122

i idan 3 sa Sl s gle SALAl ulaily ARSIN Jalat

peaal) unta il 2aaa g i) Guuaal 30

matngl) (peadde

ool e i 5 by oSy 5 D &g Tl A0 ok

h)l)ﬂl%ﬁﬁdﬁ.ﬁdﬂ;}q}m1 E:‘i".ﬁﬁ.“ Mﬂ@g@dﬂ&hngﬁd
0 T 3 S e sl s e s3I A8 e Ry gl Eih g g
Sywy (e paldl g apaailt s o dgllalt A el cap eb‘h!l il &ﬁme1M1
e o Upeanli 05y Salgisy 236 e aaday A plaiay! Ry 30 e ol — Al guadlS rhaus
o rthaed el S T il el o]y coin oo el gl gl L S
ol 34 1 gl 320 e e el T sbews y il am ) S (g o el e pa

Introduction

Condensation heat transfer in direct
contact mode can be encountered in a
variety of industrial applications, such as
nuclear industry (c.g. pressurizer under
notmal operating conditions, stearmn water
inleraction in safety analysis), chemical
industry {e.g. mixing type heat exchangers,
degassers, sea water desalting by multiple
distillation) [1]. Renewed interest arises
from energy transformation processes
involving geothennal, solar and nuclear
energy. Several types of direct contact
condensers have been developed for
energy conservation applications.
Condensers of this iype are employed
because of their improved thermodynamic
gfficiency, trouble-free operation and
smaller initial capital outlay besides the
ability of mechanical design simplification
and the possibilities to reduce the pressure
drop in comparison with the conventional
indirect heat transfer equipment. In this
secnse, packed type direct confact
condensers have been proposed as an
alternative efficient design for H:8 and
CO, removal from geothermal steam
before it emters the power generating
turbines [2]. Film condensation phenomena
had been analyzed first by Nusselt [3], who

investigated the laminar film flow
condensation along an  infinile  wall

.A:_ﬂim_,n_lii\jm s‘_'.'g._lll

assuming no shear stress at the imterface.
After that many investigators have beon
smdied film condensation. However,
several  investizators have  studied
condensation heat transfer in direct contact
mode. There is few theoretical studies and
a limited number of experimental studies
that dealt with t.cbulent heat transfer in
direct contact condensation owing to the
difficuity of treating the vapor-liquid
interface in a 1:al or precise manner,
whereas the experirnental investigation is
characterized by the difficulty of
measuring the liquid film thickness dus to
the wavy interface. The complexity of the
thermo-hydrodynamic coupling of the
liquid and vapor phases has resulted in a
large number of ¢mpirisal correlations and
some semi-theoreiical cotrelations [4,3.6].
As a result, in many cases the attained
solution is ir; fact an oversimplification for
the problem. [n an attempt to obtain a more
precise model that may be applied to a
wide range of Reynolds number, the
present theoretical modei is developed.

Analysis
Momentum Tran.fer
The floww system  comprizes

turbulent liquid layer flows on an adiabattc
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solid surface, with injet mass flow rate of

m, and subcooled inlet temperature To. -

Saturated vapor with temperature T, flows
concurrently with the liquid lsyer and
condenses on the liquid free surface as
shown in Fig.1. The liquid flow is assumed
to be steady and fully developed, and may
be driven by interfacial shear stress,
gravity, mean pressure gradieni, or any
combination of them. The vapor-liquid
interface is tzken undeformable and any
waves are neglected. The physical
properties of the liquid are assumed to be
temperature independent.

Specification of the velocity profile
and furbulence model is necessary for the
formulation of the mathematical model.
Fortunately,  experimental turbulent
velocity profile measurements that have
been obtained from pipe-flow as well as
from turbulent external boundary layer
flow vield a logarithmic velocity profile in
', y over a large part of the flow cross
section, although approaching 2 linear
relation immediately adjacent to the solid
boundary. A two pquations scheme
(proposed by Prandtl and Tayler [7]) is
used to describe the velocity distribution in
the liguid layer. The complete velocity

profile is then given by
ﬂ+ . y+
y <116 {12)
u* =55Iny" +2.3
116<y* 26° ..{1b)
Y 3
. 1Va£nr "~ +T’LH
m, Liquidg | g’
Tyl —= '
8o
Tw u *T

Fig.1 Direct contact condensation model.
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Film Reynolds number is defined as
&'
Re=%:4[ utdyt =4m, ()
4]

And the axial mass flow rate (m") is given
by
6‘
mt = |u'dy
0

+

e

Using relations (la) and (1b} into the
ahove equation and integrating, the axial
film thickness can be written as

. m* +5429

= - ®)
5.5(In8* —1)+2.5
Where
Yoyt auiu' s ¥ =yl
Gt =6ufv s m=mipb (5

Where (b) is the width of the solid surface.

Unfortunately, there is no suitable
and ready turbulence model that can be
applied directly to the present problem
because of the presence of the vapor-liquid
interface which requires a special way of
manipulation. Such a way that depends on
experimental data but keeps the theoretical
insight should be proceeded. On the other
hand, for developing such a turbulence
model it is useful to inspect the near frec-
surface turbulence models that have been
used to perform calculations of gas
ahsorption into turbulent liquids since the
feedback of the mass transfer on the
‘nterface motion js not significant in that
case [8,9,10], consequently, one can expect
that these models will be applicable to the
condensation of a puré vaper, ie., in the
absence of noncondensable gases, for low
surface shear stress. In this sense, Mills
and Chung proposed a turbulence model
that is suitable for film condensation for
low vapor drag {101, it is the van Diriest
model, modified in the outer region of the
film by the use of an eddy diffusivity

M
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deduced from gas absorption

measurements. The two models were’

terminated at therr intersection. However,
the application of Mills and Chung model
to the present problem shows that it gives
low Nusselt number values in general,
although it is suitable for wvery low
interfacial shear cases. As a resulf, this
model is chosen to be developed in the
present study in a way that provides a
suitable turbulent viscosity profile for
direct contact condensation ot turbulent
flow calculations for low and high
interfacial shear as well. For the inmer
region of the liquid layer, the van Drest
model of turbulence is modified by the
inclusion of varying shear stress. For this
purpose, distribution of shear stress at a

distance :,f+ from the solid boundary can be
estimated by the balance of forces acting
on a segment of the liquid. In
dimensionless form, the shear stress
distribution can be written as

T T
—=1-{1-—)— |
T, ( ?:,,)5* )
The turbulent shear stress is defined as
du
=[u+pe )—
r=(u+pe,) 3 6
or in dimensionless form
e ydut
—"—=(1+—“] = . (8)
T, v Jjdy

Since diffusivity is much greater than
molecular transport, the above relation can
be written as

T g, Ydu'
SEE e
Ty v jdy
Based upon the mixing length concept the
turbulent viscosity is defined as [13]

du
g, =1 = ...(10
5 (10)
the dimensionless form of this relation is
E‘l:fﬂ_du_-'_ .”(11)
v dy

where,

1* =l fu . (12)

Substitution of equation {11} into equation
(9), and introducing the wall damping
effect on the mixing length, the final
relation of the turbulence mixing length
with the wall damping effect and shear
stress distribution is

=Ky i —exp(—y* 1260 .frir, (13}

However much greater than the viscous
stress the Reynolds stress is, the former
being much larger at the wall than in
laminar flow but becoming very small
away from the wall, the later being large
away from the wall and zero at the wall.
Hence, the viscous one could be taken into
account by substitution of equation (11)
into equation (8), and this gives

2
[5"—] +E—*"—£*2.f—=ﬂ L1

_ 14 v v
Equation (14} can be solved analytically, to

yield finally the following relation

Since equation (15) begins to decrease
beyond y*/6* =06, it is applied for
(0<y* /6" £0.6) . The outer region is
divided into two sub-regions, in the first
sub-region the diffusivity of the above
equation is taken constant at its value at
y s =086, but only for
(0.6<y" /8 <yt [6") where yi' is the
point at which the diffusivity is damped
using the Miils and Chung near free
surface diffusivity model [10],

] 1!3. ‘”3.R 1678
Fn _garx10 28 _2C (57— y*f

Tm .50
..{16)
Henceforth, the eddy diffusivity profile in
the outer region may be written as, for
06y /5 syt

#
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(1T
and by equating equations {17y and (16) at

y'= yi', the eddy distribution for

yit 18t syt 18" <1 can be getas

£, _ a gus_v-u:_RElﬁ?s

- ~Ox64Tx10% Fo (5 -»f
. {18)

Where C is a constant resulting from
equating the Two above equations at y'=
yir

is the position at which
on the turbulent
diffusivity is applied. Application of the
developed turbulence model shows that as
yi* increases, i.e. approaches the liquid-
vapor interface, the resulted Nusselt
puniber values substantially increases. This
is atiributable to the effect of the interface
damping. While the effect of exerting 1o
damping on the diffusivity at the free
liquid surface shows very high values of
Nusselt number. The comparison with the
various available experimental data 11,32]
using the present diffusivity profile shows
that yi* depends on the Reynolds number.
Consequently, the following relation for
yi' is estimated

yit /8t = 081Re™®

s
i
interface-damping

. (19)

Heuat transfer

The heat balance equation for the
systeril 15

dmby, +dne, 1, +me, Ty =(m+dn)cp(1'; +d?;]
...(20%
Neglecting the minor value (dm.cp-dTo),

equation (20) may be reshaped to permil
integration as follows

a{mlky, +¢,(7, -, =0 ...{21)
and in dimensionless form becomes
Bastah Journal for Engineering Science /2008
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dim* (145 +T," =0 . (22)
with the boundary conditions in
dimensionless form
' =m, =Re/d4 Ty =1at x =0(23)
Where
T,b =T, =T, -T) .24)
Integration of equation (22) with the given
boundary condition yields the following
equation for the lignid flm bulk
ternperature
. (Re/$)1+S8)- N
T, _Re/YALHW_ | 2s)
m'.S

Gince the value of m" is an unknown, the
bulk temperature cannot be determined.
Therefore another way 10 estimate it will
be proceeded. Such 2 way depends on
using the energy equation, with the garlier
mentioned assumptions, could be written

as
or _ @ aT
u(y)E; = 5‘;{({1 + By )-éy—] ..£28)

The statement that the fully developed
temperature profile I jnvariant with X-
direction can be expressed as {13]

B|ds7!
&\ T — T,
Considering that ihe free stream steam
temperature Iemains constant along the
flow at the saturation tfemperature, T: [12],

and differentiating equation (27), gives
— | = ...(28)

ox
atatement for &T/6x 1nto

Using the above
equation (26), in dimensionless form, this

ex)

equation appears &5

LT dL D '7[1 gmw)aq*]
w— =l -5 T e 29)

T o | b o

with the cunditioni:_

=0 Ty’ =0 ...(308)
y=8 T'=0 ..{30b)
Where

K=xu v ..(312)
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CT,-T
"TS _-To

One way 1o solve equation (29) is by use of
a successive approximation method
because of the presence of T' in the lefi-
hand side [13]. An  approximate
temperature profile, to be substituted for T
in the lefi-hand side of equation (29) can
be cbtained by imposing some
simlification on the energy equation (26),
and then it can be integrated twice with the
boundary conditions given by equations
{30a) and (30b), integration yiekls

¥ +
_{u+_T+ -I-:IT[_ ‘f:’i- }iyd-
& 0
T+ - ]‘ & d]f
¥ i+ Em
[Pr V.P];)

this position of analysis, the definition of
the bulk temperature, Te, which is given by

I‘H—

..(31b)

(32)

& &
T, = [&'T "/ gu*a’y* ..(33)
1

can be used to obtain the liquid layer
mixed mean temperature. Using equation
(32} into the previous equation gives

+ 1
¥
a7
—— -_— 1
5 o)y 1+_€L]
. Pr vPg
L= = -
ju'dy
1]
.(30)

The bulk temperature gradient{d Ty /dx")
can be determined by differentiating
equation {23),

dr,” _ ‘1(1_+T*)———dm+ @35
&t m S 7 )dx* +35)
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and by substitution of Ty from equation
(25) into the above equation, the gradient

of bulk temperature becomes
dr,” -Re/4(1+8 dm”™ .
M +42 ) + .-(36)

dx (m”) S ) dx

Substituting equetion (36) into equation
(34), and manpulating, the nondimensional

f +
Red (+8) dnit | % ﬂfﬁ @ |
sr ] dy 'y
e 5 dif Jo|A{1 &
Fr*_ﬂ?]
gJ bl
m
D

Now equating equation {37} with equation
(25} gives the dimensionless gradient of
mass flow rate, which can be writlen as,

o [—%]{{Reamwa—m*}wmd}ﬁm)]‘
dar - (T o+ 7
s _['["uJ’aj?
£ f_!:'l - ﬂj’l .H+ d_';
J" —
|. L [Pr MPJ
...(38)

The value of m+, and hence 5 and Th+

can be evaluated at any axial position (x+)
along the flow by solving equation (38)

(=11

pumerically. Where 5 can be evaluated
using equation (&) by iteration.

The heat Transfer Coefficient
The local heat transfer coefficient
can be obtained from heat balance (20) as

by =BT
b {Ts _Ta) dx

then the local Nusselt number is given by

..(39)
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Pt dm’

Ny =—= "
x .S'.T; et ...{40)

Results and Pisvussions

Calculations of the liquid layet
thickness, the wall and bulk temperawres
and the local Nusselt numbers wers carried
out for various vajues of the condensation
controlling parameters (Re, Pr, 5 and
t/tw). For a bettet understanding of the
influence of the related parametets on the
condensation  process, the results are
plotted against the axial position, as shown
in Figs. 2-12. The graph of the normalized
thickness &' against the axial distance x" is
shown in Figs. 2-5, The observed increase.
in 5 with increment of %" is due to the
continuous condensation at the liquid-
vapour interface, Fig. 2 illustrates that the
higher the Reynolds number the fastet is
the growth of & in the flow direction. This
is attributable to the fact that the turbulent
diffusivity increases significantly with the
liquid flow rate increment, which leads to
increase the condensation rate. Fig. 3is
drawn for different values of subcooling
pumber, while the other control parameters
(Re, Pr, and TifTw) are kept constant. ‘The
higher values of 5 means higher rate of
condensation, therefore thicker liquid film
and higher rate of growth of the
normalized thickness since 3 behaves as 2
potential of condensation. The influence of
changes in the shear sitess Tatio Tty 0N the
iiquid layer thickness is illustrated in Fig.4.
This figure indicates that The effect of
varjation of the shear siress tatic shows a
significant - increment jn & with the
inctement of the shear ratio. This is due 10
ihe increased turbulent momentum
diffusivity with the increment of the shear
ratio, Which increases the condensation
cate, The less rate of growth of 8 at a
distance far from the inlet is atiributable to
ihe fact that the higher the shear ratio the
higher is the eddy heat diffusion in the
liquid layer and the faster is the rate at
which the liquid layer is heated up, which
means a rapid 1ncrease in the liquid

Basrah Journal for Engineering Science 12008

127

temperature in the ow direction as shown
in Fig 6, in which the axial wall and mixed
mean temperatures are plloted for low and
high values of the shear parameter and
subcooling number. This may lead to
decrease the potential of condensation, The
behaviour of &' for different values of
Prandtl number is shown in Fig.5. The
values of 8° are proportional inversely 1o
the values of Prandtl numbet, and the rate
of growth of the values of 8" is slightly
slower for law values of Prandil number at
an axial location far from the inlet, This 1s
all atiributable to the different distribution
of the liquid layer resistance encountered
at the various values of Prandt! number
which affects the rate of the heat diffused
through the liquid layet. This behavior may
be explained with the aid of Figd, in
which the values of the axial wall and bulk
temperatures are drawn for low and high
values of Reynolds and Prandtl numbers.
In this figure, near the intet of the flow, the
jower the Prandtl number the higher is the
response of the fleid to the penetration of
heat through the liquid layer, which may
mean higher condensation rate, Far from
ihe inlet, all the other conditions being
equal, the lower ihe Prandtl number the
faster is the rate at which the liquid layer is
heated up, which may lead to reduce the
condensation  potential. The opposite
oceurs for higher Prandtl pumbers, This
llustrates the relatively stower growth
rates of 0" at a distance far from the iniet.
Tnspection of Figs. 7.5 shows that the
effect of Pr on the condensation process is
less than the effect of Re in the flow
direction, and less than the significant
effects of the shear stress parameter and S.
This is aftributed to the range of Prandtl
aumber (Pr > 1) that is applicable in the
present application, since the term (1/Pr)
has less effect comparison to the relative
jmportance of the term of the turbulent
eddy diffusion fen/v) In the eneIgy
equation.

Axial local Nusselt number Wwas
calculated and drawn in Figs. 8-11. Since

Nusselt number is defined by (h.3k),

= DB/ dpemckiht pglall §pmacdl ¥
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therefore, its value depends on the value of

{h.60). While the initial film thickness 8,
depends on the inlet mass flow rate, which
is reflected by Re, the heat transfer
coefficient depends on the saturation
temperature Ty, bulk temperature Ty, and
the gradient of the condensate mass flow
rate in the flow direction dmy/dx, which are
depend on the condensation conirolling
parameters. Although dmg/dx  generally
decreases with the axial distance x* as it
can he concluded from Figs.2-5; (s — Ty)
also decreases with x™ as seen in Figs. 4
and 5. The behavier of (h) versus the axial
distance (equation (39)) depends on the
rate of decrease of these terms. However,
Figs. 8-11 show the influence of the
turbulence on the condensation heat
transfer. The general trend visible in these
figures is the increment of the Nusselt
number along the axial distance x* for all
the selected values of {Re, Pr, S, and 1ifty).
This occurs due to the influence of the
turbulence in the liquid layer which
increases with increasing distance and
mass flow rate in the flow diraction, where
the effect of the increased 3 due to the
increasing mass flow along the flow has
less influence than that of the turbulence.
This may illustrate the importance of the
apprepriate treatment of the model of
turbulence, since the estimated Nusselt
number values depends mainly on the
proper specification of this part of the
problem., The variation of the local Nusseli
number with the axial distance for various
values of Re is shown in Fig. 8. This figure
indicates that Nusselt oumber increases
with the increment of Reynolds number.
This means that the enhancement of the
heat transfer due to the increased
turbulence is more effective than the
increased thermal resistance in the liquid,
and hence, Nusselt number increases with
the increment of Re. All of these
contributions were 1¢flected in the present
developed turbulence distribution by the
increased eddy diffusivity with the
increment of Re, whereas (8° - i), the
distance to the free sarface through which

the twbulent diffusivity is damped,
decreases with the increment of Re as
illustrated by equation (19). This leads to
decrease the thickness of the near-interface
sublayers and hence the heat transfer is
enhanced. In the light of the results of the
influence of Pr on the axial local Nusselt
number shown in Fig9, it could be
concluded that the heat transfer coefficient
increases with the increment of Pr and so
the Nusselt number. This may be attributed
to that Nusselt number may be affected by
the variation of the physical properties of
the liquid caused by the variation of Pr.
Fig. 10 indicates (hat the vasiation of the
shear stress ratic shows a significant
change in the Nusselt nunber. This occurs
due to the increment of the interfacial shear
stress, which enhances the convection and
the turbulence in the liquid layer {12]. Fig.
11, in comparisen with Figs.8-10, shows
that WNusseh number is practically
independent of th subcooling number S.
To prove the validity of the present
theoretical analysis, the results obtained
were compared with experimental data
corresponding to  cocurrent steam-water
flow in a horizorial channel obtained by
Lim et al. [12]. The comparison is made
with the aid of other turbulence models
[10,14] as presented in Fig, 12. This figure
shows that the experimental results of the
average Nusselt number Nug, increase,
decrease, or stoy constant in the flow
direction. This is attributable to the rates of
decrease of the temperature difference (T,
- Ty) and the gradient of the condensate
with the increment of the axial distance.
The average Nusselt number values (Nuay)
behave as illustrated and show this
deviation from the theoretical results
because for  certzin  experimental
conditions, the interface was smooth at the
entrance and became wavy some distance

. downstream [121, and since the rates of

change of these -arameters are affected by
the wavy nature of the interface.
Nevertheless, this figure shows that the
agreement between the theoretical and the
experimental resalts is the best when the

w
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present developed turbutence model is
applied 1o the problem at the various liquid
and steam Reynolds numbers.

Conclusions

The main points which can be
drawn from the above analysis and
discussion are
1. A theoretical model for direct contact

condensation on turbulent subcooled
liquid layer is developed and is able to
predict the heat transfer characteristics
without using the simplifications used
by the previous investigators.

2. An appropriat turbulence model s
developed to provide a satisfactory
method for making engineering
calculations of the process. It is found
that the damping of the turbulent
viscosity mear the  liquid-vapor
interface depends mainly on Re and a
sujtable relation is found through this
developmenmit.

3. The main confrolling parameters on
the condensation process on turbuleni
flow are Re, 7/Tw, Pr, and 5.

4. The thermal field is strongly affected
by the variation of Re and T#Tw .
wherease it is less influenced by Tr
pecause (Pr > 1) in the present
application. The etfect of § can be
ignored. '

s The influence of the condensation
controlling parameters on 8" is
characterised by the increase of §' with
the increment of - the various

elers.

6. Nusselt number increases in general
with the increment of any of the
condensation controlling  parameters.
The effect of subcouling number on the
heat transfer coeffigient can be ignored.

7 The turbulence effects, which are
increase by the increment of the mass
Aow rate and interfacial shear stress on
both thermal and hydrodynamical
fields are dominant along the flow.
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