarly fitted with 11 
wall thermocouples in the centre cross-section and in 
the cross-sections 10 mm apart from the side walls. 

The coolant temperatures in the inlet and exit mixing 
chambers of the test tube were measured by five- 
junction copper-constantan thermopiles. The coolant 
temperatures in the inlet and exit mixing chambers of 
the dump condenser, the vapour temperatures 100 mm 
upstream and downstream of the test tube, and the 
condensate temperature just before returning to the 
boiler were measured by chromel-alumel sheathed 
thermocouples. Readings of the thermocouple and 
thermopile e.m.f.s were periodically repeated six times 
by using a data acquisition system equipped with a 
digital voltometer of 1 FV resolution. The vapour 
pressure in the test section was measured by a precision 
Bourdon tube gauge, reading to lo3 Pa, connected to a 
pressure tap on the side wall, 100 mm upstream of the 
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FIG. 2. Details of 19-mm-O.D. tube attached to test section. 

test tube. The coolant flow rate in the test tube and 
condensation rate on the test tube were measured by 
measuring glass tubes [(7) in Fig. 11 and a stop watch. 
All the measured data were processed by the data 
acquisition system. 

Condensate flow on the 19-mm-O.D. tube was 
visualized by injecting the R-l 13 solution of a blue dye 
as a tracer. For the injection of the tracer, a fine 
stainless-steel tube of 0.5 mm O.D. was inserted into the 
test section, and the tip of the tube was brought in 
contact with the top of the test tube near the central 
cross section. Still photographs were taken by a 35-mm 
camera at about 1 m horizontal distance from the test 
tube. 

Experiments were conducted at a vapour pressure 
slightly above atmospheric pressure (about 0.12 MPa). 
To avoid condensation on the wall ofthe vapour supply 
duct, the vapour was superheated by several degrees. 

Table 1 shows the ranges ofexperimental conditions, 
where d denotes the tube outer diameter, h the width of 
vapour passage normal to the tube, T, the saturation 
temperature, T,, the area average wall temperature, 
AT= T, - T,, the average condensation temperature 
difference, and u, the vapour incoming velocity. T, was 
obtained from the measured vapour pressure ; the value 
of T, agreed with the readings of the sheathed 

Table 1. Ranges of experimental conditions 

d h 
(mm) (mm) d/h &, gy & (m?‘) 

8.0 23 0.348 
32 0.250 53-54 21-51 3-32 0.3615.6 

110 0.073 

19.0 45 0.422 48-52 22-51 3-29 0.34-8.5 
110 0.173 

coo llant 

tantan 

thermocouples inserted in the test section to within 
20.1 K when the superheaters were switched off. T,, 
was calculated from the local wall temperatures, which 
were slightly corrected for the radial wall conduction. 
U, was calculated from the mass flow rate of R-l 13 by 
using the thermodynamic state in the test section. The 
mass flow rate was obtained from the electric power 
supply to the boiler by applying a thermal energy 
balance between the boiler inlet and exit. Heat loss from 
the boiler was estimated by using a calibration curve 
obtained by preliminary experiments in which the 
condensate flow rate returning to the boiler was also 
measured by a gear flow meter. The heat loss was less 
than 5% of the electric power supply. 

The average heat transfer coefficient a and the 
average Nusselt number Nu are defined as 

u = (Q + Q,)/rcdlAT = q/AT, Nu = ad/l, (1) 

where Q is the heat transfer rate calculated from the 
flow rate and temperature rise of the coolant, Q1 is the 
heat loss to the environment, I is the condensing length 
of the test tube (= 100 mm) and q is the average heat 
flux. For each tube a calibration curve for Q, was 
obtained by preliminary experiments in which the test 
tube was thermally insulated by a PVC block. The 
value of Q, was less than 13% of Q. The accuracy of 
the measured r value is estimated to be within 7%. 
In the data reduction the physical properties of con- 
densate were evaluated at the reference temperature 
r, = T,, + 0.3( T, - T,,). 

RESULTS AND DISCUSSION 

Wall temperature distribution 
The measured values of local wall temperature 

varied in both axial and circumferential directions. 
Figure 3 shows the examples of wall temperature 
distribution for the 19-mm-O.D. tube, which exhibited 
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FIG. 3. Axial wall temperature distribution along 19-mm- 

0,D. tube. 

greater variations as compared to the 8-mm-O.D. tube. 
The ordinate is the dimensionless wail temperature 
(‘& - TJ/(T, - T,) and the abscissa is the dimension- 
less length measured from the coolant inlet z/l. It is seen 
that both axial and circumferential variations of the 
dimensionless condensation temperature difference 
1 -(T,- T,)/(T,- ‘Q are greater for higher II,. 

It is relevant to discuss the effect of wall temperature 
variation on the average heat transfer coefficient. The 
dependence of the circumferential average heat transfer 
coefficient tt, on the circumferential average con- 
densation temperature difference AT, may be assumed 
as 

CI, = aAT;” (21 

where a is the proportionality constant. The average 
heat transfer results as shown later in Fig. 5 suggests 
n 6 l/4. Then, u can be obtained by 

(3) 

where 

1 

I 
AT= AT, dz/‘i. 

0 

Alternatively, substitution of AT into AT, in equation 
(2) yields 

c( = AT-“. (4) 

Comparison of d values given by equations (3) and (4), 
which were calculated by using a smooth curve fit for 

AT, and n = 114, revealed that the difference between 
the two was less than 1%. Thus, the wall temperature 
with axial variation can be represented by the axially 
averaged value. 

Previous theoretical studies [4-S] have shown that 
the circumferential wall temperature variation causes a 
decrease in tl value as compared to the case of uniform 
wall temperature. Comparisons were made between the 
uniform and variable wall temperature solutions 
obtained for the present ex~rimental condition by 
using the computer program described in ref. [8]. The 
difference in u values increased as u, increased and 
reached 7% at the highest u,. It should be mentioned 
here that, while the theory assumed a laminar 
condensate film, the observed condensate flow at 
moderate to high vapour velocity was not laminar (see 
Fig. 4). However, since the observed circumferential 
wall temperature variation was smaller than the 
prediction of the variable wall temperature theory, it is 
probable that the deviation of the measured c( value 
from that to be obtained for the uniform wall 
temperature condition is less than ?o/,. 

Flow pattern 
Figures 4(a)-(e) compare typical photographs 

showing the condensate film on the 19-mm-O.D. tube 
at different values of uco. The average heat transfer data 
corresponding to these photographs are shown by a 
symbol iz in Figs. 5-9. The tube surface was slightly 
roughened with No. 1000 emery paper to get a diffuse 
light reflection, The flow rate of the tracer was held at 
about 3.5 x 10e3 g s-r. The streak width on the upper 
half of the tube is from 2.2 to 3.0 mm, Thus the flow 
rate of the tracer per unit streak width is from 4.3 to 
5.9 kg m- i h- l. This value is 20-32x of the condensate 
flow rate per unit tube length at the bottom on one side 
of the tube. 

At very low u, a laminar condensate film with 
smooth circumferential flow of the tracer is observed 
[Fig. 4(a)]. With a slight increase in u, two-dimen- 
sional waves appear on the condensate surface as seen 
from lights and shades on the tracer [Fig. 4(b)]. In Fig. 
4(c) three-dimensional waves (characterized by a 
pebbled appearance) having a wavelength of about 1.5 
mm are observed on the upper half of the tube. It is also 
seen that the streak bends at an angle (p N 1.75 rad from 
the tube top and the condensate film thickness changes 
more or less abruptly at this point. These results suggest 
the presence of recirculating vapour flows in the 
separated region of the vapour boundary layer. With a 
further increase in U, the wavelength on the upper half 
of the tube becomes smaller, and the condensate film 
thickness changes more sharply at the point at 4 = 1.75 
rad [Fig. 4(d)]. The boundary of the thin and thick film 
regions is irregular, and small droplets of condensate 
are entrained from the vicinity of the boundary into the 
vapour flow. These results suggest the instability in the 
condensate film as described by Rose [P]. At the highest 
value of 11, shown in Fig. 4(e) the film surface on the 
upper half of the tube has a very fine roughness. A 
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(d) 

FIG. 4. Typical photographs of condensate film on 19-mm-O.D. tube: h = 45 mm and AT u 10 KS (a) %, = 
1.5ms-’ ,q = 18.3kWm-2.(b)u, = 1.8ms-‘,q = 17.0kWm-*.(c)u, = 3.3ms-l,q = 21.3kWmV2.(d) 

U, = 5.5 m s-l, q = 29.1 kW mw2. (e) U, = 8.4 m s-l, 4 = 38.7 kW m-*. 

considerable broadening and a rather indistinct 
boundary of the tracer on the lower half indicate 
turbulent mixing. The condensate leaving the tube 
bottom forms agglomerations as described by Lee et al. 
[2]. No marked variation of the condensate film 
behaviour along the tube axis is observed in every 
figure, though there were considerable axial variations 
of tube wail temperature as shown in Fig. 3. The 
observed behaviour of the condensate film on the upper 
half of the tube is qualitatively in accord with the 
transition of horizontal stratified gas-liquid flow 
described by Hanratty and Engen [lo]. In the present 
results, however, the wavelength was much smaller and 
roll waves were not observed, probably as a result of 
very thin film thickness, 

Table 2 compares the measured values of the angle at 
abrupt change of condensate film thickness and the 
average Nusselt number for cases (c)-(e) in Fig. 4 with 
those theoretically predicted by Honda and Fujii [8] 
and Rose [9]. The measured value of d, was defined as 
the point where bending or broadening of the tracer 
was observed. In Honda and ‘Fujii’s analysis, # was 
defined as the separation point of the vapour boundary 
layer, which depends on the assumed m~nstream 
velocity distribution around the tube. The solutions for 
the potential flow and the flow corresponding to the 
measured static pressure distribution of Roshko [ 1 l] 
are presented in Table 2 with subscripts P and R, 
respectively. In the Rose’s analysis, which assumed the 
potential flow, 4 was defined as the point where the 
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Table 2. Comparison of measured values with theoretical predictions* for angle at abrupt change of 
condensate film thickness and average Nusselt number 

Case (mu; ‘) (r!d) 
A 4% 4PR 

@ad) @adI @adI 

3.21 1.75 1.58 2.04 2.06 537 443 500 481 
5.45 1.75 1.57 2.03 1.76 791 494 581 578 

(e) 8.41 1.8 1.58 2.04 1.71 1013 547 666 671 

*Subscripts R and P refer to Honda and Fujii theory [S] for the Roshko’s flow and the potential flow, 
respectively, and subscript PR to Rose theory [9] for the potential flow. 

circumferential increment rate of the condensate film 
thickness becomes infinite as a result of positive 
pressure gradient in the condensate film. This solution 
is denoted with a subscript PR. It is seen that the 
measured values of 4 lie in between +a and &., and 
agree well with I& for cases (d) and (e) though the 
dependence of #+a on u, is not in accord with that of 4. 
On the other hand, the measured values of Nu are 
greater than the theoretical predictions and the 
difference increases as u, increases. This enhancement 
in heat transfer is expected from the surface waves and 
the turbulent mixing in the condensate film observed in 
Figs. 4(c)-(e). 

Average heat transfer 
Figure 5 shows the average heat transfer results for 

three sets of d and h plotted on the coordinates of 

Nu/& vs A = PrJFrH with u, as a parameter, 
where Re, = u,d/v, is the two-phase Reynolds 
number, Fr = t&/gd is the Froude number and 

H = c,,AT/h,, is the phase-change number. The solid 
and dotted lines show the following expressions, which 
are derived from numerical analyses with the assump- 
tion of laminar film and uniform wall temperature 

Nu/,,& = 0.728A1’4(1 +X+O.57X2)“4 (5) 

Nu/JRe, = 0.725A”4(1 + 2.38X2)“4 (6) 

where X = (1 +B)2/3/A ‘12, B = PrJRH and R = 
(p,pv/p,p,)“2. While equation (5) is based on the 
assumption of the Roshko’s flow [11] for the 
mainstream velocity distribution around the tube [7], 
equation (6) is based on the assumption of the potential 
flow [12]. For each equation, two lines corresponding 
to the smallest and the largest values of AT in the 
present experimental data are presented. Nusselt’s 
equation [13] is also shown by chain lines for reference. 
It should be mentioned in comparison between the 
measured values and the theoretical expressions that 
ATdecreases with increase in A for the same u, value in 
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FIG. 5. Experimental data plotted on the coordinates of NulJRe, vs A 



E&et o&’ vapour velocity on fiim condensation 435 

lip wi loo 10’ 
A 

lo* id 5 

Rc. 6. Comparison of present and earlier experimental data for R-113 and R-21 with equation 

the experimental data, while isotherm fines are 
pr~ented for the th~oret~~~ results. The ~~~~rnent 
between theory and ~~~~~~nt is fairly good for high A 
v&e, i.e. for low U, value in magnitude and tendency. 
However, the experimental data show a stronger rate of 

increase of Nu/& with u, than indicated by Fheory 
at high u,. This tendency is in accord with previous 
studies [2,3,7]. It is also seen from comparison of Figs. 

S(a) and (b) that the ~~/~ value at constant U, is 
higher for smaller h, This indicates the effect of tunnel 
blockage which acts to modify them~nstream velocity 
distribution around the tube. 

Figure 6 shows the ratio of the measured Nu value to 
Nu, calculated from equation (5). In the figure the R- 113 
results of Lee et al. [2] and Honda et al. [7], and the R- 
21 resuits of Gogonin and Dorokhav [14,15] and 
Kutateladze et al. tl6-j are also included, Since fhe 
experiments by Kutateladze et al. are concerned with a 
tubeb~dle,~~iytheresul~forthe~rstr~w~equot~. 
The experimentd data in Fig. 6 are separated into two 
regions in tendency, i.e. those for the larger and smaller 
values of A. In the former region Nu/Nul Y 1, and in the 
latter region the Nu/Nu, value increases with decrease 
in A except for the R-21 data for the 2.5- and dmm- 
O.D. tubes. ThevalueofA at the boundary between the 
two regions becomes larger as d increases. In the above- 
mentioned tendency a weak dependence on the 
blockage ratio h/d is also seen as in Fig. 6(a). The 
experimental data denoted by the symbol ?? and (a)-(e) 
correspond to the photographs in Fig. 4. It is clear that 

(5). 

the increase in the ~~/~~* value at smaller A is related 
to the change of Bow pattern of the condensate t&n. 

Taitel and Dukkr [lrJ presented the transition 
criterion between the stratified smooth and stratified 
wavy regimes for the horizontal gas-liquid flow as 

K = P,Pvu2,~J(PI--Pv)c(*s = 400. (7) 

If this criterion can be applied to the present case, the 
dimensionless number K may be rewritten as 

where 8 is the average condensate film thickness and u1 
is the average velocity of condensate. 

The same data as in Fig. 6 are plotted on the 
coordinates of Nu/Nu, vs K in Fig. 7. It is seen that the 
values of K at deviation from Nu~~~* = 1 are about the 
same rna~tud~ among the data set, Le. K z tOOO 

except for the R-21 results for the 2.5 and 6-mm-O.D. 
tubes. It should be mentioned here that marked sys- 
tematic deviation from NujNu, = 1 is not seen in the 
ethylene glycol results of Rahbar and Rose [3], because 
their data are limited in the range lo- ’ 6 I( 5 3 x 103. 

To correlate the experimental data in the higher U, 
region, the equivalent Reynolds number is introduced 
as 

Re, = Re, 4 ReL@,l’pJf’Z (9) 

where Re, = Zndq/&z,, is the film Reynolds number. 
Figure 8 shows the experimental data plotted on the 
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FIG. 7. Present and earlier experimental data for R-l 13 and R-21 plotted on the coordinates of Nu/Nu, vs K. 
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FIG. 8. Present and earlier experimental da:: for R-113 and 
R-21 plotted on the coordinates of Nu/P$.~ vs Re,,. 

coordinates of NuJP$,~ vs Reeq, where the index of Pr, 
has been determined after some trials. The solid line in 
the figure represents the following expression 

Nu t = 0.11 Re0,8Pr0.4 cq I . (10) 

It is seen that the R-113 data shown in Figs. S(a)-(c) 
asymptotically approach thesolid line with theincrease 
in Re,,. The same trend is observed for the R-21 data 
showninFig.8(d)thoughapartofthedataislowerthan 
the solid line at large Re,,. 

For an intermediate value of u, where both 
equations (5) and (10) give lower predictions, the 
following expression provides a good fit to the 
experimental data 

Nu, = (Nuf + Nu;)“~. (11) 

Figure 9 shows the ratio Nu/Nu, plotted as a function of 
A. For the R-113 data shown in Figs. 9(a) and (b), the 
deviation of the measured values from equation (11) is 
within + 15% except for a part of the data at d, = 8 mm 
and d/h = 0.073 at higher u,. For the R-21 data shown 
in Fig. 9(c) the deviation is within about _+ 20%. 

CONCLUSIONS 

Experiments were made in wide ranges of vapour 
velocity and condensation temperature difference 
using R-113 as a test fluid. Condensate flow was 
visualized by using a dye tracer. The conclusions are as 
follows : 

(1) The surface of the condensate film on the upper half 
of the tube undergoes transitions of smooth surface, 
two- and three-dimensional waves, with the 
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FIG. 9. Comparison of present and earlier experimental data for R-l 13 and R-21 with equation (11). 

wavelength decreasing with increase in vapour 

velocity. 
In the three-dimensional wave regime, the 
thickness of the condensate film changes abruptly 
at an angular position about 1.75 rad from the tube 
top. The boundary of the thin and thick film regions 
is irregular and small droplets of condensate are 
entrained from the vicinity of the boundary into the 
vapour flow. Turbulent mixing occurs in the thick 
film region at high vapour velocity. 
Heat transfer characteristics are closely connected 
with the condensate flow pattern on the tube. The 
point at deviation of the measured average heat 
transfer coefficient from the prediction of the 
laminar two-phase boundary-layer theory is given 
by the transition criterion between the smooth and 
wavy condensate surfaces as K 11 1000. 
The present and earlier experimental data for R- 
113 and R-21 in the high vapour velocity region can 
be correlated b;y using the concept of the equivalent 
Reynolds number. The correlation is given by 
equation (10). 
Most of the experimental data for the whole range 
of vapour velocity are correlated well by equation 

(11). 
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EFFET DE LA VITESSE DE LA VAPEUR SUR LA CONDENSATION EN FILM DE R113 
SUR DES TUBES HORIZONTAUX EN ECOULEMENT TRANSVERSAL 

R&urn&La condensation en film d’une vapeur descendante de R113, B la pression atmosphtrique, sur un 
tube unique horizontal est ttudiee exptrimentalement pour un large domaine de vitesse de vapeur et de 
diffkrence de tempkrature. Le d&bit de condensat est visual% par injection d’un traceur. On observe trois 
r&imes d%coulement : surface lisse, rides bidimensionnelles et rides tridimensionnelles. Dans le dernier 
rkgime, un brusque ipaississement du film liquide est constate $ une position angulaire d’environ 1,75 rad B 
partir du sommet du tube. On observe un mClange turbulent de condensat dans la r&ion kpaisse du film. Les 
rirsultats thermiques prbsents et antkrieurs pour R113 et R21 sont compares avec la thkorie de la couche limite 
laminaire diphasique. Le point oti il y a diviation dtpend d’un nombre adimensionnel qui foumit un critkre de 
transition entre des surfaces lisses ou rid&es de condensat. Une formule pour le coefficient moyen de transfert 
thermique est proposge dans laquelle un nombre de Reynolds Equivalent est introduit pour la r&ion de grande 

vitesse de vapeur. 

EINFLUSS DER DAMPFGESCHWINDIGKEIT AUF DIE FILMKONDENSATION VON R113 
AN HORIZONTALEN ROHREN IM KREUZSTROM 

Zusammenfassung-Die Filmkondensation von abwtirts striimendem R113-Dampf nahe Atmosphirendruck 
an einzelnen horizontalen Rohren wurde experimentell iiber weite Bereiche von Dampfgeschwindigkeit und 
Kondensationstemperaturdifferenzen studiert. Die Kondensatstriimung wurde durch Farbspurinjektion 
sichtbar gemacht. Drei Striimungsregime wurden beobachtet : glatte Oberfl&che, zwei- und dreidimensionale 
Wellen. Beim letztgenannten Striimungsregime wurde eine abrupte Verdickungdes Kondensatfilms bei einem 
Winkel von etwa 100 grad von der Rohroberkante beobachtet. Turbulente Kondensatvermischung wurde in 
der Region mit dickem Film beobachtet. Die aktuellen und friiheren MeBergebnisse fiir R113 und R21 wurden 
mit der laminaren Zweiphasen-Grenzschichttheorie verglichen. Der Punkt der Abweichung von der 
theoretischen Berechnung hlngt von einer dimensionslosen Kennzahl ab, die Kriterium fiir den Umschlag 
zwischen glatter und welliger Kondensatoberfliiche angibt. Eine Korrelationsgleichung fiir mittlere 
Wiirmeiibergangskoeffizienten wird vorgeschlagen, wobei eine iiquivalente Re-Zahl fiir das Gebiet mit hoher 

Dampfgeschwindigkeit eingefiihrt wird. 

BJIMIlHME CKOPOCTW flBMxEHMII HAPA R-113 HA IIJIEHOYHYIO KOH~EHCAL&UO 
HA TOPM30HTAflbHbIX TPY6AX UIPM IlOnEPEYHOM I4X OETEKAHHM 

AHHoTauHn-3KcnepaMeHranbHo uccnenyerca nneHowaK KoHneHcaukfrr nAcxoLwuer0 noToKa napa 
R-113 npH LlaB,IeHIIII,6,WNOM K aTMOC&pHOMy,Ha OLWfHOYHbIX rOpW30HTaJIbHbIX Tpy6ax a IIIUpOKOM 
~Aana3OHcA3MeHeH&U, CKOpOCTA~BREeHRR "apa.TeqeHkIe KOHneHCaTa BH3yaJIEI3HpOaaJIOCb BnyBaeMbIM 

KpacaImfM ‘f"nHKaTOpOM. PaCCMaTpHBaJIPICb Tpll pextaMa Te4eHUa NinKoii nneHKH: HesosMymeHHan 

nOBepXHOCTb, QByMepHbIe II TpeXMepHbIe B0JIHE.l Ha nOBepXHOCTIl IIJIeHKII. B nOC,IenHeM pQKAMe 
Ha6JIIOnanOCb pe3KOc yTOH'IeHHe n,IeHKIl KOHLIeHCaTa J,JIa KOJIbIIeBOrO CJIOFI Ha paCCTO5IHtlH OKOJIO 1,75 
PantlyCa TOpqa Tpy6bI. Typ6yJIeHTHOe IIepcMemHBaHNe KOHLIeHCaTa Ha6JIIOnaJIOCb B 06JIaCTH TOnCTOfi 

IIJIeHKH. PesyJIbTaTbI, n0JIy'IeHHE.E B HaCTORmefi pa6o?‘e A paHec AJIS R-113 II R-21, CpaBHnBaJIHCb C 
TeOpeTWIcCKBMn 2I.W JIaMBHapHOrO AByX+a3HOrO nOrpaHH'fHOr0 CJIOR. HatiAeHo,YTO BeJIHYAHa OTKJIO- 

ueHm4 SamicHT OT 6e3pa3Mepnoro napahleTpa, KoropbrR aanaeTc* KpnTepeeM nepeHoca B o6nacm 
M‘XKnypC?KllMaMM TcqeHAIl &WI r,IaAKOfi U BOJIHI%CTOii nOBepXHOCTeii KOHE,eHCaTa.l-+L"IO~teHO KOppc- 

nlrpylomee ypasnemie nnn ocpenHeHHor0 K03++imieHTa nepeeoca, B KoTopoe BaeneHo 3xrniaanenTHoe 
wcno Petinonbnca nnfl abIcoKIfx cKopocTeii napa. 


