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Abstract

Owing to its efficient energy recovery capability, the pump as turbine (PAT) has attracted
considerable attention and has been widely applied in micro hydropower systems. How-
ever, under off-design conditions, large-scale helical vortex ropes are readily induced in
the draft tube, causing severe hydraulic losses and flow instability. Because existing theo-
retical models do not account for the slip effect at the impeller outlet, this study combines
vortex dynamics theory with numerical simulation and introduces a correction coefficient
to develop a Burgers vortex-based analytical wake vortex model for a PAT with splitter
blades. The model is verified by its ability to predict the peak tangential velocity and
radial decay trend of the vortex core. In addition, the influence of draft tube configuration
on vortex rope evolution is revealed using the Liutex vortex identification method and
enstrophy analysis. The results show that the geometric curvature of the elbow draft tube
induces vortex rope breakup and high energy dissipation. Finally, entropy production
theory is used to quantitatively evaluate the vortex suppression benefit and hydraulic
loss caused by deflector plates. The results indicate that the transverse deflector plate
(TDP) provides a significantly better suppression effect than the longitudinal deflector
plate (LDP) by disrupting the circumferential continuity of the vortex rope. Although
increasing the insertion depth of the deflector plate improves vortex suppression, it induces
non-negligible local high-entropy production on the upstream-facing surface (US). This
study clarifies the physical mechanism of wake vortices in a PAT with splitter blades and
provides theoretical guidance for efficient PAT operation and wake vortex control.

Keywords: pump as turbine; splitter blade; draft tube vortex; Burgers vortex theory;
deflector plate

1. Introduction
With the rapid development of the global economy, the demand for renewable energy

continues to increase worldwide [1,2]. The development and utilization of hydropower
resources are essential for alleviating energy shortages, improving the global ecological
environment, and promoting sustainable development [3,4]. Owing to its compact struc-
ture, low cost, and ease of maintenance, the PAT has gradually replaced conventional
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pressure-reducing valves and has been widely applied in urban water supply networks and
micro hydropower systems [5–7]. However, as application scenarios become increasingly
complex, the operating efficiency and reliability of PATs have become key constraints
affecting overall system performance [8].

Existing studies on PAT performance optimization have mainly focused on structural
improvement and internal flow field evolution in core components, such as the volute and
impeller [9,10]. In contrast, relatively limited attention has been paid to the draft tube, a key
downstream flow-passing and energy recovery component. In fact, when a PAT operates
under off-design conditions, the fluid often carries strong residual circulation after leaving
the impeller trailing edge. After this high-speed swirling flow enters the draft tube, it can
readily evolve into a large-scale helical draft tube vortex rope [11]. This vortex rope not only
blocks the flow passage and induces severe hydraulic losses, but also causes low-frequency
pressure pulsations, threatening the safe and stable operation of the unit [12].

To clarify the formation mechanism and evolution of draft tube vortices, numerous
studies have examined their flow characteristics using computational fluid dynamics (CFD)
simulations and vortex identification methods. Yang et al. [13] and Anup et al. [14] demon-
strated that the inception location and pulsation frequency of vortex ropes inside PATs
are strongly correlated with the velocity circulation at the impeller outlet. Liu et al. [15]
investigated the effects of tip clearance on pressure pulsation intensity and vortex charac-
teristics in a mixed-flow PAT under pump mode, and found that the flow rate substantially
affects vortex structure and trajectory. Zhou et al. [16] combined CFD with visualization
experiments to identify cluster vortices and central vortex rope structures in the draft
tube of a pump-turbine, revealing the mechanism by which rotating stall in guide vane
passages induces vortex evolution in the vaneless region. Lai et al. [17] established and
experimentally verified the relationship between vortex rope formation, development, and
breakdown in a pump-turbine and the precession frequency and swirl intensity. Regarding
the spatial evolution and energy dissipation of vortex ropes, Wang et al. [18] found that
wake vortices undergo spatial and frequency-domain attenuation of kinetic energy during
downstream evolution, and that periodic disturbances induced by impeller rotation inten-
sify the vorticity response. Xu et al. [19] further combined the Omega vortex identification
method with entropy production theory and confirmed that vortex structure aggregation
is a direct cause of local high energy loss. Xue et al. [20] investigated the contributions of
vortex structures with different vector directions to pressure pulsations and found that
circumferential and axial vortex evolution is the main cause of complex low-frequency
pressure pulsations.

To reveal the generation and dissipation mechanisms of wake vortices at the mechanis-
tic level, researchers have introduced vortex dynamics theory to develop analytical wake
vortex models. Wake vortex dynamics theory has been continuously improved, evolving
from the classical Burgers axisymmetric line-vortex model to the viscous line-vortex models
of Rosenhead and Saffman, which incorporate circulation [21–24]. To account for the strong
shear and boundary-layer interference effects in practical hydraulic machinery, Escudier
et al. [25] proposed a modified Burgers vortex model. By fitting the tangential velocity
distribution within a cylindrical vortex tube, this model effectively enhanced the accuracy
of the classical formulation in characterizing the outer weak vorticity region. Duinmeijer
et al. [26] further validated the applicability of this model to free-surface vortex flow fields
through stereo PIV measurements. Nevertheless, the classical Burgers vortex model and its
derived forms are predominantly based on idealized axisymmetric vortex assumptions.
For a PAT with splitter blades, the distinctive long-short blade configuration and strong
rotor–stator interaction (RSI) can induce pronounced non-axisymmetric wake distortion.
Therefore, realistic unsteady inflow boundary conditions of the PAT must be incorporated

https://doi.org/10.3390/w18161925

https://doi.org/10.3390/w18161925


Water 2026, 18, 1925 3 of 24

into the classical theoretical framework, so as to establish a theoretical analytical wake
vortex model that accurately reflects the characteristics of splitter blade impellers.

On the basis of clarifying the internal flow evolution mechanism in the draft tube,
suppressing wake vortex evolution and weakening low-frequency pressure pulsations
through effective flow-control strategies have become research hotspots in rotating machin-
ery [27,28]. Kumar et al. [29] systematically reviewed the inception and evolution of draft
tube vortex ropes and their adverse effects on unit stability, and pointed out that optimizing
draft tube geometry or adding internal flow disturbing structures is an effective approach
for vortex rope suppression. In addition, studies have shown that asymmetric draft tubes,
fins, and wall protrusions can suppress vortex ropes to some extent and reduce pressure
pulsations [30–32]. In recent years, researchers have conducted in-depth studies on specific
flow control structures. Shrestha et al. [33] performed multi-objective optimization of the
geometric parameters of J-grooves on the draft tube wall using combined numerical and
experimental methods, establishing design criteria for suppressing swirling flow with a
relatively small resistance penalty. Wang et al. [34] installed an airfoil-shaped stabilizing
ring in the draft tube of a Francis turbine and found that it significantly enhanced flow
stability under wide-load conditions. Among various control elements, deflector plates
have attracted considerable attention because of their simple structure and high reliability.
Zhou et al. [35] arranged baffles circumferentially in the draft tube to forcibly block the
strong swirling flow at the impeller outlet. The baffles substantially reduced the tangential
velocity of the flow field and effectively disrupted vortex-rope continuity. Joy et al. [36]
installed adjustable deflector plates in the draft tube and found that an appropriate deflector
plate angle could reduce hydraulic losses and improve hydraulic performance. However,
while deflector plates interrupt swirling flow, they inevitably induce non-negligible local
hydraulic losses. Existing studies still lack a quantitative trade-off analysis between vortex
suppression effectiveness and hydraulic cost. Moreover, for PATs with splitter blades and
complex internal flow fields, the influence mechanism of deflector plate spatial arrangement
on wake vortex dissipation and overall machine performance remains unclear.

Based on the above research gaps, this study takes a PAT with splitter blades as the
research object and conducts a systematic investigation by combining vortex dynamics
theory with numerical simulation. Considering the slip effect at the impeller outlet, a modi-
fied Burgers vortex analytical model suitable for a PAT with splitter blades is established.
By investigating the effects of different deflector plate arrangements on wake vortex sup-
pression, the relationship between vortex suppression benefits and local hydraulic losses is
quantitatively evaluated. This study aims to clarify the flow characteristics and suppression
mechanism of wake vortices in a PAT with splitter blades. The findings provide theoretical
support and engineering guidance for flow control and performance optimization of this
type of PAT.

2. Numerical Methodology
2.1. Governing Equations and Turbulence Model

Fluid motion in the flow field follows the conservation laws of mass, momentum,
and energy. Because the present study analyzes the PAT under isothermal conditions, the
energy equation is not considered in the flow field simulation.

(1) Continuity equation

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (1)
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where ρ is the fluid density, and t is time. When the fluid is incompressible, its density
remains constant, and the equation above reduces to:

∂ui
∂xi

= 0 (2)

(2) Momentum equation

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = − ∂p

∂xj
+

∂τij

∂xi
+ Smi (3)

where ρ is the fluid static pressure, Smi is the source term added to the equation, and τi is
the stress tensor. For a Newtonian fluid, the stress tensor can be expressed as:

τij =

[
µ

(
∂ui
∂xj

+
∂uj

∂xi

)]
− 2

3
µ

∂ul
∂xl

δij (4)

where µ is the fluid viscosity and δij is the Kronecker delta. When i = j, δij = 1; when i ̸= j,
δij = 0.

In this study, the Shear Stress Transport (SST) k-ω turbulence model is employed to
solve the Reynolds-Averaged Navier–Stokes (RANS) equations. By introducing a blending
function F1, this model uses the standard k-ω model in the near-wall region and transitions
to the k-ε model in the far-field mainstream region. Because the SST k-ω model can
effectively capture turbulent features in complex geometries, it has been widely used in
numerical simulations. Therefore, the SST k-ω model is selected to solve the internal flow
field of the PAT, and its governing equations are as follows:

∂(ρk)
∂t

+
∂
(
ρujk

)
∂xj

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ τij

∂ui
∂xj

− β∗ρkω (5)

ρ ∂ω
∂t + ρuj

∂ω
∂xj

= ∂
∂xj

[(
µ + µt

σk

)
∂ω
∂xj

]
+ ω

k

(
ατij

∂ui
∂xj

− β∗ρkω
)

+(1 − F1)2ρ 1
ωσω2

∂k
∂xj

∂ω
∂xj

(6)

where the turbulent viscosity and the turbulence production term can be expressed as:

µt = ρ
a1k

max(a1ω, SF2)
(7)

Pk = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj

− 2
3

∂uk
∂xk

(
3µt

∂uk
∂xk

+ ρk
)

(8)

where Pk is the turbulence production term caused by viscous forces. In the above equations,
each constant is a blend of inner and outer constants.

φ = φ1F1 + φ2(1 − F1) (9)

The blending functions F1 and F2 can be expressed as:

F1 = tanh


{

min

[
max

( √
k

β∗ωy
,

500µ

y2ωρ

)
,

4ρk
CDkωσω2y2

]}4
 (10)

CDkω = max
(

2ρ
1

σω2ω

∂k
∂xi

∂ω

∂xi
, 10−10

)
(11)
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F2 = tanh


[

max

(
2
√

k
β∗ωy

,
500µ

y2ωρ

)]2
 (12)

where σω2 and β* are blending functions, and y is the distance from the calculation point
to the wall.

2.2. Geometric Model and Computational Scheme

The research object of this study is a PAT with splitter blades operating at a specific
speed of 16.5. The PAT primarily consists of an impeller, volute, chamber, wear rings, and
inlet and outlet passages, as illustrated in the three-dimensional computational model
in Figure 1. To enhance internal flow stability under off-design conditions and suppress
backflow and secondary flow structures at the impeller outlet, the PAT adopts a splitter
blade design. The alternating arrangement of long and short blades optimizes the pressure
distribution within the flow passages and improves the work transfer from the fluid to
the blades. In addition, the splitter blades indirectly affect the velocity slip and residual
circulation at the impeller outlet by altering the inlet flow distribution, blade loading, and
the merging process of the subdivided flow passages. The relevant PAT parameters are
listed in Table 1.

 
Figure 1. Computational domain of the PAT.

Table 1. Parameters of the PAT.

Design Parameter Value

Rated flow rate Qd (m3/h) 28
Rated rotational speed n (r/min) 1500

Specific speed ns 16.5
Head H (m) 100

Impeller outlet diameter D1 (mm) 55
Impeller inlet diameter D2 (mm) 265

Number of long blades Z1 8
Number of splitter blades Z2 8
Inlet width of volute b3 (mm) 12

Base circle diameter of volute D3 (mm) 275

In practical engineering applications, the draft tube configuration must satisfy both
hydraulic performance requirements and installation constraints. Therefore, two typical
draft tube configurations were designed in this study, as shown in Figure 2, where the
main geometric dimensions are indicated. The elbow draft tube, one of the most widely
used configurations, redirects the flow while also serving as a diffuser. To ensure a fair
comparison, the geometric parameters of the gradually expanding section in the straight
conical draft tube were kept consistent with those of the elbow draft tube. In the elbow
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draft tube, the axial length of the straight conical section is Ls = 125 mm, and the draft
tube inlet diameter is Din = 55 mm, yielding Ls/Din = 2.27. This geometric matching
allows the differences in vortex evolution between the two draft tubes to be attributed
primarily to the curvature of the elbow. However, Ls was fixed in this study and was not
parametrically optimized.

 
(a) (b) 

Figure 2. Schematic diagram of different draft tube configurations. All linear dimensions are in mm.
(a) Elbow draft tube; (b) Straight conical draft tube.

In addition, to suppress the spiral vortex rope inside the draft tube and thereby
improve flow field stability, four control schemes were designed in the straight conical
section of the elbow draft tube. The deflector plate orientation, namely the transverse
deflector plate (TDP) and longitudinal deflector plate (LDP), and the insertion depth,
15 mm or 30 mm, were selected as geometric variables. The transverse and longitudinal
arrangements correspond to directions perpendicular and parallel to the symmetry plane
of the elbow section, respectively. The different control schemes are shown in Figure 3.
Moreover, in practical engineering applications, installing the deflector plates at the inlet
of the straight conical section facilitates their fabrication, installation, and subsequent
maintenance, while enabling early intervention in the impeller outlet swirl after it enters
the draft tube. The same axial position was adopted for all control schemes to isolate the
effects of the deflector plate orientation and insertion depth. The axial position of the
deflector plates was not parametrically optimized in this study.

    
(a) (b) (c) (d) 

Figure 3. Different control schemes for the draft tube vortex rope. (a) TDP-15; (b) TDP-30; (c) LDP-30;
(d) LDP-30.

2.3. Mesh Generation and Grid Independence Verification

After completing the geometric modeling of the PAT computational domain, ANSYS
ICEM (version 2021 R1) was used to generate meshes for all flow passage components of
the PAT. Compared with unstructured meshes, structured meshes have significant advan-
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tages in convergence speed, numerical dissipation control, and grid orthogonality, thereby
improving computational accuracy and reducing computational resource consumption.
Consequently, a fully structured mesh was applied to the entire PAT flow domain. Figure 4
illustrates the mesh generation results for the global computational domain of PAT with
splitter blades.

 
Figure 4. Mesh generation of the PAT.

For the draft tube computational domain with deflector plates installed, structured
meshes were also applied. To accurately capture the complex flow characteristics between
the deflector plates and tube walls, local refinement was performed on the deflector plate
surfaces and near-wall regions. This refinement enables accurate simulation of velocity
gradients and shear flow behavior within the near-wall viscous sublayer. Figure 5 shows
the mesh generation results of the two arrangement schemes.

  
(a) (b) 

Figure 5. Mesh generation of different arrangement schemes. (a) TDP-15; (b) LDP-15.

To reduce the influence of mesh count on numerical simulation results, a grid inde-
pendence verification was conducted, and multiple schemes with different grid counts
were generated. Figure 6 presents the calculation results of the PAT under various mesh
counts. As the mesh number increases, the output power of the PAT increases and then
gradually stabilizes, indicating that the dependence of the calculation results on the mesh
is progressively weakened. Considering both accuracy requirements and computational
cost, the total grid count for the PAT was ultimately selected as 7.4 million.
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Figure 6. Grid independence verification.

2.4. Numerical Computation Settings

Numerical simulations were conducted using ANSYS Fluent. The working fluid
was clear water under normal temperature and pressure. A pressure inlet boundary
condition was specified at the inlet with a constant total pressure of 1 MPa, while a
mass flow outlet boundary condition was applied at the outlet. Interfaces were used
for data exchange between different components, and all walls were set as no-slip walls.
The residual convergence tolerance was set to 10−5. A steady state simulation was first
performed, and its results were used as the initial condition for the subsequent transient
simulation. For the transient simulation, the time step size was set to 3.333 × 10−4 s,
corresponding to a 3 degrees of impeller rotation per time step, and a total of 10 revolutions
were simulated. Other settings are listed in Table 2.

Table 2. Numerical simulation parameters.

Item Setting

Fluid medium Water
Inlet boundary condition Pressure-inlet

Outlet boundary condition Mass flow-outlet
Maximum residual value 10−5

Wall condition No-slip wall
Discretization scheme for convective terms Second-order

2.5. Burgers Vortex Theory

In the complex turbulent flow within the PAT, the processes of energy transfer and
dissipation are highly dependent on the mechanisms of generation, evolution, and break-
down of vortex structures. The Burgers vortex model is widely used as an idealized
analytical model for characterizing typical vortex tube structures in viscous fluids. This
model provides an analytical solution for the stable vortex tube structure within a vis-
cous incompressible fluid under the action of an axisymmetric stretching strain field. The
Burgers vortex is generally defined in an axisymmetric, steady, incompressible flow field,
reflecting the equilibrium relationship among axial stretching, radial compression, and
viscous dissipation.

In cylindrical coordinates (r, θ, z), the velocity field of the Burgers vortex can be
expressed as:

Vr = −αr, Vz = 2αz, Vθ =
Γ

2πr

(
1 − e−

αr2
2ν

)
(13)
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where Vr, Vθ , and Vz is the radial, azimuthal, and axial velocity components, respectively;
α is the strain rate, characterizing the intensity of the applied axial strain; v is the kinematic
viscosity of the fluid; and Γ is the total circulation.

In the Burgers vortex, Vθ characterizes the rotational motion of the vortex and is
central to model analysis. For axisymmetric steady flow, the axial vorticity depends only
on the radial coordinate r, i.e.,

ωz = ω(r) (14)

Under the combined action of the strain field and viscosity, the axial vorticity satisfies
the convection-diffusion balance equation. Its analytical solution can be written as:

ω(r) = ω0 exp
(
−αr2

4v

)
(15)

Equation (15) indicates that the vorticity of the Burgers vortex exhibits an exponential
decay distribution along the radial direction, with vorticity mainly concentrated near
the vortex core. Its characteristic radius is typically determined jointly by the strain rate
and viscosity.

rc ∼
√

4v
α

(16)

When the viscous effect intensifies, the vortex core radius increases, leading to more
dispersed vorticity distribution. Conversely, when the strain rate increases, the vortex
structure becomes more concentrated. Based on the relationship between circulation and
tangential velocity under axisymmetric conditions, the tangential velocity distribution can
be derived as:

Vθ(r) =
Γ

2πr

[
1 − exp

(
−αr2

4ν

)]
(17)

where Γ is the total circulation.
The tangential velocity distribution of the Burgers vortex has the following charac-

teristics. At the vortex core center, Vθ increases approximately linearly with r because of
viscous smoothing. In the region far from the vortex core, the exponential term tends to
zero, and Vθ gradually approaches the free vortex form. Thus, the Burgers vortex behaves
as a forced vortex in the near field and transitions to a free vortex in the far field.

When the fluid exits the impeller of PAT, it often fails to maintain an ideal irrotational
discharge, inevitably carrying a relatively high residual circulation. This residual circulation
evolves into a large-scale helical wake vortex rope within the draft tube, as illustrated in
Figure 7. Under the assumption of a steady and axisymmetric ideal flow field, the complex
flow pattern at the impeller outlet can be decomposed into two fundamental components:
uniform axial flow along the mainstream direction and circumferential rotational motion
about the central axis. The superposition of these two components, together with the
geometric constraints imposed by the draft tube walls, ultimately forms an axisymmetric
helical vortex structure with significant axial stretching. This idealized wake vortex model
closely resembles the Burgers vortex model. Therefore, Burgers vortex theory is introduced
as the analytical foundation for constructing a wake vortex model suitable for describing
vortex dynamics inside the draft tube of PAT with splitter blades.

However, the classical Burgers vortex model assumes an absolutely irrotational ex-
ternal region outside the vortex core. In actual PAT operation, wall friction in the draft
tube and radial constraints prevent the external region from maintaining an irrotational
state, causing significant changes in the flow velocity. To correct this theoretical limitation,
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Escudier et al. proposed a modified Burgers vortex analytical model that considers wall
confinement effect, expressed as:

Vθ =
Γ0

2πr

[
1 − exp

(
− r2

r2
0

)]
+

1
2

ωr (18)

where Γ0 is the characteristic circulation at the vortex core radius r0, and ω is a parameter
characterizing the mean vorticity in the external region of the vortex core.

 

Figure 7. Wake vortex flow pattern of the PAT.

3. Experimental Method and Validation
3.1. Experimental Instruments and Uncertainty Analysis

To verify the accuracy of the numerical method, a test rig for the PAT was established
in this study. The three-dimensional model of the test bench is shown in Figure 8a, and the
experimental site is shown in Figure 8b. The water circulation loop of the test rig mainly
consists of valves, an electromagnetic flowmeter, a water tank, pipelines, and the PAT.
During the experiments, the front booster pump and pipeline control valves, were jointly
regulated to provide an inlet pressure higher than 1 MPa for the PAT under different flow
rates. The rotational speed of the booster pump is adjusted using a frequency converter,
thereby regulating the flow rate and head required by the PAT at different rotational speeds.

  
(a) (b) 

Figure 8. PAT experimental test bench. (a) 3D model of the experimental bench; (b) Experimental
bench schematic diagram.
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The experimental flow rate was measured using an electromagnetic flowmeter
equipped with a KROHNE IFC300 signal converter, with a measurement range of
0–60 m3/h. The experimental flow-rate range of 20–45 m3/h corresponds to 33–75% of the
full-scale range. Therefore, all experimental operating conditions were within the effective
measurement range of the flowmeter and were well above its lower measurement limit.

The pressure difference was measured using pressure sensors arranged at the inlet and
outlet of the PAT. A torque meter is used to synchronously acquire the rotational speed and
shaft torque during PAT operation. All sensor signals were fed into the data acquisition and
processing system for real-time display, analysis, and storage, from which the efficiency,
head, and output shaft power of the PAT were obtained. The performance parameters of
the PAT were calculated using the following equations:

P = M
2πn
60

(19)

H =
Pout − Pin

ρg
(20)

η =
P

ρgQH
× 100% (21)

where M is the torque output of the PAT, n is the rotational speed, Pin and Pout are the total
pressures at the PAT inlet and outlet, respectively, Q is the flow rate, and H is the head.

Uncertainty refers to the unavoidable deviation between a measurement result and
the true value of the measured quantity caused by measurement errors and limitations in
measurement conditions [37]. The total uncertainty of the test system consists of systematic
uncertainty Es and random uncertainty Er. The systematic uncertainty is mainly determined
by the accuracy class of the measuring instruments, whereas the random uncertainty is
calculated from the mean value and standard deviation of the measurement samples [38,39].
The relevant expressions are as follows:

E = ±
√

E2
S + E2

R (22)

Es = ±

√
(

fm

ku
)

2
+ (

fc

ku
)

2
(23)

Er = ± tn−1Sx

x
√

n
× 100% (24)

where fm and fc are uncertainties from different sources of the measuring instruments, xi is
the experimentally measured value, Sx is the sample standard deviation, x is the sample
mean value, tn−1 is the confidence interval, and n is the number of measurements.

Table 3 presents the uncertainties of the experimental parameters. The combined
uncertainties of flow rate, head, torque, power, and efficiency are ±0.19%, ±0.17%, ±0.19%,
±0.23%, and ±0.18%, respectively. The systematic uncertainties of flow rate and head
are caused by the accuracy errors of the electromagnetic flowmeter and pressure sensors.
The uncertainties of the power and torque are mainly affected by the transmission error
of the torque meter. Efficiency is a calculated quantity from multiple parameters, and
its combined uncertainty is strongly affected by the accumulated errors. The combined
uncertainty of each measurement is controlled within ±0.25%, ensuring the reliability of
the experimental results.
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Table 3. Uncertainty of experimental parameters.

Uncertainty
Notation

Q (m3/h) H (m) M (N·m) P (W) H (%)

Es ±0.16% ±0.07% ±0.09% ±0.12% ±0.11%
Er ±0.10% ±0.15% ±0.17% ±0.20% ±0.14%
E ±0.19% ±0.17% ±0.19% ±0.23% ±0.18%

3.2. Experimental Validation

To verify the accuracy of the numerical simulation, Figure 9 compares the experimental
and numerical results of the PAT under different flow rates. As the flow rate increases, the
PAT power monotonically rises, whereas the efficiency first increases and then decreases.
At around 28 m3/h, the measured power and efficiency of the PAT are 2.21 kW and 46.2%,
respectively, while the numerical simulation results are 2.31 kW and 47.5%. At this flow rate,
the PAT efficiency reaches its maximum value. Overall, the experimental and numerical
results agree well, with errors below 5%, demonstrating the accuracy and reliability of the
numerical simulation method adopted in this study [40].

 

Figure 9. Comparison of experimental and numerical simulation results.

4. Results and Discussion
4.1. Modified Analytical Model of the Wake Vortex Based on Burgers Vortex Theory

The draft tube vortex in a PAT is generated by impeller rotation. Therefore, the input
parameters of the analytical model should be replaced with the outlet boundary conditions
of the PAT. Based on the velocity triangle theory at the impeller outlet, the theoretical
circulation at the impeller outlet is introduced. Figure 10 shows the decomposition of the
impeller outlet velocity triangle.

In actual operation, owing to the finite number of impeller blades, strong interactions
between relative vortices and passage vortices occur within the flow passages of the PAT.
As a result, velocity slip inevitably occurs when the fluid leaves the blade trailing edge, as
shown in Figure 11. Under low-flow conditions (β < β2∞), the smaller meridional velocity
Vm causes the theoretical absolute velocity V2∞ to have a positive tangential component.
The slip velocity component ∆Vu2 is superimposed in the same direction, leading to a
sharp increase in both the intensity and dissipation of the draft tube vortex. Under the
rated condition, ∆Vu2 ≈ 0, the outlet swirl is approximately zero, and the vortex intensity
is the weakest. However, under high-flow conditions (β > β2∞), the larger Vm causes V2∞

to produce a negative tangential component, while the positive ∆Vu2 provides an opposite
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compensation effect in the vector composition, thereby effectively suppressing the vortex
intensity. For a PAT, because the fluid must overcome hydraulic losses in the flow passages
and the slip effect reduces the actual work capacity of the impeller below the theoretical
value, the actual operating head consumed by the PAT is necessarily greater than the
theoretical Euler head based on ideal inviscid flow.

 

Figure 10. Schematic decomposition of the impeller outlet velocity triangle.

 
Figure 11. Velocity triangle at the impeller outlet of the PAT.

The actual head of the PAT, H, is defined based on the absolute pressure difference
between the inlet and outlet sections of the flow field. As the fluid passes through the PAT
passages, it must overcome strong fluid shear, boundary friction, and dissipation induced
by large-scale wake vortices. The portion that is ultimately converted into mechanical
energy is defined as the effective output head, Ht, which can be calculated from the
hydraulic efficiency η as follows:

Ht = H · η (25)

According to the angular momentum theorem, the Euler head, He, corresponding to
the actual deflection of the velocity vector as the fluid passes through the impeller inlet and
outlet sections, can be calculated from the section-averaged velocity components extracted
from the CFD flow field:

He =
U1Vu1 − U2Vu2

g
(26)

where U is the circumferential velocity, and Vu1 and Vu2 are the circumferential components
of the absolute velocity at the impeller inlet and outlet, respectively.

Because flow separation, secondary flow, and enstrophy dissipation occur within the
impeller passages, part of He still cannot be converted into effective mechanical output.
Therefore, the relationship H > He > Ht is satisfied. The difference between He and Ht

represents the non-ideal flow loss induced by the slip effect and viscous dissipation of
vortical flow. Accordingly, a non-ideal flow dissipation coefficient, S, is introduced to
quantitatively characterize the degree of energy attenuation:

S =
He − Ht

He
(27)
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As shown in Table 4, S decreases monotonically with increasing flow rate. At 0.6Qd, a
strong positive swirl exists at the impeller outlet, which severely weakens the work capacity
of the impeller. Consequently, S reaches its maximum value of 0.1465. At 1.0Qd, the outlet
circulation approaches zero, and the slip induced dissipation is minimized. As the flow rate
further increases to 1.2Qd, although the outlet circulation Γout increases again, its direction
is opposite to that of U2. Therefore, S decreases to 0.0536.

Table 4. Outlet circulation and dissipation coefficient of the PAT.

Flow Rate H (m) Ht (m) He (m) Γout S k

0.6Qd 31.39 11.01 13.01 0.4784 0.1465 0.22
0.8Qd 36.24 18.10 20.80 0.1250 0.1296 0.30
1.0Qd 43.72 24.11 26.94 0.0498 0.1050 0.38
1.2Qd 51.75 28.69 31.13 0.2270 0.0785 0.52
1.4Qd 64.14 34.35 36.29 0.4128 0.0536 0.60

Based on the preceding analysis, this study proposes a wake vortex analytical model
for a PAT with splitter blades that accounts for slip induced dissipation, as expressed in
Equation (28). On the basis of the classical Burgers vortex analytical model, a correction
coefficient k is introduced to modify the impeller outlet circulation, thereby representing
the proportion of the actual effective circulation after slip induced dissipation relative to
the theoretical circulation.

Vθ = k
Γout

2πr

[
1 − exp

(
− r2

r2
c

)]
+

1
2

ωr (28)

where rc is the vortex core radius, and 1/2ωr is used to characterize the rotational driving
effect at the impeller outlet. In Equation (28), Γeff = kΓout is defined as the corrected effective
circulation. The coefficient k represents the fraction of the theoretical circulation at the
impeller outlet that is retained in the coherent axisymmetric wake vortex after attenuation
by velocity slip, viscous diffusion, turbulent mixing, and secondary-flow interactions. The
correction coefficient k is applied only to the circulation-driven Burgers vortex term. The
correction coefficient k is calibrated using the flow dissipation coefficient S, as shown in
Equation (29). For each operating condition, the non-ideal flow dissipation coefficient Si

was calculated using Equation (27). The corresponding correction coefficient ki was then
determined by minimizing the normalized root mean square error between the analytical
predictions and the CFD results within the vortex-core-dominated region. Based on the (Si,
ki) data listed in Table 4, a linear regression relationship was established, as expressed in
Equation (29). The regression yielded a coefficient of determination R2 of 0.9941 and a root
mean square error of 0.0107, indicating a strong negative linear correlation between k and S
within the present calibration range.

k = 0.8285 − 4.136S, 0.0536 ≤ S ≤ 0.1465 (29)

It should be noted that Equation (29) is a semi-empirical correlation developed for the
PAT investigated in this study, which has a specific speed of 16.5 and a particular splitter
blade configuration. Its applicability is limited to 0.0536 ≤ S ≤ 0.1465. The specific speed,
outlet blade angle, and blade number can all affect velocity slip and residual circulation at
the impeller outlet. Furthermore, the monotonic increase in k with flow rate is associated
with the decrease in the relative non-ideal dissipation within the impeller. Under low flow
conditions, flow separation, secondary flow, and interactions between passage vortices
result in a relatively high value of S, indicating substantial attenuation of the effective
outlet circulation and hence a small value of k. As the flow rate increases, the throughflow
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becomes better aligned with the blade passages and the relative difference between He

and Ht decreases. Consequently, a larger proportion of the outlet circulation is retained,
resulting in an increase in k.

To verify the accuracy of the analytical model, Figure 12 compares the Vθ distributions
on a characteristic section at 1.0Qd obtained from the classical Burgers vortex model, the
proposed analytical model, and CFD simulation. The classical Burgers vortex model di-
rectly employs the theoretical circulation at the impeller outlet. However, in an actual PAT,
velocity slip caused by the finite number of blades, viscous dissipation, and flow separation
reduce the effective circulation that sustains the coherent wake vortex structure. Conse-
quently, the classical Burgers vortex model overestimates the peak Vθ by approximately
76% compared with the numerical simulation result. In contrast, the analytical model
with the correction coefficient introduced (k = 0.38) agrees well with the CFD simulation.
The model accurately captures the typical two region structure of the wake vortex: in the
inner forced-vortex core region (r/rθ < 0.35), the circumferential velocity increases linearly
with radius, whereas in the outer free-vortex region (r/rθ > 0.35), it decays approximately
inversely with radius.

 
Figure 12. Comparison between the analytical model and numerical results at 1.0Qd.

It should be clarified that the velocity profiles predicted by the analytical model were
compared with the CFD results rather than directly validated against experimental mea-
surements. To further examine the applicability of the model under off-design conditions,
Figure 13 compares the analytical predictions and numerical simulation results of the wake
vortex circumferential velocity at 0.6Qd and 1.4Qd. Overall, the analytical model accurately
captures the peak velocity and decay trend in the vortex core region under both operating
conditions. As the flow rate increases, the correction coefficient k increases from 0.22 to 0.60.
It should be noted that local deviations occur between the analytical prediction curves and
the numerical results in the outer region at 1.4Qd (r/rθ > 0.4) and in the near-wall region
at 0.6Qd (r/rθ > 0.6). At 1.4Qd, the deviation is particularly pronounced near r/rθ ≈ 1.
This is mainly attributed to the strong interaction between the wall boundary layer and the
mainstream shear layer, which induces asymmetric secondary flow and separated vortices
beyond the descriptive capability of the axisymmetric analytical model. Nevertheless, the
proposed analytical model maintains high prediction accuracy in the vortex cor dominated
region (r/rθ < 0.4), with peak velocity errors controlled within 5%.
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(a) (b) 

Figure 13. Comparison between the analytical model and numerical simulation results. (a) 0.6Qd;
(b) 1.4Qd.

4.2. Wake Vortex Evolution in Draft Tubes with Different Configurations

Because the flow within the PAT draft tube involves strong shear induced by the
impeller wake and wall boundary layers, Liutex is more suitable for the present analysis
than the classical Q and λ2 criteria. In addition to identifying regions dominated by
rotational motion, Liutex extracts the local rotation axis from the velocity gradient tensor
and quantifies the rigid-body rotational strength after removing the contribution of shear.
It therefore enables clearer differentiation between coherent rotation and shear deformation
and provides a more physically meaningful representation of the spatial continuity, breakup,
and fragmentation of the helical vortex rope. Accordingly, the Liutex method was adopted
to analyze vortex structure evolution in different draft tube configurations and deflector
plate schemes.

Figure 14 presents the three-dimensional vortex isosurfaces (Liutex R = 165) of the
two draft tube configurations under different flow rates. The isosurfaces are colored by the
Liutex-Omega parameter. An Omega value close to 1 indicates a stronger dominance of
rigid body rotation in the local fluid region. For the elbow draft tube, the vortex structures
at 0.8Qd are mainly characterized by locally discrete and fragmented wake vortices. At
1.0Qd, the vortex structures become more concentrated and are mainly distributed from the
inlet of the straight conical section to the elbow corner, with enhanced rotational intensity
of the vortex core. As the flow rate increases to 1.2Qd, the vortex rope expands markedly
in scale. The helical vortex rope penetrates the inlet straight conical section and extends
downstream of the elbow. Notably, the flow direction deflection in the elbow section
disrupts the continuity of the vortex rope, causing local breakup and reorganization. The
vortex structures then re-aggregate near the elbow outlet, forming a thick, continuous,
and strong helical vortex rope. For the straight conical draft tube, because of its favorable
axisymmetric geometry, the vortex rope exhibits a more regular helical development pattern
under all operating conditions, extending downstream while uniformly winding around
the central axis.

Enstrophy is used to characterize the intensity of rotational motion and vortical
dissipation in the flow field. Its value reflects the rotational intensity of vortex structures
in a given region and is commonly used to identify high hydraulic loss regions inside
hydraulic machinery. The expression for enstrophy is given as:

Ω =
1
2

∫
|ω|2dV (30)

where |ω| is the magnitude of the vorticity vector.
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Figure 15 shows the enstrophy distribution on the mid-plane of the two draft tube
configurations. At 0.8Qd and 1.0Qd, high enstrophy regions are concentrated near the
draft tube inlet. When the flow rate increases to 1.2Qd, the high enstrophy regions spread
toward the middle and downstream sections of the draft tube. This indicates that intense
turbulent dissipation induced by the draft tube vortex under high-flow conditions is the
main cause of the decline in PAT hydraulic performance. In the elbow draft tube with
geometric curvature, the high enstrophy regions are closely attached to the inner arc wall
of the elbow section, indicating that the transverse adverse pressure gradient in this region
induces severe separation of the inner side boundary layer and leads to strong fluid shear.
In contrast, in the straight conical draft tube, as the flow passage expands axisymmetrically,
the high enstrophy is released more smoothly and gradually decays toward the middle
and downstream sections.

 

  
(a) (b) 

Figure 14. Vortex structure distributions in draft tubes with different configurations. (a) Elbow draft
tube; (b) Straight conical draft tube.

 

 
 

(a) (b) 

Figure 15. Enstrophy distribution on the mid-plane of draft tubes with different configurations.
(a) Elbow draft tube; (b) Straight conical draft tube.

To reveal the flow characteristics inside the draft tube, several monitoring sections
were arranged along the flow direction, as shown in Figure 16. For the elbow draft tube,
monitoring sections A1–A6 were placed in the inlet section, elbow section, and outlet
diffuser section to capture the pressure gradient variation and secondary flow development
during the flow process. For the straight conical draft tube, four sections, B1–B4, were
uniformly selected along the axial direction to analyze the velocity distribution and pressure
recovery process in the gradually expanding section.

Figure 17 shows the enstrophy distribution on characteristic sections along the main-
stream direction in the two draft tube configurations. The inlet sections in both configura-
tions exhibit large-area, high-intensity, and irregularly distributed enstrophy accumulation
regions. In the elbow draft tube, the cross-sectional expansion of the diffuser section rapidly
weakens the mainstream kinetic energy. As a result, the area of the high enstrophy region
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decreases when the flow enters the front part of the elbow section. In the straight conical
draft tube, as the flow passage area expands uniformly, the axial velocity and vortical flow
remain relatively stable. From section B1 to B2, the high enstrophy region migrates rapidly
toward the wall and decays markedly. By sections B3 and B4, the flow field is mainly
occupied by low dissipation regions.

 

 

(a) (b) 

Figure 16. Distribution of monitoring sections in the draft tube. (a) Elbow draft tube; (b) Straight
conical draft tube.

 

  
(a) (b) 

Figure 17. Sectional enstrophy distributions in draft tubes with different configurations. (a) Elbow
draft tube; (b) Straight conical draft tube.

To quantitatively compare the degree of rotational intensity accumulation on different
sections along the flow direction and thereby evaluate the influence of different draft
tube configurations on the streamwise evolution of vortex energy, Figure 18 presents the
area-weighted average enstrophy curves for the two draft tube configurations. Overall,
dominated by the high residual circulation and absolute kinetic energy at the impeller
outlet, the overall dissipation intensity in each configuration increases with increasing flow
rate. The dissipation curve of the straight conical draft tube shows a decreasing trend,
indicating that the symmetric gradually expanding geometry can smoothly guide the high
swirling flow to achieve natural dissipation and kinetic energy recovery, reducing it to
the lowest global energy level at B4. Although the area expansion in the inlet section of
the elbow draft tube effectively weakens the absolute kinetic energy of the fluid, under
high flow conditions through the elbow section, the adverse pressure gradient and flow
separation induced by sharp flow-direction deflection cause strong fluctuations in the local
dissipation intensity.
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(a) (b) 

Figure 18. Streamwise distribution curves of area-averaged enstrophy at each monitoring section.
(a) Elbow draft tube; (b) Straight conical draft tube.

4.3. Wake Vortex Suppression Based on Deflector Plates

The analysis in Section 4.2 shows that, compared with the straight conical draft tube,
the elbow draft tube causes complex evolution behaviors, such as breakup of the helical
vortex rope in the elbow section, owing to its special geometric configuration. These
behaviors further induce broadband hydraulic excitation and flow instability, posing a
potential threat to the safe and stable operation of the PAT unit. Accordingly, this section
takes the elbow draft tube as an example and installs deflector plates in its straight conical
section to disrupt the circumferential continuity of the vortex rope, thereby suppressing its
evolution and improving flow field stability. The geometric parameters of each deflector
plate arrangement have been detailed in Section 2.2 and are shown in Figure 3.

To quantitatively reveal the suppression effect of the deflector plates on the vortex
structures inside the draft tube, three-dimensional isosurfaces of Liutex R = 125 were ex-
tracted, as shown in Figure 19. In the original scheme, a complete and spatially continuous
eccentric helical vortex rope is formed in the straight conical section under the influence of
residual circulation at the impeller outlet. The vortex rope then extends along the spatial
curvature of the elbow section into the downstream transverse diffuser section. After the
TDP is introduced, the circumferential continuity of the helical vortex rope is interrupted.
In the TDP-15 scheme, the continuous vortex rope in the straight conical section undergoes
obvious local breakup before entering the elbow section, and the length of the residual
vortex rope in the downstream transverse diffuser section is significantly reduced. When
the insertion depth is increased to 30 mm, the best control effect is achieved. The original
continuous helical vortex rope is completely broken into small-scale and spatially dispersed
shed vortex clusters. In contrast, because the LDP is parallel to the axial direction of the
draft tube, a continuous vortex rope of a certain scale still remains in the straight conical
section, and the volume of the vortex isosurface is clearly larger than that in the TDP
scheme with the corresponding insertion depth.

Figure 20 shows the local dissipative entropy production distribution on the mid-plane
of the draft tube under different control schemes. The high-entropy production regions are
mainly concentrated in the wake region of the deflector plate and near the inner arc wall
of the elbow section. In the TDP-15 scheme, the high-entropy production region appears
as a banded distribution extending along the wake direction of the deflector plate, with
energy dissipation mainly concentrated in the local downstream region of the deflector
plate in the straight conical section. When the insertion depth is increased to 30 mm, a
large high-entropy production region forms in the straight conical section and extends
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upstream to the vicinity of the leading edge of the deflector plate. Compared with the
TDP schemes, the LDP produces weaker transverse disturbance to the mainstream flow.
Its wake separation intensity is clearly lower, and the high-entropy production region is
mainly confined to a small-scale shear layer near the deflector plate.

 

Figure 19. Vortex structure distributions under different suppression schemes.

 
Figure 20. Local entropy production distributions under different control schemes.

Figure 21 shows the entropy production distribution in the draft tube under different
control schemes. In all schemes, local entropy production dominates the total entropy
production, whereas wall entropy production accounts for only a small proportion. This
indicates that, after the deflector plates are installed, energy dissipation in the draft tube
is not mainly caused by streamwise friction between the fluid and the wall. Instead,
it primarily originates from the strong turbulent fluctuations in the wake region of the
deflector plate and viscous friction associated with vortex breakup. In addition, the total
entropy production of the TDP-30 scheme is significantly higher than that of the other
schemes. This is mainly because this control scheme consumes the large rotational kinetic
energy carried by the helical vortex rope at the draft tube inlet by inducing higher entropy
production, thereby weakening the vortex rope and producing a slight improvement in the
overall hydraulic efficiency of the PAT.

To quantitatively evaluate the irreversible energy dissipation at solid-wall boundaries
under different schemes, the wall entropy production rates on the draft tube wall and
deflector plate surfaces were compared. Figure 22 shows the wall entropy production
distributions on the draft tube wall (DTW), the upstream-facing surface (US), and the
downstream-facing surface (DS) of the deflector plate under the four schemes. After the
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deflector plates are installed, the entropy production on the original DTW remains low in
all schemes, whereas the deflector plate surfaces dominate solid wall frictional dissipation.
This indicates that the deflector plates improve the flow pattern and reduce the vortex
rope, but also induce different degrees of wall-related energy loss. In addition, the US in
the TDP schemes produces relatively large energy dissipation, which increases sharply
with increasing insertion depth. In particular, the entropy production on the US in the
TDP-30 scheme reaches 2.2 W/K and becomes dominant. This indicates that increasing the
insertion depth enhances vortex rope suppression, but also causes considerable energy loss
on the US. In contrast, in the LDP schemes, the wall entropy production on both sides of the
deflector plate is more uniformly distributed and is significantly lower than the US peak in
the TDP schemes. Combined with the preceding analysis, the LDP schemes have a limited
suppression effect on the vortex rope. The disturbance imposed by the deflector plate on
the mainstream flow is relatively weak and fails to effectively reorganize the vortex rope
topology. Therefore, their overall improvement in macroscopic hydraulic performance is
inferior to that of the TDP schemes.

 

Figure 21. Entropy production distributions in the draft tube under different control schemes.

 
Figure 22. Wall entropy production distributions under different suppression schemes.

5. Conclusions
This study takes a PAT with splitter blades as the research object and systematically

investigates the evolution mechanism and suppression method of wake vortices inside
the draft tube by combining Burgers vortex theory, numerical simulation, and the Liutex
vortex identification method. The main conclusions are as follows:
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(1) A modified Burgers wake vortex analytical model suitable for a PAT with splitter
blades was established by considering the velocity slip effect at the impeller outlet
and viscous dissipation of vortical flow. Compared with the classical Burgers vortex
model, the proposed model significantly improves the prediction accuracy of the
vortex core tangential velocity. At 1.0Qd, the classical model overestimates the peak
tangential velocity by approximately 76% compared with the numerical simulation
result. After introducing the correction coefficient k = 0.38, the analytical prediction
agrees well with the CFD result. Under the 0.6Qd and 1.4Qd operating conditions,
the model can still accurately capture the peak velocity and radial decay trend in
the main vortex core region, with peak velocity errors controlled within 5%. This
indicates that the model has good adaptability to different operating conditions and
good prediction accuracy.

(2) The draft tube configuration has a significant influence on the spatial evolution and
energy dissipation of wake vortices. As the flow rate increases from 0.6Qd to 1.2Qd,
the helical vortex rope in the elbow draft tube expands markedly in scale. Owing to
the effects of geometric curvature and flow-direction deflection in the elbow section,
the sectional enstrophy becomes unevenly distributed along the flow direction, and
local energy dissipation is enhanced. In contrast, owing to its favorable diffusion
and flow-straightening effects, the straight conical draft tube continuously weakens
the high-energy vortex rope along the axial direction, and its flow field uniformity is
significantly better than that of the elbow draft tube.

(3) Deflector plates can effectively disrupt the circumferential continuity of the helical
vortex rope inside the draft tube, thereby suppressing wake vortex development. The
vortex suppression effect of the TDP is clearly superior to that of the LDP, among
which the TDP-30 scheme shows the strongest vortex breakup and dissipation effect.
However, increasing the insertion depth of the deflector plate induces additional
hydraulic losses. Wall entropy production analysis shows that the wall entropy
production on the upstream-facing surface of the deflector plate in the TDP-30 scheme
reaches 2.2 W/K, making it dominant among all wall regions. In contrast, the wall
entropy production on both sides of the LDP is more uniformly distributed, but its
disturbance to the mainstream flow and vortex rope topology is weaker. Therefore,
its overall vortex suppression effect and hydraulic performance improvement are
inferior to those of the TDP.

This study is limited to a semi-empirical relationship between the correction coefficient
k and the flow dissipation coefficient S, established for a PAT with a specific speed of 16.5
and a specific splitter blade configuration. Its applicability is restricted to the geometry
and calibration range considered herein. Future research will extend and recalibrate the
modified model for different specific speeds and splitter blade configurations and employ
PIV or LDA to measure local velocity distributions within the draft tube.
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PAT Pump as turbine
TDP Transverse deflector plate
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SST Shear stress transport
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US Upstream surface
DS Downstream surface
DTW Draft tube wall
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