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Analysis of liquid film formation in a horizontal
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Abstract

The role of the disturbance waves for transferring liquid toward the top of a horizontal tube wall to cope

with the drainage due to gravity is investigated by the direct numerical simulation (DNS) which is based on

the continuity equation and the Navier–Stokes equations in three-dimensional cylindrical coordinate sys-

tem. The level set method is used for capturing the interface between gas–liquid two fluids. Developing flow

from a separated to an annular flow is simulated by using this numerical technique, and the liquid film

formation is reproduced. It is demonstrated by this calculation result that liquid is transferred in the cir-
cumferential direction as the liquid film by the pumping action of disturbance waves which has been pro-

posed by one of the present authors. That is, the pressure gradient formed within a disturbance wave in the

circumferential direction plays an important role for the liquid film formation in a horizontal annular flow.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Gas–liquid two-phase annular flow in a horizontal tube occurs in a wide variety of industrial
processes. When the liquid fraction is small in horizontal annular flow, it is possible to cause an
*
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extremely important problem that relates to the damage of heat exchanger tubes, because the
drainage of liquid due to gravity, as well as the evaporation, leads to the dryout of thin liquid film
near the top of the tube. Therefore, it is important to accurately predict the circumferential
distribution of film thickness in horizontal annular flow. For this end, it is necessary that the
mechanism of the liquid film formation up to the upper part of the tube is fully investigated and
modeled.
In theoretical researches into the circumferential distribution of the liquid film thickness in gas–

liquid horizontal two-phase annular flow, the discussion has been focused on the mechanism for
transferring liquid towards the top of the tube. They are the following four mechanisms.

(1) Secondary gas flow mechanism (Laurinat et al., 1985; Lin et al., 1985; Flores et al., 1995).
(2) Liquid entrainment and deposition mechanism (Russell and Lamb, 1965).
(3) Wave spreading and mixing mechanism (Butterworth and Pulling, 1972; Jayanti et al., 1990).
(4) Pumping action of a disturbance wave (Fukano and Ousaka, 1989; Sutharshan et al., 1995).

A detailed mechanism that liquid is transferred in the circumferential direction has not been
clarified so far, though it is understood that the disturbance waves play the most important role. It
is difficult experimentally to investigate in detail the mechanism of the liquid film formation be-
cause the annular flow is highly unsteady in the disturbance wave region. In the present paper, the
role of the disturbance waves is investigated by the DNS and the models of the liquid film for-
mation proposed so far are evaluated.
2. Equations of motion

In the present paper a direct numerical simulation of the generation of disturbance wave and
the liquid film formation in a horizontal tube has been done based on a level set method (Osher
and Sethian, 1988; Sussman et al., 1994; Chang et al., 1996) which is used for representing and
capturing the interface between gas–liquid two fluids. The incompressible Navier–Stokes equa-
tions, continuity equation, and advection equation of the level set function / in three-dimensional
cylindrical coordinate system are used as the governing equations. Those equations can be dis-
cretized without any singularity such as points on the axis of a tube by means of the formulation
proposed by Verzicco and Orlandi (1996) and be written as follows with the quantities qr ¼ rur,
qh ¼ uh, and qz ¼ uz where ur, uh, and uz are the velocity components in the r, h, and z directions,
respectively.
The continuity equation is expressed as follow:
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where q is the density and l the viscosity, g the gravitational acceleration, p the pressure, j and d
the curvature and delta function, respectively, and r the surface tension. In the present paper, the
model of continuum surface force (CSF) is employed to treat the surface tension on the interface.
The advection equation of the level set function / is given by
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3. Numerical formulation

3.1. Level set method

To calculate two-phase flow with free surfaces is generally difficult. The level set method
proposed by Osher and Sethian (1988) to solve this problem is recently being generalized by
Sussman et al. (1994) and Chang et al. (1996). The level set function / is usually defined as the
signed distance from the interface in the entire computational domain and / ¼ 0 at the interface.
C ¼ fxj/ðx; tÞ ¼ 0g ð6Þ
We take / < 0 in the gas phase and / > 0 in the liquid phase. Therefore, we have
/ðx; tÞ
< 0 if x 2 Gas
¼ 0 if x 2 C
> 0 if x 2 Liquid

8<
: ð7Þ
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The unit normal on the interface n, drawn from the gas phase into the liquid phase, and the
curvature of the interface jð/Þ are expressed in terms of /ðx; tÞ, respectively as:
Table

Grid

Gri

r �
32·
n ¼ r/
jr/j






/¼0

and jð/Þ ¼ r � r/
jr/j ð8Þ
The density q and the viscosity l are defined by the following equations, respectively.
qð/Þ ¼ qG þ ðqL � qGÞHð/Þ ð9Þ

and
lð/Þ ¼ lG þ ðlL � lGÞHð/Þ ð10Þ

where the suffixes L and G stand for liquid and gas phase, respectively. Hð/Þ is the Heaviside
function defined by
Hð/Þ ¼
0 if / < �a
1=2½1þ /=a þ 1=p sinðp/=aÞ if j/j6 a
1 if / > a

8<
: ð11Þ
The smoothed delta function is defined as,
dð/Þ ¼ 1=2½1þ cosðp/=aÞ=a j/j < a
0 otherwise

�
ð12Þ
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where a is the prescribed thickness of the interface. ðDrÞmin and ðrDhÞmax are grid spacings near the
wall, respectively and are shown in Table 1. Therefore, a ¼ 0:702 mm in the present calculation.

3.2. Re-initialization of level set function and mass conservation

Initially, the level set function / is set as a signed distance from the interface. It, however, does
not remain a distance function anymore after long calculation, and re-initialization is a necessary
and critical step. The re-initialization procedure proposed by Sussman et al. (1994) is used here for
keeping / as an object function at all times. This is accomplished by repeatedly solving the fol-
lowing equation to reach a steady state:
o/
os

¼ Sð/0Þð1� jr/jÞ ð14Þ
where S is the sign function. For numerical stability, it is useful to smooth the sign function as
follow:
1

numbers and grid resolution

d numbers

h � z
L (mm) D (mm) Drmax

(mm)

Drmin
(mm)

ðrDhÞmax
(mm)

ðrDhÞmin
(mm)

Dz (mm)

64· 200 1000 26 0.784 0.173 1.27 0.039 5.0
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Sð/0Þ ¼ /0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/20 þ a2

q�
ð15Þ
where /0 is the previous level set function before the re-initialization. The solution of / has the
same sign and the same level set as /0 and satisfies jr/j ¼ 1. It is therefore a distance function
from the interface. Here, s is independent of t in the main routine, and it is taken as constant,
s ¼ 2� 10�5 s in the present calculation. Even with the above re-initialization procedure, the loss
of mass occurs. In fact, the numerical discretization of the level set formulation does not guar-
antee the mass conservation. To overcome this difficulty, a second re-initialization procedure is
devised, which is similar to that proposed by Chang et al. (1996) with a goal of preserving the
global mass at each time step. This requires to solve the following equation to a steady state:
o/
os

þ 1

�
� AðsÞ
A0ðtÞ

�
F ðvcÞjr/j ¼ 0 ð16Þ
where A0ðtÞ is the total mass in a whole calculation domain, AðsÞ the total mass corresponding to
the level set function /ðsÞ, and F ðvcÞ the volume constraint function. Here, the time step
Ds ¼ 2� 10�3 s was used.
For the free surface, F ðvcÞ can be considered as a function of the local curvature and defined as

follow:
F ðvcÞ ¼ �1:0þ bjn ð17Þ
where b and n are constant. The F ðvcÞ is related to the local mass conservation, which vary with b
and n. The re-initialization procedure converges much faster when b ¼ 0 and n ¼ 0, which are
used in the present calculation. By this way the total mass is conserved within 0.01%.
3.3. Numerical procedure

We solved numerically the equations derived in the previous sections by using a finite difference
method. A staggered mesh was used for the velocity and the level set function. The advection
terms were discretized by the K.K. scheme (Kawamura and Kuwahara, 1984) as the third-order
upwind difference method and the other terms by the central finite difference method. The K.K.
scheme has been reported to be useful for the calculation of a turbulent flow and we did not use
any particular turbulence model in the calculation. And the SMAC method (Amsden and Harlow,
1970) was used as an algorithm for the time quadrature. The Euler method was used as the time
integration scheme. The Poisson�s equation was solved by an incomplete LU decomposition bi-
conjugate gradient stabilized (ILU-Bi-CGSTAB) method. The time step Dt was determined by the
restrictions due to the CFL condition, gravity, viscosity, and surface tension. In this calculation,
the CFL restriction of 0.1 or 0.2 was used.
The outline of our scheme is as follow. For given /n, un, and pn defined at each cell, we solved

for /nþ1, unþ1 and pnþ1. For each time step:

Step 1: /ðx; tÞ is initialized, and an initial distribution of liquid film thickness is determined.
Step 2: The functions of qð/Þ, lð/Þ, and the surface tension are respectively determined.

The K.K. scheme is used as the upwind difference method for the advective terms and
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the central difference method is used for other differences. Then, the governing equations
for qn are discretized, and the intermediate quantity q� is obtained.

Step 3: The Poisson�s equation of pressure is solved by using an ILU-Bi-CGSTAB method, the
quantity and pressure are updated, and qnþ1 and pnþ1 are obtained, respectively.

Step 4: The level set function /n is solved by using the K.K. scheme and /nþ1=2 is obtained.
Step 5: Because /nþ1=2 is not a signed distance function from the interface any longer, it is re-

initialized and is updated to /nþ1.
Step 6: Repeat steps 2–5.

3.4. Boundary conditions

The computational domain and boundary conditions are shown in Fig. 1. The inner diameter
and the length of the tube are 26 mm and 1.0 m, respectively. The grid numbers, as shown in Table
1, are 32, 64, and 200 in the r, h, and z directions, respectively. The grid spacing in the radial
direction is small near the wall, and gradually widens toward the tube center. Meanwhile the grid
spacing is equal circumferentially and axially.
At the inlet boundary, the inflow axial velocity and the film thickness are kept constant. At the

outlet boundary, the velocity and the level set function are determined by use of the convective
boundary condition, that is, the upwind finite difference of the advection equation. The non-slip
condition is used at the wall. Wetting of the wall surface is represented by transferring the level set
function with the consideration of the contact angle only near the edge of the liquid film con-
tacting the wall. Here, the contact angle is assumed to be constant, h ¼ 30�, in the calculation.
It is necessary to give an initial small disturbance so that the wave may quickly grow in

the initial stage of its development. The incipient wave pattern is given by the sine function as the
initial disturbance by one wavelength from the inlet. The amplitude of the wave is 3% of the
maximum film thickness, and the wavelength is determined by referring to the average size of
the disturbance wave obtained experimentally in a horizontal gas–liquid two-phase annular flow
by Fukano et al. (1983).

3.5. Initial conditions

The initial conditions of the axial velocity, film thickness distribution, and pressure gradient
op=oz are obtained by solving the following equation.
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Fig. 1. Computational domain and boundary conditions.
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The local value of uz is determined by Eq. (18) with the successive bisection method if op=oz and
the inlet liquid film distribution are given. The calculation is repeated until the superficial ve-
locities of the both gas and liquid phases, jG and jL determined by uz satisfy the required con-
dition. Then, the velocity distribution with a constant fraction of gas and liquid and the film
thickness distribution are uniformly given in the entire domain as an initial condition.
3.6. Numerical conditions

The flow patterns experimentally observed by Fukano et al. (1983) are classified into annular,
froth, and separated flows, which are respectively indicated as A, F , SP in Fig. 2. The mark O
indicates the present calculation point. We calculate mainly near the boundary between AD and
SP, where AD means the disturbance annular flow. The property of air and water at 20 �C was
used. The ranges of Reynolds number of gas and liquid are ReG ¼ 25743–85 806 and ReL ¼ 155–
554, respectively. In the present paper, we will discuss the results only in the case of the superficial
velocity of gas and liquid: jG ¼ 30 m/s and jL ¼ 0:06 m/s, respectively.
4. Results and discussion

4.1. Formation process of annular flow

Fig. 3 shows the time evolution of the waves and annular flow formation. The direction of flow
is shown by an arrow. A minute disturbance, which is given as an initial condition in the limited
region close to the inlet, develops gradually to be waves in the range of z < 400 mm at t ¼ 0:164 s.
At t ¼ 0:168 s one of the waves is about to grow up rapidly in the height direction of the tube and
the wave also rapidly spreads in the circumferential direction at t ¼ 0:172 s. And then it reaches
the top of the tube at t ¼ 0:176 s. On the other hand, the new waves, which are generated in the



Fig. 3. Process of annular flow formation in AD regime: jG ¼ 30 m/s, jL ¼ 0:06 m/s.
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downstream region of the large wave by vortices discharged from the large wave, grow up rapidly
to be an almost annular ring at t ¼ 0:180 s. About five large waves form in the whole calculation
region, and each wave seems to line up in a certain interval though it is different in size. The
overall structure can be called as an annular flow.
Although in the present study the length L of the calculation region is very short, and the grid

spacing Dz of 5.0 mm is rough, it was shown that an annular flow was reproduced by the present
calculation technique as shown in Fig. 3 under the flow conditions in the annular flow regime as
shown in Fig. 2.
Fig. 4 shows the pressure loss between the inlet and the outlet of the tube. At the beginning of

the calculation, it is very low because the interface is smooth without waves, and then begins to
increase rapidly at t ¼ 0:150 s after increasing gradually as the waves continues to glow on the
interface. This rapid increase in the pressure loss is caused by the increase of the friction loss on
the liquid film surface. The broken line in the figure indicates the experimental result by Ousaka
et al. (1985). The calculation result is still smaller than the experimental result at the end of the
calculation because the computation time is short for the flow to be fully developed and the
smooth surface exists always near the inlet as the inlet condition. Actually, this calculation was
stopped at t ¼ 0:188 s when the large wave reached at the exit.
Close inspection of the time evolution of the static pressure distribution on the interface reveals

the formation process of an annular flow more in detail. Fig. 5 shows the flow development in the
case of the same flow condition as Fig. 3, but the flow direction is opposite so that the pressure
distribution generated on the surface behind the wave can be observed. The shape of the liquid
0 0.1 0.2
10

1

10
2

10
3

t sec

∆
p

/∆
L

Pa
/m

Present calculation
jG = 30 m/s
jL = 0.06 m/s

Experiment by Ousaka et al.
jG = 30.09 m/s
jL = 0.06 m/s

Fig. 4. Pressure loss in the process of annular flow formation.



Fig. 5. Change in the pressure distribution on the interface.
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film is also shown at the same time, while Fig. 5 indicates the pressure distribution at the interface.
The contour of the pressure is displayed on the wavy surface by 12 color levels, i.e., the stronger
the white level, the higher the pressure, and the stronger the black, the lower. The ranges of the
maximum and minimum pressure are shown at the bottom of each figure by the unit of Pa. The
reference pressure is 0.0 Pa at the top of the outlet cross-section.
At t ¼ 0:120 s the pressure is already high behind the waves though the waves do not grow large

yet. On the other hand, the wave crest is darker because the gas flow is fast, i.e., the pressure is low
there. At t ¼ 0:140 s, the waves grow up a little, the pressure has increased especially behind the
relatively large wave, and descended from the top of the wave to the front. A large pressure
difference between the front and the rear of the wave has been caused even in such a small wave.
On the other hand, the pressure gradient is generated in the circumferential direction from the
back of the wave toward the side wall. At t ¼ 0:152 s the liquid film has spread in the circum-
ferential direction of the tube by the pressure gradient. At t ¼ 0:164 s the wave is about to grow up
in the height direction, and the pressure has risen sideward along the wave. At t ¼ 0:172 s the
pressure gradient develops from the bottom of the tube in the circumferential direction. There-
fore, the liquid film is transferred from the bottom to the side wall, about h ¼ 120�. At t ¼ 0:180 s
the waves in the downstream region also develop rapidly, and the liquid film is transferred up to
near the top of the tube. The pressure is the highest at the bottom with thick film thickness and
gradually decreases as the film thickness decreases toward the top. As described above, this
calculation result indicates the same tendency as ‘‘the pumping action of a disturbance wave’’
which Fukano and Ousaka (1989) have proposed.
Fig. 6 shows the distribution of the film thickness or the height of the interface by 12 levels of

brightness. The darker the color is, the thinner the film. When the liquid film does not exist on the
wall, white is used for convenience. It must be noticed, however, that very thin liquid film less than
one radial mesh size might exist in an actual annular flow. The vertical axis implies the circum-
ferential position with h ¼ 0� at the bottom of the tube and h ¼ 180� and )180� at the top of the
tube. The horizontal axis is the axial distance. The arrow shows the direction of flow. ‘‘A’’ in the
figure indicates the wave that grows up gradually from an initial stage of the calculation.
At t ¼ 0:140 s some small waves are generated near the inlet of the tube and each wave has a

coherent shape that the front of the wave inclines ahead a little near the bottom. The liquid film
spreads only up to about h ¼ 50�. At t ¼ 0:160 s a relatively large wave (A) begins to spread liquid
film in the circumferential direction. At t ¼ 0:170 s the liquid film of the wave (A) reaches to about
110�. The maximum value of the film thickness at this moment is 11.2 mm, and the wave height is
rapidly growing compared with that at t ¼ 0:160 s. On the other hand, the film thickness in the



Fig. 6. Change in the film thickness distribution.
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upstream side of the wave is thin, within 1.1 mm. Newly growing waves also begin to observe in
the downstream region. At t ¼ 0:180 s about five large waves appear, two of which reach even the
top of the tube.
As clearly seen in Figs. 3 and 5 even the largest wave is not a liquid slug which occupies the

whole cross-section of the tube. Then the large waves are considered to be disturbance waves. The
shape of each large wave is similar also the scale is different. That is, the film is thick at the crest of
the wave and thin in its back even at the bottom. The liquid film spreads rapidly and circum-
ferentially from the bottom of the tube to the top on the front side of the large wave, and narrows
gently from the top toward the bottom on the rear side of the wave. This is because the liquid film
is left behind the large wave as the wave moves and flows downward as a liquid film by the
gravitational force.
4.2. Growing process of single wave

The overall behavior of the growing waves is discussed in the previous section. In this section,
we will pay attention to the single wave designated as (B) in Fig. 6 and consider the process of the
annular flow formation. Fig. 7 show the growing process of the wave. Within the axial length of
160 mm only the wave (B) is tracked and it moves downstream side by 20 mm in 0.002 s with
showing its growing process. The ratio of the unit length of the vertical axis expressed by the
sector angle to that of the horizontal axis is unity. To facilitate the comparison between the film
thickness distribution shown in Fig. 7 and the pressure distribution shown in Fig. 8, the mark ‘‘X’’
is put at the corresponding point of the maximum height of the wave.
At t ¼ 0:176 s a small wave begins to generate near the bottom of the tube. The wave spreads in

the circumferential direction at t ¼ 0:178 s and the liquid film reaches up to about h ¼ 140�. It
continues to quickly develop and it reaches to the top of the tube at t ¼ 0:180 s. The wave with a



Fig. 7. Film thickness distribution on the interface of developing wave.
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large height still exists, but the film thickness is extremely thin in the back of the large wave even at
the bottom. In short time the liquid film in the region of h > 0� falls downward a little along the
tube wall by the gravity force, and it seems to be gradually left behind the large wave at t ¼ 0:182 s.
Still, however, the liquid film is formed up to h > 150�, and the structure of an annular flow is
kept. On the other hand, the liquid film on the side of h < 0� is kept up to the top, and not left
behind the large wave. And accordingly the overall shape is seen to be a coherent inclined ring
with flowing ahead a little near the bottom. Moreover, the large wave gradually approaches a
small wave which begins to develop in z; 740 mm at t ¼ 0:176 s, and absorbs it at t ¼ 0:182 s.
Therefore, the height of the large wave becomes larger at t ¼ 0:184 s.



Fig. 8. Pressure distribution on the interface of developing wave.
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Next, we will examine the time evolution of the pressure distribution on the interface, and
consider what is the main factor for the transport of liquid to the top. Fig. 8 shows the static
pressure distribution on the gas–liquid interface by the color map of 12 levels as shown in the right
side of each figure. The effect of the pressure loss is excluded here as the same way as Fig. 5.
At t ¼ 0:176 s, the high pressure is caused behind the maximum wave height designated by the

Xmark, and the pressure gradient between the surroundings is extremely large. And accordingly,
the liquid film spreads rapidly in the circumferential direction at t ¼ 0:178 s. Here, the liquid film
of h > 0� reaches the higher position because the pressure gradient is larger in the region of h > 0�
than that of h < 0� at t ¼ 0:176 s. The high pressure region behind the wave is caused at the
bottom of the tube because the wave height is the maximum and accordingly the stagnation
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pressure of the gas flow is the maximum there. On the other hand, the pressure distribution is
almost uniform and the film thickness is very small at the back of the large wave. This can be
confirmed in each figure.
The static pressure is large just behind the large waves and the pressure gradient is caused in the

circumferential direction. That is, this calculation result indicates the same tendency as ‘‘the
pumping action of the disturbance wave model’’ which Fukano and Ousaka (1989) proposed. On
the other hand, the wave exactly inclines ahead near the bottom of the tube as seen in Fig. 7. And
it may seems that liquid is transferred toward the top by the circumferential component of the
force acting on the inclined wave by the gas flow. It is the wave spreading mechanism which
Butterworth and Pulling (1972) have proposed.
Experimental results shows that the large wave is actually inclined with the front being ahead

near the bottom of the tube, and the large waves travel with the circumferentially coherent
structure keeping constant. That is, any part of the large wave, from the bottom to the top, moves
with the same speed. The present calculation also shows the same tendency as the model of
Jayanti et al. (1990). This structure of the large wave is formed as the result that the liquid is
transferred continuously from the bottom of the tube to the top. It is not correct that the speed of
the disturbance wave is faster at the bottom than at the top, then the disturbance wave is inclined.
If the wave spreading model of the large wave is correct, the large wave must lost its coherent
structure and disappear in a short time. In the following sections we will examine the mechanism
of the liquid flow more in detail.

4.3. Pressure distribution in r–z cross-section

Fig. 9(a) and (b) show simultaneously the film thickness and the static pressure distributions in
the r–z cross-section of five different sector angles, which correspond to the case at t ¼ 0:180 s in
Figs. 7 and 8. The pressure increment for same color level in Fig. 9(a) is smaller in order to show
in detail the pressure distribution in the gas phase, while it is larger in Fig. 9(b) to investigate
mainly the pressure in the liquid film of the large wave.
The sharp pressure gradient, like pressure jump, in the gas flow is caused across the crest of the

large wave as clearly seen in Fig. 9(a). The boundary between the high and the low pressure is at
almost the same cross-section, signifying that it is not influenced by the inclination of the wave.
The uniform pressure distribution in any r–z plane is caused in the downstream region from this
boundary except in the liquid film. On the other hand, the pressure is high and not uniform behind
the large wave for h ¼ 0–90� because the stagnation region in the gas flow is generated there. The
pressure distribution is similar because the wave height is almost the same for h ¼ 0–45�. In Fig.
9(b), the pressure is high in the liquid film for h ¼ 0–45� because the stagnation region is generated
behind the large wave and the wave height is large. Therefore, the pressure gradient within the
large wave is caused in the circumferential direction between 45� and 90�.

4.4. Velocity distribution in r–h cross-section

Fig. 10 shows the film thickness and the velocity distributions, viewing from the inlet, in each
cross-section of the tube in the front and the rear of the large wave (B) at t ¼ 0:180 s in Figs. 6–9,
i.e., z ¼ 670 and 780, as well as z ¼ 730 mm where liquid film form on the whole circumferential of



Fig. 9. Pressure distribution. (a) High-lighted in the gas phase in r–z cross-section at t ¼ 0:180 s. (b) Pressure distri-
bution high-lighted in the wave in r–z cross-section at t ¼ 0:180 s.
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the tube. In the cross-section at z ¼ 670 and 780 mm, the downward flow of gas is caused near the
tube wall, especially near the edge of the liquid film, by which the liquid film seems to be depressed
downward. On the other hand the upward gas flow is caused near the interface in the cross-section
at z ¼ 730 mm, by which the shear force acting on the liquid film seems to play the role to keep the
liquid film formation toward the top of the tube. The velocity within the liquid film, however, is
larger near the wall than near the interface. And accordingly, it is difficult to conclude that the
interfacial shear force due to the secondary gas flow is the predominant factor. As shown in the



Fig. 10. Velocity distribution in r–h cross-section at t ¼ 0:180 s.
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previous section, the larger velocity near the wall is controlled by the pressure gradient in the
circumferential direction formed in the large wave. In the cross-section at z ¼ 780 mm, which is
located just in front of the wave, it is clearly seen that a large couple of vortex exists in the gas
phase, and the downward velocity is caused near the wall.
In the secondary gas flow mechanism it is considered that liquid is transferred toward the top of

the tube by large shear force acting continuously on the interface due to the steady secondary gas
flow. And Lin et al. (1985) assumed that liquid near the wall flows downward by the the gravity
force. In the present calculation, however, the upward gas velocity is occasionally caused only
near the large wave and the downward velocity at the front and the behind the large wave. In
addition, liquid near the wall does not always flow downward but oppositely moves toward the
top with larger velocity near the tube wall than near the interface. This means that the secondary
gas flow is not the main factor for the liquid film formation toward the top of the tube. Here, the
upward velocity of the gas phase near the interface in the cross-section at z ¼ 730 mm is caused by
the pressure gradient just behind the large wave as shown in Fig. 9(a). This upward flow is a part
of the pumping action mechanism which Fukano and Ousaka (1989) proposed.
4.5. Velocity and pressure distribution in h–z cross-section

From the investigation of the velocity and the pressure distributions in the r–z cross-section
discussed above, it was clear that the pressure gradient in the circumferential upward direction
plays an important role for the liquid film formation. To examine this mechanism further in detail,
we will focus the attention on the velocity relative to one large wave and the pressure distribution
near the wall in the h–z cross-section. Fig. 11 shows the liquid velocity relative to the large wave
(B) and the pressure distribution in the h–z cylindrical surface at rw ¼ 0:45 mm from the wall at
t ¼ 0:178 s in Figs. 7–10. Here, the wave speed is considerably larger than that of the experimental
result and it is about five times; i.e. 13.27 m/s. This is due to that the wave is not fully developed
because the calculation is an initial stage. The velocity and the pressure distribution are shown
only in the area where the liquid film exists, and the white area means that the liquid film does not
exist on the cylindrical surface of rw ¼ 0:45 mm.
Fig. 11 shows that liquid in front of the large wave is transferred at first toward the top by the

pressure gradient along the inclination of the wave. Then it generally tends downstream direction
near the bottom of the tube after passing by the large wave. That is, the liquid flows into and out



Fig. 11. Distribution of relative velocity and pressure in h–z cross-section at t ¼ 0:178 s.
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of the large wave, around which a part liquid spreads in the circumferential direction by the large
pressure gradient from the bottom to the top of the tube cross-section. This liquid film gradually
falls downward by the gravitational force after reaching the top and being left behind the large
wave.

4.6. Mechanism of liquid film formation

The aspect of flow of both phases in case of jG ¼ 30 m/s and jL ¼ 0:06 m/s was investigated in
the r–z, the r–h, and the h–z cross-sections, respectively, and it was clarified that the pressure
gradient plays an important role in the liquid film formation up to the top of the tube. Taking into
these information, we will propose the mechanism of the liquid film formation.
Liquid flow observed from a relative frame of reference fixed to the large wave is drawn in Fig.

12(a) and (b), as a side view and a top view, respectively. The base film flows into the front and out
of the rear of the large wave. The pressure across the wave crest in the gas flow discontinuously
changes because the gas flow separates just in front of the wave, and accordingly the pressure is
almost uniform near the front side of the wave. On the other hand, the pressure is high at the
stagnation point of the gas flow behind the large wave. The pressure gradient within the traveling
large wave is induced along the wave to the top by the stagnation pressure of gas flow. The
Fig. 12. Present flow model. (a) Bird�s-eye view of the relative flow to the large wave traveling to the right. (b) Relative
flow viewed from the top of the tube.
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pressure is the largest near the bottom and gradually decreases in the circumferential direction as
the wave height decreases toward the tube top. By that pressure gradient, liquid is transported
from the bottom to the top forming a disturbance wave. Hence, the disturbance wave has a ring
type coherent shape which inclines backward and travels with the same velocity at any part of the
coherent large wave, i.e., without decay. This flow model obtained by the present DNS is almost
similar to the pumping action model which Fukano and Ousaka (1989) have proposed.
5. Conclusions

In the present study, DNS analysis of the horizontal gas–liquid two-phase annular flow was
done to clarify the mechanism of the liquid film formation and the following results were ob-
tained.

(1) Annular flow was calculated by using the present numerical technique, and the liquid film for-
mation toward the top of the tube was reproduced.

(2) The numerical analysis is possible even in the case of the high Reynolds number and the large
density ratio between gas and liquid.

(3) The large waves have the shape that incline ahead a little and the circumferentially coherent
waves travel with the same speed.

(4) Liquid is transferred toward the top by the pressure gradient induced by the gas flow within
the large wave in the circumferential direction.

(5) The secondary gas flow is not generated in the entire region of the tube but only near the back
of the large wave.

(6) The circumferential velocity in the annular liquid film is larger near the wall than near the in-
terface. This shows that the shear force by the secondary gas flow is not the main factor for the
liquid film formation.

(7) The droplet deposition is not the predominant factor for the liquid film formation in the pre-
sent case of the relatively small tube diameter because the annular liquid film is formed al-
though the droplets cannot be captured by this calculation technique.

(8) The pumping action model which Fukano and Ousaka (1989) have proposed is the most pre-
dominant one for the mechanism of the liquid film formation in a horizontal annular flow.
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