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ABSTRACT

Based on the large eddy simulation method, this study performed the three-
dimensional transient numerical analysis of the near-wall flow field of the spiral
flow in a circular pipe and applied the sub-grid model of the Kinetic energy
transport. The low-speed bands, streamwise vortices and hairpin vortices of the
spiral flow in the near-wall region of the circular pipe are determined using the Q
criterion. The ejection and sweeping of coherent structures are identified using
the velocity vector of the near-wall region; moreover, the two methods of
creating the hairpin vortices are established by the image time series. The results
demonstrate that the development directions of the near-wall bands, streamwise
vortices and hairpin vortices of the spiral flow in the circular pipe develop along
the path of the spiral line. The average spanwise period of the low-speed bands
in the near-wall region is approximately 120 wall units, the length is more than
900 wall units and the height is not more than 40 wall units. The separation
distance of the streamwise vortices is about 119 wall units. It has a certain angle
with the wall (approximately 22°). The average burst period of a hairpin vortices
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is less than 0.015 s.

1. INTRODUCTION

The spiral flow of a circular pipe is frequently
used in petrochemical and environmental protection
industries and has been a hot topic in fluid mechanics
research. In several fluid machines, the stability of the
spiral flow of a circular pipe is a crucial indicator of its
efficient operation. Contemporary investigations on the
spiral flow of circular pipes primarily focus on the
distribution law of the velocity and pressure fields.
Zeng & Yong (2011) used the large eddy simulation
(LES) model to numerically simulate the spiral flow in
a hydrocyclone. They determined the distribution rule
of pressure, velocity and turbulent kinetic energy. The
simulation results closely match the experimental
results. Lim et al. (2010) applied the LES model and
particle image velocimetry (PIV) test technology to
achieve a satisfactory prediction of the spiral flow field
of the hydrocyclone. Delgadillo & Rajamani (2005)

used LES to simulate the spiral flow of a circular pipe.
Their findings demonstrated that the LES model could
achieve a very accurate velocity distribution, especially
while predicting tangential velocity. Xu et al. (2018)
used PIV technology to measure the spiral flow in
conical pipes under vibration and obtained its flow
characteristics. Ram & Kumar (2014) performed a
numerical simulation of the swirling flow field. Flow
characteristics, including velocity and temperature
profiles and boundary layer displacement thickness, are
examined for various magnetic field—dependent (MFD)
viscosity values and suction parameters. Meng et al.
(2020) utilised numerical simulation methods to
analyse the effects of the geometric shapes of the spiral
separator on the flow film’s thickness, flow pattern and
flow pattern of the spiral separator. The above research
primarily focuses on analysing the spiral flow field
characteristics and simulation methods, and there is
currently little research on drag reduction in spiral flow.
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NOMENCLATURE

p density of the fluid

U velocity vector

Xi ith spatial coordinate

t time

p kinematic pressure

v kinematic viscosity

Tj sub-grid scale stress

Tk isotropic part of the subgrid-scale stresses
Lt subgrid-scale turbulent viscosity
Sij strain rate tensor

dij Kronecker delta

As filter width
Vv Volume

Ksgs subgrid-scale kinetic energy
Cxk constants

C. constants

ox coefficient

Sij strain rate tensor

Wij rotation rate tensor

D physical quantity
@™ Flow physical quantity

Turbulent frictional resistance is an important
factor causing tangential velocity retardation of spiral
flow. Currently, the research on coherent structure
focuses mostly on the turbulence in the near-wall area,
such as typical pipe flow and channel flow. Previous
research has revealed that the formation of turbulent
frictional resistance is directly connected to the
coherent structure of turbulence (Xu, 2015). Jiménez et
al. (2010) calculated and analyzed the channel flow
with Reg<2100. They discovered a modest number of
hairpin vortex structures in the research findings. Pan
et al. (2009) used PIV to measure the fully developed
turbulent boundary layer, and applied the finite-time
Lyapunov exponent method to identify the coherent
structure of the measured velocity field. It was found
that the generalized horseshoe vortex structure is a
typical Lagrangian coherent structure in the turbulent
boundary layer. Wu (2010) used DNS to simulate the
flat turbulent boundary layer with Rey=1800, and
obtained the hairpin vortex structure at different flow
directions in the boundary layer. Baltzer et al. (2013)
achieved large/super large scale structure using a direct
numerical simulation of turbulence in a circular pipe
with Re=685. Dai et al. (2019) employed direct
numerical simulation and large-eddy simulation to
investigate the impact of streamwise rotation on
turbulent channel flow. The mean shear of the channel
flow is shown to have an influence on the tilting of
large-scale vortical structures and the preference of
their distributions in the channel.

Tyagi & Acharya (2003) used the LES method to
predict the near-wall coherent structure with high
Reynolds numbers of turbine blades. Qin et al. (2012)
obtained a large-scale turbulent coherent structure in
the engine cylinder, based on LES and combined with
the vortex structure identification method. Zhong et al.
(2019) used the large eddy simulation numerical
approach to investigate the natural shedding frequency
of the near-tail vortex of a disc with Re = 22000. Abe
et al. (2023) investigated the periodic release of
multiple spreading homogeneous vortex structures in
the front separation flow of an airfoil with a Reynolds
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number of 63000 and an Angle of attack of 12 degrees,
and the results of the study provide a basis for a fast
and smooth turbulence transition in the airfoil. Chen
and He (2022, 2023) accurately predicted the
development features of near-wall coherent structures
utilising the LES and the two-scale research approach,
using a refined mesh in the near-wall region and a
global coarse mesh in the mainline region.

At present, the existing literature is full of coherent
structure research on the cylindrical gas-water
circulation flow (Fard et al., 2020), the spiral finned
tubes flow in the heat exchanger (Yuan et al., 2022),
and the vortices flow (Liu & Zhou, 2022a). These
studies provide the foundation and reference for
analysing the internal fluid flow characteristics and
structural optimisation. Examining the coherent
structure of spiral flow in circular tubes is also helpful.
This paper examines the LES of the spiral flow in a
circular pipe and preliminarily discusses the evolution
mechanism of coherent structure in the near-wall
region. The fine structure and coherent structure
bursting processes of turbulent flow fields such as low-
speed bands, streamwise vortices and hairpin vortices
of spiral flow in the near-wall region of the circular
pipe are identified using the Q criterion, and two
mechanisms of the formation of a hairpin vortex are
analysed.

2. MATHEMATICAL AND PHYSICAL
MODEL

2.1 Geometric Models and Flow Characteristics

Considering the full development of internal fluids
within the structure, the study object is a tangential
entry with a four prism inlet construction, and the
diameter D of the circular tube is 14 mm. The specific
structural parameters are shown in Table 1. In this
paper, when the inlet velocity is 0.5 m/s, the fluid flow
in the circular tube remains constant. When the fluid
enters the circular pipe from the tangential inlet, the
fluid rotates and flows along the axial direction of the
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Table 1 Geometrical dimensions of the calculation

models
L a b c B
10.0D 1.29D 0.36D 0.36 15°

AR

Fig. 1 Geometric models and flow diagrams

circular pipe. As the rotational velocity of the spiral
flow along the axial direction gradually decreases, it
tends to be stable at the end of the tube, as seen in Fig. 1.

The numerical simulation of the near-wall
coherent structure of the spiral flow of a circular pipe is
conducted in this paper. However, few reports on the
near-wall coherent structures of the spiral flow of the
circular pipe have been published. The research results
heavily emphasise on the internal flow field of the
spiral flow of the circular pipe. The method is applied
to observe the adaptability of the LES for investigating
the spiral flow field. Delgadillo & Rajamani (2007)
used the large eddy model to perform numerical
simulation and experimental research on the
hydrocyclone. They validated the reliability of the
large eddy model, such as axial velocity and tangential
velocity of the flow field values.

Saidi et al. (2012) compared and analyzed the
large eddy model with other turbulence models for the
hydrocyclone, and the analysis results showed that the
large vortex model was in good agreement with the
existing experimental velocity values, proving the large
eddy model's applicability to the spiral flow field.

Misiulia et al. (2021) used LES model to simulate
spiral flow and obtained the fluctuation of pressure loss
with Reynolds number.

Wang et al. (2022) applied the LES model to
investigate the development of rotational flow vortex
structures in both axial and radial directions, with

vortex damage mainly occurring in the upstream region.

And the rationality of LES model for predicting spiral
flow was verified through experimental analysis.

The coherent structures are vastly reported in
plates, channels and tubes. Combined with the above
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discussion and present research status, the LES method
obtains relatively reliable prediction results in both
high Reynolds and low Reynolds numbers. Therefore,
this paper intends to apply the LES method to examine
the near-wall coherent structure of the spiral flow of
the circular pipe.

2.2 Governing Equation Large Eddy Simulation

We consider an incompressible fluid of kinematic
viscosity v in motion with kinematic pressure p and
velocity ui=(u,v,w) along Cartesian axes xi=(X,y,z)EQ,
Q within some domain Q€R®. The fluid domain
medium uses water, with density of 998.2 Kg/m3and
viscosity of 0.001P4's. The governing equations of the
large eddy model are as follows (Bagheri et al., 2019):

P12 ()=0 &
ot 6xi |
) ) 1op 0% O
CIANCNERRIEY. i T
ot* !V ox. L\ pOX:  OX:OX: OX:

J I 1) J
7; =UU; — U, (3)

Where zj; represents the sub-grid scale stress (SGS
stress) (Liu & Zhou, 2022b), which reflects the effect
of the motion of the small-scale vortex on the solution
of the equation. To close the computational model, the

SGS stress is estimated using the Boussinesq
hypothesis:
1 —
Tjj —gfkk5ij =—2/4Sj; 4
_ o ou;
Si El %JF_J (5)
2{ OXj  OX

Where w represents the SGS turbulent viscosity
and S;jj represents the strain rate tensor.

The filter function is crucial in realising the large
eddy simulation equation. The large eddy and the small
eddy can be distinguished by the filter function can.
f(x,t) is any instantaneous flow variable, and its large
scale can be described by the following weighted
integral in the physical space region:

?(x,t)zj‘D f(x',tp(x—x',t,Af )dx’ (6)

In the formula, G(x-X "¢, Ay) is the filter function; As
is the filter width;

G(x-x",t,As) determines the scale of solving
vortices. Because the standard structured mesh is used
in numerical simulation, and the computational model
is larger and the computational time is longer, the Top-
hat filter function is more suitable for spiral flow in a
circular pipe. It is expressed as follows:
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The filtering function is to take an average value
of a physical quantity in a control volume V.

For the accuracy of the numerical calculation, the
Sub-Grid Scale function (SGS) in the large eddy
simulation calculation equation is crucial. The small-
scale vortices in the region around the wall account for
a significant percentage of the energy described by the
Sub-Grid Scale model. The Kinetic-Energy Transport
(KET) is more appropriate for spiral flow and can
collect more information on the wall since the
characteristic scale of flow in the near-wall area of
pipes is quite tiny. KET is therefore utilized in this

paper.
2 —
£y =2 gy = 20 LGNS ®

Where, kss can be obtained by solving the
following transport equation:
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In the above equations, the model constants, Ck
and C,, are determined dynamically (Kim, 2013). o is
hardwired to 1.0.

2.3 Mesh of Computational Domain and Boundary
Conditions

A mesh-dependent analysis of the tangential
velocity is performed because of the spiral flow in the
circular pipe. Figure 2 demonstrates the tangential
velocity of the different meshes at 80 mm from the
entrance in the radial distribution. The figure shows
that the velocity mostly overlaps when the number of
meshes exceeds 1,619,380. This study used a mesh
number of 2,025,856 for subsequent research to ensure
the reliability of the following research data.

The structural parameters of the spiral flow
calculation domain in a circular pipe are dimensionless,
and the size of the calculation domain is 1728 vy/u, x
278 vylu, x 5073 wulu, (circumferential direction x
radial direction x axial direction). The number of mesh
nodes in the three directions is 96 x 80 x267,
respectively. It is evenly distributed in the
circumferential and axial directions. In contrast, the
near-wall area in the radial direction is present as
refinement (Fig. 3).

The mesh height of the initial layer is computed as
follows (Kuraishi, 2022):

_Yu
U.p

taking y+ = 0.5, the mesh height of the first layer is
L = 0.005 mm. The mesh scale is expanded by a scale
factor of 1.03 in the radial direction, and 11 points are
included in the range of y+<10; x+=18 and z+=19. The
whole computational domain is a hexahedral mesh with

y (10)

*Fig. 3 Graphics of calculation domain and mesh view
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Table 2 Spatial discretization and precision

Simulation method LES
Pressure-velocity coupling PISO proximity
method correction
Gradient interpolation least square method
Pressure interpolation Standard
Convection interpolation Second Order Upwind
convergence precision 1x10°°
SGS KET
Time step 0.005s

A total mesh of 2.0 x 105 which can ensure the
accurate capture of small-scale flow structures in the
flow field. In this paper, the Reynolds number of the
flow field is 13,933.

The mesh spacing and Reynolds values are
referred to in the channel flow study in a previous
study (Erigitai Zou et al., 2004). The velocity of the
inlet is 0.5 m/s, the turbulent intensity is 5.6%, the
hydraulic diameter is 5 mm, the bottom outlet is set as
outflow, and the wall non-slip boundary condition is
applied. The calculation is completed based on Fluent
software.

2.4 Discrete Schemes and Algorithms

To achieve computational stability as soon as
possible, the k-w model is used to solve a steady flow
field at first, and the transient results of the k-w model
are taken as the initial values of large eddy simulation.
The governing equation is discretized by the finite
volume method in the computational domain. The
specific parameters are shown in Table 2.

3. COHERENT STRUCTURE ANALYSIS
METHOD

The large-scale coherent structure in the spiral
field generally takes the form of a vortex. To more
clearly visualise the vortex characteristics in the flow
field, the Q criterion method can be used to identify the
vortex structure. The Q criterion discriminant approach
is based on the quadratic invariant of the velocity
gradient tensor to study the evolution of the vortex
structure in the flow field (Bedrouni et al., 2020). The
velocity gradient tensor can be decomposed into two
parts: symmetric and asymmetric. Those parts are
described as follows:

1 an auj
2oy " ox

1 ou. aUJ
W, ==|—+t__1 (12)
J 2{ 0oy ox

(11)
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(a) Cloud graph of velocity distribution at y+=10

! 1.8
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(b) Cloud graph of velocity distribution at y+=40

Fig. 4 Velocity and vorticity distribution of the viscous sub-
layer (t=2.9500

Q criterion is a quadratic invariant of the velocity
gradient tensor, which is defined as follows:

Q= (w55 )

where Q represents the degree to which the
rotation rate W;W;; exceeds the strain rate S;S;. In the
region of Q > 0, compared with the strain rate S;S;; of
fluids, the rotation rate W;Wj; is dominant, indicating
the prevalence of the vortex structure in the region.

(13)

4. ANALYSIS OF CALCULATION RESULTS

4.1 The Band Structure in The Near-wall Region

Figure 4 depicts the low-speed band distribution
that is parallel to the wall. Near the wall region, the
low-speed fluid forms an elongated strip shape and
exhibits a certain periodicity in the spanwise direction.
With the increased distance from the wall, the low-
speed band gradually becomes shorter, and the spacing
becomes larger. When the distance from the wall is
increased to 40 wall units, the low-speed region is
displayed in a group, and the brand starts disappearing.
The development process of the low-speed brand is
similar to the channel flow and the circular pipe axial
flow. Moreover, the difference is that the direction of
the spiral flow band is not along the axial direction but
along the direction of the velocity streamline. The low-
speed bands in the near-wall region are statistically
averaged (Fig. 4 (a)). Figure 4(c) depicts the vorticity
distribution at the position y+ = 10, and the low-speed
strip occupies about 6.3 grids on average (Shi, 2012).
Figure 4 shows that the average strip spacing (average
spanwise period) Z is about 6.3 x 19 wall units = 120
wall units. The low-speed band is almost continuous
under the y+ = 10 position. With the development of
the flow direction, the strip structure will undergo a
certain fracture, but the length is still greater than half
the circumference of the pipe; for example, the low-
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(b) The local vorticity diagram
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(c)Side view of the iso-vorticity surfaces

Fig. 5 Vorticity distribution (t=2.9500)

speed brand length is greater than 900 wall units.
Figure 4 (a) and (b) show that the distribution of the
low-speed band is significantly different from y+=10
when the height exceeds y+=40, and the flow structure
becomes chaotic. Thus, it can be shown that the speed
brand exists in the region under the height of 40 wall
units.

4.2 The Development of Streamwise Vortices

In the near-wall region of the spiral flow of the
circular pipe, the streamwise vortices plays a vital role
in generating turbulent energy transport and developing
turbulence in the boundary layer. Figure 5 presents the
distribution of the iso-vorticity surface. In the near-wall
region, the streamwise vortices iso-surface and the
vortex  criterion region have a one-to-one
correspondence and the same trend (Fukagata et al.,
2002). To quantitatively determine the morphological
change of the streamwise vortices, the flow field
physical quantity @ (x, y, z) is conditionally averaged
for the positive streamwise vortices (Ge et al., 2012).

(#(ax,y,A2))" = iiqrﬁ(”‘)(Ax, y,Az)

(14)
N P m=1

The conditional mean result reflects the average
statistical form of the streamwise vortices at the central
point at y+=20. FIG. 5(c) displays the top view of the
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Fig. 6 Near-wall velocity vector (t=2.9500)

streamwise vortices iso-surface with iso-surface 1
based on the above formula. Along the flow direction,
the distribution of the iso-vorticity surface is similar
and has a specific uplift relative to the wall. It has a
specific angle with the wall (about 22°). The iso-
vorticity surfaces exhibit thin ribbons and high-low
interlaces in the flow direction. The distribution trend
of the streamwise vortices is similar to the channel
flow and the circular pipe axial flow. Furthermore, the
difference means that the direction of the vorticity line
is not along the axial direction but along the path of the
velocity streamline. As the flow field develops
downstream, the vorticity decreases, and the thin
ribbon of the streamwise vortices gradually vanishes
due to the large-scale vortices structure beginning to
break into the small-scale vortices. Because the tail of
the streamwise vortices is closer to the wall surface, it
can act on the wall surface more effectively and create
a higher wall friction resistance. Fig.5 (a) shows the
spatial structure of the streamwise vortices.

4.3 The Ejection and Sweeping of Coherent
Structure

The fluid’s ejection and sweeping are among the
most crucial turbulence flow phenomena in the
boundary layer near the wall. Various studies have
demonstrated that the bursting process of sweeping
high-speed fluid and the ejection of low-speed fluid are
the sources of Reynolds shear stress in the near-wall
region. Figure 6 (a) shows the global velocity vector
diagram. The figure shows a continuous velocity
vortex in the near-wall region. Figure 6 (b) illustrates
the locally amplified vector diagram of some vortex
groups. The velocity vortex is gradually thrown up and
away from the wall surface along the direction of flow
direction, forming an angle (about 24°) with the wall
surface. These vortex groups are the vortex heads of
the hairpin vortices. Fig. 6 (b) also shows that the outer
layer of high-speed fluid in the near-wall region rushes
into the inner layer. In contrast, the inner layer of low-
speed fluid ejects outward (the phenomenon of ejection
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streamwise vortex

(a) Whole vortex structure diagram

hairpin vortex

spanwise vortex

(b)local hairpin vortex structure diagram

Fig. 7 Coherent structure diagram (t=2.9500)

e

(a) t=2.9500 (b) t=2.9515 (c) t=2.9525 (d) t=2.9535
(e) t=2.9545 (f) t=2.9550 (g) t=2.9555 (h) t=2.9560

Fig. 8 Evolution process of the hairpin vortex formed with a pair of streamwise vortex

and sweeping). The entire process is called a burst.
4.4 Spatial Evolution of Coherent Structures

When the standard Q value is 0.1, the coherent
structure of a spiral flow in a circular pipe can be
identified (Fig. 7 (a)). Figure 7 (a) shows the
streamwise, spanwise, and hairpin vortices. Figure 8 (b)
shows the amplified hairpin vortex structure. The width
of the spanwise vortex occupies about three mesh
points. Hence, the separation distance of the
streamwise vortices is about 119 wall units, which is
consistent with the spanwise period of the low-speed
band. The streamwise vortices also develops in the
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direction of the spiral flow line. The above description
shows that the development of the streamwise vortices
in a spiral flow corresponds to the low-speed band.

Figure 8 illustrates the formation of a hairpin
vortex by symmetrical streamwise vortex pairs at
y+ >40 in. When two adjacent streamwise vortex pairs
are close to each other, the heads of the two streamwise
vortices are stretched until they slowly overlap,
creating a bridge-like spanwise vortex structure that
merges into a hairpin vortex structure. The “bridging”
of the streamwise vortices pairs generates this process
of creating a hairpin vortices. The formation process of
the generated hairpin vortices structure is consistent
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(b) t=2.9590

(a) t=2.9530

e

(e) 1=2.9630 (f) t=2.9640

(c) t=2.9600

(g) t=2.9650

(d) t=2.9620

(h) t=2.9680

Fig. 9 Evolution process of the hairpin vortex from a single streamwise vortex

with the literature (Chen et al., 2009).

When the two streamwise vortices are close to
each other, the hairpin vortex as mentioned above will
appear, but not all streamwise vortices are close to each
other, nor can all streamwise vortices close to each
other merge to create a new hairpin vortex. Therefore,
the second formation method of the hairpin vortex is
also familiar: the process of a single-flow vortex
gradually developing into a hairpin vortex. Figure 9
depicts the operation of the streamwise vortices
inclined along the direction of the spiral flow
streamlines that develop into a hairpin vortices. Figure
9 (a) shows the streamwise vortices. The head part of
the streamwise vortices is close to the wall under its
action and progresses towards the spanwise direction
simultaneously. Its vortices head stretches towards the
spanwise direction and creates the spanwise vortices.
This event is similar to the formation process of the
hairpin vortices with one-sided vortex legs, as
described by Robinson (1991). The generated spanwise
vortices continues to develop in the direction of the
streamwise direction. The vortex leg evolves from a
single to a double leg, and the newly formed vortices
legs continue to elongate and become thinner (Fig. 9
(c)—(f)). According to statistics, the average burst
period of the hairpin vortices is below 0.015s.

The above analysis demonstrates that the
formation and evolution mechanism of the near-wall
coherent structure of the spiral flow of the pipe is
similar to the form of the coherent structures of the
channel flow and the tube flow, including their scale.
The difference is that the cohesive structure of the
spiral flow of the pipe does not develop in the axial
direction like the coherent structure of the tube flow
but at an angle to the axial direction.
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Fig. 10 Distribution of pulsation velocity along axial distance

4.5 Fluctuation Velocity Distribution

Figure 10 illustrates the axial distribution of
fluctuation velocity in the near-wall area. The
fluctuation velocity gradually decreases along the axial
direction. The maximum fluctuation velocity is about
0.14, and the smallest is 0.01. The amplitude of
fluctuation velocity in the y-axial direction is the
smallest, close to 0, and the tangential fluctuation
velocity energy is the strongest.

4.6 Reynolds Stress Distribution

Figures 11-13 shows the Reynolds stress
distribution at different sections (z=80, 90, 100, 110,
120). Where, u”, v" and w” represents the fluctuation
velocity values in the three coordinate directions, The
symbol( )represents the mean value.
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Fig. 12 (u"w") distribution at different sections

Figure 11 shows the distribution of (V") at
different cross-sections. It can be seen that the
maximum value of (™" is in the near-wall
region rather than in the mainstream region, and that
as axial distance increased, the value of (@™v"
decreased significantly in the main flow area. However,
the (u™v") in the near-wall area decreases slowly and
the maximum position remains constant. And the value
of (u™v") is significantly larger than the Reynolds stress
values in the other two directions.

It can be seen from Fig. 12 that the maximum
value of (u"w” uv also be detected in the near-wall
region. With the increase of axial distance, the value of
(u"w")y decreases significantly in the near-wall region,
and the maximum value remains unchanged.(v'w"y and
(u"w"y values have similar variation rules, as shown in
Fig. 13 (c), except that the value of (v'w" in the near-
wall region is the smallest.
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The above analysis shows that the maximum
Reynolds stress in the spiral flow field of the circular
pipe appears in the near-wall region, and the wall shear
force is stronger and fluctuates in the tangential and
axial directions. The increased tangential and axial
velocities in the spiral flow of the circular tube, as well
as the larger fluctuation of the tangential and axial
velocities, are primarily responsible for this. The UV
and UW Reynolds stresses have a significant impact on
the bursting of the spiral flow's near-wall coherent
structure.

5. CONCLUSION

1) The LES combined with the Q criterion can be
used to identify the coherent structure of the near-wall
flow field of a spiral flow in a circular pipe. The results
demonstrate that the development directions of the
low-speed bands, streamwise vortices and hairpin
vortices of the spiral flow in the circular pipe develop
along the spiral line direction.

2) The average spanwise period of the low-speed
bands in the near-wall region is approximately 120
wall units, the length is more than 900 wall units and
the height is not more than 40 wall units.

3) The streamwise vortices are in the shape of thin
ribbons and high-low interlaces. Along the flow
direction, the distribution of the iso-vorticity surface is
similar, and there is a specific uplift. The angle
between the streamwise vortices and the wall surface is
certain (about 22°). The separation distance between
the streamwise vortices is about 119 wall units, which
is consistent with the spanwise period of the low-speed
band.

4) The formation of hairpin vortices of spiral flow
in a circular pipe can be divided into two types:
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(@) The hairpin vortices are generated by the
“bridging” of streamwise vortices on the head; (b)
Under the self-induced action, the vortex head of a
single streamwise vortices develops in a spanwise
direction and evolves into two vortices legs to create a
hairpin vortices. The burst period of the hairpin
vortices is below 0.015 s.

5) The maximum Reynolds stress in the spiral
flow field of the circular pipe appears in the near-wall
region, and the wall shear force is more robust in the
tangential and axial directions. The UV and UW
Reynolds stress significantly affect the bursting of the
near-wall coherent structure of the spiral flow.
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