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Abstract
Experimental and theoretical results on flow, heat and mass transfer characteristics for the

countercurrent flow of air and water in a vertical circular pipe are compared. An experimental setup
was designed and constructed. Hot water is introduced through a porous section at the upper end ofa
test section and flows downward as a thin liquid film on the pipe wall while the air flows
countercurrently. The air and water flow rates used in this study are those before the flooding is
reached. A developed mathematical model is separated into three parts: A high Reynolds number
turbulence model, in which the local state of turbulence characteristics consists of the turbulent
kinetic energy (k) and its dissipation rate (e).The transport equations for both k and e are solved
simultaneously with the momentum equation to determine the kinetic turbulence viscosify, the
pressure drop, interfacial shear stress and then the friction factor at the film/core interface; heat and
mass transfer rnodels are proposed in order to estimate the distribution of the temperature and the
mass fraction of water vapor in gas core. The results from the model are compared with the present
experimental ones. It can be shown from the present study that the influence of the interfacial wave
phenomena is significant to the pressure loss, and the heat and mass transfer rates in the gas phase.

1. Introduction Relatively little information, however, is
Many of the two phase flow transportation currently available on the heat and mass transfer

processes found in industrial applications occur characteristics of two-phase countercurrent
in the annular flow regime. Annular two-phase annular flow in a vertical pipe. Some of earliest
flow is one of the most important flow regimes work was performed by Suzuki et al. [6]. They
and is characterized by a phase interface proposed a theoretical method to evaluate the
separating a thin tiquid film from the gas flow heat transfer and flow characteristics of a two-
in the core region. Two-phase annular flow phase, two-component annular flow with a thin
occurs widely in film heating and cooling film heated at low heat flux. A simple model for
processes, particularly in power generation and the wave effect employed in their study predicts
especially in nuclear power reactors. This flow the heat transfer well. Hijikata et al. [7] studied
regime has received the most attention both the flow characteristics and heat transfer in
analytically and experimentally [-5] because of countercurrent water and air flows. A
its practical importance and the relative ease in theoretical model based on a low Reynolds
which analytical treatment may be applied. number k-e turbulence model was proposed,

where an additional production term was
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considered to incorporate the wave effects. In
the present study, the experimental and
theoretical data on flow, heat and mass transfer
characteristics for the vertical countercurrent
annular flow are investigated. The effects ofany
relevant parameter on pressure loss, and the
heat and mass transfer rate are also discussed.

2. Experimental Apparatus and Method
The experimental apparatus is shown

schematically in Fig. l. The test section, with an
inside diameter of 24 mm and the length of 1.9
m was constructed from transparent acrylic
glass to permit visual observation of the flow
patterns. The water temperature was raised to
the desired level by using electric heaters and
was controlled by a temperature controller and
then pumped through a rotameter to the water
inlet section. The water inlet section was
constructed from two concentric tubes, the inner
tube being the test section or sinter which was
radially dri l led with many small holes. The
inner tube of the sinter was also covered with a
fine wire mesh to distribute the water smoothly
along the pipe. The water in the inlet section
flowed downwards as a liquid film along the
test section while the air flowed
countercurrently. The level of water in the water
outlet section was kept constant, and the excess
water was drained out.

An upper open end condition was used in the
experiments. Air was supplied to the test section
by a blower and the flow rate was controlled by
a valve at the outlet of the blower. The inlet
flow rate of air was measured by means of an
orifice and micromanometer. and the inlet flow
rate of water was measured by a rotameter. The
relative humidities of inlet and outlet air were
calculated from wet and dry bulb temperatures
and were checked by digital humidity meter
(electrostatic capacitance type) using a polymer
film as a sensor. The water temperatures at three
positions along the test section were measured
by thermistors. The two phase pressure drop
between the test section was measured bv a
digital manometer. Stainless ring electrodes
were mounted flush in the tube wall for
measuring the film thickness. The measurins
positions were located at 30 cm and 170 cri
from the lower end of the test section. They
operate on the principle of the variation of
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electrical resistance with changes in the water
film thickness between two parallel electrode
rings. The same description of the calibration
procedures for annular flow can be found in
Andreussi t8l. Due to the variation of
conductivity with temperature and coating of
the electrodes with impurities, the gauges were
calibrated before and after each run.

Experiments were conducted at various air,
water flow rates, and water temperatures. The
air flow rate was increased by small increments
while the water flow rate at a specific
temperature was kept constant. After each
change in the inlet air flow rate, both the air and
the water flow rates, the relative humidity of air
at inlet and outlet of the test section were
recorded. The pressure drop across the test
section and the film thickness were registered
through the transducers and transferred to the
data acquisition system. The flow phenomena
were also detected by visual observation. The
experiments were stopped before the onset of
flooding was reached.

3. Mathematical model
In order to compare with the present

experimental results, the theoretical model of
Hijikata et al. [7] is modified for this study. In
the present paper, a model based on a high
Reynolds number k-e turbulence model is
proposed. The notation used for the calculation
is shown in Fig. 2. The model is separated into
three parts; flow, heat and mass transfer
characteristics with the following assumptions:

- The gas flow is fully developed because
of the large length-to-diameter ratio.

- The effect ofvaporization on the gas flow
field is neglected.

- Physical properties are constant and
independent of the composition.

3.1. Turbulence flow characteristic:
In turbulent flow, velocity fluctuations

exchange momentum between adjacent layers
of fluid, thereby causing apparent shear stresses
that must be added to the stress caused by the
mean velocity gradients. For a fully developed
turbulent channel flow, the total shear stress is,
therefore, given by
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r=p--p, i  (1)

d1'

The term - prtrt is referred to as the turbulent

shear stress which is related to the mean rate of

strain via a turbulent viscosity (Jones and

Launder l9 l ) . ie .
OU

- P' ' ' '=P' -  (2)

A turbulent viscosity term therefore appears in

the present model.

Momentum equation;
/  ^ \

t d r  t d l  " u l

I  r r u *u .  ) -  |  ( J ,
p  d "  , 6 r l  a ,  )

Jones and Launder [9] presented turbulence
models based on high and low Reynolds
numbers in order to predict the laminarization'
A high Reynolds number k-e model is employed
in this study.

Turbulent kinetic energy (k) equation;

Turbulent kinetic energy dissipation (e)
equation;
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range of turbulent flows (Versteeg and

Mala lasekera [10]  ;  S inghaland Spald ing [11]) :

c p4. 09,c a-L. 4 4,C 2=1.9 2,O k=l.0,6 t=]. 3

The boundary conditions at the interface (y = 0)

and the center of pipe (r = 0) are given as

follows :

l : 0 : U - - U t * ,  k = 0 , e  : 0  ( 7 )

, = 0 , ! = + = ! - - o  ( 8 )
dy dy dY

where U1n, is the mean velocity of the liquid

film obtained from the experiment.

3.2. Heat transfer characteristic:
The distributions of the temperature of the

mixture between dry air and water vapor along

the upward flow direction is expressed as:
^  /  z  r ^ \
d r  t 0 l l  u ,  l o r l

u--- - l  r l  a*-  l -  |  (9)
a  a  I  I  l .  I( )z  'ay\  \  P1 )  oY 

)

with a boundary condition;

l = 0 : T = T i , c o n = c t ) u ,  ( 1 0 )

3.3. Mass transfer characteristic:
The distributions of the mass fraction of

the mixture between dry air and water vapor
along the upward flow direction is also
expressed as:

( l  t )

^  /  /  \ -d k  r a l l u , l o o
r l - l -

d t  r o v \ \ o r ) o v

/ ^ \ 2
t o u l

+u,l - | 
-a (4)

\ o ,  )

o e  ,  d (  ( , ,  ) a " )  ,  ( a u \ '  € 2_ _ _ _ l  , l  _  l _  l + c , _ u , l  _  |  _ c 7  _
0 t  ' r r [ ( o r ) 0 r )  

' * ' \ d r )  
k

Kinetic turbulent viscosity:

1 2
u ,  =  c , , -

(5)

(6)

d r , , a ( (  , , ) a r " )
l , l o + - l - i

0" ' r ' [  \  s , ,  )  d,  )

The equations contain five adjustable constants

Cp, Cr, C2, op, o". The standard k-e model

employs values for the constants that are arrived
at by comprehensive data fitting for a wide

with a boundary condition;

, = o t o r  - o ' u  = o
dv dv

(t2)

In turbulent flow, there is no universal
relationship between the shear stress field and
the mean velocity field. Thus, for turbulent
flows we are forced to rely on experimental
data. The velocity profile for a fully developed
turbulent flow through a rough pipe from Pao
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[12] is used in the calculation. The friction
factor in his equation is replaced by those
obtained from the present experiment. The
transport equations for both k and e are solved
simultaneously with the momentum equation
using the finite difference method to determine
the kinetic turbulence viscosity, pressure drop,
interfacial shear stress and friction factor al
film/core interface.

4. Results and discussion
A large number of graphs can be drawn from

the result of the study but because of space
limitations, only typical results are shown. In
the experiment, mean film thicknesses were
measured at Z -- 30 cm and 170 cm. Average
values for both mean film thicknesses for
various air and water flow rates are given in Fig.
3. The liquid film mass flow rate in this figure is
on a per unit width basis in the spanwise
direction. As the water flow rate is increased
and the air flow rate held constant. the film
thickness also increases. It can also be clearly
seen that there is a great difference in the mean
film thickness between experiments with and
without air flow. The mean film thickness at
any air flow rate for a specific water flow rate
is, however, nearly the same. Figure 4 shows
the relationship between the dimensionless
turbulent kinetic energy (k+, H(u. )2) and
dimensionless distance from the interface (y+,
yu. /o). The turbulent kinetic energy falls to
zero at the interface. As a result of a wavy
interface, the turbulent kinetic energy in the
region close to the interface, rises
monotonically with the distance from the
interface to a maximum point and then drops
sharply and approaches an equilibrium value.
Because the amplitude of the film thickness
fluctuation increases slightly with the air flow
rate, the turbulent kinetic energy near the
interface for higher air flow rate is higher than
for lower flow rate.

Figure 5 shows the variation of the
interfacial friction factor with the air Revnolds
number for typical test conditions. The fl iction
factor for laminar flow and the Blasius
correlation for turbulent flow in smooth pipe are
also shown in this figure. The velocity gradient
at the interface is much larger for turbulent flow
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than for laminar flow. This change in velocity
profile causes the interfacial shear stress to
increase sharply, with the same effect on the
interfacial friction factor. The friction factor
decreases gradually along the smooth pipe
curve. This figure shows also a comparison of
friction factors obtained from the model and the
experiments. The agreement of this comparison
is not bad through the whole range. As a result
of the pipe roughness, experimental friction
factors for air single phase flow are found to be
higher than those from the Blasius correlation.
As the water flow rate is increased, larger
disturbance waves are formed. The friction
factors at higher water flow rates seem,
therefore, a little bit higher than those at lower
ones. It should be noted that a similar
phenomenon can be found in single phase flow
in rough walled pipes.

Figure 6 shows the relationship between the
mass fraction of water vapor and the air
temperature. The saturated line in this figure is
based on the saturation vapor pressure of water.
A circular point shows the inlet condition of air
(dry air and water vapor), and the solid points
show the outlet conditions. While the hot water
flows down as a film countercurrently with air
flow, vaporization occurs at the interface and
water vapor from this vaporization will be
added to the existing water vapor. Mass fraction
of water vapor at the outlet of the test section
are, therefore, higher than those of the inlet and
also found to be below the saturation line. When
the water temperature is higher, the points
approach the saturation line. This is confirmed
by visual observation that there is an absence of
mist (tiny water droplets). However, if the water
temperature is high enough, the water vapor
from the vaporization is condensed in air stream
to form a mist.

Figure 7 shows the relationship between the
Nusselt (Nu) number and the value of ReprO.4.
A complete heat balance was used to calculate
the heat transfer coefficient. The equilibrium
conditions of air and water film after passing air
through falling hot water film for any interval of
time can be established by the following energy
balance equation:
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The first. second. third and fourth term

represent heat transfered from the falling water

to the air stream, the enthalpy of vapor
evaporated from the water film, the enthalpy of

the inlet air and the enthalpy of the air leaving

the test section respectively. The value of ATln
is the log mean temperature difference between
both fluids. Ti- is the mean water temperature
at the interface. Consider the Nu number, based
on a pipe diameter, rearranged in the form, Nu :

hd1/( and the heat transfer coefficient from the
energy balance equation, the following equation
is obtained;

d, (G*C4*Tb.rn -GinCp-Tb.in - Lrcp.rTi^)

1 (M)6rdiL

The latent heat of vaporization is not included
because, in this paper, the Nu number is defined
for a sensible heat transfer. The figure also
shows the effect of the upward air flow on the
heat transfer coefficient. At a specific water
temperature, the Nu number (or the heat transfer
coefficient) increases with increases in the air
flow rate. The solid line is the Nu number
calculated from Dittus-Boelter equation for
fully developed turbulent flow in smooth tubes;
Nu = 0.023Re0.8p10.4 .There is a good
agreement here. Any discrepancies are due to
the wave formed at the interface and variation
of the water temperature along the pipe. Figure
8 shows the relationship befween an average
temperature ratio and the dimensionless
distance from the interface, at z = | m. At the
same inlet water flow rate and temperature, an
increase in air flow rate causes a higher
fluctuation of the film thickness, and thus
higher rate ofheat transfer. It corresponds to the
results in Fig. 7. The temperature profiles
however, differ slightly from each other.

Mass transfer characteristics can be
discussed in the same way as those of the heat
transfer. Consider the Sherwood (Sh) number =

kmdi/D in which k1n is the mass transfer
coefficient and D is the mass diffusivity. The
mass transfer coefficient substituted in this
equation is calculated from the mass balance
equation and finally the following equation is
obtained;
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d,  LG
.S f t  =  ( l  _@u i )  ^_

P D  ( L a , ) 6 r d , L

The results from Figs. 9 and 10 are closely

associated with those from Figs. 7 and 8' The

relationship between the Sh number and the

value of ps0.83 9q0.33 is shown in Fig. 9. The

similarities between the governing equations for
heat, mass, and momentum transfer suggest that
the empirical correlations for the mass transfer
coefficient would be similar to those for the
heat transfer coefficient. This turns out to be the
case, and some of the empirical relations for
mass transfer from a liquid that completely wets
the inside of a tube to a turbulent gas that is
flowing is given by Ozisik [3];

sh = 0.023Re083 s'c033

The Sh number at any water flow rate for
specific air flow rate and specific water
temperature is, however, nearly the same.The
solid l ine in Fig. 9 shows the Sh number
calculated from above equation. The Sh number
from the experiment is slightly higher than the
theoretical value. The difference between them
is considered to be a result of the wave formed
at the interface. The profiles of mass fraction
ratio predicted at Z: I m are also shown in Fig.
10. At specific water and air flows, the rate of
vaporization increases with increases of the
water temperature. It should be noted that in the
present experiment where mist formation does
not occur, the temperature and vapor
concentration profiles are almost the same.

5. Conclusions
Experiments have been performed to study

the flow, heat and mass transfer characteristics
of air-water fwo-phase countercurrent annular
flow in a vertical pipe. A theoretical model has
been developed. The model is separated into
three parts: a high Reynolds number turbulence
model, in which the local state of turbulence
characteristics are controlled by the turbulence
kinetic energy (k) and its dissipation rate (e);
and the heat and mass transfer models. The
transport equations for both k and e are solved
simultaneously with the momentum equation to
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determine the kinetic turbulence viscosity, the
pressure drop, interfacial shear stress and then,
the friction factor at the film/core interface. The
distribution of the temperature and the mass
fraction of water vapor in the gas core is also
estimated from the heat and mass balance
equations, and the kinetic turbulence viscosity is
obtained from the former step. The results from
the model are in reasonable agreement with the
experimental results. It was found that the
interface is often wavy in nature and the
influence of the interfacial wave is of
significance on the momentum, heat and mass
transfer characteristics.
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Nomenclature

a thermal diffusivity, m2ls
A heat transfer area, m2
C1,C2 and Cp constant in Eqs.(5) and (6)
Cp specific heat, J/kg oC

Cg friction factor
d pipe diameter, m
d; diameter of gas core, m
D mass diffusivity, m2/s
G mass flow rate, kg/s
h heat transfer coefficient, W/m2 "C

k turbulent kinetic energy, m2ls2
k+ dimensionless turbulent kinetic energy
km mass transfer coefficient, m/s
L pipe length, m
Nu Nusselt number
P pressure, N/m2
Pr Prandtl number
r radial distance coordinate
Re Reynolds number
Sc Schmidt number
R; distance from the pipe centerline to the
interface, m
Sh Sherwood number
t t ime
T temperature, oc
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U mean velocity, m/s

ut friction velocity, mls (: (t; /p1l/21
z',v' fluctuating components of velocity, m/s

n"' time average of the product of u' and v'
y distance from the air-water interface, m

y+ dimensionless distance (= yu* I u)

z distance from the bottom ofthe test section. m

Greek Symbols

p density, kglm3
ok. oe constant in Eqs. (a) and (5)

t shear stress. N/m2
U

p
A
e
6)

6

kinematic viscosity, m2ls
dynamic viscosity, kg/sm
difference
turbulent kinetic energy dissipation, m2ls3
mass fraction
thermal conductivity, W/mC
liquid film thickness, m

Subscripts

b bulk
c value at the centerline ofthe pipe
g air
i interface
in inlet
I  l iqu id
In log mean difference
m mean value
out outlet
t turbulent
v water vapor
vs saturated vapor
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