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The present work studies the heat transfer and fluid flow in
a falliing film of vertical tube evaporators numerically. A finite
difference technigue, with iterative method, has been applied in

these solutions.

The flow is considered turbulent, cylindrical coordinates,
and steady. Momentum, and energy equations are formulated in
finite difference technigue and computations are performed,
utilizing Gauss-Seidal point iterative method to obtain an
acceptable accuracy. Velocity developed and temperature
digstributions in a falling film have been obtained, and the heat
transfer coefficient 1is calculated. The results have been
compared with those obtained by others and a gcod agreement has

been found.

NOMENCLATURE :

e

Propaortionality censtant in eddy diffusivity
expression, dimensionless

Specific heat capacity J/kg K
Gravity acceleration m/s?
Heat transfer coefficient W/m'K
Increment in nodes 1n x-direction
Iocrement in nodes in y-direction
Thermal conductivity

Constant in equation (8)

Number of nodes in x-direction
Number of nodes in y-direction
Pressure

o

W/mK

WHEH ARG RGO

R/’

*

Mechanical Technology Dept., Faculty of Technological
Studies, Public Authority for Applied Education and
Training, P.0. Box 42325, Zip Code 70654 Shuwaikh - Ruwait

**  Mechanical Engineering Dept., Faculty of Engineering and
Petroleum, University of Kuwait, P.0. Box 5969 Safat, Kuwait



- b2

+E

S EE SO

+

q@ﬂﬂﬁﬂx<<

m o
[ 4

+

m

KN NI~

Dr.ALAE-HADIK®E NMAI-NAJEM* And M.A.DARWISH**

Temperature
Heat flux
Dimensionless temperature
Velocity in the film in x-direction
Friction velocity
Dimensionlese velocity (u/u’)
Velocity in the film in y-direction
Vapour velocity
Distance in flow direction
Distance perpendicular on the flow directicn
Dimensionless distance, (yu'/y)
Thermal diffusivity
Mags flow rate per unit periumeter
Film thickness
Dimensionless film thickness
Eddy diffusivity for momentum
Eddy diffugivity for heat
el(
Dimensionless eddy diffugivity (1 + — )
Y

Dynamic viscosity

Kinematic visgcosity

Density

Surface tension

Shear stress

Shear stress at the liquid/vapour interface
Shear stress at the wall

Dimensionless shear stress

Dimensiocnless number

Ka

Pr

Pr,

Re,

Re,

nig _
= { ——— ) EKapitza number
p 3
Co 1
= -— )} Prandtl number
K
€y
= { ——— ) Turbulent Prandtl number
b |
4 T
= { ——— ) Film Reynolds numbe.
u
avp

= ( — ) Vapour Reynolds number

K
¥/

m/s
m/s

m/a
m/g

/s
kg/m.s

m?/s
m’/s

kg/m.s
mi/s
kg /m?
N/m
N/m?
N/m?
N/m?
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Subscripts:

Vapour

Inlets interface
Liquid

Turbulent

Wall

Local value

OQutlet
The value approaches its transition (or critical) limit

OMKEdErq

LI O O | I 1 O

Crit

INTRODUCTION:

Heat transfer through falling-film or apray~film evaporatien
has been widely employed in heat exchange devices in the
chemical, refrigeration, petroleum refining, desalinaticon and the
foocd industries.

It is apparent that' there is a trend in the last two
decades, favouring vwertical tfube evaporation (VITE) over
multistage flash (MSF), as indicated by recent competitiwve bids
for large desalination plants.

Modelling of turbulent liquid films has been the target of
extensive research spanning the last seven decades. Detailed
understanding of the film transport processes was of paramount
importance for evaluating the performance of wvarious heat-
exchanger configurations.

Nusselt (1916) solved the momentum and energy equations for
smooth laminar freely-falling ligquid £films by neglecting the
effects of interfacial wawves or vapour shear stress. The
importance of surface waves on the transport processes in laminar
films has been stressed by several investigators. The works by
Benjamin (1957), Hankatty and Hershman (1961}, Whitakar (1964},
Fapitza (1965), Massot et al. (1966), Gollan and Sideman (1969)
and Berbente & Ruckenstein (1968) are only a few examples.
Theoretical models by these authors led to lower estimates of the
film thickness compared to Husaselt’s sclution. It is interesting
to note that many of these analyses define the wave
characteristics as functions of the Reynolds and additional
dimensionless parameters, namely the Kapitza number (EKa).
Recently Al-Najem et al (1992) formulated a general analytical
solution for evaporaticn turbulent falling films and developed a
gorrelation of local heat tansfer coefficient along the tube

ength.

Turbulence Model:

Turbulent film flow is a highly complicated phenomenon.
Turbulence models developed for highly-turbulent flows should be
modified to account for changes in wave activity associated with
transition from wavy-laminer to turbulent-film flow. This goal
can be achieved through empirical corrélations which account for
the Kapitza number (Xa).
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In a gravity-driven film, the velocity u, and temperature T,
at a distance y from the solid wall {see Figure 1) are cbtained
from the mcomentum equation and the heat flux distribution across
the film:

y' £, du'
1- = (1+ — ) - (13
8* Y dy”
and
g 1 P, Ey a7
= (1+ )- [2]
I P, Pre ¥ ay"

where g,/y 1s the eddy-to-kinematic viscesity ratio, Pr and Pr,
are the Prandtl number and the turbulent Prandtl number, g and q,
are the local hea: flux normal to the wall and the wall £lux,
respectively.

The variables of [1) and [2] are non-dimensionlized in terms
cf the friction veleocity u. as follows:

{ & {
u’ = = gd, (3]
P
u’y
v = —= , [4)
Y
u
u* = r [5]
u
u'd
&* = 7 [6]
¥
and
(Tu ~ T}
™ = pCpu' r [?]
o

Most of the effort in modelling turbulent liquid films
centers on the determination of the eddy-viscesity profile across
the film. Mudawwar and El-Masri (1986) have defined the eddy
viscogity as follows:

+

Y

m
z
[
L

. Y+
= — 4 —— - J 1+4k*y* (1~ ———f’:)[l—exp{-
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v 0.865 Re'*crit
(1- ) M (1- 3K
i [y
0 < y* < 8" (8]
where:
97
Beating: Re,, = ———— 191
Kaﬂ.l
0.04
Evaporaticn: Re 4, = —————— [10]
KaO.J‘-‘

The Pr, profile is correlated from experimental data of Ueda
et al (1977):

¥ +

Pr, = 1.4 Exp (-15 } + 0.686, [11)

k = 0.40, (123
and

A = 26 [13]

8% = 0.865 Re?_ . [14)

The film-flow thickness is divided into small increments
which are very small adjacent to the wall and then larger beyond
the wall and back tc small adjacent to the free surface. The
number ¢of nodes in x-direction is m nodes; while the number of
nodes in y-directicn is n nodes. The procedure is to formulate
differential eguations into finite difference form relating the
value of each of the variables at a point in the flow to that at
surrounding peoints by algebraic relationshipa. A numerical
solution is then obtained for a specified mode throughout the
flow field by a Gauss-Seidel point iterative method.

The results of such computations give values of all principal
variations at each mode in the flow field. From this information,
velocity distribution, temperature distribution, Iocal heat
transfer coefficients, or any other parameter may be calculated.

A number of nodes in y-direction as n=31, and in x-direction as
w=3]1 and a mish size of 31x31 can be used. The arbitrary momentum
and energy balance differential equations of fluid flow in x and
y directions can be re-written as follows:
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Y (J) en{I,J) fU(I, J+1)-UN(I, J)]
1- =(1+ Y {
(1) Y
Y {J)-y"{JI-1) yH{I+1)=-y*{T}
JH[UT (T, 3)-U(L,T-1)]( )}
Y (I+1)-y*(J) yH(I) - yt(I-1}
{(y*(J+1l) - y"(J-1))
{15]
q(1,J} 1 Pr g, (I,J) [T (I,J+1)
= [1+ . 14{
q,(I,1) Pr Pr, (I,J) ¥
¥yH(JI) - y*J-1)
=TI, J) y+[T(I,T)-T*(I,J-1)]
yH{I+1) -y (T}
(¥ {J+1) - y"(J-1))
y+H(J+1)-y*{J)
} [16]
YH(J) =y (I~1)
«(I,1)
U'=ﬁ’——-————- =Jg§(I} [17]
y
Ut y{(J)
yiJgy = ——— (18]
Y
u(I,J)
ut(1,J) = {19]
u
U (I). 8¢(I)
31y = [20]
¥
PCPU (L) (T, (1, 2}-T(X,J})
T™(I,J) = [213
Qu(I, 1)
€4 T(I,2)-T(I,1)
qu(I!l} = —(k+pcp ) [22]

Y y(2)
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e (I,J}) 1 1 { yiJ)?
=— — + — 144K vy (T} (1 ——— )
¥ 2 2 0*(I)
¥y {J) y (3y 2 0.865 Reg.,
{ l-exp(- — (1- =—=p] e ) [23]
26 8* (1) 6*(1)
Y (T}
Pr, {(I,J7) = 1.4 Exp (-15 ) + 0.66 [24]
&°(1)
The boundary conditions for both in heating and evaperation
processes are the follows:
Evaporation Beating
Xt =0 ™ = 0 T = Tt [25)
1 aT 1 aT*
Yt = 0 — =1 _ =1 [26]
Pr ay* Pr ay*
aT*
¥+ o= §* T =0 = [27]
ay*

The initial conditicons for both in heating and evaporation
processes are given in Table (1).

Table (1): The initial condition of using fluid properties

. o 2 I
Process Fluid | Initial Press. Prandtl | Kaplitza Reyneolds
Temp. (pjatm Number {Ra) Number
T,=°C (Pr) Re 4,
Water | 20 1 6.96 2.55x10°" 1112
Heating
Water | 100 1 1.75 2.82x10°% 1386
Evaporation | Water | 99.6 1 1.78 3.15x10°% 1690
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By usring the finite difference technique equations [15] to [27)
are formulated altegether into a Fortran language computexr
programme using finite difference technique with iterative method
and run on a Personal Computer.

The flow is assumed two dimensicnal, X-direction increasing
toward the flew down stream, while y-direction is normal to the
wall surface and starting from the wall surface towards the free
surface. The film Reynolds number is given by:

r J=np uM{I,T){y{J)-y(I-1))
Re = § —— =4 X -
u J=2 n X @
where I is the mass flow rate per unit film perimeter.

28]

RESULTS AND DISCUSSION:

The arbitrary equations of fluid and heat flow of the
falling film as shown in PFig. 1, are formulated into {inite
difference form. The flow is considered turbulent, wo-
dimensional, steady, and constant properties. The thin film of
flow has been divided into nodes in both x and y directions.
Small increments have been considered adjacent toc the wall and
adjacent to the freely surface as seen in Fig. 2, because the
temperature, velocity and eddy viscosity are changes exceedingly
in these regions. The procedure of solution is to solve the
arbitrary momentum and energy differential equations, formulated
inte finite difference form utilizing the accurate boundary
conditions around the control £ilm which has been considered.
Gas-Seidal peoint iterative method is applied to obtain an
accurate solution. Eddy viscosity, temperature, and the veloccity
distribution within the flow field are obtained and plotted in
Figures 3, 4, 5 and 6. Alsc Reynolds number and heat transfer
coefficient are calculated, and plotted in Figures 7 and 8,

Eddy viscosity is calculated by sclving Eguation [23], and
the present predictions are compared with the other wvalues
cbtained by Mills & Chunyg (1973}, Mudawwar & El-Masri (1986), and
Limberg (1973}).

Shapely, the present results are in good agreement with
others. But in values, the present values are higher than the
others. Finite differences technique is applied for calculating
the present values of eddy viscosity utilizing the accurate
boundary conditions, while the previous values are calculated by
normal integration methods.

Figure 3 ghowa the dimensionless velocity distribution
within the vertical falling film thickness. Present predicted
values are plotted along with the values of Rothfus & Lavi
(1977), and Mudawwar & El-Masri (1986) at different wvalues of
Reynolds numbers (9375, 6000 and 15%00 reapectively). The present
values are in good agreement with Mudawwar & El-Masri (1986).
These are twice as compared to the values obtained by Rothfus &
Lavi, due to utilizing different forms of calculating the eddy

viscosity.
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Temperature distribution across heated and evaporated
falling water films are plotted in Figures 5, and 6 respectively.
The cemparison between present and previous values obtained by
Mudawwar & El-Masri (1986) are shown in both the Figures, at
different values of Reynolds numbers. A good agreement is clearly
observed for all cases.

Dimensionlesas heat transfer coefficients are pleotted in
Figures 7 and 8 for the heated and evapcrating water falling
films, respectively. In both the Figures the present predictions
are compared with the wvalues obtained by Mudawwar & El-Masri
(1986) and a good agreement Jis obtained for both heating and

evaporating cases.

By employing the eddy viscosity model of Mudawwar & El-Masri
{1986), the present resulta of heat transfer coefficients are
approximately 10 percent less in both heating and evaporating
cases than those of Mudawwar & El-Masrxi (19%6), as these authors
ugsed accurate boundary conditions.

CONCLUSIONS ¢

Finite difference technique 13 applied successfully for
gsolving the falling water films in both heating and evaporating
cases. Thae present results are compared with previous results
obtained by cther investigaters and are found in good agreement.
Also the new technique of the eddy diffusivity model of Mudawwar
& El-Masri {1986) is employed. The finite difference technigue is
easy to apply and only the difficulty is how to choose the
accurate boundary conditions made possible by measuring or
guessing. Also the new technigue can bhe easily applied for
ancther problems for falling films such as other liquids or fer
horizontal tubes.
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