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Abstract—Vapor condensation rate inside horizontal conduits was studied for co-current and counter-
current flow of steam and the accumulated condensate at the bottom of the tube. When compared with the
co-current flow case, the interfacial shear increases the axial pressure drop in the counter-current case and
decreases the effective transfer surface. The effect of changing the inclination angle of the tube from 1° to 2°
from the horizontal on the héat transfer rate is relatively unimportant. For a given tube length, co-current
flow is the recommended mode of operation when a higher condensate production rate is desired at a given
temperature driving force.
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NOMENCLATURE

geometrical parameter of accumulated con-

densate layer;

vapor flow cross-section ;
distance from center (R — H));
constant, equation (3);

constant, equation {13};
hydraulic diameter;

friction factor, equation (9);
gravitational acceleration;

liquid height of condensate layer;
heat transfer coefficient ;

liquid conductivity;

tube length;

pressure in liquid layer;
perimeter of vapor flow area;
local heat flux;

integrated peripheral heat flux;
liquid flow rate of condensate ;
vapor flow rate;

initial vapor flow rate;

ratio of second derivatives, equation (2);
tube radius;

Reynolds number, vapor;

vapor temperature in tube;
temperature driving force;

liquid velocity ;

vapor velocity ;

coordinate on solid-liquid boundary;
horizontal coordinate ;
coordinate on solid-liquid boundary;
vertical coordinate;

axial coordinate.

Greek symbols

a’

ﬁ’
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a/R;
b/R;

A, latent heat of condensation;
0, tube inclination, from horizontal;
s viscosity, liquid;

Oi density, liquid;

P density, vapor;

Ty interfacial shear stress;

@, peripheral angle;

¢., peripheral angle of condensate layer.

1. INTRODUCTION

VAPOUR condensation inside horizontal conduits is
commonly encountered in horizontal type refriger-
ation systems, thermal water desalination schemes
and various types of air-cooled or radiation-cooled
condensers. The high inlet velocity of the condensing
vapor decreases as the condensation proceeds on the
inside walls along the tube. The dynamics of the vapor-
liquid interaction results in two-phase flows and
different flow patterns are possible [1], ranging from
stratified to annular flow regimes. The condensation
mechanism in the stratified flow regime is pre-
dominantly affected by the viscous inertial body forces
{2, 3] while in the annular flow regime the conden-
sation process is controlled by the dynamics of the
vapor and the adjacent condensate layers [4-6].

Previous studies of the various characteristic para-
meters of horizontal condensers have shown experim-
entally that the condensation heat transfer coefficient
increases with steam flow rates and the tube’s length to
diameter ratio [7-10]. A presentation of the conden-
sation rates at various steam flow rates is given by
Rohsenow [11]. The effects of the accumulated conden-
sate, at the bottom of the slightly inclined tube, on the
heat transfer rate were presented by Chato [12] and
Chaddock [13].

Condensation inside a horizontal evaporator-con-
denser has been studied by the authors [14, 15],
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mainly with relation to water desalination schemes
whereby the evaporation of thin brine films, formed by
the brine cascading on the outside of the horizontal
tubes in the tube bundle is sustained by steam
condensation inside the tube. The accumulated conden-
sate can be drained either downstream or upstream of
the vapor flow direction. This results in the tube being
either positively (co-current) or negatively (counter-
current) inclined (Fig. 1). In the range of flow rates
considered in our previous studies (Re, < 35000) the
shear stress on the condensing film was assumed to be
negligible. However, at higher steam flow rates this
assumption of zero interfacial shear is not valid,
although a stratified vapor—liquid flow still prevails.
Whereas the effect of the interfacial shear stress on the
stratified flow regime has been studied with respect to
pressure drop and gas hold-up [16-20], the heat
transfer and phase change aspects associated with the
shear stress in stratified vapor-condensate flow have
not been fully reported.

It is the purpose of the present work to evaluate the
transport characteristics along a typical tube in a
horizontal condenser. The interaction between the
vapor and the condensate layers flowing along the tube
is studied for co-current and counter-current flows.

2. THE PHYSICAL MODEL

Consider vapor flowing in a nearly horizontal tube,
which is placed in a positive or a negative inclination, 6,
from the horizontal plane. The vapor enters the tube at
the z = 0, and flows along the tube in the z-direction.
The initial high velocity decreases as the vapor moves
and condenses along the tube. At a given set of
operating conditions, an initial vapor feed Q,, yields a
practically zero velocity, corresponding to a practi-
cally complete condensation at the outlet, at z = L.
The condensate drains down on the walls to the
bottom of the tube and accumulates downstream.
Whereas a high vapor flow rate interacts with an
extremely thin condensate layer in the entry region of
the tube, a relatively low velocity steam interacts at the
outlet end with a thick condensate layer. Excluding
extremely high vapor flow rates, a stratified vapor—
liquid flow is assumed to exist along the whole tube.
Moreover, the free liquid interface at any cross-section
along the tube is assumed to be smooth and horizontal.
The validity of the assumed horizontal interface is
reasonable for the practical tube (38 mm 1.D.) dealt
with here since the effects of the preferential wetting
and the liquid meniscus at the tube wall are negligible.

Assuming the condensate layer to be in laminar
flow, the equation of motion is given by

Pu dtu apP, .
u,<ﬁ+67>=3z——p,gsm9 (1)
where P, is the local pressure in the liquid layer. The
velocity distribution is obtained by integrating equa-
tion (1). Inasmuch as the integration is carried out in a
stepwise fashion in the z-direction, the pressure drop
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term is introduced as a constant which depends on the
local steam velocity. However, due to the presence of
the second derivative with respect to the lateral
coordinate x, a numerical integration method is
required. A further simplification of equation (1) is
achieved by introducing the ratio of the two second
derivatives

QPufox?

r= .
Atufdy?

(2)
Introducing equation (2) into equation (1) yields

du 1 <dP

P Ry o T;—plgsin9>zc. 3)

The ratio r in equation (3) can be taken either as a
function of the interfacial position or, as in Buftham’s
analysis [17], assumed to be a constant. For relatively
thin condensate films dealt with here, where 62u/dy? >
&?u/0x? and r « 1 the solution for the velocity profile is
insensitive to the value of r. Consequently, the ratio r
may be ignored. Assuming no slip condition at the tube
wall and a velocity gradient of 7,/u, at the gas-liquid
interface, equation (3) yields

¢, 5 T
U=3U = ¥o) ==y —¥o) (4)
1
where 7; is the interfacial shear stress in the flow
direction at y = 0. 7, is related to the axial pressure
gradient by
D, dP + co-current
=t (5)
4 dz — counter-current
where Dy is the hydraulic diameter for the vapor flow
and is given by
A

Dy=4—. 6
=45 ©®)

v

The vapor cross-section A, and the corresponding
vapor-phase perimeter P, are related to the peripheral
angle ¢,, of the condensate layer by

4,-% Z 2 — sin (2 7
v = 7 {n—|:180 d)m_Sln( ¢m)}}’ (a)

P, = g(n - ¢n) + 2R sin (¢,,). (7b)

The pressure-gradient is calculated locally based on
the local vapor velocity
2fuip,

daP, 8)
dz Dy (

where the vapor phase friction factor is given by the
Blasius equation

f=0.079 Re; ©25. )

The liquid flow rate is obtained by integrating the
liquid velocity field over the liquid cross-sectional area.
Thus
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a Yo
Q,=2J J udydx (10)
0 Jo
where a, shown in Fig. 1, is half the liguid chord
length subtended by the angle ¢,,.
Inserting equation (4) into equation (10) yields

@ 2
o= (-3

Note that y, = (R* — x2)'2 — b. Introducing X =
x/R = sin ¢, equation (11)can be evaluated in terms of
o= sin ¢,,) and B(= cos ¢,,). Stated differently, the
liquid flow rate is related to ¢,,, the angular parameter
of the accumulated condensate. Integration of equa-
tion (11) thus yields

g 1

CR* ™ 12

V3 + t—iy?,)dx. (11)
H

[2«3/3 — 1508 + (3 + 12f%)arcsin o

+ !:—C‘?uza — 40 — 128 arcsin a)J (12)

where
B=1-a

Equation (12) can be solved for a for any given value of
the liquid flow rate. The latter is determined by the
accumulated condensate layer. The accumulated con-
densate flow rate is evaluated from the condensation
rate along the tube.

Previous studies by the authors of a typical evap-
orator—condenser tube [15, 16] showed that the
thickness of the condensate film is of the order of
0.1 mm. Local velocity and temperature profiles have
been derived [15, 16] for the evaporating and conden-
sate films demonstrating that the condensate film can
very reasonably be approximated by Nusselt’s so-

Draining
condensate
film

Accumulahing
condensate

VODOur
n
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{co-current)
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lution. Hence the local heat flux is given by
sin ¢ \'* ApFkIAT\'#
dp = C1< f) ; Ci= (L> L (13)

4R
Here ¢ is local peripheral angle (Fig. 1). The average
film condensation rate over the arc 0-(n — ¢,,) is
obtained by integrating equation (13)

2 b d
Q.= oM — @) J.O e ¢ (14)

__ % J " <ﬂ‘?&>l " a6,
pdn— g o\ @

Equation (14), which gives the condensing film mass
flow rate on the walls per unit length of tube, is now
combined with equation (12), which gives the accumu-
lated condensate flow rate. Thus, a mass balance in the
axial direction reads

4 Qil,in:—Ql, 0 +, co-current,
- Az e —, counter-current.
(15)
CR[. , .
F 5 20 — 15af + (3 + 128*)arcsin

T
mCR

+ (120 — 4a® — 12B arcsin a):|

B [+ Q | N 2C1 J\n—arcsina
T gl — da) Jo

o 1/4
« (3N 4 | Az
¢ +, co-current,

-, counter-current.
(16)

Negative inclination
{counter - current )

F1G. 1. The physical model and coordinates.
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In the co-current flow case Q, = 0 and the vapor
flow rateis Q, , at z = 0 (steam inlet). The calculation
proceeds in a stepwise manner by first evaluating the
parameter a for z = Az which, in turn is used to
calculate the local liquid rate by equation (12). The
local vapor flow rate is then corrected by accounting
for the condensation rate. The new local values of Q,,
Dy, dP,/dz and 7; are then evaluated and the constant C
[equation (3})] is also corrected to correspond to the
local pressure gradient.

When taken with the lower sign equation (16)is used
to evaluate the counter-current case whereby the steam
is introduced at the lower edge of the positively
inclined tube so that the accumulated condensate
drains against the steam flow direction.

3. RESULTS AND DISCUSSION

The theoretical analysis presented here was applied
to a typical horizontal evaporator—condenser tube in
the horizontal tube evaporator—condenser desali-
nation scheme. A tube length of 5m, an inlet vapor
flow rate of 7kgm™"' and temperature range between
50 and 70°C were selected. These values are used as
independent input data whereas the temperature gra-
dient which yields a complete vapor condensation
within the given tube length at the given temperature
remains as a dependent parameter.

The effect of the inclination of the tube from the
horizontal plane was studied in detail, and inclinations
of 1° and 2° were compared for given operating
conditions, in co-current and counter-current gas—
liquid flow modes. Pressure drops, liquid height and
heat transfer characteristics were evaluated for the
various inclinations and modes of flow.

The axial pressure gradient is calculated from the
instantaneous vapor flow rate and the available cross-
section for vapor flow, both being, in turn, determined
by the rate of condensation along the tube. Figure 2
presents the local pressure gradient at three tempera-
ture levels in co-current and counter-current flows.
Note that for a given vapor mass flux the pressure drop
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F1G. 2. Pressure gradient along the tube at various conden-
sation temperatures in co-current and counter-current
flows.
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FiG. 3. Accumulated condensate height at the bottom of the
tube at various condensation temperatures for co-current
flow.

is proportional to f/p,. Thus, increasing the tempera-
ture level in co-current flow yields an increase in the
pressure gradient due to the decrease in the density of
the vapor. Also, the effect of the gas shear on the
accumulated condensate layer is to decrease the
condensate height H, which results in a smaller friction
factor. On the other hand, the effect of the interfacial
shear in the counter-current flow case leads to a thicker
accumulated condensate layer, resulting with a higher
friction factor and a larger pressure drop. Obviously,
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FiG. 4. Comparison of the condensate height in co-current
and counter-current flows at various condensation tempera-
tures and different tube inclinations.
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FiG. 5. Heat transfer coefficient at various condensation
temperatures in co-current and counter-current flows.

the effects in both cases are more pronounced at the
entry region of the vapor where the vapor flow rate is
the highest. Based on the same reasoning, the absolute
value of the pressure at a certain temperature level is
higher for the counter-current flow. It is to be noted
that only a very slight effect on the pressure drop has
been realized when the tube inclination angle was
increased to 2°.

Figure 3 represents the effects of the temperature
level on the height of the accumulated condensate layer
at the bottom of the tube. As is indicated by the curves
in this figure, an increase in the temperature level
yields, due to higher interfacial shear (see Fig. 2a), a
thinner condensate layer. The effect of temperature
level is reduced, as the inclination of the tube is
increased. Again, this is due to the milder effect of the
interfacial shear on the thinner film associated with the
higher inclination angle of the tube. Similar trends are
obtained for counter-current flow.

It is interesting to compare the height of the
condensate layer for the two modes of flows (Fig. 4).
Two interesting points are demonstrated. The first is
that the difference between the two modes of flow
increase as the temperature levels decrease. The second
is that as the tube inclination increases these
differences become more moderate. The two pheno-
mena are understandable in view of the associated
effects on the pressure gradient, already discussed with
reference to Fig. 2.

Figure 5 represents the peripherally averaged heat
transfer coefficient along the tube for various tempera-
ture levels, for co- and counter-current flows. As is
expected, higher temperature levels yield higher trans-
fer coefficients. Also, in view of the higher level of the
accumulated condensate associated with co-current
flows, the corresponding heat transfer coefficient based
on vapour phase flow area are higher than those
realised in counter-current flow.

4. CONCLUSIONS

The interactions between the condensing vapor and
the accumulated condensate layer flowing along a
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nearly horizontal tube were compared for co-current
and counter-current vapor-liquid flows. The effects of
tube inclination and temperature level of condensation
were evaluated.

In general, the axial pressure drop increases as the
condensation temperature level increases in the co-
current flow case and decreases as the condensation
temperature increases in the counter-current flow case.
However, in both flow cases, the height of the conden-
sate laver increases at the higher temperature levels
and is consistently higher for co-current flows. This
leads to apparently higher heat transfer coefficients for
the co-current film (since the transfer area for film
condensation is smaller). Actually the nominal heat
transfer coefficients, based on tube diameter, are
practically identical. However, for a given tube length
and a desired condensate production, a 10139 larger
temperature driving force is required for the counter-
current case as compared with the co-current flow
case.

It is also to be noted that the differences between co-
current and counter-current flows become less signi-
ficant as the inclination angle of the tube increases and
the effect of gravity forces predominate.

Thus, the co-current vapor and condensate flow in
the near horizontal tube is the preferred mode of
operating the evaporator-condenser unit.
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CONDENSATION A L'INTERIEUR D'UN TUBE PRESQUE HORIZONTAL AVEC
ECOULEMENT A CO-OU CONTRE-COURANT

Résumé—On étudie le débit de condensation de vapeur 4 lintérieur de conduits horizontaux pour un

écoulement 4 co-ou contre-courant de vapeur d’eau et de condensat accumulé au fond du tube. Comparé au

cas du co-courant, le cisaillement interfacial accroit la chute de pression axiale dans le cas du contre-courant

et diminue le transfert effectif 4 la surface. Le fait de changer l'inclinaison du tube de 1° 4 2° 4 partir de

I'horizontale est relativement sans importance sur le transfert. Pour une longueur de tube donnée,

I'écoulement a co-courant est le mode recommandé quand on désire un débit plus élevé de condensat pour un
écart de température donne.

KONDENSATION IN NAHEZU HORIZONTALEN ROHREN BEI GLEICH- UND
GEGENSINNIGER STROMUNG

Zusammenfassung—Die Kondensation in horizontalen Rohren wurde fiir gleich- und gegensinnige
Stromung des Dampfes und des unten im Rohr angesammelten Kondensats untersucht. Im Vergleich zur
gleichsinnigen Strémung erhéht im Fall der Gegenstromung die Schubspannung an der Grenzflache den
Druckabfall in axialer Richtung und vermindert die wirksame Ubertragungsfliche. Eine Anderung des
Rohr-Neigungswinkels von 1° auf 2° gegeniiber der Waagerechten beeinflult den Wiarmeiibergang nur
unwesentlich. Bei gegebener Rohrlinge und treibender Temperatur-Differenz wird die Betriebsweise mit
gleichsinniger Stromung empfohlen, um eine gréBere Kondensationsrate zu erreichen.

KOHIAEHCALIMA BHYTPHU NMOYTH NOPU3OHTAJIbHBIX TPYE IMTPU CITYTHbIX
N MPOTUBOTOYHBIX TEYEHUAX

Aunorauns — [poBefieHO HCCTIE/IOBAHUE CKOPOCTH KOHACHCALMH N1apa BHYTPU rOPU3OHTAbHBIX TPYD
IpH CNYTHOM H NPOTHBOTOYHOM TEYEHMHM Mapa M KOHAeHcaTa, ofpasylowerocs Ha ase Tpy6si. Ilo
CPaBHEHHIO CO CMYTHBIM TEYEHHEM CABUI HA MOBEPXHOCTH pa3fieila (a3 MPH NPOTHBOTOKE yBEIHYMBACT
AKCHAJIBHBIA NEpenaa AaB/ICHHS U yMEHbIIAET 3((hEeKTHBHYIO [IOBEPXHOCTL Nepenoca. Mamenenne yria
HakJI0Ha TpyOBl OT | 00 2" OT rOPH3OHTANILHOIO MOJIOKEHHs TIOYTH HE OKA3bIBAET BIHMAHHMA HA WHTEH-
CHBHOCTb Teruionepexoca. [lnsa 1py6 uccnenyemMoll [UTHHBI PEKOMEHIYETCS CIYTHBIA PEXHM TedeHHS,
€CJIH JKeJIATEIbHO MONYYHTh GoJiee BHICOKYIO CKOPOCTh KOHJEHCALMH IIPH 3aJdHHOM TEMIIEPATYPHOM
rpaJueHTe.



