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Abstract: The effect of a gradual contraction pipe (GCP) on gas-liquid flow in a circular-sectioned horizontal to vertical 90° duct
bend was investigated by computational fluid dynamics (CFD) simulation. The hydrodynamics of gas-liquid flow in 90° duct
bends with and without a GCP in the vertical section were compared using a 3D steady Eulerian-Eulerian approach. The predicted
static pressure in the vertical section of the pipes and the pressure drop in the whole pipe were consistent with experimental data.
Results of simulations showed that liquid could distribute more uniformly at the exit of the pipe with a GCP. The increased uni-
formity was accompanied by an increase in pressure drop by a factor of less than 10% compared to the pipe without a GCP. The
position of minimum pressure in the bend was changed by the GCP. A GCP can alter the trajectories of the fluid and secondary

flow. As a result, the fluid can quickly reach a steady state downstream from the bend.
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1 Introduction

In many industrial processes, pipelines are used
to convey supplies. A comprehensive understanding
of fluid dynamics in pipes is essential for good pipe
design and pipeline arrangements. Due to limitations
of installation space, bends are frequently used to
change the direction of a pipe. In this way, the fluid
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can be transported to the desired delivery position.
However, the centrifugal effect arising from a bend
leads to separation of a multiphase fluid (Akilli ez al.,
2001). Therefore, a long straight pipe is required to
stabilize the separated fluid downstream of the bend
(Weske, 1948). However, the length of the straight
pipe is limited in some processes. For example, dur-
ing the olefin polymerization in a fluidized bed re-
actor in condensed mode operation, the vertical pipe
connected to the inlet of the reactor is not long enough
to stabilize the separated gas-liquid after flowing
through the bend. This may cause maldistribution of
liquid in the reactor. Heat generated by the reaction
cannot then be taken away, which leads to hotspots in
polymer agglomeration. Also, the inner wall of the
reactor may be eroded in the areas of high liquid
content areas. Consequently, it is important to study
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the fluid dynamics in a duct bend and propose a valid
way to make liquid distribute uniformly in the reactor,
thereby avoiding agglomeration and extending the
service life of the reactor.

Previous studies of multiphase flow in curved
pipes can be separated into those focusing on gas-
solid or gas-liquid systems in circular or non-circular
pipes. Most researchers have focused on gas-solid
flow in a 90° duct bend. They have observed the
phenomenon of particle rope and have estimated the
pressure drop due to the bend, the fluid velocity dis-
tribution in the pipe, and the fluctuation force im-
posed on the pipe by the fluid (Akilli et al., 2001;
Spedding et al., 2006; Kuan et al., 2007; Njobuenwu
et al., 2012; Vashisth and Grace, 2012; Zhang et al.,
2012). The phenomenon of gas-liquid flowing
through a 90° duct bend is similar to that of gas-solid.
A variety of studies has focused on the effect of a
bend on the hydrodynamics of gas-liquid flow in a
pipe. Sroka and Forney (1989) conducted an experi-
ment to investigate the gas-liquid hydrodynamics
downstream from a 90° bend, and discovered that the
fluid fluctuation was more intense than that in a
straight pipeline. This was attributed to the bend.
Some researchers have discussed the pressure drop
caused by a bend based on the experimental or sim-
ulation results (Spedding and Benard, 2007; Aliza-
dehdakhel et al., 2009; Crawford et al., 2009; Kim et
al., 2010). They constructed some models to predict
the pressure drop for engineering design. Wang et al.
(2003; 2004) proposed new flow patterns to describe
the effect of a return bend on the transition of a
two-phase flow pattern via visual observation. They
found that the flow pattern was related to the curva-
ture of the bend. Liu ef al. (2012) conducted an ex-
periment to study the fluctuation in a two-phase flow
by a 90° bend. The fundamental mechanisms and
characteristics of the excitation force caused by
two-phase flows were obtained by eliminating the
influence of the vibration of the bend. Kim et al.
(2007) investigated the geometric effects of a 90°
bend on the distribution of local two-phase flow pa-
rameters and its transport characteristics in a hori-
zontal bubbly flow. The bend induced significant
oscillations in the flow in both the vertical and hori-
zontal directions of the tube cross-section. The
transport of the 1D interfacial area concentration and
the void fraction along the flow were also affected by
the bend.

Although the results obtained by the above
studies give valuable insights into the effects of a pipe
with a bend, few studies have focused on a method to
solve the phase separation caused by a bend. Bilirgen
and Levy (2011) assessed techniques for dispersing
the severe particle stratification caused by flow
through a 90° duct bend. According to their results,
each type of flow mixer has its own shortcomings.
Fan et al. (2002) carried out a theoretical study of a
ribbed bend to protect duct bends against erosion in
gas-solid flows. The results of these two studies
showed that a proper internal can help redistribute the
solid downstream of the bend. However, as some of
the internals are installed in on the inside wall of the
pipe, it is hard to check the condition of the internals
when the pipe is working. The variation in the flow
dynamics caused by the internals had been less well
studied.

In this study, we propose mounting a gradual
contraction pipe (GCP) in the straight pipe down-
stream of a bend to redistribute the fluid. A GCP is
widely used in cryocoolers to enhance the heat
transfer owing to the oscillatory flow in a GCP (Shi-
raishi ef al., 2002; Holley and Faghri, 2005; He et al.,
2007; Yang, 2009). This can strengthen the turbu-
lence intensity in a pipe. Ahmadpour et al. (2016)
presented a detailed numerical simulation of two-
phase air and water flow through gradual expansions/
contractions. They found that the gradual expansions/
contractions could clearly change the pressure and
velocity of the two phases. So a GCP could be an
effective device to adjust the flow of fluid down-
stream of a bend. To verify our idea, a 3D steady
Eulerian-Eulerian approach was adopted to simulate
fluid flow in a 90° duct bend with a GCP. The simu-
lation method was validated by the static pressure
obtained by experiment. We discuss in detail the ef-
fect of the GCP on the hydrodynamics of gas-liquid
two-phase flow in a 90° duct bend. This study pro-
vides some valuable insights for pipeline design in
industrial applications.

2 Experiment apparatus and materials

The experimental facilities are shown schemat-
ically in Fig. 1 together with the adopted coordinate
system whose origin is located at the center of the
outlet plane of the bend. Air and water was used as the
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test fluid in all the experiments. Air was injected into
the apparatus by an air compressor. Water was
pumped into the pipeline through a nozzle so as to
ensure it was distributed uniformly at the pipe inlet.

Two circular horizontal to vertical 90° duct
bends were used in the experiments, one with a GCP
in the vertical segment (the C pipe) and the other
without (the NOC pipe). The internal diameters of the
pipes were D=140 mm. They comprised a 90° bend of
curvature radius R=75 mm (R./D=0.54), and hori-
zontal and vertical tangents of 12D and 3.78D. The
detailed dimensions of the C pipe are shown in Fig. 1.
Its diameter was reduced to D'=0.85D downstream of
the GCP.

Since the aim of this work was to offer some
suggested improvements for the industry, it was nec-
essary to ensure that the flow pattern in the experi-
ments was the same as that in industrial apparatus. In
experiments, the gas velocity v, and liquid mole
fraction x; were set in the range of 9.93 to 14.40 m/s
and 0 to 15.53%, respectively. So the flow pattern in
the experiment was mist flow according to the flow
pattern map of Baker (1954). The static pressure near
the vertical section wall of the pipe was measured by a
U tube to validate computational fluid dynamics (CFD)
simulation. The pressure taps were located 1 mm from
the inner and outer side walls with elevations y/D=0.2,
0.5,0.85,1.2,1.7,2.0,2.4, 2.6, 3.0, and 3.8.

3 Mathematical models
3.1 Governing equations

The Eulerian-Eulerian two fluid model has been
reported to be an appropriate way to simulate a

dispersed liquid spray, and the solutions obtained by
this method are similar to those obtained by the
Eulerian-Lagrangian approach (Burger et al., 2002;
Moukalled and Darwish, 2008; Li et al., 2010; Zhang
et al., 2013). The main shortcomings of the Eulerian-
Lagrangian method are large memory and central
processing unit (CPU) requirements. So the 3D
Eulerian-Eulerian method was used in this study. The
governing equations shown below were calculated by
a commercial CFD software Fluent 6.3.13.
Continuity equation is

0
5(;0,-0‘,-)+V -(,Oia,.vl.)=0, (1)

where i represents g or 1, p; is the density of phase i, o;
is the volume fraction of phase i, and v; is the velocity
of phase i.

Momentum equation is

g(piatvi)"'v'(ptaivivi) @)

=-aVp+V -1, +pa,g+M,,

where t; is the stress tensor, and M; is the force be-
tween the gas and liquid, including the drag force,
buoyancy, virtual gravity, turbulent dispersion, and
wall force. The magnitude of the drag force is higher
than that of other kinds of force because of the mist
flow in the pipe. So only the drag force was consid-
ered in this study. The Schiller-Naumann (Schiller
and Naumann, 1935) method was used as model for
drag between the gas and liquid.

8) 1.92D 0.68D

C)

Fig. 1 Schematic diagram of the experimental facility
1: Buffer tank; 2: Pump; 3: Flow meter; 4: NOC pipe; 5: Air compressor; 6: Tank; 7: C pipe
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where Ky is the drag force between the gas and liquid.
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where d is the diameter of the droplet, Re is the
Reynolds number, and g is the liquid viscosity. The
drag coefficient Cp is given by

Re <1000,
Re 21000.

(6)
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The k-¢ model (Launder and Spalding, 1972) is
used to estimate the turbulence of the gas phase by
taking into account the effect of the liquid phase. The
transport equations for k and ¢ were

0
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where k is the turbulent kinetic energy, ¢ is the dis-
sipation rate of turbulent kinetic energy, and IT is the
additional term.

3.2 Initial and boundary conditions for simulation

The computed flow domain was constructed
using hexahedral cells with the grid sensitivity study
shown in Fig. 2. A finer mesh for the boundary layer
of the pipe was constructed to improve the accuracy
of the flow simulation in the wall-adjacent region.
The selected cell number was 375464 for considering
both the accuracy and time used for calculation. In
this study, the droplet diameter was simplified to a

constant value at the inlet, which is closely related to
the We number (Kolmogorov, 1949):

we=Le a3, ©)
O-l

where E is the turbulent kinetic energy, and o is the
surface tension of the liquid. The maximal stable
droplet diameter dy,x s

3/5
d_ =0.725 {QJ E™". (10)
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The initial and boundary conditions for simulation are
shown in Table 1.
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Fig. 2 Effect of cell number on static pressure, P (v,=
14.4 m/s, x=0)

Table 1 Initial and boundary conditions for simulation

Parameter Value/Comment

Inlet boundary condition

Range of gas velocity (m/s) 9.93-14.40

Range of liquid mole fraction (%) 0-15.53
Outlet boundary condition Outflow
Wall boundary condition

Gas phase No slip

Liquid phase No slip

3.3 Numerical procedure for simulation

A steady-state simulation was performed using
the commercial CFD software, Fluent 6.3.13, in
double precision mode. A pressure based segregated
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method was used, with a semi-implicit method for
pressure-linked equations (SIMPLE) scheme for
pressure-velocity coupling. Based on the preliminary
work, the standard k-¢ turbulence model with fast
computation speed and ease of convergence was se-
lected to solve the transport equations of k£ and ¢. The
flow in the near-wall region is solved by the standard
wall function to achieve high accuracy of numerical
solutions in the entire domain. The first order upwind
scheme was used for the spatial discretization of all
variables. The residual convergence criterion was set
to 10~ for all equations.

4 Results and discussion
4.1 Model validation

To validate the simulation model, the predicted
static pressure in the vertical sections of the pipes was
compared with the experimental results. Some typical
simulation results are presented in Fig. 3 with corre-
sponding experimental results from the NOC pipe for
comparison. The simulation results agree reasonably
well with the experimental data, except at the lower
y/D of the inner side. The pressure tap must be par-
allel to the flow direction of the fluid when measuring
the static pressure of the fluid. However, the backflow
region at the lower y/D of the inner side causes com-
plexity in the fluid flow direction. It is hard to keep
the pressure taps parallel to the flow direction of the
fluid, so the measured static pressure is lower than the
simulation results for the inner side. In contrast, the
fluid flow direction is approximately parallel to the
pipe wall of the outer side. Therefore, the experi-
mental and simulation results matched well on the
outer side.

Large numbers of empirical correlations have
been obtained to predict the pressure drop of turbulent
gas liquid flow in 90° bends. Azzi et al. (1999) gave a
detailed review of empirical correlations of pressure
drop. The empirical model of Paliwoda (Paliwoda,
1992) was selected from among those correlations to
validate the numerical results of the pressure drop AP
between the entrance and the exit of the bend. The
correlation was given as

AP -
2 o+2701=-0)x" 1(1=x)"33 4 2276’
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Fig. 3 Comparison of predicted and experimental static
pressure in the vertical section

(a) Inner side of the NOC pipe, v,=14.4 m/s, x=0; (b) Outer
side of the NOC pipe, v,=14.4 m/s, x=0; (c) Inner side of the
NOC pipe, vy=14.4 m/s, x=7.71%; (d) Outer side of the NOC
pipe, vy=14.4 m/s, x=7.71%
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p 0.25
¢=—g(ﬂJ : (1)
pl Ing
where x" is the mass fraction of gas. The single-phase
air flow pressure drop AP, is obtained from

M=AP,[(pv}), R [D=0.54,M=0286. (12)

From Fig. 4 we can see that the numerical results
showed good agreement with Paliwoda’s empirical
correlation.

650 -
eoor —=a— Simulation results
550 e Paliwoda's correlation
500 -
450 |-
400 |
350 - o
300 - /
250+ ®

200 1 1 1 1 1 1 1
9 10 1" 12 13 14 15

Velocity of gas (m/s)

Gas-liquid pressure drop (Pa)

Fig. 4 Comparison between the numerical results and
Paliwoda’s empirical correlation

4.2 Effect of the GCP on fluid distribution

In this section, to check the effect of the GCP on
the uniformity of liquid at the exit of the pipe, the
results of the C pipe are compared with those of the
NOC pipe and in scenarios with vertical segments of
different lengths.

4.2.1 Distribution of liquid

Fig. 5 presents the normalized liquid volume
fraction along the radial direction on the cross-section
at different elevations. The normalized liquid volume
fraction is expressed as

g=2. (13)

where ¢, is the liquid volume fraction at the inlet.
The x/r=0, x/r=1, and x/r=—1 in Fig. 5 represent
the center, inner side, and outer side of the cross-

section, respectively, where 7 is the radius of the pipe
and x is the X coordinate. The flow pattern of the fluid
is greatly altered by the centrifugal force when it
flows through the bend. Most of the liquid would be
thrown to the outer side wall of the bend, so the liquid
volume fraction is higher near x/r=1 than near x/r=—1
(Fig. 5). Besides, it’s even higher near x/r=1 in the
GCP. Fig. 5a shows that the liquid volume fraction
increases with increasing of elevation when —1<x/r
<=0.2, and slightly decreases when 0.8<x/r<1, indi-
cating that liquid flows from the outer side to the
inner side in the vertical section. Fig. 5b shows the
same profile as Fig. 5a. However, the liquid volume
fraction along the radial direction is more uniform in
the exit plane of the C pipe.

In the simulation, 16 equally distributed points
shown in Fig. 6 were selected to investigate the dis-
tribution of liquid near the wall of the vertical section.
Among these points, point 1 was on the outer side and
point 9 was on the inner side of the pipe. Fig. 7 shows
the normalized liquid distribution near the wall of the
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Fig. 5 Liquid volume fraction along the radial direction of
the cross-section at different elevations (v,=14.4 m/s,
x=7.71%): (a) NOC pipe; (b) C pipe
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Fig. 6 Schematic diagram of sampling points distributed
near the wall of the circular section
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Fig. 7 Liquid distribution near the wall of the vertical
section on the circular section at different elevations
(vy=14.4 m/s, x=7.71%): (a) NOC pipe; (b) C pipe

circular section at different elevations. The liquid
becomes more and more uniformly distributed on the
circular section with increasing of elevation. Also, the
liquid distribution is more uniform on the exit plane
of the C pipe. Fig. 7 further reveals that the liquid
volume fraction of point 9 is higher than those of the
points beside it on the y=0.5D and y=1.0D planes, and
is responsible for the backflow of liquid there. The

gradient between point 9 and the points beside it is
small in the C pipe owing to the small amount of
liquid backflow. The liquid volume fractions of points
6 and 14 are higher than those of the points beside
them on the y=2.6D and y=3.2D planes (Fig. 7b). This
is because points 6 and 14 are the stagnation points of
the liquid, since a lot of liquid moves from the outer to
the inner side.

The variation coefficients of the liquid volume
fraction at exits of the two pipes for different exper-
imental conditions are compared in Fig. 8. The defi-
nition of the variation coefficient V is

(14)

where o, is the standard deviation, and S is the av-
erage value of a set of data. J estimates the uniformity
of a set of data.

Fig. 8 shows that the variation coefficient of the
C pipe is lower than that of the NOC pipe within the
range of the experimental conditions applied in this
study, indicating that liquid is more uniform at the exit
of the C pipe. The variation coefficients of the two
pipes remain almost constant with increasing of liquid
volume fractions (Fig. 8a). However, the separation
phenomenon becomes more and more severe with
increasing of gas velocity in the vertical section. The
variation coefficient of the NOC pipe increases more
rapidly than that of the C pipe (Fig. 8b). This shows
that the variation coefficient is more sensitive to gas
velocity than the liquid volume fraction in the NOC
pipe.

To sum up, all the results of the experiments and
simulations show that the liquid is more uniform at
the exit of the C pipe owing to the GCP.

4.2.2 Effect of increasing the length of the vertical
section

According to the theory of gas-liquid two-phase
fluid mechanics, a straight pipe with length of about
10D is required for fully developed flow (Weske,
1948). However, this requirement cannot be met in
some industry processes due to space limitations, as
in the case of a pipeline connecting the inlet of a
polyolefin fluidized bed reactor. In this section, the
results from four scenarios with increasing length of
the vertical section of the NOC pipe are compared
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with the results from the C pipe. The variation coef-
ficients of the liquid volume fraction at exits of the
pipes are compared in Table 2 for all scenarios. The
variation coefficient of the NOC pipe decreases with
increasing length of the vertical section. However, the
value of the C pipe is still lower even when a 4D
straight pipe is added, indicating that the GCP can
help redistribute liquid and decrease the length of
vertical section required for uniform liquid distribu-
tion. In this way, the cost of space and material could
be saved in industrial applications.
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< 28t
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32 (b)
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Velocity of gas (m/s)

Fig. 8 Variation coefficient of liquid volume fraction at
the exits of the two pipes: (a) v;=14.4 m/s; (b) x=7.71%

Table 2 Comparison of variation coefficients in scenar-
ios involving different lengths of the vertical section (v,=
14.4 m/s, x=7.71%)

Scenario V
NOC pipe 29.4
NOC pipe (D added) 46.2
NOC pipe (2D added) 31.1
NOC pipe (3D added) 26.6
NOC pipe (4D added) 20.0
C pipe 16.0

4.3 Effect of the GCP on fluid hydrodynamics

To find the mechanism by which the GCP re-
distributes the fluid, the hydrodynamics of the two
pipes were investigated.

4.3.1 Pressure

Pressure is the most important hydrodynamic
parameter for fluid flow in the pipe. The simulated
static pressure near the inner and outer side walls of
the entire pipe is shown in Fig. 9, where 6 is the polar
angle of the bend. Figs. 9a and 9b show the same
trend with a large pressure gradient in the bend. The
centrifugal force caused by the bend results in a de-
crease in horizontal velocity and an increase in static
pressure in the first half of the bend. The static pres-
sure decreases after the maximum value is reached,
indicating that the fluid flow direction gradually ad-
justs to the shape of the outer side wall of the bend.
The static pressure decreases in the first half of the
inner side of the bend. This is because the fluid is not
blocked by the wall there. Although the inner side
wall of the bend curves upwards, the static pressure
increases as the fluid still flows towards the horizontal.
Similar results have been noted by Rutten ez al. (2001)
and Njobuenwu et al. (2012).

Fig. 9 also reveals that the pressure gradient
between the inner and outer sides of the bend in the C
pipe is greater than that in the NOC pipe. This is be-
cause the gas velocity on the inner side of the C pipe’s
bend is higher than that of the NOC pipe. The mini-
mum static pressure in the NOC pipe is located at 45°
of the bend, while in the C pipe this shifts to 60°,
because the flow direction of the fluid changes to-
wards the vertical section early on the inner side of the
bend of the C pipe. Moreover, the GCP changes the
pressure not only in the bend, but also in the straight
segments of the pipe.

4.3.2 Secondary flow

A secondary flow forms downstream of a bend
when a fluid flows through the bend (Yao and Berger,
1975; Chen et al., 2003). A secondary flow is a rela-
tively minor flow superimposed on the primary flow
and contributes to the distribution of fluid in the pipe.
Vashisth and Grace (2012) found that a secondary
flow can help disperse the particle rope. Table 3
shows the secondary flow on the cross section at
different elevations of the two pipes in this study. The
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arrows in the figures stand for the radial gas velocity
vectors. There were only two little vortexes near the
wall of the inlet plane (Table 3). On the 2D plane, just
under the GCP in the C pipe, the secondary flow ap-
pears to be double symmetric vortexes, the centers of
which are close to the outer side wall of the two pipes.
The centers are closer to the outer side wall of the C
pipe. Then they move to the center of the cross section
on the outlet plane. The figures show that there is a
strong secondary motion driven along a thin region
adjacent to the pipe wall due to the excess of the radial
pressure gradient over that required for circular mo-
tion (lacovides et al., 1990). Also, there is a stagna-
tion point near the inner side of the 2D and outlet
planes at which the fluid starts to eject towards the
center of the cross section. Table 3 shows that the
maximum velocity of secondary flow in the C pipe is
higher than that in the NOC pipe owing to the de-
crease in the flow area, indicating that the radial
movement of the fluid is enhanced by the GCP.

4.3.3 Liquid velocity

In this section, we discuss the liquid velocity in
the vertical section to illustrate the effect of the GCP
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Fig. 9 Static pressure distribution along the whole pipe
(vg=14.4 m/s, x=7.71%): (a) NOC pipe; (b) C pipe

Table 3 Secondary flow at different elevations: v,=14.4 m/s, x;=7.71% (velocity unit: m/s)

Elevation Secondary flow (NOC pipe) Secondary flow (C pipe)
PEITTINRIERARRRERNINT  BRIBAREIRRANILREINNE
D
=0 mm Inner side
y=2D

Outlet
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on the liquid flow pattern. The vertical liquid velocity
contours of the C and NOC pipes are presented in
Fig. 10, together with the amplified vector diagrams
for the local region. There is a backflow zone near the
bend exit of the two pipes owing to the secondary
flow (Vashisth and Grace, 2012). The backflow ve-

locity in the NOC pipe is higher than that in the C pipe.

The reason for this is that more gas can flow upwards
along the inner side of the vertical section after
flowing through the bend of the C pipe. Fig. 10 also
reveals that the liquid velocity in the horizontal sec-
tion is affected by the GCP.
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Fig. 10 Liquid velocity (m/s) in the vertical direction
(vy=14.4 m/s, x=7.71%): (a) NOC pipe; (b) C pipe

In Fig. 11, the liquid velocity on the inner and
outer sides of the vertical section is plotted against the
elevations. When liquid enters the bend of the NOC
pipe, it is deflected from the horizontal and rushes to
the outer side. This results in an initial increase in
liquid velocity near the outer side of the vertical sec-
tion. The liquid velocity then decreases as the liquid
moves towards the inner side. As for the inner side of
the vertical section, the velocity drops with the in-
crease in static pressure in the backflow region. It

begins to increase as the liquid flows from the outer
side. It is clear that the liquid velocity profiles of the C
pipe are the same as that of the NOC pipe below the
GCP. However, the velocity increases in the GCP
owing to the decrease in the flow area. The movement
of liquid in the vertical section is swirl-shaped due to
the secondary flow, which is similar to the results
found by Weske (1948), Tunstall and Harvey (1968),
and Kim et al. (2007). The velocity gradient between
the inner and outer sides of the C pipe’s exit plane is
clearly smaller than that of the NOC pipe.

We conclude that the GCP can greatly change the
flow pattern of liquid and that the distribution of lig-
uid velocity is more uniform at the exit of the C pipe.
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Fig. 11 Liquid velocity on the inner and outer sides of the
vertical section (v,=14.4 m/s, x=7.71%)

4.3.4 Turbulent kinetic energy

Turbulent kinetic energy (k) is the characteriza-
tion of turbulence intensity of the fluid, and can in-
dicate the distribution of the fluid and flow stability. It
is defined as

kim =%(u’2 +17+F),

(15)

where m is the mass of the fluid, and ', V', and w' are
the components of the fluctuating velocity.

Fig. 12 shows the distribution of & along the in-
ner and outer sides of the vertical section. On the
outer side, k increases at first and then decreases with
increasing elevation. Because the gas velocity de-
creases with the increase in elevation in the backflow
zone, k decreases at first on the inner side. It increases
as the fluid moves from the outer to the inner side, and
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then drops with the decrease in fluid velocity. Also, £
rises slightly on both sides above 2D, but the inner
side lags behind the outer side. This is the result of the
fluid flowing from the outer to the inner side. Fig. 12
shows that the profiles of k are similar for the two
pipes. However, the gradient between the inner and
outer sides of the C pipe is higher than that of the
NOC pipe. We conclude that the flow pattern near the
vertical pipe wall is greatly altered by the GCP.
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Fig. 12 Distribution of k£ along the inside and outside of
the vertical section (v;=14.4 m/s, x=7.71%)

Fig. 13 shows the distribution of k£ along the X
axis on the cross section at different elevations.
Fig. 13b resembles Fig. 13a in that £ decreases with
increasing elevation owing to the loss of energy. They
both illustrate that an axially symmetric k profile is
reestablished downstream of the bend. Fig. 13b shows
the fluid reaches a steady state in the C pipe more
quickly than that in the NOC pipe. Therefore, the
results of this study suggest that the GCP can help
stabilize the unsteady fluid within a short time.

5 Conclusions

We investigated the hydrodynamics of gas-liquid
flow in two different kinds of circular horizontal to
vertical 90° duct bends, one with a GCP in the vertical
section and the other without. The applied numerical
method was a 3D steady Eulerian-Eulerian approach
with a standard k-¢ turbulent model and a Schiller-
Naumann gas-liquid drag model. The simulation re-
sults showed good agreement with the experimental
data. Liquid was uniformly distributed at the exit of
the C pipe. The pressure in the C pipe was greatly
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Fig. 13 Distribution of & along the X axis on the cross
section at different elevations (v;=14.4 m/s, x=7.71%):
(a) NOC pipe; (b) C pipe

altered by the GCP as well as the trajectories of the
fluid and secondary flow, so a lot of liquid could
move from the outer to the inner side to reach a steady
state quickly. Hence, with a GCP, a reactor down-
stream of the duct bend could operate safely. The
GCP causes an increase in pressure drop by a factor of
less than 10% in the C pipe compared to the pressure
in the NOC pipe. To sum up, this study was a pre-
liminary attempt to investigate the effect of a GCP on
fluid redistribution downstream of a bend. Further
work should be done to determine the relation be-
tween the structure of a GCP and its effectiveness,
including the contraction ratio, length, and location of
a GCP in the vertical segment.
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