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In this paper, a systematic numerical study of the local resistance coefcients of vertical L-shaped and Z-shaped pipes for gas‒
liquid two-phase fows under vertical conditions was carried out using a realizable k-ε turbulence model combined with a mixture
model in Fluent software. Specifcally, the infuence of the Reynolds number Rel, the gas-phase volume rate α, the radius–diameter
ratio R/D, the height–diameter ratio H/D, and the two-phase fow direction on the local resistance coefcient ξ were discussed in
detail. ξ of the vertical Z-shaped pipe decreases with increasing Rel, while ξ of the vertical L-shaped pipe does not change
signifcantly. In a specifc range, ξ of vertical L-shaped and Z-shaped pipes increases with increasing α and decreases with
increasing R/D. In Z-shaped pipes, under the upward fow condition, ξ increases with increasing H/D, and under the downward
fow and horizontal fow conditions, ξ frst decreases and then increases with increasingH/D. Overall, upward and downward fow
conditions have a larger ξ than the horizontal fow condition. WhenH/D is larger than 14, ξ tends to be stable under all three fow
conditions. Finally, the relationship equations between ξ and Rel, α, R/D, and H/D were ftted, which agreed with the
numerical results.

1. Introduction

Gas‒liquid two-phase fow in a bend is a widespread fow
phenomenon widely found in many engineering practices,
including petroleum, chemical, natural gas, nuclear energy,
aerospace, and other applications [1, 2]. When fuid fows
through the bend, the combined efect of centrifugal force
and wall pressure produces a gas‒liquid two-phase fow with
an extremely complex gas‒liquid interface distribution and
fow structure, such as reverse fow, overfow, and secondary
fow [1]. Accordingly, these complex fow structures can also
afect the fow state of inlet and outlet fuids, thus, causing a
change in the fuid fow states and pressure pulsation in the
pipe, which in turn induces coupled vibrations between the
fuid and the pipe [3]. When the vibration frequency is the
same as the inherent frequency of the pipe, a “resonance”
phenomenon is produced [4], which is likely to cause pipe
fatigue damage, especially in multibend components, and
even cause damage to the piping system in severe cases,

bringing substantial economic losses. Te local resistance in
the transit of a pipe is the additional loss over and above the
friction resistance along the journey brought on by the
presence of a bend. Tis additional loss extends beyond the
bend’s geometric length and afects the fuid’s state upstream
and downstream of the bend by a certain amount. Energy
conservation and emission reduction are currently receiving
a lot of attention across a variety of industries due to the
increasing contradiction between energy demand and the
ecological environment that has resulted from the social
economy’s rapid development. Te amount of trans-
portation energy used by a pipe system directly depends on
the resistance value of the bend in a gas‒liquid two-phase
fow pipe. Terefore, studying the local resistances of gas‒
liquid two-phase fows in bends has signifcant academic
value and extensive practical engineering signifcance.

For many years, the study of gas‒liquid two-phase fows
in bends has received widespread attention and has been the
subject of extensive investigations by many scholars.
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Statistically and inductively, the fuctuation of pressure in a
bend is closely related to the variation in the gas‒liquid two-
phase fow pattern, which is often infuenced by many
factors such as the inner bend diameter, characterization of
fuid fow velocity, fuid medium, and pipe arrangement
[5–7]. Te current gas‒liquid two-phase fows in pipes are
generally referenced according to the classifcation of fow
patterns summarized in experiments by Baker [8] and
Hewitt and Roberts [9]. Specifcally, Baker classifed the fow
patterns occurring in horizontal straight pipes as bubble
fow, plug fow, stratifed fow, wavy fow, slug fow, and
annular fow, while Hewitt and Roberts classifed the fow
patterns occurring in vertical straight pipes as bubble fow,
slug fow, churn fow, annular fow, and wispy annular fow.
Owing to the fow patterns mentioned above, the accurate
prediction of the pressure drop in multiphase fow is often
much more complex than in single-phase fow when pre-
dicting the pressure drop in bends. Terefore, most of the
current prediction models for pressure drops in bends are
based on single-phase fow. Te more popular existing
single-phase fow prediction models generally follow the
Lockhart–Martinelli theory [10], which was originally
proposed for vertical and horizontal straight pipes.

While this theory was mostly used to predict the pressure
drop per unit length of a straight pipe for a single gas phase
fow, scholars found that the theory also has high agreement
for pressure loss calculations for a single liquid phase and
gas‒liquid mixture fow in pipes [11]. Later, a theoretical
model proposed by Chisholm [12] signifcantly contributed
to predicting the pressure drops of gas‒liquid two-phase
fows in bends. By discussing the pressure drop character-
istics of gas‒liquid two-phase fows in bends under hori-
zontal conditions (without considering the efect of gravity),
he proposed a prediction model based on two-phase mul-
tipliers. Te model can be applied to frictional pressure
drops, namely, local resistances of gas‒liquid two-phase
fows in bends with a wide range of radius–diameter ratios
(as illustrated in Figure 1(a), which is an abbreviation for the
curve radius of the bend to the diameter of the pipe), the
diameters of the bends and diferent fow rates. Based on the
Lockhart–Martinelli model and the Chisholm model, many
modifed pressure drop prediction models based on these
two theoretical models have been proposed. Representative
work includes the general relation between pressure drop
characteristics and the Reynolds number proposed by
Spedding and Benard [13] for an L-shaped pipe with a
diameter of 26mm and the pressure drop prediction relation
for a U-shaped pipe with gas‒liquid two-phase fow asso-
ciated with the Chisholm model by Hayashi et al. [14]. Te
above studies both showed good correlations when com-
pared with experimental data. Subsequent work has found
that the pressure drops in bends change with the fow
motion state and the geometry of the bend. A new
T-junction pressure drop prediction model using a BP
neural network (BPNN) was developed by Zhi et al. [15],
which difers from the traditional prediction model based on
theoretical analysis. Furthermore, the genetic algorithm
(GA) and the particle swarm optimization (PSO) algorithm
were combined with BPNN to optimize the weights and

biases of BPNN. Correspondingly, scholars have examined
the various relationships between the pressure drop and the
fow condition or geometry of a bend. Saber and Maree [16]
found that a signifcant pressure drop occurs at higher air
fow rates through a numerical model constructed for a
vertical L-shaped pipe.

Almabrok et al. [17] measured the pressure drop at
diverse bend locations during upward and downward fow.
It was found that the trends of the pressure gradient along
the bend in diferent fow directions appear to be quite
diferent, and the magnitude of the pressure gradient is also
afected by the fow rate of each phase. Mazumder and
Siddique [18] numerically studied the gas‒liquid two-phase
fow in a vertical bend with a diameter of 12.7mm under
three diferent gas and liquid phase velocity conditions. It
was found that the gas‒liquid two-phase fow showed a
signifcant pressure drop as it left the bend, and the pressure
drop was also more signifcant at higher gas fow velocities.

In summary, much research has been done by scholars
on the pressure drops of gas‒liquid two-phase fows in
bends. However, most of these studies were still based on a
horizontal condition, while less research has considered the
efect of gravity. Moreover, even less work has been done to
study the local resistances of gas‒liquid two-phase fows in
bends.

Although gas‒liquid two-phase fow in a vertical bend is
a common phenomenon in many engineering practices, the
local resistances of gas‒liquid two-phase fows in vertical
bends under the efect of gravity have not yet been inves-
tigated in depth. Hence, systematic numerical research is
conducted here for the local resistances of vertical gas‒liquid
two-phase fows in bends under the efect of gravity. Spe-
cifcally, a three-dimensional numerical model of gas‒liquid
two-phase fows in vertical L-shaped and Z-shaped pipes is
constructed, and the applicability and accuracy of the nu-
merical model are validated. Te efects of dimensionless
parameters such as the radius–diameter ratio, height–dia-
meter ratio (as illustrated in Figure 1(b), which is an ab-
breviation for the height between the bends to the diameter
of the pipe), Reynolds number, and gas-phase volume rate of
the gas‒liquid two-phase fow on the variation in the fow
feld structure are systematically investigated. Furthermore,
the infuences of the geometric characteristics and fow
conditions of vertical L-shaped and Z-shaped pipes on the
local resistance are studied in detail. Finally, the relationship
equations between the local resistance coefcients of vertical
L-shaped and Z-shaped pipes and the above dimensionless
parameters are numerically ftted. Tis study can enrich our
understanding of the local resistances of gas‒liquid two-
phase fows in bends.

2. NumericalModel andCalculationof theLocal
Resistance Coefficient

2.1. Governing Equations. Here, an mixture model based on
the commercial computational fuid dynamics (CFD) soft-
ware Fluent was selected to numerically simulate the gas‒
liquid two-phase fow in the bends. A mixture model is a
simplifed multiphase fow model based on the Euler–Euler
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method, which can be used for uniform multiphase fow
without the relative velocity of discrete phases. Specifcally,
the multiphase fow was simulated by solving the continuity,
momentum, and energy equations.

Te governing equations are specifed as follows:
Continuity equation:

z

zt
(ρ) + ∇ · (ρ · v) � 0, (1)

where ν is the mean velocity of the gas‒liquid two-phase
fow, ρ is the mean density of the gas‒liquid two-phase phase
fow, ρ � 

n
i�1 αiρi, n is the number of phases, αi is the

volume fraction of phase i, and ρi is the density of phase i.
Momentum equation:

z

zt
(ρ · v) + ∇ · (ρ · v) � −∇p + ∇ · μ ∇v + ∇vT

   + ρg + F − ∇ · 
n

i�1
αiρivmove

⎛⎝ ⎞⎠, (2)

where p is the pressure, F is the body force, μ is the mean
viscosity of the gas‒liquid two-phase fow, μ � 

n
i�1 αiμi, μi is

the viscosity of phase i, move is the slip velocity of phase i,

vmove � vi − v, is the velocity of phase i, and is the mean
velocity of the gas‒liquid two-phase fow.

Energy equation:

z

zt


n

i�1
αiρiWi(  + ∇ · 

n

i�1
αivi ρiWi + P( (  � ∇ · ωeff∇T − 

i


j

Cj,iφj,i + ωeff · v ⎛⎝ ⎞⎠ + Sω, (3)

whereWi is the energy of phase i, T is the temperature, Cj, i
is the enthalpy of phase j in phase i, φj, i is the difusion fux
of phase j in phase i, ωef is the efective thermal con-
ductivity of the gas‒liquid two-phase fow,
ωeff � 

n
i�1 αi(ωi + ωt), ωi is the thermal conductivity of

phase i, ωt is the turbulent thermal conductivity defned
according to the turbulence model, and Sω is the source
item.

2.2. Realizable k-ε Turbulence Model. Owing to the com-
bined efects of gravity, buoyancy, and centrifugal force, the
gas‒liquid two-phase fow in a vertical bend is prone to
generating complex fows, such as secondary fow and
overfow. Te realizable k-ε turbulence model is considered
to have signifcant advantages in solving complex structures
with rapidly changing fow velocities [19]. Accordingly, the
realizable k-ε turbulence model was selected here to
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Figure 1: Side view of the pipe 3D calculation domain. (a) L-shaped pipe, (b) Z-shaped pipe. Te red arrows denote the direction of the
incoming and outgoing fows at the inlet and outlet, respectively.
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numerically simulate the fow structure of the gas‒liquid
two-phase fow in a vertical bend.

Te turbulent kinetic energy k and turbulent energy
dissipation rate ε in the realizable k-ε turbulence model can
be solved by the following equations:

z(ρk)

zt
+

z ρkuj 

zxj

�
z

zxj

μ +
μt

σk

  ·
zk

zxj

  + Gk − ρε,

z(ρε)
zt

+
z ρεuj 

zxj

�
z

zxj

μ +
μt

σε
  ·

zε
zxj

  + ρC1Sε − ρC2
ε2

k +
��
υε

√ ,

(4)

where xj is the coordinate component, uj is the mean
relative velocity component, Gk is the generation item of
turbulent kinetic energy, μt is the turbulent viscosity coef-
fcient, υ is the dynamic viscosity, and C1, C2, σk, and σε are
all the model constants. Te experience values of the model
constants are C1 � max [0.43, (ζ/ζ + 5)] (where ζ � S(k/ε),
S �

�����
2SijSij


, Sij � (1/2)((zui/zxj) + (zuj/zxi)), C2 � 1.9,

σk � 1.0, and σε � 1.2).

2.3. Computational Domain. Te side views of the 3D
vertical pipe calculation domain are shown in Figure 1,
which consists of an upstream straight pipe, an 90° bend, and
a downstream straight pipe. Te longitudinal profle along
the central axis is located in the XZ plane, and the direction
of gravity is set to the negative direction of the Z-axis. As
illustrated in Figure 1, D is the diameter of the bend,
D� 30mm, and R is the bend’s curvature radius. Te
Z-shaped pipe is a combination of two L-shaped pipes. H is
the height between the two L-shaped pipes. It should be
noted that D remains constant in all the numerical simu-
lations. Accordingly, the dimensionless parameters R/D and
H/D, which are the expressions of the radius–diameter ratio
and height–diameter ratio, respectively, can be used to
distinguish the pipe geometries under diferent R and H
conditions. Specifcally, R/D� 1 to 7 and H/D� 1 to 15 were
selected to analyze the local resistance of the pipe under
diferent geometric conditions. In addition, considering the
full development of upstream and downstream fow when
entering and leaving the bend, the upstream and down-
stream straight pipe lengths are both taken as 24 D.

For the gas‒liquid two-phase fow in the bend in this
paper, water and air were selected as the liquid and gas
phases, respectively. Te liquid phase is selected as the
primary phase, while the gas phase is selected as the second
one. Te velocity inlet condition was adopted at the inlet of
the pipe to maintain the exact velocity of both gas‒liquid
phases. To achieve a wide range of Reynolds number con-
ditions, we set the velocity range as� 1 to 10m/s, with the
direction perpendicular to the inlet. In addition, the outfow
boundary condition was adopted at the outlet, and no-slip
boundaries were adopted on all the walls.

2.4. Calculation of the Local Resistance Coefcient. Te local
resistance of the gas‒liquid two-phase fow in the vertical

bend under gravity was measured by the local resistance
coefcient ξ, which was calculated as follows:

Δp � ξ
ρv

2

2
, (5)

where Δp is the local resistance, which can be expressed by

Δp � Δptotal − Δpgeod − Δploss, (6)

where Δptotal is the total pressure drop at the bend, Δpgeod is
the change in gravitational potential energy generated when
the fuid fows through the bend, Δpgeod � ρgh (where h is
the height diference when the fuid fows through the bend),
and Δploss is the along-travel pressure drop when the fuid
fows through the bend, ΔPloss � φ(l/D) · (ρv2/2), where φ is
a coefcient of the along-travel pressure drop,
φ � (0.3164/Re0.25). It should be noted that according to
equation (5), Δp can be considered to be in line with the
trend of ξ when the mean density and velocity of the gas‒
liquid two-phase fow do not change.

Moreover, to further achieve dimensionless conditions,
the liquid phase Reynolds number Rel was selected to
distinguish the efect of fuid velocity on Δp, which is
expressed as

Rel �
ρlvlD

υl

, (7)

where ρl, vl, and υl are the density, velocity, and kinematic
viscosity of the liquid phase, respectively.

2.5. Meshing and Grid-Independence Validation. Schematic
diagrams of calculation domain meshing are shown in
Figure 2. As illustrated in Figure 2, the computational do-
mains havemeshed with a structural hexahedral mesh. Stress
concentration is likely to occur at the bend, which in turn
forms a reverse fow region and makes the fow more
complicated. Terefore, the grid at the bend is locally re-
fned. Moreover, it is well known that the quality and
quantity of meshing can signifcantly impact a numerical
simulation and directly afect the speed and accuracy of the
numerical results. To optimize the computational efciency
based on the available hardware, grid-independence vali-
dation was performed. Specifcally, numerical models with
grid numbers of 540,000, 710,000, 910,000, and 1,180,000
were selected to calculate the gas‒liquid two-phase fows in
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vertical L-shaped pipes, and numerical models with grid
numbers of 1,010,000, 1,310,000, 1,700,000, and 2,210,000
were used to calculate the gas‒liquid two-phase fows in
vertical Z-shaped pipes. Te grid-independence validation
results, ξ, under diferent grid number conditions are listed
in Table 1. It should be noted that we measured how closely
the results of the simulations aligned with the most refned
case as a benchmark, i.e., the cases with grid numbers of
1,180,000 and 2,210,000 for vertical L-shaped pipe and
Z-shaped pipe, respectively. Hence, we defned the error η of
the diference between cases with other grid numbers and
the maximum grid number case to be

η �
ξi − ξm

ξm




, (8)

where ξm is the local resistance coefcient of the cases with
the maximum grid number and ξi is the local resistance
coefcient of the cases with other grid numbers.

It was found that η of the L-shaped pipe with 540,000
grid numbers is greater than 50% compared to the other two
cases, while η of the L-shaped pipe with 710,000 grid
numbers is less than 11% of the numerical models with
larger grid numbers. Moreover, η of the L-shaped pipe with
710,000 grid numbers is very close to that of the L-shaped
pipe with 910,000 grid numbers. Similarly, η of the Z-shaped
pipe with 1010,000 grid numbers is greater than 5% com-
pared to the other two cases, while η of the Z-shaped pipe
with 1310,000 grid numbers is less than 1% of the numerical
models with larger grid numbers. Finally, the numerical
models with grid numbers 710,000 and 1,310,000 were se-
lected to simulate the gas‒liquid two-phase fows in vertical
L-shaped and Z-shaped pipes, respectively. It should be
noted that H/D was set to 0 in Figure 2(b) for the grid-
independence validation. In the subsequent simulations
when H/D is not equal to 0, the grid numbers of vertical
Z-shaped pipes will increase accordingly.

2.6. CalculationVerifcation of Local Resistance. Referring to
the experimental data conducted by Azzi and Friedel [20] on
the local resistances of the gas‒liquid two-phase fows in
vertical L-shaped pipes, we selected six identical cases for

comparison with their experimental data. Te specifc pa-
rameters of diferent gas volume fractions α and Rel are listed
in Table 2. Te comparison of numerical results and ex-
perimental data is illustrated in Figure 3. Δpexp indicates the
local resistance obtained experimentally by Azzi and Friedel
[20], and Δpnum indicates the local resistance calculated by
numerical simulation. Each point in Figure 4 represents an
experimental or numerical result. In addition, we ftted the
numerical results and added an error range of ±10% to
visualize the diference between the numerical results and
experimental data. It was found that the experimental data
are all within the ±10% error of the ftted line of the nu-
merical results. Accordingly, it can be concluded that the
numerical model adopted here has good applicability and
high accuracy for studying the local resistances of vertical
gas‒liquid two-phase fows in vertical bends.

3. Local Resistance Characteristics and
Corresponding Influencing Factors

3.1. Local Resistance Characteristics. It is generally accepted
that in gas‒liquid two-phase fow, the energy dissipation and
momentum exchange between the two phases caused by the
separation and mixing phenomena occurring in the gas and
liquid phases is an essential reason for the increase in local
resistance in the bend [21]. Specifcally, when the fuid fows
through the bend, centrifugal force is generated this moves
from the momentum center of the bend to the outer wall.
Te centrifugal force interacts with the boundary layer when
the fuid adheres to the wall. Correspondingly, two identical
vortices are formed, as shown in Figure 4.Tese are the main
reasons for the formation of secondary fow when the gas‒
liquid two-phase fow passes through the bend.

Subsequently, to reveal the efect of the bend on the
pressure distribution of the gas‒liquid two-phase fows in
the pipe, the pressure distribution curve along the horizontal
L-shaped and Z-shaped pipe from the inlet to the outlet is
extracted, as shown in Figures 5(a) and 6(a), respectively. It
should be noted that the numerical conditions of this case
are R/D� 2, α� 0.15 and Rel � 59713, H/D� 4 in Z-shaped
pipes. In addition, L is the length along the whole pipe. Te
horizontal coordinate 0 indicates the position where the

X

Z

(a)

X

Z

(b)

Figure 2: Schematic diagrams of calculation domain meshing. (a) L-shaped pipe, (b) Z-shaped pipe.
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center of the pipe axis is located, and the coordinate of the
upstream section of the pipe is negative while the downstream
is positive. Moreover, to investigate the pressure distribution
characteristic in detail, the curve of pressure change rate k
along the pipe are illustrated in Figures 5(b) and 6(b), re-
spectively, where the positive value indicates an increase in
pressure and the negative value indicates a decrease in
pressure. Based on these two fgures, it was found that k is
almost constant upstream of the pipe. Namely, the pressure
drop of the gas‒liquid two-phase fow shows an almost
constant trend since the fow is hardly disturbed before
fowing through the bend. Subsequently, it was found that k
changes drastically at the bend compared to the upstream of

the pipe. Te pressure drop takes a signifcant upward turn at
the bend. Referring to the analysis results in reference [22], the
main reason for that is the disturbance efect of the secondary
fow near the bend. Moreover, this disturbance efect is more
evident in the short distance upstream and downstream of the
pipe, and the infuence distance in the downstream direction
is more prolonged than in the upstream direction. Terefore,
the two bends (as illustrated in Figure 1(b), which are bends 1
and 2, respectively) of the Z-shaped pipe interact with each
other, showing a slightly diferent trend of k. Specifcally, k at
bend 2 is slightly greater than at bend 1. Finally, owing to the
weakening of the disturbance efect caused by the bend, the k
in the downstream of the pipe also shows an almost constant
trend. Notably, the k values in the upstream and downstream
of the pipe are almost the same. Te above analysis results
show that the local resistance of the gas‒liquid two-phase fow
bend has prominently diferent characteristics compared to
the straight pipes.

3.2. Infuencing Factors for Local Resistance. It is generally
accepted that gravity in nonhorizontal fow conditions can
signifcantly afect the local resistance. Specifcally, the shear
stress is constantly changing under the efect of gravity,
resulting in diferent shear stress distributions in diferent
fow planes. However, referring to reference [20], the
pressure loss due to this mechanism is negligible concerning
the local pressure loss. Accordingly, scholars generally agree
that the main reason for the signifcant efect of gravity on
the local resistance is the combined efect of gravity and
centrifugal force at the bend. In this case, very complex fow
phenomena will occur at the vertical bends, such as the
mixing of gas and liquid phases and the inversion of the fow,
which will give the vertical, bend a relatively higher local
resistance than the horizontal bend.

Te diferent motion states of the gas and liquid phases
produce diferent fow patterns at the bend, resulting in
changes in the local resistance. Specifcally, the gas and liquid

Δp
nu
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Figure 3: Comparison of numerical results and experimental data
[20].

Table 2: Numerical conditions under diferent α and Rel corre-
sponding to Azzi and Friedel [20].

Cases of [20] α Rel
A 0 39848
B 0.331 59563
C 0.592 97676
D 0.71 137434
E 0.826 229067
F 0.905 419513

Figure 4: Velocity vector distribution of the cross-section at the
bend. Te red dashed boxes indicate the region where vortices are
formed.

Table 1: Results of grid-independence validation.

Type of pipes Grid numbers ξ η Type of pipes Grid numbers ξ η
L-shaped 540,000 0.129 0.743 Z-shaped 1010,000 0.448 0.069
L-shaped 710,000 0.066 0.108 Z-shaped 1310,000 0.481 0
L-shaped 910,000 0.068 0.081 Z-shaped 1700,000 0.478 0.006
L-shaped 1180,000 0.074 — Z-shaped 2210,000 0.481 —
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phases can fow either on the outside or inside at the bend,
depending mainly on the balance between the centrifugal
force that pushes the liquid phase to the outside and the
gravity that forces it to the inside. Tis equilibrium rela-
tionship can be expressed in terms of the Froude number Frθ,
which can be written as follows:

Frθ �
v
2

gR sin θ
, (9)

where v is the mean velocity of the gas‒liquid phases and θ is
the bending angle of the bend. It is generally accepted that
when Frθ � 1, the gas‒liquid two-phase fow equilibrium is in
the radial direction of the bend. Furthermore, when Frθ > 1,
the gas phase moves to the inside of the bend and the liquid
phase moves to the outside of the bend. Finally, when Frθ < 1
is reached, the two-phases move in the opposite direction to
the former condition.

Moreover, when studying the local resistance of mul-
tiphase fow in the bend, the wall roughness and the surface
tension are generally excluded as infuencing factors because
their efects are much smaller than the inertial force [23].
Terefore, combining the analysis results above, the local
resistance of the gas‒liquid two-phase fow mainly depends
on the density of each phase, the geometry of the bend, and
gravity [24]. Correspondingly, the main infuencing factors
on the local resistance discussed in this study are, α, R/D, H/
D, and gravity.

4. Results and Discussion for L-Shaped Pipes

4.1. Efect of Rel and α on the Local Resistance. According to
the local resistance calculated by equation (5), when the
change in ξ is neglected, the local resistance of the bend is
proportional to v2 and decreases with increasing α. In this
case, we frst used a dimensionless parameter called the local
resistance ratio λ to verify the relationships between ξ, α, and
Rel. Te expression of λ is written as follows:

λ �
Δp
Δpr

, (10)

where Δpr is the local resistance of the vertical L-shaped pipe
at R/D� 2, α� 0, and Rel � 89569. Ten, the relationship
curves of λ with diferent α and Rel are shown in Figure 7. It
should be noted that R/D was equal to 2 in all of these cases.
It was found that λ increases with increasing Rel, which is
consistent with equation (5). Te main reason for this is that
the increase in the fow rate increases the frictional shear
between the fuid and the bend wall and the shear at the
interface between the gas and liquid phases [25]. In addition,
the secondary fow velocity at the bend also increases, in-
creasing the local resistance. Finally, it was also found that
the local resistance increases when α increases from 0.1 to 0.2
and signifcantly decreases when it increases from 0.2 to 0.3.
Te above analysis results are a signifcant departure from
what is expressed in equation (5) above, which suggests that
ξ is afected when Rel and α are changed.

Te relationship curves of ξ with Rel under diferent α in
the vertical L-shaped pipe are shown in Figure 8. R/D was
also equal to 2 in all of these simulations. It was found that
the relationship curves of Rel versus ξ do not vary much, i.e.,
the efect of the fow velocity in the bend on ξ is small. In
other words, the increase in secondary fow velocity is the
main reason for the increase in local resistance at the bend.
Moreover, ξ increases continuously with increasing α, and
the rising trend decreases with increasing Rel. Specifcally, ξ
signifcantly changes when α increases from 0 to 0.2, after
which it can be approximated that the change in ξ is in-
dependent of α. Te main reason for that is that, compared
to the single-phase fow, gas‒liquid two-phase fow contains
more complex fow states, such as a mixture between gas‒
liquid phases and inversion of gas‒liquid two-phase fow. In
this case, more momentum is exchanged between the gas
and liquid phases in the bend when α increases and the
increasing trend decreases with the increase in α in a specifc
range.
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Figure 5: Pressure distribution characteristic curve along the horizontal L-shaped pipe: (a) Pressure distribution curves along the pipe from
the inlet to the outlet, (b) Te change rate of pressure along the pipe from the inlet to the outlet.
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4.2. Efect of R/D on the Local Resistance. Te relationship
curves of ξ with R/D under diferent Rel in the vertical
L-shaped pipe are illustrated in Figure 9. It should be noted
that α was equal to 0.15 in all cases. It was found that the
curves for diferent Rel values have almost the same trend. In
addition, whenR/D> 5, the curves overlap.Te above analysis
results are consistent with the previous statement thatRel does
not show much efect on ξ. Furthermore, in Figure 9, it was
also found that ξ decreases at frst and then stabilizes as R/D
increases. Specifcally, ξ decreases rapidly as R/D increases
from 1 to 2.Te reason for this is that under relatively small R/
D conditions, the strong inertial and centrifugal forces gen-
erate reverse fow near the bend, which is shown in Figure 10.

Accordingly, the reverse fow region increases the dissipation
of energy into the gas‒liquid two-phase fow and has a sig-
nifcant impact on the local resistance of the bend. Subse-
quently, as R/D continues to increase, the centrifugal force at
the bend decreases due to the increase in the curvature radius.
Meanwhile, the gas‒liquid two-phase fow in the bend has a
relatively greater development region, accompanied by a
decrease in the secondary fow velocity, which decreases the
reverse fow region near the bend signifcantly until it dis-
appears. In this case, the efect of R/D on ξ gradually decreases
until R/D> 5, ξ is almost unchanged.
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Figure 8: Relationship curves of ξ with Rel under diferent α in
vertical L-shaped pipes.
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5. Results and Discussion for Z-Shaped Pipes

5.1. Efect of R/D and α on the Local Resistance. Te rela-
tionship curves of ξ with R/D under diferent α in vertical
Z-shaped pipes are illustrated in Figure 11. It should be
noted that Rel andH/Dwere all equal to 89569 and 1 in these
cases, respectively. ξ increases as α increases, and the in-
creasing trend of α from 0.05 to 0.15 is more signifcant than
that from 0.15 to 0.25. It was also found that when R/D
increases from 1 to 8, ξ decreases continuously, and the ξ - R/
D curves gradually fatten out. Until R/D> 5, the curves are
parallel to the horizontal axis. Tis indicates that the efect of
R/D on local resistance is minimal when R/D> 5 and can be
ignored. Tis result is consistent with the conclusion
exhibited by L-shaped pipes when varying R/D and α.

5.2. Efect of Flow Direction on the Local Resistance.
Compared with vertical L-shaped pipes, gas‒liquid two-phase
fows in vertical Z-shaped pipes have more complex fow
states. Since the fow states of gas‒liquid two-phase fows in
diferent fow directions are very diferent, it is necessary to
investigate the efect of diferent fow directions on the local
resistance. Correspondingly, Figure 12 illustrates the rela-
tionship curves of ξ with Rel under three diferent fow di-
rections in Z-shaped pipes. It should be noted that the upward
fow direction is the same as the red arrow denoted in
Figure 1(b), the downward fow direction is the opposite of
the upward fow direction, and the horizontal fow direction
represents the fow direction in a horizontal Z-shaped pipe. In
addition, R/D,H/D, and α were equal to 2, 1, and 0.15 in these
cases, respectively. Te overall trend of the curves decreases,
then gradually fattens out, and fnally converges to a constant
value. Specifcally, when Rel is relatively small, as Rel increases,
the turbulent fuctuation of the gas‒liquid two-phase fow in
the bend is enhanced, and the turbulent kinetic energy is also
exchanged vigorously, causing strong anisotropy in the fow

feld and weakening the efect of secondary fow on ξ [26].
While Rel is relatively large, namely, Rel> 105, there is a minor
change in ξ. Te reason for that is the fow in the bend
entering the squared resistance region, the variation in ξ is
usually considered independent of Rel at this moment.

It was also found that the efect of Rel on the local re-
sistance in the horizontal bend is signifcantly smaller than
that in the vertical bend. We consider the main reason for
that to be the efect of centrifugal force. Specifcally, cen-
trifugal force afects the fuids in the bend, which causes both
the liquid and gas phases to fow toward the outer wall in the
horizontal condition. However, since two-phase fows have a
more signifcant proportion of liquid phase than gases, and
the liquid phase’s mass is greater than the gas phase, liquids
possess a much greater centrifugal force than gases. Tus,
during the outward fow of liquid, the gas is constantly
pushed against the inner wall of the bend. Compared to the
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Figure 9: Relationship curves of ξ with R/D under diferent Rel in
vertical L-shaped pipes.
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horizontal condition, the fuids in the bend will also be
afected by gravity in the vertical condition. In such a
condition, the gas phase can move inward or outward
around the bend, depending on the balance between cen-
trifugal force and gravity [20].

On the other hand, due to the Rel being closely related to
the two-phase fow velocity, the centrifugal force changes as
the two-phase fow velocity changes. Besides, the fuid state
in the bend may signifcantly change as the centrifugal force
and gravity in a vertical bend generally act together.
Terefore, the infuence of Rel in the vertical condition is
more signifcant than in the horizontal condition, and the
local resistance of the former is more signifcant than that of
the latter under buoyancy.

Moreover, the diferent fow directions in the vertical
bend impose a specifc diference on the local resistance due
to the role of buoyancy. Specifcally, when the fow velocity
of gas‒liquid two-phase fow is low, the two-phase fuid in
the bend behaves as a plug-bubble fow with alternating long
gas plugs and liquid columns [27]. Te buoyancy efect of
long gas plugs and large bubbles has a more signifcant
obstructive efect on the downward fow direction of the
gas‒liquid two-phase fow.Tis obstructive efect makes ξ in
downward fow much larger than ξ in upward fow. Finally,
when the fow velocity increases, the length and diameter of
the bubble in the bend decrease. Meanwhile, the obstructive
efect on the downward fow is also gradually reducing. In
this case, ξ for diferent fow directions in the vertical bend is
almost the same.

5.3. Efect of H/D on the Local Resistance. Since the main
body of the Z-shaped pipe is a combination of two L-shaped
pipes, its local resistance is bound to be infuenced by the
spacing H between the two L-shaped pipes. Terefore, it is
necessary to investigate the efect of H/D on the local

resistance. Correspondingly, Figure 13 illustrates the rela-
tionship curves of ξ with H/D under three diferent fow
directions in Z-shaped pipes. It should be noted that R/D,
Rel, and α were equal to 2, 89569, and 0.15 in these cases,
respectively. It was found that whenH/D increases to 14, ξ of
the Z-shaped pipe converges to a constant value, which is
approximately equal to the two times ξ of the L-shaped pipe
under the same numerical parameters. Tis analysis result
indicates that the interaction between the two L-shaped
pipes no longer occurs when H/D> 14.

Moreover, in the horizontal and downward fow con-
ditions, ξ frst shows a trend of decreasing and increasing
with increasing H/D. Tis is because under relatively small
H/D conditions, the reverse fow region of the frst bend does
not have time to expand into the second bend, and the
reverse fow is not fully developed, resulting in local pressure
loss in the bend. As H/D increases, the reverse fow region
develops wholly and gradually, causing ξ to decrease. In the
upward fow condition, unlike the above two fow condi-
tions, ξ continues to increase with increasing H/D. Te
reason is that the buoyancy efect brought by the giant
bubbles promotes the two-phase fow with an upward fow,
resulting in ξ not showing a descending trend.

Finally, when H/D> 4, ξ under the three fow directions
shows an increasing trend. Te infuence between the two
bends will lead to secondary fow in the middle straight pipe
section. Te larger H/D is, the greater the pressure loss
caused by secondary fow, so ξ increases with increasing H/
D. Until H reaches the maximum infuence length (H is
approximately 14 D in this study), the two bends no longer
afect each other. Hence, two independent bends were
formed. In this case, ξ does not change when H/D> 14.

6. Approximate Fitting of the Local
Resistance Coefficient

6.1. Vertical L-Shaped Pipe. According to the above analysis
results, ξ of the vertical L-shaped pipe is closely related to Rel,
α, and R/D. Referring to Cai et al. [28] for the form of
pressure drop prediction relation of L-shaped pipe, a rela-
tionship equation can be established between ξ and the
above parameters, which is expressed as follows:

ξ � M · Re
A
l · αB

·
R

D
 

C

+ N, (11)

where M, N, A, B, and C are all constants.
Te variables in equation (11) take the following values:

Rel � 2.9×104∼21.0×104, α� 0∼0.3, and R/D� 1∼7. Te
numerical simulation data were ftted to obtain the values of
fve constants, M, N, A, B, and C, as listed in Table 3.

Te fnal equation for the relationship between ξ and the
above parameters is as follows:

ξ �
0.00473Re

0.431
l · α0.245

(R/D)
2 + 0.118. (12)

Te values of ξ predicted by equation (12) were compared
with those from the numerical simulation, which is shown in
Figure 14. Each point represents a numerical result. In
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Figure 12: Relationship curves of ξ with Rel under three diferent
fow directions in Z-shaped pipes.
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addition, we added an error range of ±30% to visualize the
diference between the predicted results based on equation (12)
and numerical results. It was found that the numerical results

are all within ±30% error of the predicted results based on
equation (12). Accordingly, it can be concluded that equation
(12) can predict ξ of a vertical L-shaped pipe accurately.
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Figure 14: Comparison of predicted and numerical results of ξ in vertical L-shaped pipes.
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Table 3: Te values of the constants in equation (12).

M N A B C
0.00473 0.118 0.431 0.245 −2
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6.2. Vertical Z-Shaped Pipe. Similar to the vertical L-shaped
pipe, ξ of the vertical L-shaped pipe is closely related to Rel,
α, R/D, andH/D. Referring to Chen et al. [29] for the form of
pressure drop prediction relation of U-shaped pipe, a re-
lationship equation can also be established between ξ and the
above parameters of the Z-shaped pipe, which is expressed as
follows:

ξ � Re
a
l ·

R

D
 

b

·
H

D
 

c

· αd
, (13)

where a, b, c, and d are all constants.
Te variables in equation (13) take the following values:

Rel � 2.9×104∼30.0×104, R/D� 1∼7, H/D� 1∼15, and
α� 0∼0.3. Te numerical simulation data under two dif-
ferent fow conditions were ftted to obtain the values of four
constants, a, b, c, and d, as listed in Table 4.

Te values of ξ predicted by equation (13) were compared
with those from the numerical simulation, which is shown in
Figure 15. Each point represents a numerical result. In ad-
dition, we added an error range of ±20% to visualize the
diference between the predicted results based on equation (13)
and numerical results. It was found that the numerical results
under two diferent fow directions are all within±30% error of
the predicted results based on equation (13). Accordingly, it
can be concluded that equation (13) can accurately predict ξ of
the vertical Z-shaped pipe under two diferent fow directions.

7. Concluding Remarks

A three-dimensional numerical model of gas‒liquid two-
phase fow in vertical L-shaped and Z-shaped pipes was
constructed, and related experimental data validated the
applicability and accuracy of the numerical model. Based
on this, the efects of dimensionless parameters such as R/
D, H/D, Rel, and α on the variation of the fow feld
structure were systematically investigated. Furthermore,
the infuences of the geometric characteristics and fow
conditions of vertical L-shaped and Z-shaped pipes on the
local resistance were studied in detail. Finally, the rela-
tionship equations between ξ of vertical L-shaped and
Z-shaped pipes and R/D, H/D, Rel, and α were ftted. Te
following conclusions can be drawn.

(1) Rel fewer infuences ξ for vertical L-shaped pipes,
and the local resistance is proportional to the square
of Rel on the whole based on remaining the other
parameters constant.

(2) Under a relatively small Rel, ξ decreases as Rel in-
creases in the vertical Z-shaped pipe, when Rel
continues to increase, ξ will not signifcantly difer in
value. Te vertical bend has a larger ξ than the
horizontal bend due to the combined efect of
centrifugal force and gravity. Te buoyancy efect of
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Figure 15: Comparison of predicted and numerical results of ξ in vertical Z-shaped pipes. (a) Upward fow and (b) downward fow.

Table 4: Te values of the constants under diferent fow directions in equation (13).

Directions a b c d
Upward 0.013 −0.575 0.089 0.269
Downward −0.455 −0.591 −0.090 −2.657
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large bubbles makes ξ of downward fow much
higher than that of upward fow under a relatively
small Rel.

(3) Under the upward fow condition, ξ of the vertical
Z-shaped pipe increases as H/D increases. Under
horizontal and vertical downward fow conditions, ξ
frst decreases and then increases with increasing H/
D. However, in all three fow directions, ξ remains
unchanged after the distance between the two bends
reaches a maximum infuence length of 14 D.

(4) Te CFD results in L-shaped and Z-shaped pipes both
showed a similar trend and behavior for the same fow
conditions with slight diferences in values, and both
with increasing R/D expressed a trend of frst de-
creasing and then basically unchanged. Te efects of
these factors are minor and no longer sufcient to
cause signifcant variation in ξ at R/D> 5. Within a
specifc range, a raising α leads to an increase in fow
reversal and energy dissipation, resulting in an im-
proving ξ of gas‒liquid two-phase fow in the bends.

(5) Te relationship equations between ξ and dimen-
sionless parameters, i.e., Rel, α, R/D, and H/D, were
obtained based on numerical ftting. It was found
that the errors between the predicted and numerical
results in vertical L-shaped and Z-shaped pipes are
less than 30% and 20%, respectively.
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