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Heat transfer and flow modes of phases in laminar 
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Ah&a&-By using the gradient method for heat transfer investigation, local heat transfer coefficients are 
determined for laminar fihn vapour condensation inside a horizontal tube. A study is made of the effect 
of vapour velocity, condensate inflow, and transverse mass flux on the intensity of the process. The 
occurrence of a pronounced asymmetry in the local heat transfer coefficients around the tube perimeter is 
noted, the decrease of which is promoted by an increase in vapour velocity and local heat flux. The flow 
modes of phases in the case of incomplete vapour condensation in a tube are identified ; the need to take 
into account the condensate film thickness and the transverse mass flux effect when constructing the map 
of the modes is noted. A correlation is suggested to calculate local and mean-integral heat transfer 

coefficients for laminar film condensation. 

1. INTRODUCTION 

THE PROCESS of vapour condensation inside horizontal 
tubes is widely used in film evaporators of desalinating 
and refrigerating plants, pipelines of power engineer- 
ing equipment and in heat pipes. 

As has been shown earlier [l], there is a marked 
contradiction in heat transfer relations suggested by 
various authors and a great quantitative discrepancy 
between the reported measured mean coefficients of 
heat transfer & from vapour to a wall. 

The theoretical analysis of the process deals pre- 
dominantly with two approaches to the determination 
of 6,. In one approach, for the condensation of a 
slowly moving vapour, an analogy is adopted between 
the processes taking place inside and outside of a 
horizontal tube, and it is recommended to calculate 
c?, from Nusselt’s relation [l-3] 

- 
Nun,,,, = 0.95Re; ‘/3. (1) 

The other approach has been developed for the pre- 
vailing effect of the forces of interphase friction and 
turbulent flow of both phases in the presence of strong 
liquid entrainment within the framework of Reynolds’ 
hydrodynamic analogy. It is in this way that the fol- 
lowing relation was obtained for the tube length-aver- 
age heat transfer coefficient & in ref. [4] 

NUT = CRe’.* Pro.43 ,/(l +x,(p,/p,)) 

+J(l +x&I/P” - 1)) (2) 

where the constant C has different values for copper, 
brass and steel tubes. Equation (2) is recommended 
in ref. [4] for the case when Re 2 5000. 

The analysis of experimental data [4,5] shows that 
in a number of cases for Re > 5000 to the mean heat 
transfer & with complete condensation (x, = 0) is 

proportional to the heat flux density in a wall which 
is approximately equal to 0.5 rather than 0.8 as follows 
from equation (2). 

For the range of operational parameters within 
which the gravity and interphase friction forces are 
commensurable, there are no analytical solutions for 
the mean heat transfer that agree with the experiment 
whereas empirical correlations suggested by different 
authors give very dissimilar results on the mean heat 
transfer [ 11. 

In this paper the case of incomplete condensation 
with Re < 400 is considered which is most charac- 
teristic for film evaporators of desalinating plants, for 
horizontal tubular condensers of refrigerating plants 
and of plants used in the chemical industry. 

2. FLOW MODES OF PHASES AND HEAT 

TRANSFER IN INCOMPLETE VAPOUR 

CONDENSATION 

The estimation of the flow mode of phases with 
condensation inside a horizontal tube is given in a 
few publications [3, 6, 71. The authors of refs. [6, 71 
construct the map of flow modes of phases in the 
coordinates JB- X, where Jg and X are the dimen- 
sionless gas velocity and void fraction, respectively 

(3) 
Grnixx 

Jg = Mm(Pl -P”)l”.5 

When deriving equation (3), the friction coefficient at 
the phase interface was eliminated from the balance 
of friction and gravity forces as applied to a homo- 
geneous flow. The limits for the flow modes of phases 
were found from equations (3) and (4) [4,1 on the 
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NOMENCLATURE 

a thermal diffusivity [m’s_ ‘1 Subscripts 

Cr coefficient of vapour friction against a an annular 
film C condensate 

c, specific heat at constant pressure en entrainment 
[kJkg-‘K-‘1 film liquid film 

d inner diameter of a tube [m] gr gravitational 

9 gravity acceleration [m ss2] in inner 
L length of a tube [m] L parameter related to the full tube length 
M mass flow rate [kg s- ‘1 (longitudinal coordinate) 
P pressure [N m- “1 1 liquid 
q,+,, &, local and p-average heat flux densities out outer 

IWm-‘1 V vapour 
R radius of a tube [m] 42 values of the parameter at the inlet and 
r heat of vapour generation [kJ kg- ‘1 exit from a tube, respectively. 

T, saturation temperature [K or “C] 
W medium velocity [m s- ‘1 
X vapour quality of a mixture 
z coordinate along the tube axis [ml. Dimensionless groups 

A 2vJNdlplgr 
Greek symbols Fr P”(Pl -PJ W,‘lP:h7)2’3 

f+ 8, local and q-average coefficients of heat Nu$ &4 
transfer [w m- * K- ‘1 %i,, (44 (v2M “3 

6 condensate film thickness [m] Pr via 
1 thermal conductivity [w m- ’ K- ‘1 Red @lrp, 
P dynamic viscosity [N s m- ‘1 Re,, Me, In4 
V kinematic viscosity [m2 s- ‘1 &r, qM4 
J-J, perimeter of condensate rivulet [m] Re, M,/J-J,P. 
P medium density [kg m- ‘1. 

basis of subjective visual observations of vapour con- C = C (l-0.256)* 
densation and, as a result, the modes were identified f r” (1 + 0.25b)0.2 (7) 

which are typical of adiabatic two-phase flows : lami- 
nated and wavy, nucleate, annular. 

where b = - 2?/C,,, J” = q/rp, WV, and C,, is the fric- 

In ref. [3] the balance of forces applied to a liquid 
tion coefficient for an impenetrable wall at the same 

film is considered. This approach gives a parameter 
numbers Re = m d,v 

which characterizes the relationship between the for- 
Taking ini0 ac&m;kquation (6) and some simple 

ces of friction and gravity 
transformations P, will acquire the form 

p = (CrFr)3’2 
T (8) p = GP" W,z Ti@ly’ T 

2P& 
(5) 

When the blow-through velocities are small, the 

which involves the friction coefficient Cr and the con- gravity force becomes predominant at the end of the 
densate film thickness. tube. Here, the condensate Urn falls down by gravity 

Over the initial portion of the tube there is an annu- mainly in the azimuthal direction and then, as is 
lar flow of phases with predominantly laminar flow known, 6 N Rej3. Therefore, for the tube cross- 
of condensate film under the action of the interphase section, which neighbours the region with the pre- 
friction forces. Then, the condensate film thickness dominant effect of gravity, this dimensionless number 
can be determined from the relation [8] involves the same parameters as does equation (8). 

Numerical values of P, at the boundary were found 

6= (6) 
experimentally and are given below. 

When d/2 >> 6, the local heat transfer over the initial 

As is known [%I 11, the friction coefficient C, in a 
two-phase flow with condensation should be deter- 
mined taking into account the mass suction from the 
vapour boundary layer. By analogy with ref. [I 11, it 
can be determined as 

length of the tube with a laminar condensate film and 
annular flow of phases should be determined from 
Nusselt’s relation [8] 

ur = 0.5 
[ 

AGWpvh -64 O.’ 
VIPi4Z 1 (9) 
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which in dimensionless form is 

N~y,b = 0.X~’ FPs Re$i. (10) 

In the case of gravitational runoff of the condensate 
film around the tube perimeter and relatively small 
amount of condensate in the rivulet, an analogy 
should be expected with condensation on the outer 
surface of a horizontal tube, when, according to ref. 
[S], the following relation holds for CQ_ : 

A ‘sin”‘fldP 

il i 

i/4 

ci, = 1, 0 (11) 
sin413 fl 

and &q can be determined from equation (1). 
In rather long tubes, provided however that every- 

where Re@, < 400, such a combination of operational 
parameters is possible at which there would be a 
stretch inside of the tube where, because of the com- 
mensurate effects of gravity and friction forces, the 
condensate flow will become two-dimensional and this 
will greatly complicate the derivation of an analytical 
relation for the local and mean heat transfer. 

It will be assumed that, just as for the case of con- 
densation on a vertical surface [13], the following 
functional relation will hold for NUT,,,, in the region 
with the commensurate effects of these forces 

NuE,, = fG &t,d+r). (12) 
As was noted earlier [12, 131, relation (12) for a 

vertical surface follows from predictions given in ref. 

[14]. 

3. EXPERIMENTAL PROCEDURE 

It was noted earlier [l] that the main reason for the 
disagreement between experimental results of various 
authors is that in all the experiments the mean-integral 
values of EL were measured, whereas the tube can have 
zones with different modes of the flow of phases and 
of heat transfer. In ref. [ 121 a method for investigating 
condensation inside a horizontal tube is described 
which consists of the determination of the local 
(around the tube perimeter) heat fluxes qv and heat 
transfer coefficients ap from the temperature gradient 
in the wall of a thick-walls tube. 

A segment of an 18 mm i.d., 83.5 mm o.d. and 83 
mm long thick-walled tube made of LO70-I brass was 
aligned with the setting segment having a length of 
1.3 m. The two segments were cooled independently 
by streams of water. Along the inner and outer con- 
tour in the middle portion of the test section and on 
equal radii at five points around the perimeter (with 
cp = 0, $4, z/2,3n/4 and R), copper-constantan ther- 
mocouples with 0.15 mm diameter electrodes were 
fitted into 0.5 mm diameter holes drilled strictly co- 
axially on a jig-boring machine. The distance between 
the thermocouples was AR = 23.5 mm and the dis- 
tance from the inner and outer walls of the tube was 

AR = 5 and 2.5 mm, respectively. Moreover, on these 
very radii controlling thermocouples were imbedded 
in another tube section located 5 mm from the meas- 
uring section. 

Before carrying out the runs, the measuring section 
was degreased with alcohol to exclude the possibility 
of dropwise vapour condensation. 

Before each test series the inflow of air into the 
system was checked under vacuum. In all the tests it 
did not exceed 0.05% of the overall vapour flow rate. 

When the tests were conducted at atmospheric pres- 
sure, measurements were preceded by the forcing of 
vapour through the tube for 5-7 min. 

This technique allowed determination of the local 
heat fluxes qw and heat transfer a,,, around the tube 
perimeter by setting any values of 2, Re,, and Re,, 
Fr over the test section. This was a big advantage over 
the measurements of the mean-integral coefficients of 
heat transfer & when a change in any of the par- 
ameters q, pv or L entailed a change of all the rest 
numbers Fr, Re,,, and J. 

The experiments were conducted so that no less 
than 3-5 m~surements could be made at the same 
invariable (over the test section) vapour velocity @,, 
q-average heat flux density &,, condensate inflow 
from the setting section M, and saturation tem- 
perature T,. The sought-after quantity was taken to 
be the mean of the measure+ values. The spread of 
the measured local values of a, about mean values did 
not exceed 5%. 

Note also that the visual observations in all the 
experiments showed that there was no flooding of the 
entire cross-section with condensate since the vapour 
blow-through was present all the time. The maximum 
vapour velocity at the exit from the test section at 
T, = 373 K was 0.5 m s- ‘. 

The measured wall temperatures at the points 
served as boundary conditions for solving the heat 
conduction equation. The algorithm of the solution 
and the associated problems of the accurate deter- 
mination of qv and a, were developed according to 
recommendations given in ref. [I 51. The greater part 
of the experiments were carried out at local tem- 
perature differences in the wall and between the wall 
and the vapour above 9 and 2 K, respectively. In all 
the experiments the temperature gradient in the wall 
in the axial direction was an order of magnitude 
smaller than the temperature gradient in the radial 
direction. An estimate made of the errors shows that 
a, is determined within 3.71%. 

The p-average heat transfer coefficient B, was deter- 
mined from 

where ATP .is the p-average temperature difference. 
The experiments were carried out with steam at 
T = 4&1CWC, qq = 70-500 kW m-*, qV = 0.9- 
60 m s- ‘, with the amount of condensate i&lowing on- 
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FIG. 1. Effect of vapour velocity on condensation rate inside a tube at TTs = 100°C : 1, 4, = 70 ; 2, 130 ; 3. 
240 ; 4,340. 

to the measuring section varying within the range IV, 
= 0.3-6.7 x 10m3 kg ss’. In this case the dimen- 

sionless groups varied in the following ranges: 

4.5<Fr,<8400; 4<Refil,<400; 10m3<j<5x 
10e2; 6 < Red< 33. 

4. RESULTS OF INVESTIGATION 

Since the flow modes of phases and the laws govern- 
ing condensation depend not only on pV’,, but also on 
the transverse mass flux J, then first the effect of the 
local heat flux density &, on the rate of condensation 
will be estimated. 

The character of the effect of 4, on the condensation 
rate can be best seen from the plot of Fig. 1 presenting 
cZ/cZN, vs the local mean vapour velocity or vs Fr at 

Resl, = 4&100, with Z,, being the heat transfer 
coefficient calculated from equation (1). The scatter 
of the data for identical 4,+ is associated with the effect 

of Reel, on the condensation rate. The higher &, or 
J”= &Jrp, mv, the smaller is WV or Fr at which the 
interphase friction starts to influence the heat transfer 
rate. 

The same character of the effect of mV is observed 
at low pressures. 

It is seen from Fig. 1 that numerically 07, N cl, only 
at low values of 4, and mV, i.e. there is an analogy 
with condensation on the outer surface of a horizontal 
tube. In this case the measured local values of the heat 
transfer coefficients coincide with those predicted by 
equation (11) (Fig. 2) when the mean values AT? are 
substituted into it. 

Figure 2 also shows the measured lines for AT, and 
for the corresponding values of q9. 

In the region of small values of mV (II’” < I-5 
m SK’ for atmospheric pressure, @‘” < l&16 m s-i 
for P = 0.01 MPa) the local values of &, decrease 
with an increasing p, or AT9 according to equation 

FIG. 2. Distribution of local thermal characteristics at 
IV” = 3.3 m s-‘; M, = 0.59 x lo-‘kg SK’; T, = 100°C. 

FIG. 3. Local heat transfer in condensation for WV < 
5 m s-l : 1, C = 10’ W m-‘; 2, 2.5 x 10’. Line, calculation 

by equation (11). 

(11) (Fig. 3) and the values of OS, decrease according 
to equation (1). 

As shown earlier [ 121, an increase in the fraction of 
a tube occupied by a condensate rivulet because of its 
inflow onto the measuring section, which follows after 
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FIG. 4. Effect of the q-average heat flux density C& over the 
test section on heat transfer laws at WV N 34 m SC’ : 1, 
&, = 50 kW rnm2, Re,,, = 39;2,80and30;3,150and12; 

4,240 and 13. 

the setting section, influences d7, only in the bottom 
portion of the tube. First, up to Re, = MJI,p, = 1500 
an increase of M, causes a decrease of a,+,, while at 
Re, > 1500 an increase of CI~ is observed. Therefore, 
equation (1) can be used to calculate L?+, in the case of 
the gravitational fall of condensate film up to 
Re, = 1500. 

The data on the effect of the mean vapour velocity 
I?” on u+, at 4,+, = 170 kW mm2 and M, = 0.2 x 10m3 
kg s-r for T, = 100°C are given in Fig. 4. It follows 
from this figure that only at pV > 40 m s- ’ virtually 
an annular flow mode of phases develops at the given 
values of &, and M,(Re,=,,,). When IV, < 10 m s-l, 
there is no effect of velocity on heat transfer as follows 
also from Fig. 1. 

The quantity Q,(J) determines the character of the 
distribution of cl9 over rp. While for a slowly moving 
vapour a0 decreases with an increasing qV at all the 
points cp, then under the conditions of vapour velocity 
effect on the condensate film flow the values of c(~ level 
off over cp on an increase in &, (Fig. 5). 

An increase of M, in the mode of moving vapour 
condensation leads, as shown in ref. [ 121, to a decrease 
of IX,+, at all the points of the tube perimeter. 

Using the data on the distribution of GL~ over cp for 
different M,, WV and qyo, the map of the flow modes 
of phases was constructed (Fig. 6) for incomplete 
laminar condensation inside of a horizontal tube in 

40 
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FIG. 6. The map of flow modes during condensation inside 
a horizontal tube : l-3, data on ciq (1, annular mode; 2, 

gravitational mode ; 3, asymmetric mode). 

the coordinates Cr Fr and Refil, which result from a 
theoretical determination of the parameter P,, equa- 
tion (8). 

To the region with the annular flow of phases, 
located above curve A, there correspond the exper- 
imental data on a, which are nearly identical at differ- 
ent points around the tube perimeter. In the region 
with gravitational fall of condensate film, which is 
located below curve B, the distribution of the quantity 
LX~ obeys the law given by equation (11). In the inter- 
mediate zone between lines A and B the distribution 
of TV, over cp is asymmetric and differs from that pre- 
dicted by equation (11). 

The upper curve A is approximated by the relation 

(C,Fr), = 7.36Re# (13) 

while the lower curve B by the relation 

(Cr Fr),i, = 0.86ReAji. (14) 

The estimation of the flow modes of phases by the 
parameters (3) and (4) does not agree with the data 

on a, = f(q). 
The investigations have also revealed the presence 

of a substantial entrainment of condensate with 
vapour. Figure 7 presents the data on the entrainment 
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FIG. 5. Effect of the test section-average vapour velocity on heat transfer rate at &, = 14&150 kW m-* 
and Remm = l(r15:1,cp=0;2,n/4;3,1~/2;4,3n/4;5,x. 



522 V. G. -‘I 

0 I 

40 02 AA O:%’ 

2 A3 
A 

7 -,30 A A. 

AA 
o A 

2’ 2a .OO 

t 

. 
‘0 AA 

0. 0 0 

FIG. 7. Effect of vapour velocity on entrainment at 
r, = 100°C: 1, Refilm = 65; 2, 100; 3,400. 

measured by mixture tapoff downstream of the meas- 
uring section after the branch pipe through which the 
condensate was discharged into a batch meter. As is 
seen from Fig. 7, at high vapour velocities the entrain- 
ment fraction exceeds 50% despite small Re,,,,, 

numbers. For high vapour pressures and long tubes 
the fraction of entrainment may exceed 80% [16], 
however no investigations of entrainment in con- 
densation was made. 

By taking into account the fraction of entrainment 
when calculating the real number Re&,,, = Re,, - Re,, 

in equation (lo), the mean experimental numbers 
Nr+,,,, will rather satisfactorily agree with those pre- 
dicted (Fig. 8). 

In the region with a comparable effect of gravity 
and interphase friction forces, i.e. when 0.86Re,$i, 
< CrFr < 7.36Re#, all the experimental data on 
the local values of $ are correlated [12] by the 
relation 

- 
Nu~,,~ = 1.X~’ FrQ.38 Remi26. (15) 

T& tube length-mean heat transfer coefficients & 

or Nusl, L will depend on the trend of variation of & 
over the tube length and on the degree (complete or 
incomplete) of vapour condensation in the tube. - - 
When x2 = 0 and q, = const., NunhL = Nt+,,,,,. 

l.O- 
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FIG. 8. Condensation in annular flow mode of phases : 1, 
m”=32ms-‘;2,50. 

According to equation (15) OS, - 4k5 in agreement 
with the degree of the effect of qL on & observed in a 
number of experiments [5, 17, 181. A great effect of & 
on OS, is observed only when the turbulent flow of 
condensate film spreads over the entire perimeter and 
over the greater portion of the tube length and also 
when vapour condensation occurs in the flow of a 
moving turbulent homogeneous mixture-the case 
which takes place in the tube cross-section flooded 
with condensate or when there is an intensive entrain- 
ment of liquid by vapour. In the present experiments 
such condensation regimes were not observed. 

5. CONCLUSION 

Local heat transfer coefficients were measured for 
vapour condensation inside of a horizontal tube by 
using the method of a thick wall. In the region of 
Refilm < 400 and Fr < 8400 the laws persist that 
govern laminar film condensation. The map of the 
flow modes of phases is constructed and the relation 
is obtained for experimental data correlation which 
takes into account the effect of the transverse mass 
flux. 
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MODES DE TRANSFERT THERMIQUE ET D’ECOULEMENT DES PHASES DANSLA 
CONDENSATION DE VAPEUR EN FILM LAMINAIRE DANS UN TUBE 

HORIZONTAL 

R&sun&--En utilisant la mdthode du gradient on determine le coefficient de transfert thermique local pour 
la condensation de vapeur en iilm laminaire dans un tube horizontal. On dtudie l’effet de la vitesse de la 
vapeur, de Yentree. de condensat et du flux de masse transversal sur l'intensitb du mecanisme. L’existence 
dune dissymetrie prononcise dans les coefficients locaux de transfert de chaleur autour du tube est not&e, 
ainsi que sa diminution avec un accroissement de la vitesse de vapeur et du flux thermique local. On 
identifie les modes d’ecoulement des phases dans le cas de la condensation incomplete de vapeur ; on note 
la necessite de prendre en compte l’epaisseur du film de condensat et l’effet du flux de masse transversal 
quand on construit la carte des modes. On suggbre une formule pour calculer les coefhcients de transfert 

thermique locaux et globaux pour la condensation en film laminaire. 

WARMEUBERGANG UND STRGMUNGSFORMEN BE1 DER LAMINAREN 
FILMKONDENSATION IN EINEM WAAGERECHTEN ROHR 

Zusammenfaasung-Die drtlichen Wiirmetibergangs-Koelllxienten bei der laminaren Filmkondensation in 
einem waagerechten Rohr wurden mit Hilfe der Gradienten-Methode bestimmt. Dabei wurden die Enfliisse 
von Dampfgeschwindigkeit, Kondensatstriimung und Kondensat-Massenstromdichte untersucht. Eine 
ausgepriigte Asymmetrie der iirtlichen Warmetibergangs-Koeffizienten am Rohrumfang wird festgestellt, 
was jedoch bei steigender Dampfgeschwindigkeit und Warmestromdichte geringer wird. Die unter- 
schiedlichen Zweiphasen-Stromungsformen bei unvollstandiger Kondensation werden registriert. Es wird 
angemerkt, da8 Kondensat-Filmdicke und -Massenstromdichte bei der Erstellung von Stromungs- 
bilderkarten berilcksichtigt werden m&en. AbschlieBend wird eine Korrelation zur Berechnung drtlicher 

und mittlerer Wtirmeiibergang-Koefhzienten bei der laminaren Filmkondensation vorgeschlagen. 

TEIUIOOEMEH ki PEmHMbI TEHEHHJI @A3 TIPH JIAMHHAPHOft I-IJIEHO’IHOtt 
KOHflEHCAIJMH HAPA BHYTPH f’OPH3OHTAJIbHOti TPYBM 

a-HCnOxb3ya rpamJeHr%di ~e.‘ro~~ HccJreaoaanBa reruroo6Mena, OnpeneJreHbI nOLanbHbre 
ro*iinnenrbt rerutoornamr npa nabnmapnoti nnenowoP xo~xe~ca~ napa s~yqni ropR30HTanb- 

HOft rpy6u. H3yYeHO BJlHKHHe Ha EHTeHCHBHOCTb IIpOueCCa CKOPOCTH napa, HaTel(uIBK KOHjIeHcaTa, 

nonepewioro noToKabtaccbt.ChweneHo H~9HecyluecTet~o~acaMMnp~no~~HsucKo~~eH- 

TOB reruroo’rnaun no nepriMerpy rpy6b1, yMenbmemno KOTO@ cnoco6c~~ye~ yaenweHae cxopoc~~ 

napa II wcrHor0 fennoaoro noToKa. WneHTa&itwpoww peruursl TeqeHuK @a3 npa HenonHofi KOH- 

IleHcaUHH llapa B Tpy6c; npH IIoCTPOeHHH KapTU pe.XSiMOB OTMePeHa aqWlbHoCTb yWTa TOJIUWW 

ILIleHKH KOHlleHCaTa Ii BnHKHHR lIOIle~¶HOrO IIOTOKK MXCbL &UIO KO~JIKUUOHHOC y-paBHeHHe MK 

PaC'KFTa JtOKBnbHWX H CpeJJHeHHTerpaJIb?IbIK KO3+&IVieHTOB TelLNOOTlla'XH npE JlaMEHapHO~ WIeHOS- 

HOti KOHAeH*LLWi. 


