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Abstract

An improved method is presented for the prediction of heat transfer coefficients in turbulent fall-
ing liquid films with or without interfacial shear for both heating or condensation. A modified Mud-
awwar and El-Masri’s semi-empirical turbulence model, particularly to extend its use for the turbu-
lent falling film with high interfacial shear, is used to replace the eddy viscosity model incorporated
in the unified approach proposed by Yih and Liu. The liquid film thickness and asymptotic heat
transfer coefficients against the film Reynolds number for wide range of interfacial shear predicted
by both present and existing methods are compared with experimental data. The results show that,
in general, predictions of the modified model agree more closely with experimental data than that

of existing models.
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1. Introduction flow model [1], a large number of theoretical and ex-
perimental studies have been reported concemning
Since the pioneering work of Nusselt laminar film the prediction of heat transfer rates accompanying
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the phenomena of laminar and turbulent falling films
undergoing condensation, evaporation, heating, and
cooling. Based on the underlying assumptions used,
the existing models for heat transfer in falling liquid
films can be broadly classified into {1) laminar film
flow models and (2) turbulent film flow models.

The majority of earlier theoretical analyses sub-
sequent to that of Nusselt have attempted to relax
one or more of the simplifying assumptions included
in the Nusselt’s analysis. Rohsenow [2], for example,
considered the effects of subcooling in the conden-
sate film and nonlinear temperature distributions.
Modeling of turbulent liquid films has been also the
target of extensive research spanning over the last six
decades. For the analysis of heat transfer in turbulent
falling liquid films with or without interfacial shear, an

appropriate turbulence model for em and ¢n in the lig-

uid film is required to compute the wvelocity profile
and the Nusselt number. In more recent years, mod-
eling efforts for prediction of heat transfer in falling
liquid films have been concentrated on the turbu-
lence model to determine the eddy-viscosity profile
across the film. This fact can be clearly observed in
the excellent summaries of important turbulence
models for prediction of heat transfer in falling liquid
films given in recent papers by Yih and Liu [3] and

Mudawwar and El-Masri [4]. In these summaries alon-

e, there are at least 14 different turbulence models
including their own models.

Existing turbulent film flow models can be further
classified based on (1) whether or not the interfacial
shear has been included in the model and (2) the
criterion used for film flow regime. Essentially two
criteria are used to characterize the film flow regime
viz :the film Reynolds number (Rer) and the
dimensionless film thickness (6*). Film Reynolds
numbers (Rer) ranging from 240 to 2100 have been
proposed for the laminar to turbulent flow transition.
Similarly the values of the dimensionless film thickness
(67) at which turbulent mixing within the film is
initiated are reported to vary between 6 and 22 [5].
From the above brief review of existing models, fol-

dJ. Korean Nuclear Society, Vol. 27, No. 2, April 1995

lowing questions may arise immediately :

(1) Which turbulence model is the most reliable
for predictions of heat transfer in turbulent falling lig-
uid films ? What are the effects of the interfacial
shear and how do these different turbulence models
affect the predictions of heat transfer in the given
problem ?

(2) What are the reasonable values for the film
flow transition criteria ?

The present work has been initiated to address the
above questions. In addition, in an effort to improve
the most current general approach and to examine
the effects of turbulence models and the interfacial
shear on the heat transfer in turbulent falling liquid
films following approaches are used here : First, Yih
and Liu's unified approach [3] has been selected
and modified by replacing their turbulence model
with a modified Mudawwar and El-Masri’s [4]
semi-empirical turbulent-film model. Secondly, the ef-
fects of turbulence models and the interfacial shear
on the heat transfer have been examined by compar-
ing various quantities (e.q., & and &) for different val
ues of the dimensionless interfacial shear stress (1)
and film Reynolds number (Rer) obtained by both
Yih and Liu's original method [3] and the present
modified method along with other existing models.

2. Theory Based on the Most Current Works

In an effort to improve the applicability and the
accuracy of the best existing general approach for
the present problem as well as to examine the effects
of various turbulence models on the final result of
the heat transfer in turbulent falling liquid films, the
authors have partly modified Yih and Liu’s [3] uni-
fied procedure. That is, a new semi-empirical turbu-
lent-film model proposed by Mudawwar and El-Masri
{4] has been slightly modified first to include the ef-
fect of interfacial shear. Then, the modified semi-em-
pirical turbulence model is substituted for the Yih
and Liu’s [3] turbulence model. A brief outline of the
modifications made in the present work is given here
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along with Yih and Liu’s {3] derivations of the uni-
fied procedure for the prediction of average film thic-
kness and local heat transfer coefficients in turbulent

film heating, evaporation or condensation with or wit-

hout interfacial shear.

2.1. Basic Physical Model

As shown in Fig. 1, the basic physical model con-
sidered is a vertical flat plate where heating, conden-
sation or evaporation occurs at constant wall heat
flux For example, if the temperature of the wall is
below the saturation temperature, condensation oc-
curs on the wall and a liquid film is formed. Over the
upper part of the wall, the condensate film flows
down the wall in essentially laminar flow under the
influence of the gravity and the interfacial shear as-
sociated with the condensing vapor. Over the lower
part of the wall, however, the flow within the layer
changes from laminar to turbulent when the conden-
sation rate is sufficiently high or a sufficient thickness
is attained. In this analysis for turbulent falling liquid
Tsal {For Condensation)

Flowin (x =0} : {
T,, (ForHeating)

Wall

Falling Liquid Film Laminar

Liquid-Vapor
Interface

Tm= '“‘ll"‘ Average High Velocity
l'emperature Steam Flow
Tsxl
& Turbulent
—L dx / ‘t dx tdx \\ LT dx
\\
PR(S - y)dx

Fig. 1. Physical Model for Falling Turbulent Liquid
Films with Interfacial Shear

films, most of the Nusselt's assumptions are retained
:(1) The liquid film is fully developed and has a
smooth surface, (2) flow acceleration and momen-
tum changes are neglected, and (3) all physical prop-
erties are assumed constant. In Fig. 1, some of the
basic quantities that occur in the analysis are shown.

2.2. Governing Equations

Heat and momentum are simultaneously trans-
ferred through the liquid film at rates which are de-
pendent upon the nature and thickness of the con-
densate film. Therefore, the solution of the present
problem requires a relation between the thickness of
the layer and the distance along the wall and a spec-
ification of the thermal resistance of the layer. These
quantities can be obtained from a simultaneous sol-
ution of the following simplified partial differential

equations of momentum and energy for the liquid

film :
r= p(u+eu)z,’—1; (1)
aT _ 3 aT
o 3y (a+ep) 3y (2)

Note that the shear stress is expressed in terms of
the velocity gradient. From the force balance of a lig-
uid element, the local shear stress distribution in the
liquid film and the wall shear can be obtained as

r=p(8—y)g+z; (3)
T, = pgd+1; (4)

Dimensionless variables and quantities are defined

as follows :

5‘=5('Vg2‘)1/3; &8t = u6; u'=(—r£)”2

v o
=T 3 g0 .+ u
T o(vg)?R r;+pgd’ u’
+ u'x, +_ u'z
b Y " (5)

Then, following relations can be obtained :
‘sz
s+ —6‘4.-2;— 1=0
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Using above quantities, Egs. (1) and (2) can be

represented in dimensionless form as

T - Syt
du* — Tw = 3+ (7)
dy* Eu Ey
1+T I+T
€
= ar 0] g

Em . . "
where Pry = and 0 is a dimensionless tempera-
H

ture defined by

T—-T, .
b= —— 2Tk {for heating at constant wall
heat fiux) 9
and
— T-Tw . R
6= 2Tk (for evaporation or condensation

at constant wall heat flux) (10)

It should be noted here that if =0, s=1 and the
above equations reduce to the nonsheared film case.
The film Reynolds number can be obtained from

Rer= ——4f (1

2.3. Heating at Constant Wall Heat Flux

Applicable boundary conditions for the energy
equation, Eq. (8), are

0=0,(y") at x* =0 (inlet) (12)

7:;% = —51—,, {constant wall heat flux)

aty" = 0 (wall) (13)
0 _

'

at y* = 6" {liquid-vapor interface) (14)

When both welocity and temperature profiles are
fully developed,
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2. Zf: - ;’f: = constant (15)

where 0On and 0w are the dimensionless temperatures

corresponding to the bulk average temperature (Tw),

and the wall temperature (T.), respectively.

Equation (15) shows that 8 is of the following form :
6= Cx* +F(y*) (16)

Substituting Eq. (16) into Eq. (8)

(1+-Ex e“) (17)

+ o
Ciu Pr;

d +
Equation (17) can be integrated using the boundary
conditions, Eqgs. (13) and (14) and eu=0 at y* =0 to
obtain

f u*dy*—&
FoM=a [ s as)
Pr €y
1+-5—
Pry v
where C, = —4 Res™ .Thus, Eq. (8) has been integrated
to give &
4 f utdyt — Rer
0=06,+ + (19)
w Re,&"’ f 1+ -Pr Pl' EM dy
Pr-r v

+
where 8, = R‘Z i

The dimensionless bulk average temperature Om is

also found as

6+
+p o+
A AN
fou+dy+ Reté
v* Re
f6¢u+ f’ﬁjﬂ‘ u+dy+_ 4r d+d+ (20)
0 0 Pr €u Y Y
S
T V

The heat transfer coefficient for heating at constant
wall heat flux is defined as hy=qu/(Tu-Tn) and the
Nusselt number can be derived as



An Improved Heat Tranger Prediction Model for Turbulent Falling Liquid---S.J. Park and M.H. Chun 193

_ 1 _
Nu,= 6.—6,
Rer Yt -
L e dy
16 o 4 j{;u +
Refé*fo u fo Pr €u dy” |dy”
1+-PL £u
PI'T 14
(21)

The dimensionless local heat transfer coefficient h« is
related to Nu, by

. hx 24\ 173 Nu,
n=F5) =5t 22

2.4. Condensation (or Evaporation) at Constant
Wall Heat Flux

The energy equation, Eq. (8) is still applicable but
0 is now defined by Eq. (10). The heat transfer coef-
ficient for the present case is defined as h,=qu/(T. -
T.). Applicable boundary conditions are :

=0 (T =Ty at 27 =0 (23)
9 _ 1
Faias. {constant wall heat flux)

at ¥y =0 (wall) (24)

=0 (T =T,) at y"=23" (liquid-vapor interface)
(25)

Under fully developed conditions, 6‘3({ =(0. Equation
X

(8) can be integrated applying the boundary condi-
tions, Egs. (24) and (25) and em =0 at y* to obtain

N U LA W
0="% f, T (26)
1+ Pro L
rt v
The local Nusselt number and the dimensionless lo-
cal heat transfer coefficient can also be derived as

_1 _ st
Nu,= 5= = f"‘ 1 o (27)
0 4 Pr fu
PI'T v
. hx 2, 1/3 N .
=T ls) =t 28)

It should be noted here that the above results are
obtained for the boundary condition of constant wall
heat flux. However, as noted by Yih and Liu [3], the
resulting asymptotic Nusselt number should apply
equally well to the boundary condition of constant
wall temperature because, for turbulent flow with
Prandtl numbers greater than unity, there is essen-
tially no difference between the two cases.

2.5. Modified Turbulence Model

Details of five turbulence models including the
present model are given in Table 1. Comparisons of
the various existing models show that the semi-em-
pirical turbulent-flm model offered by Mudawwar
and El-Masri [4] seems to have the least arbitrariness
in the sense that their model is largely based on the
well known experimental data. However, the interfac-
jal shear has not been considered in the Mudawwar
and El-Masri {4] turbulence model. In the flow con-
densation of steam inside tubes, in particular, the
shear force acting on the condensation film by the
high velocity steam has an important effect on the
flow state of condensate film and the heat transfer
coefficient. Therefore, present authors modified their
model to include the effects of interfacial shear T
and to be consistent with Egs. (3} and(4).

When 1 is included, the eddy viscosity profile in
the bulk region obtained by Mudawwar and El-Masri
(4] from the experimental profile of Ueda et al. [8]

can be written as

Eu _ madu’ N +_sa+
= X =Ky ()= Kyl ——Ly ) (29)

For £TM > 1, Eq. (29) can be combined with Eq. (7)
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to obtain the mixing length profile

"=

. 3.+
ul =Ky*t(1— 562* yiz (30)

The viscous sublayer is accounted for by introduc-

ing the Van Driest {9] damping function D to the tur-

bulent mixing length as follows :

3.+
1+=Ky+D(l—%‘)”2 (31)
Substituting £q.{31) into Eq.(29) for [*

= K%y D%(1 — a ) (32)

The above equations, therefore, are applicable throug-

hout the liquid layer. Combining these equations
with Eq. (7), the following eddy-viscosity distribution
function is obtained :

/2

)Dz] (33)

Similarly, by incorporating 7, the Van Driest damping

Il

= d ] 1y e

function has been modified as

D=1 —~exp[ Lo (1-S3 iy ] (34)
The laminarization parameter Xem in Eq.(34) can be
written as [4]

Kumm1-22 (35)

Equation (35) suggests that as 6 approaches its crit-
ical value (§&), Xiam will approach zero, and the flow
will become completely laminar.

2.6. Transition Criteria for Laminar to
Turbulent Film

Two dimensionless critical film thickness (8% as
criteria for transition from laminar to turbulent film
flow are chosen here, i.e., one for low 7i (e.g, 1:(4.5
for heating or condensation at 100°C) and the other
for high 7 (eg, 45 <1< 300 for heating or co-
ndensation at 100°C). The criterion for low ti values
=0, and the
following expression can be obtained from Eq. (7):

is derived first. For a laminar film flow, &

ut=y* —%(—%—)331” (36)
Substituting Eq. (36) into Eq. (11} and using the
relations given in Eq. (6} and integrating

Rep= % 8% +2 1) 87 (37)

For the special case of 7i=0, an expression for du

can be obtained in terms of (Rer}o from Eq. (37):

3
(for 7;=0) (38)

bui=] 3 (Rer)in |
where (Rep)a: is defined as the critical film Reynolds
number for transition from laminar to turbulent film
when 1. =0.

Also, the expression for (tw)os when 7i#0 can be
obtained by using Eq. (38) in Eq. (4) [6]:

2 1/3
(T erie= Pg[ %(Rer)‘;,,-,”?] (39)

Equating the right hand sides of Egs. (4) and (39)

2 1/3
o8dtri= o8| (Ren)lu™ ] (40)

Using Egs. (5) and (6) the above equation can be rew-

ritten as
ou=du (| 3Renz] - a) (40

However, the transition condition given by Eq. {41)
has only a limited applicability to the region of low
values of r': because it requires (&) to be negative

when )3 [ (Rer) &) s

For freely-falling turbulent liquid films, Mudawwar
and El-Masri [4] correlated the (Rer)3: from existing
data for heated or isothermal films and also for evap
orating films as follows :

(Rer)ly= %‘_r {for heating) (42)
= _0.04 ;
(Rer)ly= AT (for evaporation) (43)

In the above equations, {Rer)3« is treated as a fun-
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ction of Kapitza number defined by Ka E—E‘;ﬁ,—. As a
result of using the assumptions (2) and (3), (Rer)
becomes the same for both evaporation and conden-
sation. Therefore, Eq. {43) is also applicable to the
case of condensation.

Another criterion is necessary for high interfacial
shear condensation and/or evaporation. For very
high values of 7i it is possible that d& approaches a
limiting value. The critical Reynolds number and the
critical dimensionless film thickness (&) suggested
by various workers are shown in Table 2 for the case
of high interfacial shear. Based on the result of high
interfacial shear condensation data (i.e., the range of
7 values is from 10 to 300), Ueda et al. [12] obtain-
ed the following limit condition of laminar flow :

+__8ﬂ' Tw12_
=—z ()= (44)

8
It is recommended here to use the §& value cal-
culated by Eq. (44) if 65 value computed from Eq.
{41) is less than that from Eq. (44).
Now, combining Egs. (33), (34), and (35) the com-
plete eddy-viscosity profile can be expressed as

dJ. Korean Nuclear Society, Vol. 27, No. 2, April 1995

3. Calculation Method

The original problem is to obtain the Nusselt num-
ber by simultaneously solving Egs. (7) and (8) with a
set of boundary conditions given for heating or con-

densation at constant wall heat flux. However, since
Eq. (8) has already been integrated to obtain the

expressions for the Nusselt number, it can be

replaced by Eq. (21) or Eq. (27).

The first process in finding Nus is to express u” as

a function of y* which is equivalent to the inte-

gration of Eq. (7). To integrate Eq. (7), following

steps are required :

1) First select a typical value of i and a value of ",
substitute these values into the first expression of
Egs. {6) and solve for s.

2) 6% can be calculated from Eqs. (41) and (44).

3) Using & and s, the quantity % can be obtained
from Eq. (45).

4) —?— and s are then substituted into Eq. (7) and the
velocity profile, #*(y*), is obtained by any numeri-
cal method of integration (such as a Gaussian

3.+ + 3+ + z
“u =—L+—l-\[1+4K2y+2(1-ia{—)ztl—exp[ —3’2?(1——%%—)”2(1-%‘%‘)] ]

v 2 2
In the above equation, K is von Karman'’s constant
(K =040) and 8 is given by either Eq. (41) (for low 1
1) or Eq. (44) (for high ). The (Rer)é in Eq.(41), on
the other hand, is given by Eq. (42) or Eq. (43)
depending on whether the liquid film is under heat-
ing condition or evaporation {and/or condensation).

{45)

quadrature or a fourth-order Runge-Kutta met-
hod).

The film Reynolds number Rer defined by Eq. (11)
is also obtained by integrating the velocity profile
using a Gaussian quadrature. In this manner one

can obtain a plot of §* vs. Rer for different values

Table 2. Critical Reynolds Number and Dimensionless Critical Film Thickness for Liquid Film Flow with
High Interfacial Shear Proposed by Previous Workers

Authors {Rer)ent or 5& Methods Used
Carpenter and Colburn [10] (Rer)ait =240 Experiment
Rohsenow et al. (6] 5% =6, (Rer)ar=71.8 Analysis
Ueda, Akiyoshi et al. [11] 8t =22, (Rer)ex =970 Experiment
Ueda, Kubo and Inoue [12] 8% =21, (Rer)ax =800—900 Experiment
Lilburne and Wood [5] 84 =125 Analysis
Present Work da=21 Analysis




An Improved Heat Transfer Prediction Mode! for Turbulent Falling Liquid--- S.J. Park and M.H. Chun 197

of i (e.g, Figs. 3 and 4) since §* =s5+%3,

The Nusselt number (Nus) or the dimensionless
local heat transfer coefficient {%), on the other hand,
can be evaluated in a manner similar to the above
procedure :

Equations (41), (44), and (45) are used to evalu-
ate % and the above results for 6%, Rer and u*{y ")
are substituted into Eq. (21} or Eq. (27) to calcu-
late Nu.. The dimensionless local heat transfer coef-
ficient % can then be found from Eq. (22} or Eq.
(28). In this manner, a series of /& values as a func-
tion of Rep for different values of ti (e.g., Figs. 5, 6,
and 7} can be calculated.

The turbulent Prandtl number (Prr) in Egs. (21)
and (27) can be larger than 1 near the wall but
approaches 1 as y*—>6* [3]. However, there is no
reliable conclusion about the turbulent Prandtl num-
ber. Therefore, {Prr} is assumed to be equal to unity
in the present calculation.

The calculation procedure for the case of no
interfacial shear (ie., 77=0 and s=1) is about the
same. The base conditions for the present numerical
solution are summarized in Table 3.

4. Results and Discussion

4.1. Eddy-Viscosity Distribution

It should be noted here that when s=1 (ri=0)
Eq. (29} reduces to the original expression for the var-
iation of eddy viscosity in the bulk region selected by

Mudawwar and El-Masri [4] for their proposed turbu-
lence model. The original equation was based on ex-
perimental measurements in a free-surface liquid lay-
er. Nevertheless, the present authors have modified
to extend its use for liquid film flow with high inter-
facial shear. The final form of the present eddy-vis-

cosity profile is thus given by Eq. (45).

A comparison between the predictions given by
Eq. (45) and some of the existing models is given in
Fig. 2. These curves show the eddy-viscosity distribu-
tions across a vertical condensate water film at 100
€ with and without interfacial shear. From Fig. 2 fol-
lowing observations can be made :

1) All these models tend to converge in the vicinity
of the wall.

2) One of the previous models proposed by Hubbard
et al. {7} tends to decrease eddy viscosity in the
bulk region by a discontinuous function and bec-
omes zero at the liquid-vapor interface.

3) As opposed to the previous model, Eq. (45) gives
a continuous linear variation of eddy viscosity and
the location of the maximum fv"i value tends to
move closer to the liquid-vapor interface as ti
increases from zero to 30.

In the case of open channel flow, in particular, rep-
orted by Ueda et al. [8], the measured distribution of
eddy diffusivity for momentum has its maximum at

-51=0.45 and decreases very rapidly in the outer
half region, £ 045,

Table 3. The Base Conditions for the Present Numerical Calculations

Conditions for Numerical Calculations (Heating)

Fluid T(°C) P(bar) plkg/m®) u(N-sec/m?) o(N/m) Pr Ka

water 20 10133 9983 1.003x107%  7.724x107? 7 258x10°1
Conditions for Numerical Calculations (Condensation}

Fluid T(°C) Plbar)  plkg/m®) u#(N-sec/m?) a(N/m) Pr Ka

water 887 06672 960.0 3197x107*  6.107x10°2 2 468x107%

water 1003  1.0242 957.9 2813x107* 5866x107% 175 3.14x107%

water 1014  1.0650 957.1 2781 x107* 5865x107% 173 304x1072
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50 T —— T . T .

(Note): =, = 0 corresponds to Mudawwar &E)-Masn‘s modcl

40 Moldel :
Present Prediction
= === Yihand Liu =30

30 - Hubbard et al !
gy/v

20 |~

whk T T T T e 22D

0

Fig. 2. Comparison of the Modified Turbulence Model
with Existing Models for the Eddy-Viscosity Dis-
tribution Across a Vertical Condensate Water
Film with or without Interfacial Shear (7i=0,10
and, 30) at 100°C (6*=200)

4.2, Effects of Turbulence Model (—f;-), 7; and
Re; on &

First to assess the effects of turbulence model
(%), intertacial shear (i), and film Reynolds number
(Rer) on the predictions of §°, 6" vs. Rer for various
7 values predicted by present model and Yih and
Liu's [3] model are compared with experimental
data. In Fig. 3, 6" w. Rer for various 7 values
predicted by two different models and Brauer’s
equation [13] (for 7i=0 only) are compared with
Ueda and Tanaka [14] data for heating of a turbu-
lent falling film with concurrent gas interfacial shear.
In Fig. 4, on the other hand, experimental data of
the condensate film thickness during condensation
of steam inside a tube obtained by Ueda et al. [12]
are compared with predictions of two different ana-
lytical models.

Regarding the effects of various parameters on §°,
following observations can be made from Figs. 3 and 4.

1) Effect of Turbulence Model on 6°:

The difference between the two predictions, one
by the present turbulence model and the other by
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Yih and Liu’s [3], becomes larger as 7i increases and
as Rer decreases. However, for Rer ) 8000 the
agreement between the two predictions becomes
increasingly close.

2) Effects of 7 and Rer on §':

For a given liquid film Reynolds number Rer, the
dimensionless film thickness 4" decreases as 1
increases for both heating and condensation. When
Rer=3000, for example, calculated ratio between
the & of the falling film with 7i=80 and that of the
free falling film (7i=0), ie, 6% (at 11=80)/8" (at 7;
=0) is about 0.42. Also, for a given t, 6" increases
as Rer increases for both heating and condensation.

T T T T T TTTT VT T T T

- (Note): 1" = 0 corresponds to Mudawwar & El-Masri's modcl h
i Modcl : 1
| Prescnt Prediction 4
— =~ = Yihand Liu

10 ]
. - v =0 - 3
F y =10 Data : Ucda and Tanaka
F =30 ° =10
. -

r . o ¢t =30
v =50 (Pr= 7)A |. w J

1 -8R0 6
Brauer's Correlation (for Re,- > 1600) : 8° = 0.208 Rc,.‘”’ o 1, =80
1 0ol ol L
10? 10' Re 10

.
Fig. 3. Predictions of 5" vs. Rer for Various ti and Comp-
arison with Data of Ueda and Tanaka [14] for

Heating
T YT T T T L
t (Note): ti' = 0 corresponds to Mudawwar & El-Masri's model

- Model : T
| ———  Present Prediction {
10 |- 3
& L Data : Ucda ct al. ]
[ o =10 7]
S a < a0
L =2 A =m0

o =120
3 4

+ g0

® 1’ =300

1 " gttt 0 el P
10? 10° 10

Fig. 4. Predictions of 5’ vs. Rer for Various i and Comp-

arison with Data of Ueda, Kubo, and Inoue [12]
for Condensation
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In general, predictions of the modified model
agree more closely with data than that of Yih and
Liu’s [3] model. Also, for 1i=0, present model
agrees closely with the Brauer equation [13] for heat-

ing.

4.3. Effects of Turbulence Model (%), 7 and
Re; on h

To examine the effects of various parameters on
the asymptotic dimensionless heat transfer coefficien-
ts, /&« vs. Rer curves for various 7} are obtained by dif-
ferent models and they are compared with exper-
imental data for heating and condensation.

In Fig. 5, A vs. Rer curves for four different i val-
ues (ranging from ti=0 to 7i=100) predicted by
three different models are compared with Ueda and
Tanaka [14] data for heating, whereas in Fig. 6, four
different model predictions for A« vs. Rer at six differ-
ent i values (from 10 to 300) are compared with
the data of Ueda et al. [12] for condensation. In ad-
dition, for the special case of low interfacial shear (i.
e, 1.=1.18 and Pr=1.73), in Fig. 7, four different
model predictions for 7 vs. Rer are compared with
the experimental data for film condensation of steam
in concurrent downflow inside a vertical tube rep-
orted by Blangetti and Schliinder [15].

From the results shown in Figs. 5, 6, and 7, the ef-
fects of various parameters on s may be briefly sum-
marized as follows :

1) Effect of Turbulence Model on 4 :

In the case of heating {Fig. 5}, for Rer ( 5000, Yih

and Liuw's model [3] predicts increasingly larger % val-

ues than the present model as the film Reynolds
number is decreased (while 1i varies from 0 to 100),
but for Rer 5000, the agreement between the two
model predictions and the data becomes very close.
For condensations, Figs. 6 and 7 show a similar beh-
avior but the film Reynolds number at which two cur-
ves (i.e, predicted by the present and the Yih and
Liu's models) cross over varies from Rer=4000 to
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Rer =6500 depending on ti values. All the existing
data show that the variation of the heat transfer coef-
ficient with mass flow rate (or equivalently Rer) has a
negative slope in laminar regime and a positive slope
in turbulent regime. With respect to the slope of /
vs. Rer curves, it should be noted that the curves of
the present model shown in Figs. 5, 6, and 7 have
positive slopes in turbulent regime while the curves
c;btained by other models have negative slopes par-
ticularly for condensation (Fig. 6).

2) Effects of 7i and Rer on A :

The asymptotic dimensionless heat transfer coef-
ficient A increases as 7i is increased for both heating
and condensation. Also, for both heating and con-
densation, % increases as Rer is increased for a giv-
en 7i, but A« is much more dependent on 7\ than on
Rer at large 7. This confirns the fact that the
interfacial shear exerted by the high velocity steam
plays an important role in determining the heat
transfer rate in film condensation.

In general, as can be seen in Figs. 5, 6, and 7,
agreement between the predictions obtained by the
present and Yih and Liu’s [3] models tends to be-
come close when Rer ) 5000 (except for i =0).

T T LN B B B e B¢ | r

{Note) 1" = 0 corresponds to Mudawwar & Ef-Masn’s modct

Data : Ucda and Tanaka

L 1I' o '.‘= 0 J
B —— Present Prediction (r=7 o !‘_= 10
- Yih and Liu A4 y=30
- Hubbard et al.
0.1 . PR ST |
10° 10*

Re,

Fig. 5. Predictions of hx vs. Rer for Various ti and Comp-
arison with Data of Ueda and Tanaka [14] for

Heating



T ¥ T —rTrrry v
- Data : Ucda ct al.
(Pr=2)
v =300
: 4'=200 -
=120 ]
" v =70 ]
X 'i‘ =40 ]
Ii' =10 |
odcl :
| Present Prediction 1
- —— Yihand Liu
wmennens RoOhSCROW 2 al.
—-—- Hubbard et al. \
ol E— '
10° Re tof

Fig. 6. Predictions of hx vs. Rer for Various ri and Com-
parison with Data of Ueda, Kubo, and Inoue [12]

for Condensation
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Fig. 7. Predictions of hx vs. Rer for ri=1.18 and
Comparison with Data of Blangetti and Schhin-
der [15] for Condensation

4.4. Effect of 5, Values for High7; on h,

For high interfacial shear (e.g., 4.5<11<300 at 100°
C) condensation and/or evaporation, 6% =21 has
been used in the present model except for low inter-
facial flow (e.g., 11 (4.5 at 100°C). However, there is
still some uncertainty in choosing the dé& value for
the analysis of film flow under high interfacial shear,
because the range of ddx value proposed by previous
workers varies from 6 to 22 as can be seen in Table
2. In addition, except the data of Ueda et al
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Fig. 9. Predictions of hx vs. Rer for Various &« Values
Obtained by Present Model and Comparison with
Data of Ueda, Kubo, and Inoue [12] for Conden-
sation

[11, 12], there are very few reliable data to establish the
exact conditions under which transition occurs when
there is a significant interfacial shear stress. There-
fore, a simple sensitivity study has been performed to
examine the effect of d& value on the final results of
k. Figures 8 and 9 show a series of %x vs. Rer curves
obtained by present model using four different 6«
values from 5 to 21 for high interfacial shear for
heating (Fig. 8) and condensation (Fig. 9). Both fig-
ures show that 6&=21 gives the best agreement
with the data.
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5. Conclusions

An improved heat transfer model for turbulent fall-
ing liquid film with or without interfacial shear has
been derived by using a modified turbulence model
of Mudawwar and El-Masri [4], to extend its use for
falling films with high interfacial shear in particular, in
the unified approach proposed by Yih and Liu [3].
The present modified heat transfer analysis method
for turbulent falling liquid film exhibits good agree-
ment with experimental data for wide range of film
Reynolds number and dimensionless interfacial shear.

The effects of turbulence model (for SV—M) and vari-
ous key film flow parameters, such as i, Rer, and
83, on the heat transfer have also been evaluated
with both present and existing models. The results
are presented in the form of § * vs. Rer and 7 vs.
Rer curves for various 7i and §& values along with
experimental data for heating and condensation.

The two criteria for transition from laminar to tur-
bulent film flow, one for low i (e.g., 7i{ 4.5 for heat-
ing or condensation at 100°C) and the other for
high 7i (e.g., 4.5< 11 <300 for heating or condensation
at 100°C), given by Egs. (41) and (44), respectively
are shown to give the best agreement with the data
for the present method.
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Nomenclature

A* constant, 25.1 or 26

B* Van Driest parameter

Ci1  constant used in Eq. (18}

D  Van Driest damping function
F  quantity used in Eq. (18)

gravitational acceleration constant
local heat transfer coefficient
thermal conductivity

constant, 0.4

Kapitza number, (u*g)/(pa°)
mixing length

local Nusselt number, hd/k
pressure

Prandtl number

turbulent Prandtl number

wall heat flux

Rer film Reynolds number defined by Eq. (11)

-g?;p-ug'\§>:r;co

s  parameter defined by Eq. (5)

T  temperature

u liquid film velocity

u* friction velocity defined by Eq. (5)
x  distance in flow direction

Xum laminarization parameter defined by Eq. (35)

y  distance measured from the wall

a  thermal diffusivity
mass flow rate per unit periphery
film thickness

& -

dimensionless temperature defined by Eq. (9)
or (10)

eddy diffusivity for heat

eddy diffusivity for momentum

absolute viscosity

kinematic viscosity

liquid film density

surface tension

Q™ T ® g 9

shear stress

-~

Subscripts

crit  critical

i interfacial

in inlet

m  bulk average
sat saturation

w  wall
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Superscripts
+ * dimensionless

o zero interfacial shear
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