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Abstract: The bend pipe with a circular section, which is widely used in hydropower, chemical
industry and other fields, is a common form in pipeline systems. However, secondary flow occurs
when the fluid flows through the bend pipe, thereby affecting the stability of the pipeline system.
Different bending angles have various effects. Therefore, this paper establishes 3D models of a circular
bend pipe with different bending angles. The influence of bending angle on flow field distribution
and downstream flow is analyzed numerically. The larger the bending angle is, the more obvious the
flow distribution and even the unevenness at the elbow will be, hence resulting in poor stability. The
distance required to restore flow uniformity also increases. The pressure energy loss of the bend pipe
with different bending angles is investigated. Results show that with the increase in bending angle,
the global pressure loss presents a trend of “increase-decrease-increase.” The closer the bending
angle is to 90◦, the greater the influence of centrifugal force is on the flow, and the more obvious
the secondary flow phenomenon will be. Aiming at the nonuniformity phenomenon, the structure
optimization of a 90◦ bend pipe with the greatest influence is conducted. The improvement of the
flow characteristics of bend pipe with different thick-diameter ratio and length-diameter ratio is
compared. The deflector with a certain thickness can enhance the uniformity, safety and useful life of
the bend pipe. The sharp-end length can improve the velocity uniformity to a certain extent but has
minimal influence on flow characteristics compared with the thick-diameter ratio. This paper aims to
study and improve the flow performance of a multi-structure bend pipe to make it suitable for more
complex conditions.

Keywords: bend pipe; secondary flow; numerical simulation; bending angle; structure optimization

1. Introduction

The circular bend pipe is a common form in a pipeline system, and plays a role in
changing the fluid direction. It is widely used in various fields such as water conservancy
and hydropower [1], the energy and chemical industries [2–5], and in biomedicine [6].
However, when the fluid flows through the elbow, the flow inertia force becomes much
greater than the wall viscous force, thereby causing the fluid to separate on the intrados of
the elbow and impact the extrados. The inertia in the bend pipe is expressed as centrifugal
force, hence causing the flow to deviate parallel to the pipe wall and results in a secondary
flow. Dean vortex [7] is a typical form of secondary flow in the bend pipe system. It
enhances the nonuniformity [8] and instability [9] of the pipeline system, and it can also
improve the mass and heat transfer performance of the fluid [10]. Therefore, it is of great
significance to study the flow in a bend pipe.

At present, the research on flow in a bend pipe is mainly focused on different flow
characteristics under fixed bending angles. Among them, the most widely used one, the
90◦ bend pipe, is the main object of this research. The experiment can reflect the realest
flow law in the bend pipe. Kalpakli et al. studied the turbulent flow field and vortex
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characteristics downstream of a 90◦ bend pipe by stereoscopic particle image velocimetry.
The vortex switching phenomenon of a Dean vortex in unsteady flow [11] and oscillation
behavior in steady flow [12] were revealed. The stability caused by oscillation is a hot
topic in the research of the bend pipe. With the help of direct numerical simulation, the
flow stability of 90◦ bend pipe under Re = 2000–3000, curvature of 0.33 [13] and Re = 5000,
curvature of 0.4 [14] were studied. The finding shows that the bending of the pipe enhanced
instability and reached an extreme 1D downstream of the bend pipe, whereas the initial
instability occurred at 15◦ of the elbow inlets. Wang et al. [15] conducted a numerical
simulation research on three typical combinations of 90◦ bend pipe from the pressure loss
and streamline, and obtained the arrangement form of a bend pipe with the best flow
stability. Under the condition of constant curvature, the curvature ratio of the elbow is
an important factor that affects the flow characteristics of pipes. The bend pipe with low
curvature ratio has obvious flow separation [16]. The bend pipe with high curvature ratio
has a more uniform flow field distribution [17]. Zhang et al. [18] derived the formula for
calculating the pressure of Newtonian fluid in a 90◦ bend pipe with different curvature
ratios. Chowdhury et al. [19] found that different curvature ratios would cause differences
in pressure distribution and loss coefficient of the bend pipe. The flow characteristics in the
90◦ bend pipe have a great influence on the stability and safety of the pipeline.

Other bend pipes are often used in daily life and engineering applications [20]. Com-
pared with a 90◦ bend pipe, various bending leads to different fluid flow directions [21],
which affect the centrifugal force generated when passing through the elbow, thereby result-
ing in different physical laws such as flow and heat transfer [22]. Therefore, it has important
research value for different bending. Zhang et al. [23] analyzed the transient characteristics
of a bend pipe with different bending in the leakage process, and found that the periodic
attenuation of downstream flowrate and pressure curves of a bend pipe was not signifi-
cantly affected by the bending coefficient (i.e., the ratio of the curvature radius of the elbow
to the pipe diameter). In addition, through the finite element method, scholars studied the
influence of bending on pipeline safety under different pressure conditions [24–26] and
proposed the plastic load solution of bend pipes [27]. The present research on different
bending is mainly focused on the load and deformation of the solid part, whereas the
internal flow law is unclear. Differences are observed between the secondary flow and
Dean vortex at different elbows, and their influence on flow characteristics cannot be
ignored. They not only exert force on the pipe wall but also affect the development of
downstream flow. Therefore, its mechanism should be studied to provide a more perfect
theoretical basis.

In view of the stability and safety problems found in the studies, the researchers also
began to optimize and adjust the structure of the bend pipe to obtain the ideal flow field
distribution and better external characteristics [28]. Two main structural optimization
methods can be applied for the bend pipe: wall modification [29] and deflector installa-
tion [30], both of which were aimed at elbow. The wall modification of the elbow could
reduce pressure drop and vortex magnitude. However, it did not fundamentally solve
the flow problem caused by secondary flow. The deflector installed at the elbow could
effectively inhibit the influence of secondary flow and improve the flow uniformity in the
pipe, which had considerable application value. However, the present research on this is
simple and imperfect.

In conclusion, the flow characteristics of bend pipe with different bending angles must
be studied and optimized. Therefore, in this paper, 3D circular bend pipe models with
different bending angles are established. The flow inside the bend pipe is simulated by the
commercial software Fluent©. The effect of bending angle on the flow characteristics of
bend pipes is analyzed, and the numerical results are verified by existing literature. By
means of pressure and drag coefficients, the global pressure loss and downstream pressure
distribution of the elbow are discussed. The flow direction and radial development of
downstream velocity at different bending angles are compared. On this basis, the local
optimization of the elbow structure is conducted by adding three deflectors which reduce
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flow nonuniformity and instability. The effects of different sharp-end thickness and length
on flow field and related performance are compared to obtain improved flow characteristics.
This paper aims to study and improve the flow characteristics of a multi-structure bend
pipe to make it suitable for more complex conditions.

2. Physical and Numerical Methods
2.1. Physical Models

The schematic of the physical model of the 90◦ bend pipe is shown in Figure 1. The
cross-section of the bend pipe is designed as the most commonly used circle [31–33]. The
diameter of the pipe D is 60 mm, and the curvature ratio of the elbow of the bend pipe
γ = D/RB = 0.63 (where RB (mm) is the curvature radius of the elbow) [11]. To present the
flow at the elbow from being affected by upstream and downstream flow fields and fully
develop the downstream flow field to ensure the accuracy of calculation, this paper selects a
straight pipe with 5D at the inlet of the elbow as the upstream calculation domain, and that
with 10D at the outlet as the downstream calculation domain. The bending angle models of
5◦, 30◦, 60◦, 120◦ and 180◦ with the same diameter and curvature ratio are also established
to cover a wide range of bending angles [24,25,27]. In addition, the pipe cross-section with
the distance from the elbow outlet y (mm) is extracted. The circular curve with a radius of
0.25D on the section is defined as Line A, the horizontal center line is defined as Line B, the
vertical center line is defined as Line C, and the downstream center line of the bend pipe is
defined as Line D.

Figure 1. Schematic of the physical model (90◦ bend pipe for instance).

The established 3D model is meshed by ICEM software. Owing to the smooth wall
surface and simple structure of the bend pipe model, hexahedral mesh with the advantages
of easy solution and fast convergence is used to generate it [34]. Boundary layer refinement
is carried out on the near wall of the pipeline to simulate the flow near the boundary
layer accurately [35]. At the same time, given that the flow at the elbow is more complex
than that at the straight pipe, the mesh at the elbow is also locally refined, resulting in
the mesh shown in Figure 2. For all the investigated bend pipes, the calculation accuracy
should be ensured while the calculation efficiency should be improved. Therefore, the
mesh independence is verified, and the results are characterized by the pressure coefficient
at the inlet and outlet (Table 1). When the number of meshes is greater than 1.7 million, the
pressure coefficient of the bend pipe basically does not change with the number of meshes,
that is, the number of meshes is controlled at about 1.7 million.
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Figure 2. Mesh of the bend pipe with different bending angles.

Table 1. Mesh independence verification.

No. Mesh Number (×104) Pressure Coefficient Relative Error (%)

1 45 1.3972 0.59

2 90 1.4055 1.03

3 140 1.4201 0.53

4 170 1.4277 0.16

5 200 1.4300 0.26

6 260 1.4336 ——

2.2. Numerical Methods

Based on the ANSYS Fluent© software (Washington County, PA, USA), in this pa-
per, the Reynolds-averaged Navier-Stokes (RANS) method [36] is used to solve the flow
characteristics of a bend pipe, in which the governing equations include continuity and
momentum equations [37]. For turbulence calculation, a realizable k − ε model [38] with
better effects on complex flows such as vortex and rotation is selected. This paper only
describes the framework of the numerical models, and further details can be found in the
previous study [39–42].

The flow medium at normal temperature with a Mach number below 0.3 is air, thereby
exhibiting incompressibility. The inlet boundary condition is velocity-inlet, and the velocity
is set as 3.41 m/s (i.e., the Reynolds number is 14,000). The outlet boundary condition
is pressure-outlet, and the pressure (relative pressure) is set as 0 Pa. A no slip boundary
condition is selected for the wall of the straight pipe and elbow. The SIMPLEC algorithm is
used to solve the problem, and twice skewness correction is set. The momentum equation,
turbulent kinetic energy, and turbulent dissipation rate are discretized using the second-
order upwind scheme. In addition, the residuals of the continuity term, velocity, turbulent
kinetic energy and diffusion term are all set to 10−5.

Many scholars have studied the internal flow characteristics of the bend pipe. This pa-
per verified the numerical results with the help of Kalpakli [11] and Carisson [34] to ensure
the feasibility of numerical simulation methods. Under the same conditions described in
the literature, numerical simulation is carried out by using the method presented in this
paper. A section of 0.67D downstream of the elbow outlet is taken. The simulation results
of velocity distribution and the streamline of this section are compared with the results of
PIV [11], as shown in Figure 3a. In terms of flow field distribution, the simulation results
are consistent with the experimental results [34]. In addition, the horizontal center line
velocity on this section is extracted and compared with the literature results (Figure 3b).
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The simulation results are basically consistent with the literature results, and the error is
within the allowable range. This finding shows that the numerical method presented in
this paper has certain reliability.

Figure 3. Verification of numerical method: (a) flow field distribution; (b) the relative velocity of the
horizontal center line.

3. Results and Discussion

When the bending is different, the flow separation degree on the intrados and the
impact angle with the extrados wall are diverse, resulting in the difference in pressure
accumulation at the elbow. This difference leads to various degrees of secondary flow,
causing different nonuniformity and even instability problems. The present research mainly
focused on the deformation and load of the solid wall [23–27], but the investigation of flow
characteristics with different bending angles is helpful for mastering the basic physical
laws and provides a theoretical basis for structural optimization.

3.1. Global Flow Analysis

By studying the distribution of pressure and velocity, the changing law of the global
flow pattern in the bend pipe with the bending angle can be obtained. The pressure
distribution of the bend pipe with different bending angles is shown in Figure 4. The
pressure distribution of each bending angle is similar. A local low-pressure region on the
intrados of the bend pipe and a local high-pressure region on the extrados of the bend pipe
are observed. This region appears when the bending angle is small. Local low-pressure
regions and local high-pressure regions are exactly located at the elbow of the bend pipe.
Meanwhile, with the increase in bending angle, the distribution area of the local low-
pressure region and local high-pressure region also increases. This phenomenon is caused
by the centrifugal force exerted on the fluid as it passes through the elbow. The pressure
difference between the intrados and the extrados causes a radial pressure gradient at the
elbow, thereby leading to the uneven distribution of the force, which may induce instability
in the bend pipe.

Figure 4. Pressure distribution of bend pipe with different bending angles.
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The velocity distribution of the bend pipe with different bending angles is shown in
Figure 5. When the fluid passes through the bend pipe, the wall constraint causes the flow
direction to change. According to Bernoulli’s principle, the higher the static pressure, the
lower the velocity, thereby leading to low velocity in region with high pressure, whereas
low pressure does the opposite. Concretely, given that the bending angle is small, the
velocity is slightly affected by the bend pipe, and its velocity distribution is similar to that
in the straight pipe. When the bending angle increases to 30◦, the local high-velocity region
begins to appear at the intrados of the elbow, whereas the local low-velocity region appears
at the extrados of the elbow. An obvious low-velocity region exists in the downstream of
the bend pipe near the intrados side of the elbow. With the increase in the bending angle,
the area of the regions also increases.

Figure 5. Velocity distribution of bend pipe with different bending angles.

3.2. Wake Development

To further study the downstream nonuniformity degree caused by secondary flow at
the elbow, the average downstream pressure and velocity with different bending angle are
analyzed. The velocity distribution of the downstream cross-section is compared, and the
local velocity on the horizontal and vertical centerlines on the cross-section are discussed.

Pressure coefficient is a dimensionless parameter used to describe relative pressure in
the flow field, which is widely used in aerodynamic research [43,44]. According to Zou’s
wind tunnel experiment [45], the pressure coefficient Cp can be expressed as:

Cp =
p − pin

0.5ρ(uin)
2 (1)

where p is the pressure at any point (Pa), pin is the average inlet pressure (Pa), ρ is the
density of the fluid (kg/m3), and uin is the average inlet velocity (m/s).

The pressure of Line A (shown as Figure 1) on the cross-section of the downstream
y = 0–5D(1D) distance of the bend pipe with different bending angles is extracted as shown
in Figure 6, which is characterized by the pressure coefficient. The smoother the curve is,
the more uniform the pressure distribution is; and the smaller the closed area surrounded
by the curve is, the smaller the relative pressure is. When the bending angle is small, the
pressure downstream of the bend pipe changes slightly with the development of the flow,
and the global distribution on the cross-section is uniform. With the increase in the bending
angle, the relative pressure of the flow field gradually decreases, indicating that the greater
the bending angles are, the more pressure energy will be consumed at the elbow. Under the
influence of centrifugal force, the pressure at the outlet of the elbow is “low at the top and
high at the bottom”. The nonuniformity of the pressure increases with the bending angle,
and reaches the maximum value at 90◦. With the development of the flow, the distribution
of the downstream relative pressure on the cross-section gradually becomes uniform. The
distance required to restore uniformity increases with the bending angle, which indicates
that the increase in the impact angle between the flow and wall enhances the degree of flow
disturbance. The maximum flow impact angle is 90◦, resulting in the minimum pressure
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and the maximum degree of nonuniformity at this bending angle. In addition, the viscous
dissipation of the pipe causes the pressure to decrease gradually with the development
of flow.

Figure 6. Pressure distribution on the downstream cross−section of the bend pipe with different
bending angles.

The velocity slices of the bend pipe with different bending angles in the range of
y = 0–10D downstream (shown as Figure 1) are intercepted, as shown in Figure 7. The
velocity distribution at the downstream of the elbow when the bending angle is small is
uniform, which is similar to that in the straight pipe. With the increase in bending angle,
an obvious low-velocity region gradually appears in the cross-section. The low-velocity
region at the outlet of the elbow is mainly distributed in the extrados of the elbow because
the fluid impinges on the wall under the action of inertial force, so that a large amount of
kinetic energy is converted into pressure energy, thereby resulting in a low velocity near
the extrados. As the flow develops downstream, affected by centripetal force and pressure
gradient, the flow separation occurs in the intrados of the elbow, so that the low-velocity
region at the extrados gradually disappears and shifts to the intrados. The appearance of
secondary flow makes air flow close to the wall, resulting in a large area of low-velocity
near the center of the cross-section. The secondary flow phenomenon is most obvious when
the bending angle is 90◦. With the increase in the bending angle, the influence range of
centripetal force and pressure gradient at the elbow increases, and the area of the intrados
low-velocity region also expands. When the bending angle increases to 90◦, the area of the
low-velocity region changes slightly. When the flow develops to 5D downstream from the
elbow outlet, the low-velocity region gradually shrinks and the flow gradually recovers
uniformity. The distribution of velocity is axisymmetric.
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Figure 7. Velocity slices of bend pipe with different bending angles at different downstream distances.

According to the velocity slices of bend pipe at different downstream, the closer the
flow is to the elbow, the more obvious the changes are with the position. To further discuss
the development of downstream flow with position, the velocity of the center line 0–10D
downstream of the elbow (Line D) with different bending angles is extracted (Figure 8).
As shown in Figure 5, the inertia at the elbow causes the airflow to concentrate toward
the extrados. Thus, the central velocity can be used to indicate how the flow is affected by
inertia and how it develops with the flow. The velocity at the outlet of the elbow increases
first and then decreases with the increase in the bending angle and reaches the maximum
value at 90◦. This instance indicates that the 90◦ bend pipe has the strongest effect on fluid
acceleration. As the flow develops downstream, the center velocity of 60◦, 90◦, and 120◦

bend pipes fluctuate greatly, whereas the other bending angles fluctuate slightly. The center
velocity of 90◦ and 120◦ bend pipes decreases rapidly and reaches a minimum within 2D of
the elbow outlet, and then gradually recovers. Furthermore, the center velocity of the 60◦

bend pipe stays constant for the first time, then decreases after 1.5D from the elbow outlet,
and then maintains a low velocity. This phenomenon indicates that the closer the bending
angles are to 90◦, the greater the influence of centrifugal force on the flow, resulting in
more concentrated air flow on the extrados wall and greater nonuniformity of downstream
velocity. As the flow develops downstream, the center velocity at each bending angle
gradually tends to be stable, but it is still slightly larger at 90◦.
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Figure 8. Velocity downstream of bend pipe with different bending angles.

The flow analysis shows that under the influence of centripetal force and pressure
gradient, the obvious flow phenomenon of the bend pipe is observed near the elbow outlet,
thereby forming a secondary flow. The vertical and horizontal flow characteristics at this
position are investigated. The 0.67D cross-section downstream of the elbow outlet has been
studied extensively [11,34]. Therefore, the 0.67D cross-section is selected as the research
object in this paper. The velocity on horizontal (Line B) and vertical center lines (Line C) is
extracted, and dimensionless processing is performed to obtain the velocity distributions
at different bending angles (Figure 9). In the horizontal direction, the velocity is axially
symmetric because it is not affected by external forces. At each bending angle, the velocity
distribution is small in the center and large at both ends. With the increase in bending
angle, the velocity first increases and then decreases and reaches the maximum value at
90◦. When the bending angle is greater than 90◦, the velocity on the horizontal center line
fluctuates greatly. This phenomenon indicates that the elbow with a large bending angle
is greatly affected by centripetal force and radial pressure gradient, thereby making the
phenomenon of secondary flow more obvious, which corresponds to the velocity contour
in Figure 7.

Figure 9. Velocity distribution of (a) horizontal and (b) vertical centerline at 0.67D cross−section of
downstream bend pipe with different bending angles.

In the vertical direction, due to the centrifugal force of the elbow, as described above,
the local low-velocity region occurs near the outlet of the elbow. The velocity is asymmetri-
cal on the vertical center line, especially when the bending angle is greater than 90◦. From
the intrados to the extrados of the pipe, the velocity of the vertical center line of 90◦, 120◦

and 180◦ bend pipe first increases and then remains unchanged (the velocity near the wall
is not included here). Its velocity fluctuation is larger because the secondary flow of the 90◦

bend pipe is more obvious.
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3.3. Pressure Loss

The formation of secondary flow in the elbow is usually accompanied by significant
energy loss, and pressure energy is the most important form in the bend pipe. Therefore,
the resistance coefficient is used to characterize the degree of pressure loss in this paper.
Resistance coefficient is a dimensionless parameter used to describe the pressure loss
caused by wall resistance in the pipeline system with relative motion, and it is an important
parameter in the study of the fluid transfer system [46,47]. In the bend pipe flow [15], the
resistance coefficient can be expressed as:

ζ =
pin − pout

0.5ρ(uin)
2 (2)

where pout is the average outlet pressure (Pa).
The pressure loss curves of the bend pipe with different bending angles are shown

in Figure 10. Almost no pressure loss is observed at small bends. With the increase in the
bending angle, the pressure loss first increases, then decreases and then increases again, and
reaches the maximum value when the bending angle is 90◦. This shows that the secondary
flow phenomenon of the 90◦ bend pipe is obvious, resulting in a large pressure energy loss
which corresponds to the velocity fluctuation trend mentioned above. Among them, the
pressure loss in the ranges of 5–30◦ and 60–90◦ has a large growth rate, while the pressure
loss in the ranges of 30–60◦ and 120–180◦ has a relatively small growth rate. In the vicinity
of 0◦ and 90◦, the change in pressure loss has a more drastic fluctuation.

Figure 10. Pressure loss of bend pipe with different bending angles.

4. Structure Optimization

From the above analysis, it can be found that due to the influence of fluid inertia
and viscosity, the flow is affected by centrifugal force when passing through the elbow,
resulting in flow separation and secondary flow. Local high pressure is generated at the
extrados, while low pressure is generated at the intrados, thus forming a radial pressure
gradient. The secondary flow and pressure gradient leads to uneven force on the elbow
and intensifies the disturbance of downstream flow, significantly affecting the safety and
stability of the pipeline system.

Aiming at the phenomenon of non-uniform and unstable flow inside the bend pipe,
the structure of the traditional bend pipe is optimized in this paper. The 90◦ bend pipe is the
most widely used, and from the above analysis, it has the greatest flow fluctuation and the
most severe nonuniformity. Therefore, the 90◦ bend pipe is selected as the research object to
optimize the local structure. According to Valsala’s optimization results [30], the influence
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of secondary swirl can be reduced by installing flow deflectors in the elbow, and installing
three flaky deflectors with sharp ends at equal spacing is better for flow straightening. That
is, the curvature radius of deflector-1 is Rd1 = RB− 1/4D, that of deflector-2 is Rd1 = RB,
and that of deflector-3 is Rd1 = RB+

1/4D. The deflectors extend from the elbow inlet
to the outlet with a curvature parallel to the elbow wall in y-z cross-section and through
the entire x-direction. Meanwhile, it has a sharp end on the upper stream side. In order
to study the influence of the deflector on the flow uniformity under different geometries,
two characteristic parameters (thick-diameter ratio HD = H/D and length-diameter ratio
LR = L/RB) are defined in this paper on the basis of the Valsala optimization scheme. The
improvement of flow characteristics of a bend pipe with HD = 0.02, 0.04, 0.06, 0.08, 0.10 and
LR = 0.11, 0.13, 0.15, 0.20, 0.30 is compared. The schematic diagram of the optimization
model is shown in Figure 11, in which RB is the curvature radius at the center of the
elbow (mm); H is the thickness of the flow deflector (mm), and all three are the same; L is
the length of the sharp end of the flow deflector (mm), and all three are the same.

Figure 11. The schematic diagram of the optimization model.

4.1. Different Thick-Diameter Ratio

The pressure distribution in a 90◦ bend pipe with different thick-diameter ratio deflec-
tors installed is shown in Figure 12, where LR is constant at 0.13 [30]. After the installation
of the flow deflector, the uneven distribution of pressure in the elbow is improved effec-
tively, but the distribution law of high extrados pressure and low intrados pressure is
also retained. With the increase in HD, the area of high-pressure at the extrados of the
elbow gradually decreases. The overall pressure of the elbow also shows a trend of gradual
decrease and reaches an ideal state at HD = 0.06. When the HD increases to 0.08, the
negative pressure region begins to appear at the elbow. The flow deflector with a certain
thickness can effectively weaken the local accumulation of pressure energy at the elbow
and make the pressure distribution inside the pipe more reasonable, thereby enhancing the
safety and service life of the bend pipe to a certain extent.
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Figure 12. Pressure contour in 90◦ bend pipe with different thick−diameter ratio deflectors.

The 0.67D cross-section downstream of the elbow is cut to obtain the velocity and
streamline distribution of the bend pipe with flow deflectors of different thick-diameter
ratios (Figure 13). Two large Dean vortices are inside the bend pipe before optimization,
which fill the whole pipe. After adding the flow deflector, the elbow part is separated
into four closed regions, so the two large vortices are also decomposed into eight small
vortices—each closed region appears in pairs. The velocity of the cross-section changes
from a large area concentrated distribution of low-pressure region before optimization
to a high- and low-pressure region spaced and evenly distributed. This shows that the
effect of centrifugal force is significantly reduced. With the increase in HD, the velocity
distribution does not change much, whereas the small vortices gradually decrease, and the
energy loss caused by the secondary flow also decreases. The flow deflector with a certain
thickness can reasonably adjust the structure of the secondary flow and make the velocity
distribution in the pipe more uniform, thereby optimizing the flow in the bend pipe to a
certain extent.

Figure 13. Velocity contour and streamline distribution of 0.67D section downstream of 90◦ bend
pipe with different thick-diameter ratio deflectors.
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The velocity of the center line (Line D) within 10D downstream of the elbow is further
extracted. The downstream velocity of the bend pipe with different thick-diameter ratio
flow deflectors is obtained (Figure 14). As can be seen, due to the existence of the flow
deflector, the velocity after optimization presents a logarithmic growth trend, while it first
decreases and then increases before optimization. This finding shows that the velocity
downstream of the bend pipe shows a more stable variation law after optimization. With
the increase in HD, the velocity near the elbow outlet gradually decreases and has a slight
change when HD > 0.06. Influenced by the flow around the deflector, the velocity near the
elbow outlet is very small, but it recovers rapidly with the development of the flow and
reaches a stable level after 1D. In addition, the stabilized value of velocity after optimization
is larger than that before optimization, indicating that the energy loss decreases and the
kinetic energy is larger after the installation of the flow deflector. The flow deflector with a
certain thickness can reduce the velocity disturbance and make the flow inside the pipe
more stable, hence reducing the energy loss of the bend pipe.

Figure 14. Velocity downstream of 90◦ bend pipe with different thick-diameter ratio deflectors.

The velocity on horizontal (Line B) and vertical center line (Line C) of the 0.67D
cross-section of the elbow is further extracted and dimensionless processing is carried
out to obtain the cross-section velocity distribution of the bend pipe with a different
thick-diameter ratio flow deflector, as shown in Figure 15. In the horizontal direction,
the velocity distribution trend of the downstream cross-section of the bend pipe with
flow deflector changes slightly compared with that before optimization. The effect of
centrifugal force is dispersed over the enclosed regions, thereby making the velocity on
the horizontal axis more uniform and with smaller fluctuations (excluding the near-wall
region), which corresponds to the velocity distribution described in Figure 13. Among
them, when HD = 0.06, the relative change in velocity is small and remains within the
range of 0.05. Influenced by the flow around the deflector, the overall velocity on the
horizontal axis decreases gradually with the increase in HD.

In the vertical direction, the velocity distribution trend of the downstream cross-
section of the bend pipe with flow deflector is improved greatly compared with that
before optimization. The elbow region is decomposed into four flow channels by three flow
deflectors, so the relative velocity of the downstream cross-section at the elbow outlet shows
three troughs and four peaks, which corresponds to the velocity distribution described in
Figure 13. Although the phenomenon of velocity fluctuation is still observed, the amplitude
of fluctuation is greatly improved compared with before optimization, and the velocity
on the vertical center line is relatively more uniform. The flow deflector with a certain
thickness can reduce the degree of velocity disturbance and make the flow inside the pipe
more uniform, thus enhancing the stability of the bend pipe to a certain extent.
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Figure 15. Velocity distribution of (a) horizontal and (b) vertical centerline of 0.67D cross−section
downstream of 90◦ bend pipe with different thick−diameter ratio deflectors installed.

4.2. Different Length-Diameter Ratio

The above analysis indicates that the installation of a certain thickness of the flow
deflector can improve the flow characteristics inside the bend pipe, and weaken the in-
fluence of the centrifugal force effectively. It can also reduce the energy loss of the bend
pipe, thereby increasing the safety and uniformity of the bend pipe to a certain extent.
In the process of exploring the influence of the thick-diameter ratio of the flow deflector
on the flow characteristics, the optimal effect is best when the deflector with HD = 0.06
is installed.

To further study the influence of the length-diameter ratio on the flow characteristics,
it is kept at 0.06 in this paper, and the velocity on horizontal (Line B) and vertical center
lines (Line C) of 0.67D cross-section downstream of the elbow are extracted. Dimensionless
processing is carried out for the extracted data, and the cross-section velocity distribution of
the bend pipe with different length-diameter ratio deflectors is obtained (Figure 16). In the
horizontal and vertical directions, the global velocity distribution of a downstream cross-
section of bend pipe with a different length-diameter ratio does not change significantly.
However, locally, the relative velocity in both directions decreases first and then increases,
with the maximum fluctuation amplitude when LR = 0.13 and the minimum value when
LR = 0.30. Therefore, the increase in the sharp-end length of the flow deflector can
improve the velocity uniformity to a certain extent, but has minimal influence on the flow
characteristics of the bend pipe.

Figure 16. Velocity distribution of (a) horizontal and (b) vertical center line at 0.67D cross−section
downstream of 90◦ bend pipe with different length−diameter ratio deflectors installed.

5. Conclusions and Prospects

In this paper, 3D circular bend pipe models with different bending angles are estab-
lished. The flow inside the bend pipe is simulated by Fluent© commercial software. The
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numerical results are in good agreement with the existing literature. The influence of
bending angle on flow field distribution is analyzed. The larger the bending angle is, the
more obvious the flow distribution and even the unevenness at the elbow will be, thereby
resulting in poor stability. Furthermore, the difference in bending angle can affect the wake
flow downstream of the elbow. With the increment in bending angle, the distance required
to restore the flow uniformity also increases. The pressure energy loss of the bend pipe
with different bending angle is investigated. The results show that with the increase in
bending angle, the global pressure loss presents a trend of “increase-decrease-increase”.
The closer the bending angle is to 90◦, the greater the influence of centrifugal force is on the
flow, and the more obvious the secondary flow phenomenon will be.

In view of the non-uniformity and instability of the flow inside the bend pipe, the
90◦ bend pipe with the greatest influence is selected to optimize the local structure. Three
flow deflectors are installed at equal intervals in the elbow. The improvement of flow
characteristics of the bend pipe with different thickness-diameter ratio and length-diameter
ratio is compared. The flow deflector with a certain thickness can weaken the local accu-
mulation of pressure energy at the elbow effectively and adjust the structure of secondary
flow, thereby shortening the distance for the wake flow to recover smoothly downstream
of the elbow. With the increase in HD of the flow deflector, the optimized effect becomes
better at first and then becomes worse, and reaches the best effect at 0.06. In addition, the
increase in LR can improve the velocity uniformity to a certain extent, but has minimal
influence on the flow characteristics of the bend pipe compared with HD. This study aims
to investigate and improve the flow characteristics of a multi-structure bend pipe to make
it suitable for more complex working conditions and to provide a certain theoretical basis.

In future research, the bending angle in a smaller local range can be also explored,
especially the specific change law of flow characteristics in the bend pipe at a small bend-
ing angle. At the same time, the structure of the flow deflector can be improved more
extensively to select the structure with better performance improvement.
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