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ABSTRACT
In the present work, condensation - evaporation heat transfer on a vertical tube
is, theoretically, investigated. Evaporation takes place inside the tube and condensation
is outside it. For such tube, the condensed steam outside the tube imparts its latent heat
to the evaporated thin liquid film. The effect of Reynolds number on condensation-
evaporation heat transfer process is, numerically, analyzed. To perform this study, a
mathematical model describing the condensation- evaporation process is suggested.
This model is, numerically, solved employing finite - difference technique. A computer
program is developed to solve this model. Accordingly; for different values of
Reynolds number, the condensation film thickness, evaporation film thickness, velocity
distribution, temperature distribution, local and average Nusselt number, are
determined. Throughout this work, the range of Reynolds number of falling water-film
is from 100 to 800, while that of condensate (outside the tube) takes the values from

200-600. A comparison between the present results and those of the previous works is

made. A correlation of problem parameters, based on the present obtained results, is
derived.
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NOMENCLATURE

¢  Specific heat at constant pressure Jkg K
d  Tube diameter m

g  Gravitational acceleration /s’

#  Heat transfer coefficient W/m’ K
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kg Latent heat Jkg
k  Thermal conductivity Wim K
£ Tube height m
L Dimensionless tube height --
Ny  Nusselt number; Nu =h(Z) al _
p  Pressure Pa
P Dimensionless Pressure; P=—ip——,; _
144
g  Heat flux w/m’
r  Radial coordinate m
rv  Tube raduis m
R Dimensionless radial coordinate; R = rir, --
R.  Dimensionless tube radius -
Re" Reynolds number defined as; Re' v -
H
¥ Temperature °C
7»  Wall temperature °C
u, w Radial and axial components of velocity - mfs
U, W Dimensionless radial and axial components of velocity -
V' Characteristic velocity m/s
z Axial coordinate m
Z  Dimensionless axial coordinate --
Greek symbols
4 Dynamic viscosity of water kg/m.s
v Kinematics viscosity of water m?/s
p  Density kg/m’
. . Tr-7, '
g  Dimensionless temperature; 8=—T——]—r— -

Subseripts
c Condensation
4 Evaporation
! Liquid
w o Wall
1. INTRODUCTION

Condensation- evaporation heat transfer process on a vertical tube has been
widely employed in heat exchange devices such as desalination units, heat exchangers,
reffigeration units, petroleum refinery and food industries. Accordingly and seeking for
good understanding of simultaneous condensation-evaporation process, on vertical tube,
more studies are needed to be carried out.

Many investigators [1-4] analyzed theoretically, condensation of vapoursin
vertical and horizontal tubes. Lucas [1] studied film condensation occuring under two
different entrance cases. In the first case, the condensation process stars at inlet cross
section of the tube. In the other case, there is a dry inlet region, which allows the vapor
10 develop its parabolic velocity profile before condensation starts.
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Dobran et al. [2] solved, analytically, the governing equations describing the
process taking in consideration the hydrodynamic flow field. Rose [3] studied the
improved theoretical results of heat transfer through individual drops and for the mean
distribution of drop size and used it as the basis for assessing the validity of the basic
assumption of dropwise condensation. Honda et al [4] studied a method for predicting
the average heat transfer coefficient of condensation on a horizontal tube. Approximate
equations based on the analytical solution of Nussell are valid for finned horizontal tube

Yan [5] investigated laminar mixed convection associated with evaporation
process in vertical channe! under constant heat flux.

Many investigators [6-10] studied, theoretically, the performance of evaporator
~condenser horizontal tube. Moalem et al [6] studied overull heat transfer coefficient in
horizontal evaporator-condenser tube in case of low heat flux and laminar flow regime.
Local evaporation heat transfer coefficient around the mbe indicated a maximum value
at an angle equals to @2 from the top of the tube because the film thickness there is
minimum. In laminar flow regime the average overall heat transfer eoefficient decreases
with inereasing Reynolds number or increasing tube radius. Sideman et al [7] tried to
enhance the heat transfer process in the horizontal evaporator-condenser tube, by cutting
grooves of different shapes on the oute. surface. The studied groove shapes are the
xjuare~edged, triangular and circular grooves. The square-edged groove, with a straight
or modified bottom, was the most efficient shape in the flow of range 300 <Re <1000.

Sideman et al (8] studied the effect of tube cross-section shape on heat transfer
process. A Comparison of the overall heat transfer coefficient, based on identical heat
transfer areas, indicated that the vertical elliptic eonduits vield higher values than those
realized by corresponding circular tubes. Moalem et al [9] studied the heat transfer
process assoeiated wilth the condensation-evaporation for the case of laminar flow of
00<Re<600. They assumed the velocity distribution in axial direction and solfved the
momentum and energy equations taking in account several assurnptions. The velocity,
temperature, film thickness and local heat transfer coefficient were evaluated around the
tube periphery. The results showed that the film thickness was minimum at the tube
sides (where the angle = w2 from the top) and thus there the highest heat transfer
coefficient is existed.

Mehgoub et al [10] studied the heat transfer in condenser- evaporator horizontal
tube. The proposed model in that work, taking in consideration the effect of convective
terms and pressure gradient in the flow governing equations. Local evaporation heat
transfer coefficient around the tube indicated that the maximum value is existed at an
angle equal to w/2 from the top of the tube, where the film thickness is minimum. In
laminar flow regime, the average overall heat transfer coefficient decreases with
increasing Reynolds number or increasing tube radius.

In the presemt work, heat transfer by simultaneous condensation- evaporation
process on verlical tube is, theoretically, studied. The effect of convective terms in
equations of motion is considered for both condensation and evaporation processes.

2, MATHEMATICAL FORMULATION OF THE PROBLEM

The simultaneous condensation-evaporation process can be described through
the conservation laws of mass, momentum and energy. The physical description of the

problem is presented in figure (1), showing the cylindrical coordinate system (r, ¢, z),
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which is used to express the flow govemning
equations. The flow in both oulside film and
inside film, of the tube, is assumed to be 0
steady and Jaminar.
2.1 The  Condensation-Evaporation
Processes Describing Equations

The condensation-¢vaporation,
outside and inside the tube is, properly, taken
axi- symmetrical. In order 1o s‘mplify the
describing equations of momentum and .
energy through the condensate film and Condi’-ﬁ:mn
falling thin water film, some assumptions are =
made, The condensation and evaporation are
assumed to take place at the free surface of
walter film. The flow is taken two- Evapormion
dimensional faminar and steady. Moreover, side
the physical properties of water are assumed VJ_

to be constant. According to the foregoing | S Z
assumptions, the coutinuity, momentum and F‘S-“);T‘EU;‘* Coordinate S;_"d“:m
energy equations in cylindrical coordinates ysical Description o em

can be written as:

T.

10 ow
- = +— =100 !
r ar("') & 8
u Ei wiaiz—_]._-a_p Vv _{_E_ r_a_u e l: (2)
ar Cz p or rér dr @8
2
u aw.;_w_az:__}__a_p..;.é&.g +v _{_(?_(ra_}i)+a W‘) (3)
dr & p Oz p rdr dr az’J .
er T _ &k [&r 131 o]
W — +W—— = st —t— C))
or & pec,l0r rér ar* |

The foregoing equations are valid for both condensation and evaporation
processcs. The velocity components in radial and axial directions are denoted by u and
w respectively. As it is clear, the flow of both inner and outer film is two-dimensional
flow, since the Aow is assumed axe-symmetrical. Considering the energy equation;
equation (4), the conductive heat transfer in tangential direction is neglected compared
with those in radial and axial directions. Equations (1-4) must satisfy the following
boundary conditions:.

o For condensation process
Jor 0<z<{ and r=r,: u=w=9, T=T,,
Jor O0<zst and r=r,+8 (z): %EL?—W:O. =T, (5)
r r
Where &(z) is the condensate film thickness at any axial position z. By selving the
governing equations. {1-4 and 5), one can obtain the velocity and temperature
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distributions throughout the flow fieid and, in tuem, the local heat transfer coefficient
and Nusselt number can be determined according to the following definitions:

_kai]
ar -

= e = M
hiz) -1, T, and Nu, . (6}

Equations (6) express local heat transfer coefficient A.(z) as a fuaction of wall
heat flux (g.), the wall temperature (7.} and the saturation temperature of the heating
steam (7., while the local Nusselt number is expressed as a function of local heat
transfer coefficient A.(z), thermal conductivity of the condensate film & and tube
diameter d,

s  For evaporgtion process

Jor 0<z<¢ and r=r : u=w=0 and T =T,

Jor 0sz<f{ and r=r-6(z): iﬂzﬁﬂﬂ and T-=T (7
or oz

Atz=00 and r=r. Te=1T.

Where &,(z)is the thickness of the inside film, which is found as a function of
the axial position (z} and must be known o make the solution of the foregoing
governing equations (1-4) possible. The evaporation temperature T, is taken at the free

surface of the film. The temperature of the tube wall is denoted by 7,,, and ~, is the
radius of the tube.

As a result of the solution of ihe foregoing govemning equations {(1-4 and 7), one
can obtain the velocity and temperature distributions throughout the flow field of the
heated water-film. Consequently, the local heat transfer coefficient and the local Nusselt
number can be determined according to the following definitions:

_kaT]
ar
. = "7 apnd Nu, = f'!_(f_)__(i (8)

Referring to equation (8), the local heat transfer coefficient A, (z) is expressed as
a function of wall heat flux (g.), the wall temperature (7.} and the evaporation
temperature (7). In addition, the local Nusselt number is expressed as a function of the
local heat transfer coeflicient (h.(z}), the thermal conductivity of the heated water-film
(k) and the tube diameter (dj.

With the aid of equations (6 and 8), one can derive the local overall heat transfer

coefficient, for both inside and outside films, and hence the local and the average
Nusselt number as:

h(z)= hi{z)xh(z)
YU () (1)

Where Nu is the average Nusselt number. In the above equations, the effect of
thermal resistance of the tube wall is neglected compared with that of inside and outside
water-films.

2.2 Dimensiontess Form of The Governing Equations

To put the flow describing equations in dimensionless form, one introduces the

following definitions of the dependent and independent variables as:

A(z) =

_ hiz)d

Nu(z) = & Nu = %j’m(z) dz (9)

M. 32
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Y

gz.T:_Tv_, =L w2 p-Ll g z=-2 (10)
L-1," v vl I
Where £ [ and ¥ are the dimensionless temperature, the dimensionless velocity

components in radial and axial directions. ¥ is the characteristic velocity, which is
found to be:

A S C.' 2SI S (. VL
H H

Where (Ap) and {Ap) are the change in density of liquid and vapour at the
corresponding  saturation temperature in the condensation and evaporation sides;
respectively. As it is clear from the above two equations that, the characteristic velocity
V" has two definitions, based on the properties of the corresponding film (outside or
inside film).

Substitution with the equations (10} in the governing equations (1-4) yields to

the dimensionless form of the continuity, momentum and energy equations. They can be
written as:

W
ia(RU)+§-—:0.t’J an
R R oz
. 8 J d
Re R U@-+W£ :_RQE+RQ~9:-+@+R6—{£- (12
8R 8z éR éR*  ©R 8z
. oW o 2
Re .R U—+Wa—“i =_R.a!i+R6H:+EE+RQE;+R (13)
dR 0Z aZ drR*  OR (274
¥ -7
Pe U6—9+WQ}=R—8—€+§§-+RE£ (18)
oR o0z orR" R &zZ°

Where Re' and Pe are Reynolds and Peclet numbers. Their definitions depend on the
physical properties of considered film (condensation or evaporation film). (n case of
condensation {outside film), they are defined according to the following relations:

AN . *
Pe: = .8.‘_.1_:._", and Rec - _pii.i
k H
They have the following definitions in case of evaporation process (inside film):
IR A . y
Pe,=—— 2" " and Re = LA
k H

The dimensionless forms of the boundary conditions can be derived in the same

previously used manner, they can be expressed, corresponding to equations (5 and 7), as
follows:

. For condensation process
Atthetubewall: R=1, U=W=0d4& @&=0,
At the film edge: R=1+§£, -aﬁ:é?—uizﬂ & 8=1 15
r, oR OZ

Solving equations (11-15), the dimensionless velocity and temperature
distributions across the condensate film, at different values of axisl position (Z), can be
obtained. Consequently and according to the definition of local heat transfer coefficient
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and Nusselt number equations (6), one can dedve the following expressions of local
heat transfer coefficient and Nusselt number;

d
h,(Z)=——k——1——qu and Nu,(Z)= h(z) d (16)
r, 0, R /., k
. For evaporation process

The dimensionless boundary conditions of the governing equations (11 - 14), in
case of evaporated film, can be written as:

Atthetubewall: R=J U=F=04& =6,

Atthe filmedge: R=7-% SL .M 44 6-0 )
r, OR &

Solving equations. (11 — 14 and 17), the dimensionless velocity and temperature
distributions across the evaporated film at different positions (different values of Z)
along the axis can be obtained. In accordance, and referring to equetion (8), one can
derive the following expression of local heat transfer coefficient and local Nusselt
number, in terms of the previously defined dimensionless variables; equation (10) as:

k 1 0 Z)d
hoz)=-£ L —5‘1) and Nu,(z)=Te(E)d (18)
8, 3R 5., k

With the aid of equations (16 and 18), one can derive the local overall heat
transfer coefficient A, for both inside and outside films, and hence, the associated local
and average Nusselt number as:

WD) o, WD
M ez =T A M L£Nu(2)dz (19)

Where Nu is the average Nussell number of simultaneous condensation-evaporation
heat transfer.

r'

2.2 The Used Technique for the Numerical Solution

The dimensionless form of the hydrodynamic and thermal flow fields for both
outside and inside films; equations (11-15) are solved, numerically, using finite divided
difference technique. According to this technique, the partial differential equations
describing the flow are transformed to eight sets of linear algebraic equations, The mesh

gize is 200 x 200 for condensation and evaporation sides. The relative error in Nusselt
number is + 0.0001.

Seeking for the linearity of the foregoing equations, one replaces the values of
the unknown velocities, appear in some coefficients of these equations, with the values
of the comresponding velocities obtained from the previous iteration. The Gauss-Seidel
iteration method is applied to solve, numerically, the eight sets of linear algebraic
equations. To make this solution possible, the film thickness of both condensation and
evaporation must be, approximately, estimated. The temperature profile is assumed to
be linear and the heat transfer of evaporation process is due to conduction only.
Equations[{20) and (21)] are the thickness of the films of condensation and evaporation.
These equations are obtained by neglecting the viscous force in radial direction and the
inertia terms appear in the momentum equations (2 - 3):

M. 34
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J
2
5JZJ=L _2kp (AT) z (20
T\ p.8(4p) 7 Ay
!
1| 2kpudar) z |
5(Z)=— c 21
( ) r\o[ptg (Ap)n r hﬂ] ( )

Where o and g are the liquid density at the condition of the outer and inner films;
respectively.

A computer program is developed to solve the previously described theoretical
model to analyze such present flow.

3, RESULTYS AND DISCUSSIONS

The solution of the proposed mode! of simultaneous condensation- evaporation
process on a vertical tube, makes the determination of the prescnt problem variables
possible. These flow variables are, such as, the film thickness, velocity distribution,
temperature distnibution, and local and average Nusselt number. The dimensionless flm
thickness for bath condensation and evaporation sides along the tested tube axis is
shown in figure (2). It is observed that, at entrance length up 10 Z~5, the dimensionless
film thickness for condensation & is small Thereafter it increases at higher rate as Z
increases. This film thickness, generally, is higher for higher Reynolds numbers. On the
other hand, the inner film thickness d&, for all values of Reynolds number, decreases
sharply at the entrance region of the tube and then at slower rate in down stream
direction. The reason of such behavior may be explained with the aid of the temperature
distribution, across both films, shown in figure (3). As Z increases, & increases and this
causes & decrease in wall temperature as shown in the figure. This leads to a slowly
decrease in &. Also, it is observed that wall temperature decreases with increasing
Reynolds number, because the increase of Reynolds number causes an increase
in & and consequently the thermal resistance increases.

Heat flux for different axial position is shown in figure (4). For different values
of Reynolds number, it has & maximum valye near the tube inlet due to theat the film
thickness for condensation & is small. It decreases sharply until Z~5 and then it

decreases slowly and tends to approach an asymptotic value near the lower end of the
tube.

Dimensionless radial and axial velocity profiles inside the condeasation and
evaporation films at cenain axial position (Z=/0) for different values of Reynolds
number (Re) are shown in figures (5). It is observed that, at the wall; the velocity takes
zero value, then the velocity increases with increasing &for bath condensation and
;;ahzog'ation sides. Radial and axial velocity components (I/ and W) have the same

vior.

Nusselt number along the tube axis for evaporation and condensation sides is
shown in figures (6). As it is shown in fgure (6-a), Nusselt number of evaporation (NugJ
increases with increasing Z due to the reduction of evaporation film thickness. One the
other hand, referring to figure (6-b), condensation Nusselt number (Nu.} decreases with
the increase of axial distance (Z), referring to the equation (16). In addition, Both

Nusselt number of evaporation and of condensation decreases with increasing Reynolds
number.
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Figure (7) shows simultaneous condensation-evaporalion average Nusselt
number for different values of Reynolds number in laminar flow regime. Average
Nusselt number takes its maximum value at the smallest tested value of Reynolds
number and then it decreases rapidly for lower values of Reynolds number, thereafter,
decreases slowly until it reaches an asymptotic value.

To check the validity of the present model, a comparison between the present
results and that the previous results by Yan [5)is made, as shown in figure (8). The
examined range of Reynolds number by Yan [5} is very small compared with that of the
present work. Although the present results exhibit higher values of ¥u, for all values of
Reynolds number, both of the compares two cases seem to have the same trend. With
the aid of the obtained present results, the following correlation ts proposed for
simultaneous condensation — evaporation on vertical tube in laminar flow regime:

Nu=46.7 Re " pr*
4. CONCLUSIONS

A theoretical model is proposed for simuitaneous condensation and evaporation
heat transfer on a vertical tube in laminar flow regime. This model is, numerically,
solved using finite difference technique. This model is valid for all vertical tubes
whatever it is dimensions. A correlation for the average Nusselt number as a function of
Reymolds and Prandil numbers is proposed.
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