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Abstract

Pressure changes in annular downward flows of condensing steam in vertical tubes are predicted with a three-fluid model. Several
available correlations for the steam-liquid film interfacial friction are applied in the three-fluid model. Since discrepancies are obtained
between calculated and measured pressure changes, a new correlation for the interfacial friction coefficient is proposed by taking into
account the influence of the steam and liquid density ratio. The new correlation provides good agreement. The influence of the gravita-
tional, frictional and acceleration pressure changes on the total pressure change is analysed, as well as the droplets entrainment from the

liquid film surface to the steam core.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Steam condensation inside vertical tubes is applied in
various heat exchangers in power and chemical industry.
Some examples are air heaters in steam boilers [1], air-
cooled condensers [2], and steam condensers within the
passive systems of nuclear power plants [3]. A typical
design of the air heater is depicted in Fig. 1. It consists of
rows of condensing tubes in parallel connection from the
inlet to the outlet header. Inner wall of the condensing tube
is smooth, while the outside is usually finned. An important
task in the design of this equipment is to predict the pres-
sure change along the downward flow of condensing steam
inside the tube. This pressure change determines the pres-
sure of condensate at the condensing tube outlet and the
pressure drop that must be provided in order to remove
the drained condensate from the outlet header to the con-
densate line for its removal. If these conditions are not
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adjusted, the condensate will accumulate in the lower parts
of the condensing tubes, the condensing surface will be
reduced, and the freezing of condensate could occur inside
tubes of air heaters or air-cooled condensers in cases of low
outside air temperatures [1]. In addition, their reliable oper-
ation depends on the uniformity of the steam flow distribu-
tion between parallel tubes, which can be predicted only
based on accurate values of the pressure change along
the condensing tube [4].

Measured pressure changes from the inlet to outlet of
vertical tubes in which the complete condensation of the
downward flowing steam takes place are reported in [4,5].
The measurements were performed in tubes with different
inner diameters, spanning from 10 mm to 50 mm, and
under pressures in the range from 1 MPa to 7 MPa. An
experimental correlation in the form of the Euler number
dependence on the steam and liquid density ratio is derived
in [4] based on measured data. A separated model of annu-
lar flow of liquid film and condensing steam is applied in [5]
for the prediction of total inlet to outlet pressure change,
where the total pressure change is the sum of the gravita-
tional, acceleration and frictional pressure change terms
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Nomenclature

channel cross-sectional area, m?>

interfacial area concentration, m~

drag coefficient

diameter, m

friction coefficient

gravitational constant, m s~

enthalpy, J kg™!

source terms in balance equations

pressure, Pa

volumetric heat flux, W m—

Reynolds number

perimeter, m

time, s

velocity, m s~

coordinate, m

Wy deposition rate  of
kgm 25!

W, droplets entrainment rate, kg m s

We Weber number
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1

*:“%wa wiww\gga;

entrained  droplets,
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Greek symbols

evaporation/condensation rate, kgm ™ s
volume fraction

liquid film thickness, m

angle of tube inclination, rad

dynamic viscosity, kgm ' s™!

density, kg m >

surface tension, N m ™!

shear stress, N m~2, relaxation time, s
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Subscripts

droplet

hydraulic parameter
phase indicator
initial conditions
gas

liquid film
entrained droplets
wall
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for the steam flow. The steam-liquid film interfacial
friction pressure drop is predicted for the smooth liquid
film surface. The increase of the steam-liquid film interfa-
cial friction in annular condensing flow due to the mass
transfer from the steam core to the surface of the liquid film
is investigated in [6]. A semi-theoretical correlation is
derived for the interfacial friction coefficient on the liquid
film surface, based on the numerical integration of the uni-
versal velocity profile in the steam turbulent boundary
layer on the smooth liquid film surface. The derived corre-
lation successfully predicts the frictional pressure drops
measured in the tube of the flattened cross section [6].

; Steam

Flow control

Air heater

Steam trap

‘ Condensate

Fig. 1. Typical design of the air heater with steam condensation inside a
row of vertical pipes.

In this paper, the three-fluid model is applied as the more
general approach for the prediction of the pressure drops in
the vertical tubes with condensing steam downward flow.
Three-fluid models have been mainly applied for the simu-
lation and analyses of vertical upward annular flows of
liquid film, gas phase and entrained droplets under adia-
batic or boiling conditions [7-12]. The three-fluid models
are based on the mass, momentum and energy balance
equations for each of the fluid streams involved in the annu-
lar flow. All previous researchers who used the three-fluid
models for the annular flow prediction have investigated
or at least emphasized the strong dependence of the model
results on the correlations for the prediction of mass and
momentum interfacial transfers, especially the influence of
the correlations for the droplets entrainment and deposi-
tion, and liquid film-gas core interfacial friction. In the
present work, the ability of the three-fluid model to predict
the pressure changes in condensing steam flow in vertical
tubes is tested for the available experimental conditions
reported in [4,5]. The flow structure and parameters of the
annular condensing downward flow are analysed and sev-
eral available correlations for the interfacial steam-liquid
film interfacial friction are tested. The new correlation for
the interfacial friction on the wavy liquid film surface is pro-
posed in order to take into account the influence of the
steam and liquid density change with pressure on the
steam-liquid film interfacial friction. The numerical results
obtained with the new correlation show much better agree-
ment with measured data than the previous correlations.

2. Modelling approach

Developed three-fluid model describes annular flow of
liquid film, gas core, and droplets that entrain from the
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liquid film into the gas core and deposit from the gas core
onto the surface of the liquid film, Fig. 2. Mass, momen-
tum and energy balance equations are written for each fluid
stream. Transfer processes at the interfaces of fluid pairs
that are in contact, as well as between the liquid film and
the wall are calculated by the appropriate closure laws.

2.1. Governing equations

The balance equations have the following general form
for transient one-dimensional flow conditions

Mass balance

O(opy) | O(owpytx)
o T a M (1)

Momentum balance

O(oucpycuk) a(“kﬁkuﬁ) ap_
o T gy M )

Energy balance

O(opih) | O(ouepyhiuix)
_|_
ot Ox

=Mex (3)
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Fig. 2. Fluid streams in condensing vertical pipe.

where M represents mass, momentum and energy source
terms as presented in Table 1, and index k=1 denotes
gas phase, k =2 liquid film and k& = 3 entrained droplets.
The volume balance is added as

fok =1 4)

For steady-state conditions (0/dz = 0), the above system
of balance equations is transformed in a form suitable for
the numerical integration as follows. The convection term
on the left hand side in Eq. (3) is differentiated, and it is
obtained
d (o pyux) dhy

+ o otk =— = Mgy,
dx kpkkax 6+k

Substituting the mass balance equation (1) into (5) the
equation for enthalpy calculation is obtained

dhy _ Mgy — My
dx Ok P Uk

Iy k=1,2,3 (5)

(6)

Differentiation of the convection term in Eq. (1) and mul-
tiplication of Eq. (1) with the fluid velocity gives

Table 1
Source terms in balance Egs. (1)-(3)

Mass balance source terms
Gas flow

My =Ty—-Tn+TIy—Tn (T1-1)

Liquid film
N
M2:r12_r2]+f(Wd_We) (T1-2)
Entrained droplets
N

M;=1T13—1T5 _%(Wd_We) (T1-3)
Momentum balance source terms
Gas flow
My = —apt; —antiz + Faguy — o

+ I3iuz — I'isup — oy pygsin (T1-4)
Liquid film
Ms = antin — aptoy + Fouy — Iy

S .

+ 2 (Watts = Wetns) = o2psg sin 0 (T1-5)
Entrained droplets s
M = apztis + I'zug — I'sjuz — f(Wdu,z — Weuy) (T1-6)
Energy balance
Gas flow
My =Ty — T+ T3 — Tis)i” (T1-7)
Liquid film

S .

Mg = (1"12 — rZ])h” +%(Wdh3 - Wehz) +qva (Tl-g)

Line missing
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duk dka apk dp 6p dhk
Ok P Uk a + pkuﬁ a + ockuﬁ _p a ockuﬁ a—hlk( a = ukMk
(7)
while differentiation of Eq. (2) leads to
duy doy Op, dp
201y P Uk o + pkuﬁ O + ockui 6_pk i
Opy dhy dp
+OCkui67hka+O(ka=M3+k (8)
The velocity derivative is expressed from Eq. (7) as
duy My —Pk”idd%k— “k”ﬁ%%—“k“ig/ﬁ% (9)
dx Ot Oy U
Substitution of Eq. (9) in Eq. (8) leads to
doy l—uﬁ%‘dp M3+k_2”kMk+Ofkui2;%%
=k i — 3 (10)
dx ity dx PrUic

Eq. (10) is written for all fluid streams involved in the
annular flow pattern, i.e. for k=1, 2, 3, and these equa-
tions are summed. Introducing the differential form of
Eq. (4)

3
dO(k

i ) (11)
k=1 dx

into the sum of Eq. (10) for every fluid, the following equa-
tion for the pressure calculation is obtained

2 opydh
23 M3+’<_2”kMk+‘xk”kaht dl‘
dp _ == s 12
dx - 59p ( )
3 1—ur =<
Z ok k dp
k=1 /’k“i

The final set of balance equations is derived in the form of
Eqgs. (6), (9), (10) and (12). These equations are written for
every fluid stream involved in the modeled annular two-
phase flow pattern. This form of derived equations is suit-
able for the direct application of a numerical integration
method. In the present work, the Runge-Kutta method is
applied. Derivatives of the dependant parameters are calcu-
lated in the following order. First, the enthalpy derivative is
calculated from Eq. (6). Than, the pressure derivative is cal-
culated from Eq. (12) by using the result of Eq. (6). Eq. (10)
is calculated by using the solutions from (6) and (12), and
finally, Eq. (9) is calculated by using the results of previous
three Egs. (6), (10) and (12). The numerical procedure rep-
resents the solution of the Cauchy problem, where the initial
conditions are flow parameters at the inlet of the condens-
ing tube (dependent variables oy o, tx 0, fk.0, Po)-

2.2. Closure laws

Expressions for the calculation of interfacial areas
between the liquid film and the tube inner wall, the liquid
film and the gas phase core and between the gas phase
and the entrained droplets, per unit volume of the flow
channel, are presented in Table 2 (Egs. (T2-1), (T2-2) and

Table 2
Geometric constitutive relations for annular flow

Liquid film-wall interfacial area concentration
4
aw = (T2-1)

Liquid film-gas interfacial area concentration

N

ap = f (T2-2)
where the tube flow cross section is

nD?
A= 2 (T2-3)
and the liquid film—gas phase perimeter is
Sp =1Dy1—ay (T2-4)
Liquid film thickness
60=0.5D(1 — /1 — o) (T2-5)

Hydraulic diameter of the gas phase core

4(1 — 0 A
th13 = (Si) (T2-6)
12
Hydraulic diameter of the liquid film flow
40,4
Dy =22 =D (T2-7)
Sa

Droplets—gas interfacial area concentration

o3
= 6— T2-
aps 6DD ( 8)
Droplet diameter
107%m  v<10™*
Dp=<{7Y 10*<yY <3107 (T2-9)
3.10° v >3-107°
where
y=_ " (T2-10)
P — u3)

and the Weber number is We = 0.799.

(T2-8)). In the model, the entrained droplets are repre-
sented with the mean diameter based on the Weber number
(Egs. (T2-9) and (T2-10)). The wavy liquid film on the tube
wall (Fig. 2) is observed in the tube cross section as a ring
with the mean thickness ¢ (Eq. (T2-5)). Hydraulic diame-
ters of the gas phase core and the liquid film stream, neces-
sary for the calculation of the corresponding Reynolds
numbers are calculated with Egs. (T2-6) and (T2-7).
Momentum interfacial transfers due to friction in the
multi-fluid model are calculated as the products of the cor-
responding interfacial area concentrations and the interfa-
cial shear stresses (terms 1,712, 13713 and a>wTow In Egs.
(T1-4)(T1-6)). Interfacial shear stresses are presented in
Table 3, where the friction coefficients are expressed in
the Fanning form [13]. Modelling investigations of the con-
densing flows in this paper have shown that the calculated
pressure change strongly depends on the type of the corre-
lation applied for the liquid film—gas phase interfacial fric-
tion. Therefore, several available correlations are tested,
presented with Eqs. (T4-1)—-(T4-5) in Table 4, as well as a
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Table 3
Closure laws for shear stresses

Table 4
Gas phase-liquid film interface friction coefficient

Wall shear stress

palua | un

T = faw b (T3'1)

where the liquid film-wall interfacial friction coefficient is

Sow = (T3-2)

Re;
For turbulent flow (Blasius correlation, [13])
C=0.079, n=0.25, Re, > 1600.

For laminar flow C =16, n =1, Re, < 1600.
Liquid film Reynolds number is

_ PataDny

1)
Liquid film—gas phase shear stress

Re; (T3-3)

12 :flz% lur —ua | (ur — u2) (T3-4)

where applied correlations for the liquid film—gas phase friction coeffi-
cient f}, are presented in Table 4.

Gas phase—droplets shear stress

1
T13 = gCDpl ‘ Uy — us | (M[ - u;) (T3-5)
where the drag coefficient is (Clift et al., [14])

24 0.42
Cp=——(14+0.15ReS™) 4 ——————— T3-6

P = Rep ") s 10*Reg0 (13-6)
and the droplet Reynolds number is
Rep = L1 = 1 [ Doy (T3-7)
H

new one proposed in this paper Eq. (T4-6). The proposed
correlation (T4-6) is the sum of the smooth wall friction
factor and a quantity due to the liquid film surface rough-
ness, as it was introduced by Alipchenkov et al. [11]in Eq.
(T4-2). This second term comprises the gas phase to liquid
film density ratio, in a similar form as Levitan [16] intro-
duced the influence of the phases density ration on the
interfacial friction. It is shown in the next section that the
new correlation provides much better prediction of the
pressure changes in the condensing flows at different pres-
sure levels than the previous ones.

Correlations for the prediction of mass interfacial trans-
fer rates are presented in Table 5. Condensation and evapo-
ration rates are calculated with simple empirical relations
that take into account the phase-change relaxation times 7,
and 7. The rate of entrainment of liquid from the wavy film
to the gas core and the deposition rate of droplets from the
gas core to the liquid film are calculated with the correlations
developed by Sugawara [9]. These entrainment and deposi-
tion correlations were also tested by Kawara et al. [18].

3. Results and discussion

Developed three-fluid model is applied to the simulation
of steam condensing downward flows in a vertical tube
reported by Kreydin et al. [4]. The tube inner diameter is

Modified Wallis correlation [15]

0.079 5
foo= (1 + 300‘B>

2
Refl)'“5

where the Reynolds number for the gas core flow is

_ PithDn
M

Alipchenkov et al. correlation [11]

RE]

025 + 152 (T4-2)

S = satogker — 168 T "D

where Re, is defined as in case of Wallis correlation (T4-1).

Levitan correlation [16]

0.4 5
fi2 = 0.001 <&> (1 +300 7>
P1 D

Henstock and Hanratty correlation [17]

(T4-3)

[

[(0.707ReS3)** + (0.0379Re}*) ™)™ 1y <& > 04
RS My \pP2)

(1 + 1400F)"?

fir _ﬁ{l +1400F{1 —ep |~ 3567

where

fi = 0.046Re;** F =

_ Dgp,

_ouupuD
- ) 1= 5
Siprui t

Gy

and Re, is defined with (T3-3).

Groenewald and Kroeger correlation [6]

. C, Cy
J12 =0.079 {Re(l)_zs + Re}_zs} (T4-5)
where
C, = 1.0046 +1.719 - 107*Re,, — 9.7746 - 107°Re2,
C, = 743115 + 24.2891Re,, + 1.8515Re2,
and the suction Reynolds number for a constant heat flux is

dl
Re,, = i (R€17,',, - Rel,{mt)
Proposed new correlation
0.079 5 (p\"*
=—:+4635—(— T4-6

fi RET T D (pz> (T46)

0.0132m and the length is 2.93 m. The inlet saturated
steam pressure is varied from 1 MPa to 5 MPa, and the
complete steam condensation takes place for different inlet
steam mass flow rates, i.e different condensing heat fluxes.
The cooling heat flux along the condensing tube length is
constant. Three-fluid model predictions with different
steam-liquid film interfacial correlations are compared
with measured pressure differences between condensing
tube outlet and inlet. The obtained results are depicted in
Fig. 3. As it is shown, the results strongly depend on the
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Table 5
Closure laws for interface mass transfers

Condensation rate

wo Wb for j' > k= 2,3
Fyp=49q * 7 ori = e ' (T5-1)
0 for i < Iy
Evaporation rate
w0 Bl for by > Bk =2,3
a={ =« r OHIBEES (T5-2)
0 for hy <H
Entrainment rate (Sugawara correlation [9])
0.4
W, — 107728 11k (&> (T5-3)
02 02 \Pi

where

Re; = 10°

ks,
Aheq = S
k,[2.136log(Re;) — 9.68], Re; < 10

ky = 0.578, +21.73 - 10°53 — 38.8 - 10°5; 4 55.68 - 10°5;

Deposition rate (Sugawara correlation [9])

Wq=kqC (T5-4)
ka=9-10"u;(C/p) " Re;"28c; ™

Cc= s
rinus [ (pyun) + it / ps

applied interfacial friction correlation. Calculations with
previously developed correlations for the gas core-liquid
film interfacial friction do not provide adequate agreement.
An excellent agreement is obtained with the new correla-
tion, Eq. (T4-6), proposed in this paper. The new correla-
tion takes into account the influence of the pressure level,
i.e. the ratio of the steam to liquid density on the steam—
liquid film interfacial friction.

Fig. 4 shows an excellent agreement of the three-fluid
model predictions with the measured differences of outlet
and inlet pressures, together with the frictional, gravita-
tional and acceleration pressure changes. These three pres-
sure change components are obtained by summing the
momentum balance equations for all three fluid streams
(three equations derived from Eq. (2) for k=1, 2, 3, and
with the right hand sides represented with Eqs. (T1-4)—
(T1-6)). By introducing Eq. (4), the total pressure change
per unit length is derived in the following form

d o d (¢
ap = —ayTw — pgsin 0 — & (; Ofkpkui> (13)

where the two-phase flow density is

3
p = fokpk (14)
i=1

2
g
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Fig. 3. Comparison of three-fluid model predictions with Kreydin et al.
measured data [4], (steam inlet pressure is 1.08 MPa — top, steam inlet
pressure is 5 MPa — bottom).

The first term on the right hand side of Eq. (13) represents
the frictional pressure drop (i.e. the liquid film friction on
the wall), the second represents the gravitational pressure
change (for the downward flow in vertical pipe the inclina-
tion angle is 0 = —n/2), and the third term represents the
acceleration pressure change. Integration of Eq. (13) pro-
vides three pressure change terms presented in Fig. 4. As
it is shown, the frictional pressure drop is dominant for
mass fluxes higher than 100 kgm 2?s~! and the pressure
decreases from the tube inlet to outlet. For lower two-
phase flow mass fluxes, the pressure increases from the tube
inlet to outlet, since the gravitational pressure term is
dominant.

Figs. 5 and 6 illustrate the structure of the steam down-
ward condensing flow in vertical tube. The change of the
total liquid film and entrained droplets volume fraction
along the condensing tube is shown in Fig. 5 for different
mass fluxes. This liquid volume fraction reaches values
higher than 0.2 only for higher mass fluxes, which also
means higher condensing heat fluxes (heat fluxes in cases
of 300kgm >s™' and 500 kgm 2s~! are respectively
—68 W/cm? and —112 W/cm?). The liquid volume fractions
below 0.2-0.3 (i.e. steam void above 0.8-0.7) indicate that
the annular flow pattern holds along the whole tube length,
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Fig. 4. Comparison of three-fluid model predictions with Kreydin et al.
measured data [4] and pressure change components (steam inlet
pressure from top to bottom is 1.08 MPa, 1.57 MPa, 2.55 MPa, and
5 MPa).
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Fig. 5. Condensate volume fraction change from the inlet of vertical
condensing tube for different total mass fluxes (steam inlet pressure is
1.08 MPa).

0.6
500 kgm'gs'1
0.51

0.4 1

2 -1
0.3 /300 kgm™s

021 200 kgm2s™
_ gm™s

Entrainment fraction

0.1
2 -1
/100kgm S

0 T T

0 1 2 3

Distance from the inlet / m

Fig. 6. Fraction of entrained droplets from the inlet of vertical condensing
tube for different total mass fluxes (steam inlet pressure is 1.08 MPa).

even for high condensing heat fluxes and corresponding
high mass flux rates. The same conclusion is valid for all
experimental conditions analysed in this paper, which also
justifies the pre-assumption of the annular flow pattern and
corresponding application of the three-fluid model. The
entrainment fraction in Fig. 6 is calculated as the ratio of
droplets mass flow rate, entrained in the steam core, and
the total liquid mass flow rate. As expected, the entrain-
ment rate increases with the increase of the total two-phase
flow mass flux, i.e. with the increase of the steam velocity.
Developed three-fluid model is also applied to the simu-
lation of steam condensing downward flows in a vertical
tube of a larger diameter of 0.0462 m, investigated by
Kim and No [5]. The tube length is 1.8 m. The inlet satu-
rated steam pressure is varied from 1 MPa to 7 MPa. The
complete steam condensation takes place from tube inlet
to outlet. The cooling heat flux along the condensing tube
is constant. Calculated pressure differences between outlet
and inlet pressures are depicted in Fig. 7 together with
the measured values. As shown, very good agreement is
obtained. The condensing heat fluxes that correspond to
the results in Fig. 7 are depicted in Fig. 8. These heat fluxes
are calculated based on the measured condensing steam
and tube inner wall temperatures and condensing heat
transfer coefficient values presented by Kim and No [5].



V.D. Stevanovic et al. | International Journal of Heat and Mass Transfer 51 (2008) 3736-3744 3743

1000

©

E 800 .9

[0} A

g 600

g [ 3

o

o 400 o?

2 .}

3 6

© 200 e

o % ® Measured
0 A Calculated
0 2 4 6 8

Inlet pressure / MPa
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Fig. 8. Heat fluxes at the inner wall of the condensing tube in
experimental conditions of Kim and No [5] (input data for three-fluid
model calculations presented in Fig. 7).

4. Conclusions

The three-fluid model of condensing downward annular
flow in a vertical tube is developed. For steady-state condi-
tions, the model is derived in the form of the system of
ordinary differential equations that is solved as the initial
value problem by the Runge-Kutta method. Developed
model is applied to the simulation and analyses of the
available experimental conditions reported in [4,5]. The
main findings are:

(a) The calculated pressure changes along the condensing
tubes strongly depend on the predictions of the
steam-liquid film interfacial friction. Several avail-
able correlations for the interfacial friction coefficient
are tested, but none of them provides good agreement
between calculated and measured pressure change
values. Therefore, the new correlation is proposed
(Eq. (T4-6), Table 4). Beside liquid film roughness,
the new correlation takes into account the influence
of the pressure level (i.e. the ratio of the steam and
liquid density) on the steam-liquid film interfacial
friction. An excellent agreement with measured data
is obtained with the new correlation.

(b) Predicted volume fractions show that the annular
flow pattern holds even for very high cooling heat
fluxes and inlet steam mass fluxes. This justifies the
application of the annular flow model for the con-
densing flows in tubes of heat exchangers, such as
air heaters, air-cooled condensers, and condensers
within the safety systems of nuclear power plants.

(c) In cases of low condensing steam velocities and corre-
sponding mass flux rates (approximately lower than
100 kg m 2 s ! in the pressure range from 1 MPa to
7 MPa), the pressure change along the condensing
tube is dominated by the gravitational pressure
change and the pressure increases along the down-
ward condensing flow inside the vertical tube. In
cases of higher mass fluxes, the frictional pressure
drop is dominant and the pressure decreases along
the downward condensing flow inside the vertical
tube.

(d) The developed three-fluid model is a reliable tool for
the prediction of pressure changes in downward con-
densing steam flows inside vertical tubes of air heat-
ers, air-cooled condensers, and condensers used in
nuclear safety systems.
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