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Abstract

This paper considers the hydrodynamic and thermal analysis for the case where steam is condensing inside a horizontal
tube while simultaneously a thin water _lm is evaporating on the outside of the tube[ An analysis of the collective three!
dimensional e}ects in~uencing the condensing and evaporating sides are presented at di}erent operating conditions[
The operating conditions include the e}ects of the brine mass feed rate\ saturation temperatures of the condensing steam
and the falling brine\ and vapour ~ow rates[ The analysis is extended to account for further e}ects produced by the
vapour pressure and shear stresses\ and also by the temperature di}erences between both sides of the tube[ The model
presented in this work consists of three regions on the condensation side and two regions on the evaporation side[ The
condensation side is categorized by a thin laminar condensing layer "at the top of the tube#\ a strati_ed laminary layer
"at the bottom of the tube#\ and a laminar or turbulent vapour zone[ The evaporation side has a thermally developing
laminar liquid _lm and a thermally fully developed zone[ The results of the condensation:evaporation analysis show
that the dominant e}ects are due mainly to the brine mass feed rates\ secondly to the saturation temperature di}erences\
and least to the incoming condensing steam rates[ Calculations are carried out for vapour ~ow of Reynolds number
between 19 999 and 29 999\ inlet saturation temperature of incoming steam between 59 and 69>C\ and brine mass feed
rate between 9[90 and 9[04 kg m−0 m s−0[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A cross!sectional area of the tube
Av local vapour cross!sectional area
c constant used to evaluate the vapour friction factor
Cp speci_c heat at constant pressure of the liquid
D tube diameter
Dh hydraulic diameter of the vapour ~ow
ff vapour friction factor acting at the liquidÐvapour
interface
fv vapour void fraction
` gravitational constant
hc\ he overall heat transfer coe.cients in the condensing
and evaporating _lms\ respectively
hc0"z# averaged local heat transfer coe.cient of the con!
densate thin _lm
hc1"z# averaged local heat transfer coe.cient of the
accumulated condensate layer

� Corresponding author

he"z# averaged local evaporation heat transfer
coe.cient
he"f\ z# local evaporation heat transfer coe.cient
he0"z# averaged local evaporation heat transfer
coe.cient in the thermally developing region
he1"z# averaged local evaporation heat transfer
coe.cient in the fully developed region
hfg latent heat of evaporation
kc\ ke thermal conductivity of the condensing and evap!
orating ~uids\ respectively
L tube length
m constant used to obtain the vapour friction factor
m¾ f mass liquid feed rate of the evaporating thin _lm
m¾ L0 mass rate entering the elemental area
m¾ L1 mass rate leaving the elemental area
m¾ e mass rate leaving the evaporating thin liquid _lm
and changing phase to vapour
m¾ c vapour mass rate entering the condensate thin liquid
_lm and changing phase to liquid
m¾ c0 mass rate of condensing thin _lm
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m¾ c1 mass rate of vapour condensation at vapourÐ
accumulated layer interface
dp:dy radial pressure drop
dp:dz axial pressure drop
P local vapour pressure
R tube radius
Rev Reynolds number of the vapour
Tsat\c vapour saturation temperature
Tsat\e evaporating liquid _lm saturation temperature
Tw wall temperature
DTc"f\ z# local condensation temperature di}erence
DTe"f\ z# local evaporation temperature di}erence
U average _lm ~ow velocity
u\ v\ w fundamental velocity components
dV volumetric element
x\ y\ z fundamental coordinate system
x? variable de_ned by equation "A00#
y? variable de_ned by equation "A01#[

Greek symbols
a liquid thermal di}usivity
dc condensating _lm thickness
de evaporating _lm thickness
dm condensing _lm thickness evaluated at fs

ds depth of the accumulated condensate
ds\max maximum local strati_ed layer|s depth
Dr rL−rv

h variable de_ned as h � cos"p−fs#
j variable de_ned as] j � sin"p−fs#
m dynamic viscosity
nv vapour kinematic viscosity
r ~uid density
rL density of liquid
rv density of vapour
tvL shear stress of vapour on the liquidÐvapour interface
fc angular measure of condensing _lm
fe angular measure of evaporating _lm
fs strati_ed angle of the accumulated layer
ftd angular distance designating the beginning of evap!
oration at the free surface of the liquid _lm as shown in
Fig[ 2[

Other symbols
[þc volumetric ~ux of the strati_ed condensate layer ~ow
[þc0 volumetric rate of the condensing thin _lm into the
strati_ed layer
[þc1 volumetric rate of vapour condensation onto the
strati_ed layer
[þv volumetric ~ux of vapour ~ow[

0[ Introduction

The desalination of sea water is a process vital to many
countries in arid regions of the world[ Distillation desali!
nation plant can take di}erent forms with the most popu!

lar being the Multi!Stage Flashing "MSF# design where
the brine is heated by passing it at relatively high pressure
through the inside of tubes while steam is condensing
on the outside[ The hot brine is then discharged into a
chamber at a lower pressure so that it ~ashes with the
vapour portion being extracted and condensed to yield
fresh water[ The ~ashing takes place in a number of stages
each at a successively lower pressure[ An alternative
design is the Multi!E}ect Boiling "MEB# evaporator
where the steam is passed through the inside of the tube
and the brine is evaporated on the outer surface[ In the
earlier designs of MEB evaporators the steam heated
tubes were immersed in a pool of brine and evaporation
took place by pool boiling with relatively low heat trans!
fer rates[ With this thermal constraint on the MEB
system\ the MSF evaporator became established as the
principal type of distillation desalination plant[ The MSF
system has\ however\ a number of practical problems
which lead to greater operational costs[ The majority of
these are related to the high pressure and temperature
that the brine needs to secure a satisfactory ~ash and
hence a worthwhile water yield[ As the temperature
increases\ the scale formation on the inside of the tubes
increases and to overcome this a rather complex cleaning
process is used to clean the tube internal surfaces[ For
cleaning\ the desalination plant is taken out of use and
the tubes are ~ushed by passing through them a large
number of balls suspended in a cleansing ~uid[ The
cleaning system requires a continuous supply of new
chemicals and balls and the subsequent disposal of the
chemicals causes additional problems[ There is also some
tainting of the product water by the chemicals and a
separate chemical puri_cation system may be needed[
Together these problems lead to greater operational costs
thereby reducing the overall e}ectiveness of the MSF
evaporators[

In response to the problems described above\ the MEB
system is being reassessed[ The problem of low thermal
performance has been overcome by using a falling _lm
of brine over the outer surface of a vertical column of
horizontal steam!heated tubes[ The heat transfer rates
achieved in _lm evaporation are considerably higher than
in the forced convection heating in the MSF evaporators
and this gives the MEB system a distinct advantage[
Another advantage lies in the fact that unlike the MSF
system\ the brine does not have to be heated to such
high temperatures and these can be reduced further by
operating the plant under a vacuum so that typical evap!
oration temperatures are about 59>C thereby leading to
reduced scale formation[ When scale does form\ it does
so on the outside of the tubes which allows easier cleaning
and eliminates the need for the complex cleaning plant
associated with the MSF system[

To understand better the combined heat transfer pro!
cesses of external evaporation and internal condensation
a theoretical analysis is required which solves this con!
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jugate problem whilst at the same time considering the
changing hydrodynamic conditions due to ~ow devel!
opment and mass transfer[

Falling _lm heat transfer has been the subject of
numerous studies with some of the earliest contributions
coming from Nusselt ð0Ł who considered the formation
of thin laminar _lms of condensate on vertical surfaces[
The evaporation from the free surface of a falling _lm is
considered in a similar way[ The evaporation heat trans!
fer coe.cients of a water _lm ~owing over an electrically
heated horizontal tube was measured by Fletcher et al[
ð1Ł and this work was extended by Parken and Fletcher
ð2Ł to include di}erent feed rates and chamber pressures[
Two methods for pursuing a theoretical analysis were
presented\ both dependent upon laminar ~ow conditions
which they subsequently used to explain the di}erences
between their experimental and theoretical results[ Barba
and Felice ð3Ł developed a theory to predict the evap!
oration heat transfer coe.cient for a horizontal tube
falling _lm without nucleate boiling[ They assumed a
fully developed velocity boundary layer using a turbulent
model\ constant _lm thickness and a constant initial tem!
perature pro_le[ They reported a respectable deviation of
about 209) between their calculated and experimental
results[ The development of the _lm around a horizontal
tube was considered by Chyu and Bergles ð4Ł^ they de_ned
three regions in the _lm] the impingement region\ the
thermal developing region and the fully developed region[
Along with experimental data they presented two theor!
etical models^ the _rst based on Nusselt|s analysis and
the second based on an experimentally derived cor!
relation for fully developed _lm evaporation on a vertical
wall[ They reported better agreement with experiments
for the latter theory than for the former[ The ~ow pat!
terns of the _lm as it cascaded from tube to tube was
investigated by Mitrovic ð5Ł[ He noted three ~ow patterns
as the water ~ow rate was increased] discrete droplets\
liquid columns and liquid sheets[

Separate investigations have been made of the con!
densation process inside horizontal tubes[ Within the gen!
eral area of two!phase ~ow\ the ~ow pattern inside the
tube will be strati_ed ~ow as the condensate runs down
the tube wall to form a layer at the bottom which will be
swept along the tube by the vapour ~ow[ This simple
model will be complicated by the condensate _lm that
forms on the pipe wall and which will cause the strati_ed
layer to grow[ Chen and Kocamustafaogullari ð6Ł
developed a physical model which accounted for the
vapour ~ow\ di}erent interfacial shears\ and pressure
gradient to predict the condensation heat transfer
coe.cients[ They assumed strati_ed laminar ~ow\ a thin
condensate _lm and neglected the surface curvature[
From their numerical scheme they suggested a simpli_ed
predictive correlation for the average heat transfer
coe.cient[ The condensation of vapour in a near!hori!
zontal tube was considered by Moalem and Sideman

ð7Ł in both counter! and co!current ~ow[ They assumed
laminar ~ow\ no velocity gradient and a Blasius friction
factor for the vapour phase[ The condensate _lm thick!
ness was approximated by Nusselt|s solution for a vertical
wall[

The analysis of simultaneous internal condensation
and external evaporation for horizontal conduits was
considered by Sideman et al[ ð8Ł[ They coupled the pro!
cess and solved the momentum and energy equations
for both[ The problem was simpli_ed by assuming no
pressure drop along the tube\ neglecting the inertia terms
and surface tension\ not considering the conduit wall
thickness and assuming linear temperature pro_les across
the _lms[ Their model showed an average deviation of
about 44) from the available experimental data[ This
analysis was extended to account for variation of tube
wall temperature in both the circumferential and axial
directions ð09Ł[ Parabolic velocity pro_les and linear tem!
perature pro_les were assumed for the _lms[ This analysis
led to an improved 29) deviation from the available
experimental data[

The purpose of the present work is to build upon the
work of previous researchers[ A single horizontal tube
will be considered^ a three!dimensional physical model
has been developed which allows for thermal and hyd!
rodynamic changes around the tube and along its length[
A numerical scheme has been used to solve the equations
of continuity\ momentum and energy for both the
internal and external processes[ The results obtained have
been for conditions typical of those found in a desali!
nation plant[ The remainder of this paper will outline the
development of the theoretical model and will illustrate
its application by presenting a selection of the results
obtained[ For a more complete presentation of both the
theoretical model and the results obtained the reader is
referred to Rajab ð00Ł[ The reason for developing the
model was to produce a design tool for the development
of horizontal tube desalination plant[ The model has been
applied to a two!dimensional column of horizontal tubes
to show how the variation of di}erent operating par!
ameters will a}ect the heat and mass transfer process[
The present paper outlines the basics of the model\ a later
paper will illustrate its application[

1[ Theory

1[0[ Description of the model

A long metal tube with a very small wall thickness has
vapour ~owing inside\ the vapour condenses on the tube
wall as it proceeds towards the end of the tube[ A sub!
cooled liquid sheet aligned with the axis of the tube
impinges upon the top of the tube and divides equally to
~ow around either side of it[ The _lm re!joins at the
bottom of the tube to form another sheet that impinges
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again on the next tube[ The enthalpy released by the
condensing vapour is used to raise the temperature of the
subcooled liquid to its saturation temperature and then
to provide enthalpy of vaporisation for some of the liquid
_lm to evaporate from its free surface[

1[1[ Vapour condensation inside the horizontal tube

Pure vapour enters the horizontal tube and condenses
on the tube wall to form two distinct layers] "i# the thin
condensing layer "9³ fc ¾ fs# and "ii# the strati_ed con!
densate layer "fs ³ fc ¾ p#[ At the tube inlet the con!
densate layer is assumed to be annular with no accumu!
lated portion "fs � p#[ Further along the axial direction
of the tube the accumulated layer gradually grows[ The
analysis of these layers assumes the following]

"0# Long tube L Ł D
"1# Thin _lm D Ł dc

"2# Variable wall temperature Tw � Tw"fc\ z#
"3# Laminar ~ow of condensate layers
"4# Laminar and turbulent vapour ~ow[

1[1[0[ Analysis of the condensin` thin _lm layer
If we consider an element of the condensate _lm as

shown in Fig[ 0 then the mass balance yields]

"m¾ c1−m¾ c0#−m¾ c � 9[

The net liquid mass ~ow "m¾ c1−m¾ c0# into and out of the
element can be expressed in terms of the integrated _lm
velocity pro_les\ and the vapour mass ~ow "m¾ c# con!
densing onto the element can be written in terms of the
heat ~ux and the latent heat[ The above mass balance
therefore becomes]

Fig[ 0[ Mass balance for an element of the condensate _lm layer[

r
d

dx g
dc

y�9

u dy¦r
d

dz g
dc

y�9

w dy−$
k
hfg

1T
1y%y�dc

� 9[ "0#

The equations of motion for the element\ taking into
account assumptions 0 and 1\ can be written as follows]

m
11u

1y1
¦`Dr sin"fc# � 9 "1#

1p
1y

� 9 "2#

m
11w

1y1
−

1p
1z

� 9 "3#

with the following boundary conditions]

u � w � 9 at y � 9 "4#

1u
1y

� 9\ m
1w
1y

� tvL at y � dc[ "5#

The steady ~ow energy equation for the element\ again
taking into account assumptions "0# and "1#\ is written
as]

11T

1y1
� 9 "6#

with the corresponding boundary conditions]

T � Tw at y � 9 "7#

T � Tsat\c\ m¾ chfg � −k
1T
1y

at y � dc[ "8#

The velocity components of equation "0# can be found
by solving equations "6#Ð"8# to produce the following
equation]

`rDr

Rm $d2
c sin"fc#

1dc

1f
¦

d3
c

2
cos"fc#%

¦0
rd1

c

m 1 $tvL−dc

dp
dz% 0

1dc

1z 1−0
rd3

c

2m 1
1

1z 0
dp
dz1

¦0
rd2

c

1m 1 0
1tvL

1z 1−
kDTc

hfg

� 9[ "09#

Equation "09# is a non!linear partial di}erential equation
for the _lm thickness\ dc[ It involves the peripheral angle\
fc\ the axial distance\ z\ and the wall temperature\
Tw"f\ z#[ The procedure for estimating the parameters of
equation "09# is described in Appendix B[ The values
of the _lm thickness are obtained numerically for given
values of the other parameters by means of an iterative
scheme[

1[1[1[ Accumulated condensin` layer analysis
The above describes how\ at any point along the tube\

the amount of condensate forming on the upper part
"9 ¾ fc ¾ fs# of the tube wall can be calculated[ This
condensate will then ~ow down the wall and will form



A[D[ Al!Ansari\ I[ Owen:Int[ J[ Heat Mass Transfer 31 "0888# 0522Ð0533 0526

the accumulated layer[ The accumulated layer will be
swept along the tube and its thickness will increase as
more condensate from the tube wall runs into it[ Consider
a position z "axial direction# along the tube\ and consider
further an elemental length of tube Dz[ Figure 1 shows
the mass balance on this element[ Note also that the
coordinate system has changed from that used for the _lm
"see Fig[ 0#[ The conservation principle for the control
volume element of the strati_ed condensing layer gives]

mc\Dz

Dz
� m¾ c0¦m¾ c1[ "00#

Equation "00# states that the rate of the total amount of
the condensate per unit axial direction is equal to the
mass rate of the condensate produced by the condensing
thin _lm "m¾ c0# plus the mass rate of condensing vapour
at the vapourÐaccumulated layer interface "m¾ c1#[

The strati_ed accumulated layer depth "ds# starts at a
value equal to the _lm thickness "ds � dc# at an angle
"fc � fs# and increases to reach a maximum value at the
bottom of the tube "ds � ds\max at fc � p#[ The values of
ds\max are obtained geometrically by the following
relation]

ds\max"p# �
D
1

ð0−cos"p−fs#Ł[ "01#

Solving for the terms of equation "00# and arranging the
results in terms of volumetric rates "de_ned as mass ~ow
rate divided by the product of vapour density and the
tube cross!sectional area] [þ0 m¾ :rA\ commonly used to
express vapour ~ow rather than mass ~ow rates#\ the
right!hand!side terms become "detailed solutions are
shown in Appendix A#]

[þc0 �
7`Drd2

s sin"fs#

2pD1m
"02#

[þc1 �
3hcDTc sin"p−fs#

rpDhfg

[ "03#

The left!hand!side of equation "00# gives]

Fig[ 1[ Mass balance for an axial element of the accumulated
condensate[

[þc � 0
D1

37pm1 0−
dp
dz1 81j2h−04jh¦"2¦01h1#"p−fs#

−2 3tvl

D 0
dp
dz13

ð5j−1j2−5h"p−fs#Ł9 [ "04#

Further details of equation "04# is found in Appendix A
related to the de_nition of the terms and the method of
the integral derivation[ Also\ a complete derivation for
the integral ðgiven by equation "A09#Ł is given by Rajab
ð00Ł[

1[1[2[ Analysis of the condensin` vapour zone
The vapour ~owing inside the horizontal tube is con!

stantly losing part of its mass as it ~ows in the axial
"z#!direction[ The solution of the conservation of mass
reveals the following rate equation "Appendix B#]

d[þv

dz
�

3hc "z#DTc

rDhfg

[ "05#

Equation "05# represents the volumetric rate of vapour
condensation[

1[2[ Evaporation of the liquid _lm

Subcooled brine impinges upon the top of the tube and
divides equally to ~ow around the tube as two identical
_lms which then re!join to form a new liquid sheet\ Fig[
2[ Consider this ~ow in two regions] one where the ~ow

Fig[ 2[ Flow regions for the evaporating falling brine on a hori!
zontal tube[
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is being heated which is termed the developing region\
and the other where the temperature pro_le is linear with
the free surface at saturation temperature and evap!
orating "i[e[ there is no boiling in the _lm#[ This second
region is termed thermally developed region[ The angle
at which evaporation begins was shown by Chyu and
Bergles ð4Ł to be]

ftd �
1

paDX
2 2mm¾ 3

f

`r4
L

[ "06#

The following assumptions are used in the analysis of the
thin _lm]

"0# Long tube L Ł D
"1# Thin _lm D Ł de

"2# No pressure gradients
"3# No body forces except those due to gravity
"4# Laminar ~uid ~ow

and the corresponding boundary conditions apply]

"0# No slip at the tube surface[

u � 9 at y � 9] "07#

"1# No shear e}ects at the liquidÐvapour interface]

1u
1y

� 9 at y � de[ "08#

The tangential velocity component\ u\ for the developing
region is assumed to be hydrodynamically developed and
is obtained by solving the equation of motion with the
corresponding boundary conditions[ The results show]

u �
`Drd1

e

m
sin"fe# $0

y
de1−

0
1 0

y
de1

1

%[ "19#

The mass feed\ m¾ f\ is de_ned as

m¾ f � ru¹ "fe#[ "10#

Therefore\ integrating equation "10# to _nd the mean
velocity leads to an expression for the _lm thickness
within the thermally developing zone "fc ³ ftd#]

de �X
2 2mm¾ f

`rDr sin"fe#
[ "11#

In the fully developed region\ fe × ftd\ the conservation
of mass applied to an element of _lm shows that the
di}erence between the _lm mass ~ow entering and leaving
the element is equal to the mass evaporated from its
surface\ i[e[]

m¾ L0−m¾ L1 � m¾ e[ "12#

As in the condensing _lm\ the liquid mass ~ows can
be found from integrating the evaporating _lm velocity
pro_le\ and the evaporating mass ~ow can be related to
the heat ~ux]

m¾ L0−m¾ L1 �
1

1x g
de

y�9

u dy "13#

m¾ e � $−
k

rhfg

1T
1y%y�de

[ "14#

Inserting equation "19# into equation "13#\ integrating
at constant ~uid properties then substituting this and
transforming the results into cylindrical coordinates\ and
combining with equation "14# "under the assumption of
linear temperature pro_le\ for fe × ftd# gives]

1`rDr

Dm $d2
e sin"fe#

1de

1f
¦

d3
e

3
cos"fe#%� −

kDTe

hfg

[ "15#

1[3[ Combined condensation:evaporation analysis

The tube wall is assumed to be thin and to be made
from a good conducting material[ This means that the
wall temperature is the same for both the condensing and
evaporating _lms[ An energy balance across the _lms
shows that]

hcDTc �
kcDTc

dc

� heDTe �
keDTe

de

[ "16#

The temperatures di}erences across the _lms are those
between the wall temperature and the local saturation
temperature\ thus\ assuming ke ¼ kc it is readily shown
that]

Tw"f\ z# � 0
d

dc¦de1Tsat\c¦0
dc

dc¦de1Tsat\e[ "17#

The tube is discretised by dividing the ~uid layers on
both sides of the tube into m elements in the axial direc!
tion and n elements in the angular direction[ There are
m×n equal elements\ and each elemental area\ DA\ is
equal to the product of the axial increment\ Dz\ times the
radial increment Df[ The thin _lm assumption implies
that for the discretised element\ DA is equal for both
condensing and evaporating _lms[ Also
Dfc � Dfe � Df\ and hence\ common angular notation
is used for both condensing and evaporating _lms[ At the
tube inlet\ z � 9\ the condensing _lm thickness\ dc"f\ 9#\
is evaluated using Nusselt|s solution for steam con!
densing on a vertical wall based on an initial guessed
values for the tube wall temperature distribution\
Tw"f\ 9#[

Next\ the evaporating _lm thickness for the thermally
developing zone\ dc"f\ 9# for fe ³ ftd\ is calculated using
equation "11# whilst the evaporating _lm thickness in the
fully developed zone\ de"f\ 9# for fe − ftd is calculated
using equation "15#[ Applying the calculated _lm thick!
nesses\ dc"f\ 9# and de"f\ 9#\ into equation "17#\ the new
wall temperature distribution is estimated[ This process
continues until all new values of the wall temperature
distribution\ Tw"f\ 9# at time � t\ agree to within accept!
able tolerance with the previously estimated values\
Tw"f\ 9# at time � t−0[

At the next axial increment\ "f\ Dz#\ the previous value
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of the condensate thickness is used to calculate the strati!
_ed ~ow angle\ fs\ equation "04#[ New values for dp:dz
and tvL are calculated and used again to re!estimate a
new strati_ed angle^ this process is repeated until the
strati_ed angle is consistent with the pressure gradient
and shear stress[ The condensing ~ow characteristics are
used to estimate local condensing _lm thickness\
dc"f\ Dz#\ described by equation "09#[ At the outer surface
of the tube\ the thermally developing angle ftd\ is deter!
mined by equation "06# and the evaporating _lm thick!
ness is evaluated by equation "11#\ for f ³ ftd\ and by
equation "15#\ for f − ftd[ New values for the wall tem!
perature distribution\ Tw"f\ Dz#\ is determined\ equation
"17#\ and is used to determine the condensing _lm thick!
ness\ dc"f\ Dz#\ and the evaporating _lm thickness\
dc"fe\ Dz#[ The computations are repeated as many times
as necessary until wall temperature distribution con!
verges to _xed values with acceptable and very small
errors[

This lengthy procedure is repeated for the next axial
increment "1Dz\ 2Dz\ [ [ [# until the end of the complete
length "mDz# of the tube is covered[ Local and overall
heat transfer coe.cients are obtained as follows]

Inside the tube
"i# in the condensing _lm 9 ¾ fc ¾ fs]

hc0 "fc\ z# �
k

dc "fc\ z#
"18#

hc0 "z# �
0
fs g

fs

9

hc0 "f\ z# df "29#

"ii# in the strati_ed layer fs × fc ³ p]

hc1 "fc\ z# �
k

dc "fc\ z#
"20#

hc1 "z# �
0

p−fs g
p

fs

hc1 "f\ z# df "21#

"iii# summing these]

hc "z# �
fs "z#

p
hc0 "z#¦00−

fs "z#
p 1 hc1 "z# "22#

"iv# overall]

hc �
0
L g

L

9

hc "z# dz[ "23#

Outside the tube
"i# 9 ³ fe ³ p " for i � 0\ 1#

hei "fe\ z# �
k

dei "fe\ z#
"24#

he "z# � 0
ftd

p 1 he0 "z#¦0
p−ftd

p 1 he1 "z# "25#

"ii# overall]

he �
0
L g

L

9

he "z# dz[ "26#

2[ Results

Previous investigations have been mainly concerned
with values of the heat transfer coe.cients of either the
condensation process ð6\ 7Ł or the evaporation process
ð1\ 2Ł\ or values for the combined processes in which many
simplifying assumptions were made ð8\ 09Ł[ In the present
study a general solution has been produced for cal!
culating local values of heat transfer coe.cient\ _lm
thicknesses and wall temperatures allowing for di}erent
vapour ~ow rates and internal axial pressure gradients\
mass feed rates of the brine\ di}erent saturation pressures
and temperatures and di}erent tube lengths[ The results
obtained from the analysis have been many and varied]
only a selection\ for a 2 m long 14[3 mm diameter thin!
walled tube are presented herein\ more detailed results
are reported by Rajab ð00Ł[

In Figs 3Ð7 the internal "condensing# _lm charac!
teristics are compared with those calculated by Chen and
Kocamustafaogullari ð6Ł[ The internal pressure gradient
along the tube is shown in Fig[ 3\ the results are presented
for two di}erent vapour ~ow rates and for a particular
condensation saturation temperature\ 099>C\ and tube
wall temperature at inlet\ 87>C "expressed as DTc � Tsat\c

−Tw#[ It can be seen that the present theory predicts
lower values than those of Chen and Koca!
mustafaogullari^ this is mainly because the present model
uses variable wall temperatures which are found to have
a signi_cant e}ect[ The greater negative pressure gradient
predicted by the present theory is also re~ected in the
thinner strati_ed layer shown in Fig[ 4[ Here the results

Fig[ 3[ Axial pressure drop at di}erent vapour ~ow rates[
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Fig[ 4[ Axial variation of the strati_ed angle for di}erent tem!
perature di}erences at higher vapour ~ow rates^ compared to
the results of Chen and Kocamustafaogullari ð6Ł[

Fig[ 5[ Axial variation of the condensation temperature di}er!
ences at di}erent saturated temperatures[

are compared at two di}erent tube wall inlet tempera!
tures[ In Fig[ 5 the comparison between the two studies
is made in terms of the temperature di}erence between
the tube wall temperature and the saturation tempera!
ture[ The data of Chen and Kocamustafaogullari is
shown for two saturation temperatures\ whereas for the
present study only one characteristic is seen\ i[e[ the local
subcooling di}erences are independent of the saturation
temperature of the incoming vapour[ The present study
predicts lower values of local subcooling di}erences and
this will clearly in~uence the heat transfer rates[ In Fig[
6 there is the opportunity to compare the local heat
transfer characteristics predicted by the present study

Fig[ 6[ Local condensation heat transfer coe.cients for di}erent
saturated vapour temperatures^ compared to the results obtained
by Chen and Kocamustafaogullari ð6Ł and by Rosen and Myers
ð01Ł[

Fig[ 7[ Axial variations for the condensation heat transfer
coe.cients^ comparisons with the results of Chen and Koca!
mustafaogullari ð6Ł[

with some of the limited experimental data that is avail!
able ð01Ł[ Here the circumferential distribution of the
condensation heat transfer coe.cient and Nusselt num!
ber can be seen[ The heat transfer coe.cient is seen to be
independent of the saturation temperature^ this is con!
trary to the _ndings of Chen and Kocamustafaogullari
and is consistent with the observations made regarding
Fig[ 5[ It can be seen that the present work predicts a
higher heat transfer coe.cient than that of Chen and
Kocamustafaogullari and the Nusselt number predicted
by the present work compares reasonably well with the



A[D[ Al!Ansari\ I[ Owen:Int[ J[ Heat Mass Transfer 31 "0888# 0522Ð0533 0530

experimental data reported by Rosen and Myers ð01Ł[
The reason for the sharp fall in heat transfer rates at
higher peripheral angles is the presence of the strati_ed
layer[ The calculated values for the axial distribution of
heat transfer coe.cient are shown in Fig[ 7 for both the
_lm portion and the accumulated layer[ Again it can be
seen that the present study predicts higher values[ The
axial heat transfer coe.cient of the strati_ed layer\ hc1\
decreases along the z!direction because of the continuing
increase in the accumulated layer depth[ The axial dis!
tribution of heat transfer coe.cient for the condensing
thin _lm layer\ hc0\ is shown to have increasing values in
the z!direction[ The increasing values of the heat transfer
coe.cients result from the collective e}ects of di}erent
hydrodynamic parameters of both the condensing thin
_lm and the vapour ~ow zones[ The dominant parameters
are the average local _lm thickness\ and the degree of
subcooling[

The condensation heat transfer coe.cient and the
depth of the accumulated layer calculated in the present
study are compared with those obtained by Moalem and
Sideman ð7Ł in Fig[ 8[ The present study predicts a much
thinner layer and similar\ but slightly higher and varying\
values for the heat transfer coe.cient[ These di}erences
are due to the inclusion of the axial pressure gradient and
the surface shear stress between the vapour and the layer[

Turning now to the evaporation heat transfer
coe.cient on the outside of the tube\ the circumferential
distribution of the heat transfer coe.cient calculated for
a particular set of conditions is shown in Fig[ 09 alongside
those reported by Chyu and Bergles ð4Ł[ The two pre!
dictions are seen to be identical\ because the same analysis
was used[ In Fig[ 00 the evaporation and condensation
heat transfer coe.cients around the circumference of

Fig[ 8[ Accumulated depth and condensation heat transfer
coe.cients vs axial distance^ results compared to those obtained
by Moalem and Sideman ð7Ł[

Fig[ 09[ Local evaporation heat transfer coe.cients^ compared
to the results of Chyu and Bergles ð4Ł[

Fig[ 00[ Local condensation and evaporation heat transfer
coe.cients^ the results of the present work shown with those
obtained by Moalem and Sideman ð09Ł[

the tube are both compared with the theoretical and
experimental data presented by Moalem and Sideman
ð7Ł[ The agreement between the present theory and the
reported experiments is better than that achieved by
Moalem and Sideman[

The present model has greater ~exibility and is more
complete than its predecessors\ consequently it will be
possible to use this as a tool in designing and developing
horizontal tube falling _lm evaporators[ As an illus!
tration of how di}erent variables can be investigated\
Figs 01 and 02 show two e}ects of varying the feed rate
of the brine^ clearly the other main variables can also be
varied and the e}ects of these have been investigated by
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Fig[ 01[ E}ects of brine mass feed rates on the local evaporation
heat transfer coe.cients[

Fig[ 02[ E}ects of brine mass feed rates on the axial condensation
heat transfer coe.cients[

Rajab ð00Ł[ Figure 01 shows the e}ect of varying the feed
rate on the evaporation heat transfer coe.cient around
the circumference of the tube[ It can be seen that as
the _lm becomes thicker so less evaporation is achieved[
Clearly to obtain maximum evaporation the _lm needs
to be kept as thin as possible but there is a lower limit at
which the _lm will rupture and expose a dry patch on
the tube[ How the mass feed rate a}ects the internal
condensation heat transfer coe.cient along the tube is
shown in Fig[ 02[ The axial heat transfer coe.cient is the
sum of the amounts contributed from the condensing
thin _lm\ hc0\ and the local accumulated layer\ hc1[ The
portion of the heat transfer coe.cients contributed from
the thin _lm layer dominate those of the accumulated

layer heat transfer coe.cients[ Therefore\ the resulting
pro_le for the axial condensation heat transfer
coe.cients follow the behaviour for the thin _lm heat
transfer characteristics[ It can be seen that as the mass
feed increases so more steam has to be condensed to
supply the heating[ Figures 01 and 02 together indicate
that if too much feed is supplied then heating steam is
used to produce lots of hot water and little vapour[ The
results of the present study are intended to assist the
system designer to have a better understanding of the
e}ects of the thermal and hydrodynamic parameters
when dealing with a more complex bundle of tubes as in
a desalination plant[ This work shows what would hap!
pen to the thermal and hydrodynamic performances if
one or more of the parameters were varied[

3[ Conclusions

The analysis presented in this paper has been developed
to investigate the thermal and hydrodynamic charac!
teristics of a horizontal tube with an internal condensing
steam ~ow and an external evaporating thin water _lm[
The results have been compared with the available data
reported by Chen and Kocamustafaogullari ð6Ł and by
Moalem and Sideman ð7Ł for vapour condensation inside
a horizontal tube[ The results of the evaporation of a
thin brine _lm on the outside of a horizontal tube were
compared with the data reported by Fletcher et al[ ð1Ł
and by Parken and Fletcher ð2Ł[ The combined con!
densation:evaporation results were compared with the
limited investigations performed by Moalem et al[ ð8Ł and
by Moalem and Sideman ð09Ł[ The results of the present
work show higher values for the condensation heat trans!
fer coe.cients than those reported by Sideman ð02Ł and
by Delyannis and Delyannis ð03Ł[ This was seen to be due
to the use of a variable distribution for the local tube wall
temperature[

Close agreement was found between the results of the
present work with that of Chyu and Bergles ð4Ł for the
heat transfer coe.cients of the evaporating falling thin
_lm on a horizontal tube[ In the case of combined con!
densation and evaporation\ the predictions agree to
within 4Ð7) of the experimental data reported by
Moalem and Sideman ð09Ł whose own theoretical pre!
dictions were not as close[

The mathematical model has been used to illustrate
how various parameters a}ect the thermal and hyd!
rodynamic processes[ In particular\ the e}ect of varying
the brine mass feed rate and the ~ow rate of heating
steam on the brine evaporation showed that too much
brine feed simply results in a lot of hot water and little
vapour[ Research has continued beyond this point to
show how the model can be applied to vertical columns
of horizontal tubes as are found in desalination plant[
This research will be reported in due course[
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Appendix A] derivations for the ~ow equation of the

strati_ed layer

For a long tube the axial velocity gradients are neg!
lected and for thin _lm analysis the radial velocity gradi!
ent dominates the other velocity gradients[ The equation
of motion for the strati_ed layer becomes]

11w

1y1
�

0
m

dp
dz

[ "A0#

With the corresponding boundary conditions "see Fig[
0#]

1w
1y

�
tvL

m
at y � 9 "A1#
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3
−x1−

D
1

cos"p−fs#[ "A2#

Integrating equation "A0# once and using equation "A1#
to evaluate the constant of integration then integrating
again and using equation "A2# to evaluate the second
constant of integration yields]

w �
0
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1
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1

hX
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3
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3
−x1¦
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1
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where h is de_ned in the nomenclature[
Applying the mass conservation principle on a control

volume element of the strati_ed layer shows]

mc\Dz

Dz
� m¾ c0¦m¾ c1 "A4#

where

m¾ c0 � 1 g
dm

y�9

ru dy "A5#

hfg dm¾ c1 � hc "z# DTc dA[ "A6#

Equation "A5# is evaluated by substituting the tangential
velocity component {{u||\ obtained from the solution of
equation "1# and the corresponding boundary conditions
given by equations "4# and "5#\ and performing the de_!
nite integration[ The following volumetric rate from the
condensing thin _lm becomes]

[þc0 �
7`Drd2

s sin"fs#

2pD1m
[ "A7#

Integrating equation "A6# for the range {9³ f ³ p−fm|\
the volumetric rate of condensation at the liquidÐvapour
free surface becomes]

[þc1 �
3hc "z#DTc sin"p−fs#

rpDhfg

[ "A8#

The left!hand!side of equation "A4# represents the rate

of condensation per unit length in the axial direction and
represents the area integration of the strati_ed ~ux]

m¾ c\Dz

Dz
� r g

x?

x�9 g
y?

y�9

w dy dx "A09#

where

x? �
D
1

j "A00#

y? �X
D1

3
−x1−

D
1

h "A01#

j and h are de_ned in the Nomenclature[
Substituting equation "A3# into equation "A09# and

integrating by various substitutions\ the volumetric ~ux
yields]

[þc � 0
D1

37pm1 0−
dp
dz1 81j2h−04jh¦"2¦01h1#"p−fs#

−2 3tvl

D 0
dp
dz13

ð5j−1j2−5h"p−fs#Ł9 [ "A02#

Appendix B] derivations for the ~ow equation of the

vapour zone

The mass conservation principle for the axial control
volume element of the vapour zone at the liquidÐvapour
interface is written as]

hfg

dm¾ v

dz
� hc "z#A DTc "B0#

where {A| is de_ned as the outer area of the control
volume element of the vapour "A � pD×unit length in
z!direction#[ Therefore\ equation "B0# can be written in
terms of volumetric ~ux as]

d[þv

dz
�

3hc "z# DTc

rDhfg

[ "B1#

The tangential and radial velocity components of the
vapour ~ow are negligible compared to the axial velocity
component[ The equation of motion for the vapour zone
is written as]

rv

`c

w
1w
1z

� m
11w

1z1
−

1p
1z

[ "B2#

The axial shear stress is de_ned as follows]

tzz � −p¦1m
dw
dz

[ "B3#

The relation between the interfacial shear stress\ tzz\ and
the liquidÐvapour shear stress\ tvL is de_ned "by ignoring
change in vapour momentum# as]
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dtzz

dz
� −

3tvL

Dh

[ "B4#

Inserting equations "B3# and "B4# in equation "B2# gives]

dp
dz

� −
3tvL

Dh

−rv[þv

d
dz 0

[þv

fv 1 "B5#

where

Dh �
3Av
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"B6#

Av �
D1

7
"1fs−sin 1fs# "B7#

fv �
Av

A
�

1fs−sin 1fs

1p
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tvL �
ff
1

rvw
1
v [ "B09#

In the absence of reliable friction factor for gas ~ow over
wavy surfaces\ ff can be estimated using]

c � 05 Laminar

ff � c Re−m
v 6

m � 0

c � 9[935

m � 9[1 Turbulent "B00#

wv �
[þV

fv
"B01#

Rev �
wvDh

nv

[ "B02#

Nusselt|s solution of _lm condensation on vertical wall
is]

dc "fc\ 9# �X
3 3mkDfcDTc "fc\ 9#

`rDrhfg

[ "B03#

The procedure for estimating the condensing _lm thick!
ness inside a horizontal tube is described for a control
element as shown in Fig[ 1 by equation "09#[ The analysis
starts at the _rst element located at the inlet of the tube
and the condensation _lm thickness is approximated by
Nusselt|s equation\ equation "B03#[ The inlet pressure
drop "dp:dz# and the volumetric ~ow rate "[þc# is deter!
mined by the steam inlet conditions^ mainly the saturated
pressure and the incoming ~ow rate[ At the inlet element
is assumed that there is no strati_ed layer and hence the
value of the strati_ed angle\ fs\ is equal to 079>[

The scheme for the remaining elements begins with the
evaluation of the strati_ed angle\ using equation "A02#\
based on the previous ~ow characteristics[ Next\ the ~ow
characteristics values are re!evaluated\ using equations
"B3#Ð"B02#\ based on the new value of the strati_ed angle[
This re_nement scheme continues until the strati_ed
angle converges to a _xed value[ Local condensation _lm
thickness is then determined based on the new strati_ed
angle\ using equation "09#\ and a backward _nite di}er!

ence scheme[ The accumulated condensate layer thick!
ness is bounded by an angular distance starting at fc � fs

and ending at fc � p[ For thin _lm analysis "D Ł d# the
accumulated condensing layer has the following values]

ds "fc\ z# � dc "fs\ z# at fc � fs

ds "fc\ z# � D:1ð0−cos"p−fs#Ł at fc � p[

The accumulated depth\ ds"fc\ z#\ increases linearly
between these two values "arising from the geometry for
thin _lm layers#[

Local heat transfer coe.cients\ hc"fc\ z#\ are evaluated
for the corresponding condensing _lm thickness\ ds"fc\ z#\
equation "18#[Theprocedure is repeated for thenext element
along the tube until the entire length of the tube is covered[

References

ð0Ł W[ Nusselt\ Die Obre~achenkandensation des Wasser
Dampfes\ Z[ Ver[ dt[ Ing[\ 59 "0805# 430Ð464[

ð1Ł L[ Fletcher\ V[ Sernas\ W[ Parken\ Evaporation heat trans!
fer coe.cients for thin sea water _lms on horizontal tubes\
Int[ Eng[ Chem[\ Process Des[ Dev[ 03 "3# "0864# 300Ð305[

ð2Ł W[ Parken\ L[ Fletcher\ Heat transfer in thin liquid _lms
~owing over horizontal tubes\ Heat Transfer Prec[ of 6th
Int[ Heat Trans[ Conf[\ Munich 3 "0871# 304Ð319[

ð3Ł D[ Barba\ R[ Felice\ Heat transfer in turbulent ~ow on a
horizontal tube falling _lm evaporator[ A theoretical
approach\ Desalination 40 "0873# 214Ð222[

ð4Ł M[ Chyu\ A[ Bergles\ An analytical and experimental study
of falling _lm evaporation on horizontal tube\ ASME J[
Heat Transfer 098 "0876# 872Ð889[

ð5Ł J[ Mitrovic\ In~uence of tube spacing and ~ow rate on heat
transfer from a horizontal tube to a falling liquid _lm\ 7th
Int[ Heat Trans[ Conf[\ San Francisco "0875# 0838Ð0845[

ð6Ł I[ Chen\ G[ Kocamustafaogullari\ Condensation heat transfer
studies for strati_ed cocurrent two phase ~ow in horizontal
tubes\ Int[ J[ Heat Mass Transfer 29 "0876# 0022Ð0037[

ð7Ł M[ Moalem\ S[ Sideman\ Condensation inside near hori!
zontal tubes in co!current and counter!current ~ow\ Int[ J[
Heat Mass Transfer 14 "8# "0871# 0328Ð0333[

ð8Ł S[ Sideman\ D[ Moalem\ R[ Semiat\ Theoretical analysis
of horizontal condenserÐevaporator conduits of various
cross!sections\ Desalination 06 "0864# 056Ð081[

ð09Ł D[ Moalem\ S[ Sideman\ Theoretical analysis of a hori!
zontal condenserÐevaporator tube\ Int[ J[ Heat Mass
Transfer 08 "0865# 148Ð169[

ð00Ł A[D[ Rajab\ Heat transfer study of an immersed horizontal
tube desalination system\ Ph[D[ thesis\ The University of
Liverpool\ U[K[\ 0882[

ð01Ł H[ Rosen\ J[ Myers\ Point values of condensation _lm
coe.cient inside a horizontal pipe\ Chem[ Eng[ Pros[ Symp[
Ser[ 50 "0854# 089Ð088[

ð02Ł S[ Sideman\ Some design aspects of thin _lm evaporatorsÐ
condensers in water desalination\ In] S[ Kakac\ A[ Bergles\
< Mayinger "Eds[#\ Heat Exchangers] Thermal Hydraulics\
Fundamental and Design\ Hemisphere\ New York\ 0870\
pp[ 570Ð692[

ð03Ł A[ Delyannis\ E[ Delyannis\ Seawater and Desalting\ vol[
4\ Athens\ 0875[


