
Academic Editor: Davide Lengani

Received: 29 May 2026

Revised: 5 July 2026

Accepted: 8 July 2026

Published: 13 July 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Numerical Study on Hydraulic Loss Characteristics in an Azimuth
Waterjet Propulsion
Zikai Lv and Puyu Cao *

Fluid Machinery Engineering Technology Research Center, Jiangsu University, No. 301 Xuefu Road,
Zhenjiang 212013, China
* Correspondence: mafatu1988@ujs.edu.cn; Tel.: +86-158-6298-5295

Abstract

To address the low efficiency and unclear internal loss mechanisms of azimuth waterjet
propulsion (AWP) systems operating under shallow and complex flow conditions, this
study investigates an AWP unit at 950 rpm with a thrust of 1.63 kN. Steady numerical
simulations are conducted under mooring and low-speed conditions, focusing on thrust
coefficient, impeller efficiency, pump efficiency, and diffuser flow characteristics, with
comparisons to a conventional mixed-flow pump. The results show that the propeller
hydraulic efficiency at the design condition is approximately 52%, significantly lower
than the 80–93% typical of mixed-flow pumps. The diffuser contributes nearly 80% of
the total hydraulic loss, dominated by secondary flow effects. From the perspective of
radial equilibrium in the guide vanes, secondary flow development is closely linked
to spanwise momentum non-uniformity and deviation from equilibrium. The inclined
outflow from the impeller induces strong spanwise imbalance, while the nearly 180◦ turning
in the diffuser suppresses conventional force terms and establishes a pressure-gradient-
dominated inertial balance associated with streamline curvature. This mechanism drives
transverse migration and entrainment, promoting the formation of counter-rotating vortex
pairs and secondary flows. Four major vortex concentration regions are identified, where
interactions between secondary flow and recirculation generate complex three-dimensional
vortex structures, including induced and spiral separation vortices. These vortices locally
block the flow passage, causing pressure fluctuations and energy dissipation. The mid-
span region of the guide vanes is identified as the primary location of loss accumulation.
These findings provide theoretical and engineering guidance for diffuser optimization
in AWP systems. It should be noted that the present study is based solely on numerical
simulations, and no experimental validation for the investigated AWP configuration is
currently available. Future experimental studies are needed to further verify the predicted
hydraulic performance and flow structures.

Keywords: azimuth; waterjet propulsion; hydraulic loss characteristics; efficiency

1. Introduction
Owing to its distinctive structural configuration and control mechanism, the azimuth

waterjet propulsion (AWP) system is increasingly recognized as a promising alternative to
conventional waterjet propulsion in shallow waters, wetlands, and other complex aquatic
environments. The diffuser and nozzles of the AWP can rotate omnidirectionally through
360◦, enabling thrust to be generated in any direction without altering the vessel’s attitude.
Furthermore, the entire propulsion system is installed flush with the ship’s bottom, which
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not only reduces additional hydrodynamic drag but also significantly lowers the risk of
collisions with floating debris, riverbeds, and underwater obstacles. This configuration
enhances operational reliability and environmental adaptability under extremely shallow-
water conditions [1]. These characteristics provide the AWP with notable advantages in
terms of maneuverability, operational capability in spatially constrained environments, and
flexibility in hull integration, thereby attracting increasing attention from both engineering
practitioners and academic researchers.

The AWP was first proposed by Josef Becker (Schottel founder) at Schottel GmbH [2]
and has since been applied to a variety of vessel types, including ferries, tugs, yachts,
research vessels, and patrol boats [3]. In recent years, this propulsion concept has also
been adopted in Autonomous Surface Vehicles (ASVs) for applications such as wetland
environmental monitoring and ecological conservation [4]. At present, leading international
manufacturers of AWP systems include Schottel GmbH, Veth Propulsion, Jastram GmbH
& Co. KG, and Tees White Gill. Their products exhibit notable differences in suction inlet
layout, impeller configuration, diffuser structure, and nozzle arrangement. Odetti et al. [4]
conducted a systematic comparison of the structural features of these products, while Yan
Peng et al. [5] further reviewed their development history and typical configurations.

From the perspective of structural configuration, the propulsion systems developed by
Veth Propulsion and Jastram GmbH & Co. KG exhibit considerable similarity. Both employ
axial-flow impellers combined with rear nozzle structures. The principal distinction lies in
the orientation of the impeller axis: in the former, the axis is inclined approximately 17◦

relative to the vertical direction, whereas in the latter it remains strictly vertical. During
operation, water passes through the impeller, where it gains energy before entering the
diffusion passage and ultimately being discharged through the rear nozzle. The impeller-
diffuser assembly rotates about the vertical axis to produce omnidirectional thrust. Publicly
available information indicates that both companies have gradually reduced or discontin-
ued research, development, and production of such thrusters in recent years.

The AWP developed by Tees White Gill [6] also adopts a vertically arranged impeller;
However, the suction inlet is located on the side of the hull. In this configuration, water
enters the propulsor laterally and is discharged through a bottom nozzle. Although this
design offers advantages in terms of structural compactness, it imposes strict constraints on
hull form design, particularly limiting the transverse dimensions of the hull in the vicinity
of the propulsor.

In contrast, the AWP produced by Schottel GmbH [2] employs a mixed-flow im-
peller with characteristics approaching those of a centrifugal impeller. The impeller axis
is vertically oriented, and water is drawn vertically from the bottom inlet. After energy
conversion within the diffuser chamber, the flow is discharged through the bottom noz-
zle. Multiple nozzles are typically arranged at the base of the diffuser, and thrust vector
control is achieved through a judicious configuration of nozzle area ratios and injection
directions. Compared with other configurations, this design offers advantages in structural
compactness, hull adaptability, and engineering maturity, thereby becoming the dominant
configuration in the current market.

Compared with traditional axial-flow waterjet propulsion systems [7–17], systematic
research on AWP systems remains relatively limited. Odetti et al. [4,18] designed an AWP
specifically for extremely shallow water environments such as rivers, lakes, and marshes.
The fundamental configuration resembles that of Schottel-type products, employing a
closed impeller and utilizing three-dimensional printing technology to manufacture hy-
draulic components. Thrust characteristics and thrust deduction coefficients at different
speed and rotational speed conditions were measured using a bollard pull testing system.
Liu Wenhao [19] designed a compact AWP based on the parameters of a patrol vessel and
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optimized its key hydraulic parameters by computational fluid dynamics methods. The ef-
fects of operating speed and blade numbers on propulsion performance were systematically
analyzed and subsequently validated through experimental testing.

Regarding ship maneuverability, Carreño et al. [3] and Moreno et al. [20] investigated
patrol vessels equipped with AWP systems and developed mathematical models to evaluate
their maneuvering performance and associated characteristics. With respect to internal
flow mechanisms, Zhang et al. [21] studied the momentum distribution within the diffuser
nozzle. Their results demonstrated that, through appropriate selection of the nozzle area
ratio and incorporation of guide vanes, the lateral force could be reduced by up to 56%
without any reduction in total thrust. Yan Peng et al. [1] further analyzed the influence of
rotational speed on overall performance through numerical simulations under multiple
operating conditions. The entropy generation rate method was employed to quantitatively
evaluate the magnitude and spatial distribution of internal losses, and four primary sources
of loss within the diffuser region were identified.

In general, existing studies have primarily focused on overall performance evalu-
ation, maneuvering control modeling, and localized structural optimization of waterjet
propulsors. However, systematic investigations of internal flow loss mechanisms in AWP
systems remain scarce, particularly comprehensive analyses that integrate regional loss
quantification with multi-scale flow structure identification.

To address this research gap, the present study systematically investigates the internal
flow loss characteristics of a self-designed AWP using numerical simulation. First, the
geometric configuration and operating principle of the propulsor are introduced. Subse-
quently, the numerical model and computational methodology are described, including
the construction of the computational domain, the grid generation strategy, the selection
of the turbulence model, and the specification of boundary conditions. On this basis, the
external performance of the propulsor is analyzed and the internal flow losses are quan-
titatively evaluated. The underlying loss mechanisms are then interpreted by examining
the evolution of three-dimensional flow structures in conjunction with the radial equilib-
rium equation. Furthermore, a detailed analysis of the internal flow field is conducted,
focusing on the static pressure distribution, limiting streamlines, and vortex structures in
key flow regions in order to identify the dominant loss mechanisms. Finally, the principal
conclusions and their engineering implications are summarized.

2. Configurations and Numerical Setup
2.1. Geometry of Waterjet Pump and Working Principle

The sketch of AWP is illustrated in Figure 1a. The AWP primarily consists of an
impeller and a diffuser, as illustrated in Figure 1b. The impeller has a rated rotational
speed of 950 rpm and rotates clockwise when viewed from bottom to top. The maximum
outer diameter of the diffuser is 1204 mm, and the principal geometric parameters are
summarized in Table 1. Fluid enters the propulsor from the bottom and gains both kinetic
and pressure energy after passing through the mixed-flow impeller. The flow then moves
circumferentially from the impeller outlet into the diffuser, where the gradual expansion
of the channel cross-section converts kinetic energy progressively into pressure energy.
Upon entering the nozzle section, the channel area contracts rapidly, reconverting pressure
energy into kinetic energy, and the fluid is ultimately discharged as a high-velocity jet.
The thrust generated by the propulsor results from the momentum difference between the
outflow and the incoming flow, with the thrust direction opposite to the jet direction at
the nozzle outlet. The diffuser can rotate about the impeller axis, enabling omnidirectional
control of the thrust vector. As shown in Figure 1b, three nozzles with unequal outlet
areas are arranged at the bottom of the diffuser. This design follows the findings of Zhang
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et al. [21], which indicate that an appropriate nozzle area ratio can effectively reduce thrust
misalignment and enhance the stability of the thrust vector. Detailed geometric parameters
of the propulsor are listed in Table 2.

(a) Diagrammatic sketch. (b) Three-dimensional diagram.

Mid Nozzle 
Left Nozzle Right Nozzle 

Thrust 

Inlet 

Impeller 

Inflow 

Guide 
Vane 

Outflow 

Figure 1. Main components of azimuth waterjet propulsion and working principle.

Table 1. Summary of global parameters.

Parameter Value

Impeller rotational speed (rpm) 950
Propulsion outer diameter (mm) 1204

Motor power (kW) 280
Bollard Thrust (kN) 1.63

Table 2. Summary of geometric parameters.

Parameter Value

Impeller inlet diameter (mm) 450
Impeller type Mixed flow

Number of blades 4
Reference diameter D (mm) 540

Nozzle area (mm2) 70,653
Left nozzle area ratio (%) 29
Mid nozzle area ratio (%) 35.5

Right nozzle area ratio (%) 35.5

2.2. Computational Domain and Mesh Generation

To systematically investigate the external performance and internal flow mechanisms
of the AWP, a three-dimensional computational domain encompassing both the propulsor
and the surrounding fluid region was established, as illustrated in Figure 2a. Following the
domain sizing approach proposed by Yan Peng et al. [1], the impeller inlet diameter (D) was
adopted as the characteristic length. The upstream boundary was positioned at a distance
of 10.5D from the propulsor center, while the downstream boundary was located 50.5D
away, thereby minimizing the influence of outlet boundary conditions on the internal flow
field. The transverse width and vertical depth of the computational domain were set to
21D and 10.5D, respectively, with the propulsor located at the transverse center. Figure 2b
illustrates the detailed layout of the internal stator domain within the propulsor. To facilitate
subsequent quantitative analysis of loss distribution and its origins, the internal flow region
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was divided into nine subregions, labeled Region 1 to Region 9 in a counterclockwise
direction, starting from the passage adjacent to the right nozzle.

(a) Computational domain and boundary conditions.

(b) Naming of each region for azimuth waterjet propulsion.

Azimuth Waterjet Propulsion Water Domain 

Velocity Inlet 

Pressure Outlet Wall 

10
.5

D
 

Region1 

Right Nozzle 

Region2 

Region3 

Region4 

Region5 

Region6 

Region7 

Region8 

Region9 

Mid Nozzle 

Left Nozzle 

Figure 2. Computational domain and boundary conditions.

The computational grid was generated using the polyhedral meshing algorithm in
the commercial CFD software ANSYS Fluent 2022 R1 Meshing. Polyhedral meshes are
increasingly favored in engineering flow simulations because of their superior numer-
ical stability and convergence characteristics in complex geometries. Compared with
conventional tetrahedral or hexahedral meshes, polyhedral meshes can significantly re-
duce the number of elements and computational resource requirements while maintaining
solution accuracy [22,23].

To ensure that the numerical results were independent of grid resolution, a grid inde-
pendence study was conducted. Head and thrust were selected as the primary evaluation
metrics, and simulation results obtained with different mesh densities were compared,
with those from Grid 4 serving as the normalization reference, as shown in Figure 3. The
differences in head and thrust between Grid 0 and Grid 1 are approximately 0.2% and
7%, respectively. In contrast, the differences among Grid 1, Grid 2, Grid 3, and Grid 4 are
all below 1%.
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Figure 3. Grid independence verification.

Further error analysis of the numerical simulations was conducted using the Grid Con-
vergence Index (GCI) method. The GCI approach provides a standardized and quantitative
evaluation of discretization errors and numerical convergence in CFD simulations [24,25].
The corresponding formulations are expressed as follows.

The grid convergence error ε is defined as:

ε = f1 − f2
f1

ε21 = f2 − f1
(1)

where f 1 and f 2 represent the converged solutions obtained from the fine and coarse
grids, respectively.

The grid refinement ratio rh,k+1 is defined as:

rh,k+l =
hk

hk+l
(2)

where hk denotes the representative grid spacing of a given mesh, and hk+1 is the average
grid spacing after one level of refinement.

The characteristic grid size for each mesh can be calculated by:

hk= 3

√
∑NA

i=1 ∆Vi

Nk
(3)

where Nk is the total number of nodes in the k-th grid system, and ∆Vi represents the
volume of each computational cell.

For the same physical model, the number of grid nodes varies among different mesh
systems. Therefore, the grid refinement ratio can be simplified as Equation (4):

rh,k+l =
hk

hk+l
= 3

√
Nk+l
Nk

(4)

where Nk+1 denotes the total number of nodes in the refined mesh.
The apparent order of convergence m is defined as:

m =
ln
(

ε32
ε21

)
ln(r)

(5)
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where ε32 represents the convergence error between the third and second mesh systems,
while ε21 denotes the convergence error between the second and first mesh systems.

The Grid Convergence Index (GCI) is calculated as:

GCI = Fs
|ε|

rm − 1
(6)

where Fs is the safety factor. When the GCI is estimated using two grid levels, Fs = 3; when
three or more grid levels are employed, Fs = 1.25. The refinement ratio r is taken as 2. The
apparent order of convergence m is determined from the first three mesh systems, yielding
mH = 1.58 and mT = 3.36.

The GCI results for the five mesh systems are summarized in the following tables.
As shown in Tables 3 and 4, the GCI values calculated using both the head and thrust

coefficients are below 3%, and gradually decrease with increasing grid density, indicating
satisfactory grid convergence. Considering both numerical accuracy and computational
cost, the selected mesh scheme was deemed sufficiently reliable for the subsequent sim-
ulations. Grid 1 was selected as the baseline mesh for all subsequent simulations. The
cell counts for each region were listed in Table 5. As illustrated in Figure 4, local mesh
refinement was applied near the leading edge, trailing edge, and blade fillet regions to
more accurately resolve high-shear flows and localized separation phenomena. The total
number of cells in the final computational domain was approximately 3.59 × 106.

Figure 4. Computational meshes.

Table 3. GCI calculation based on the head coefficient.

H εH mH GCIH/%

Grid0 16.06 0.003736 1.58 0.23
Grid1 16.00 0.00125 1.58 0.07
Grid2 15.98 0.000626 1.58 0.04
Grid3 15.97 0.000626 1.58 0.04
Grid4 15.96 — 1.58 —

Table 4. GCI calculation based on the thrust coefficient.

T εT mT GCIT/%

Grid0 14,023 0.077587 3.36 1.046
Grid1 15,111 0.007015 3.36 0.094
Grid2 15,217 0.000986 3.36 0.013
Grid3 15,232 0.000525 3.36 0.007
Grid4 15,240 — 3.36 —
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Table 5. Summary of mesh numbers in different domain.

Domain Mesh Numbers

Impeller 1,270,000
Diffuser 1,570,000

Water domain 750,000
Total 3,590,000

2.3. CFD Method and Boundary Conditions

The numerical simulations were performed using ANSYS Fluent 2022R1. The SST k-ω
turbulence model was adopted. The all y+ wall treatment which is suitable for a wide range
of near-wall mesh densities was applied. Pressure-velocity coupling was handled using
the SIMPLEC algorithm, and second-order upwind discretization schemes were applied to
the transport equations for turbulent kinetic energy and turbulent dissipation rate. The SST
k-ω turbulence model was selected because of its proven performance in turbomachinery
flows involving adverse pressure gradients and flow separation. However, the diffuser
flow considered in this study exhibits strong curvature, secondary-flow development, and
localized three-dimensional separation. As a Reynolds-averaged turbulence model, SST
k-ω primarily resolves the time-averaged flow field and may not fully capture transient
vortex interactions and turbulence anisotropy. Therefore, the present results should be
interpreted as representing the dominant mean-flow structures and loss mechanisms.

Since the present work focuses on the evaluation of mean hydraulic performance and
time-averaged loss characteristics of the AWP system, the steady-state MRF approach was
considered sufficiently accurate and computationally efficient. The impeller region was
defined as a rotating domain, while the remaining regions were treated as stationary. The
boundary conditions were illustrated in Figure 2. The inlet of the computational domain
was specified as a velocity inlet with a design velocity of 1 m/s. The Reynolds number
based on the impeller diameter and inlet velocity is approximately 5.3*105. A turbulence
intensity of 3%. Both the outer boundary of the computational domain and the three nozzle
outlets were set as pressure outlets with a reference pressure of 1 atm. All remaining
boundaries were defined as no-slip wall conditions.

3. Results and Discussion
3.1. Performance Curve

The AWP system can be analogously treated as a pump, in which the interface between
the impeller and the external water domain serves as the pump inlet, while the three nozzles
act as the pump outlet. Because thrust is the most critical performance metric for such
propulsion systems, Equation (7) is introduced to non-dimensionalize the thrust, enabling
consistent comparison with other waterjet propulsion devices. The pump head is calculated
from the mass-averaged total pressure difference between the inlet and outlet sections,
and the hydraulic efficiency of the pump is subsequently determined using Equation (8).
A similar approach is applied to evaluate the impeller efficiency. The numerical results,
shown in Table 6, indicate that the thrust coefficient, pump efficiency, and impeller efficiency
exhibit clear trends with increasing advance speed.

Under the mooring condition (advance speed of 0 m/s), the thrust coefficient reaches
its maximum value of 0.73 and gradually decreases as the advance speed increases. The
mooring thrust coefficient is approximately 0.13 lower than that reported for another AWP
studied in reference [1]. The impeller efficiency remains consistently above 89%, reaching a
peak value of 96% at the design speed of 1 m/s, after which it gradually decreases with
further increasing speed. In contrast, the overall hydraulic efficiency of the pump attains
its maximum at the design speed but reaches only 52%, indicating substantial energy losses
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within the diffuser section. The corresponding loss ratio ranges from approximately 41%
to 45%. It is significantly lower than the typical hydraulic efficiency range (80–93%) of
conventional mixed-flow pumps equipped with guide vanes [26,27], further highlighting
the severity of internal flow losses within the diffuser.

Table 6. Relationship of CFD predicted thrust coefficient, impeller efficiency and pump efficiency vs.
ship speed.

0 m/s 1 m/s 2 m/s 4 m/s 6 m/s 8 m/s 10 m/s

KT 0.73 0.72 0.69 0.63 0.62 0.60 0.58
Pump efficiency (%) 51.3 51.8 51.4 49.2 47.5 47.2 46.5

Impeller efficiency (%) 95.9 96.1 95.1 93.2 92.2 90.7 89.0

KT =
T

ρn2D4 (7)

H =
ρgQH

P
(8)

In these equations, T denotes thrust, ρ is the fluid density, n is the rotational speed, D
is the reference diameter, Q represents the flow rate, H is the head, P is the input power,
and g is the gravitational acceleration.

3.2. Proportion of Losses in Each Computational Domain

A quantitative comparison of the losses in the impeller and diffuser regions (Figure 5a)
show that the primary hydraulic losses in the AWP are concentrated in the diffuser. This
observation is highly consistent with the pump efficiency distribution characteristics shown
in Table 6. To further clarify the physical origins of these losses, the loss estimation model
proposed by Zhong Xu [28] is employed to quantify the various loss components inside
the diffuser. According to this model, the internal losses within the flow passage can be
categorized into four primary components: friction loss, shock loss, secondary flow loss,
and wake loss. Friction loss originates from wall shear stress and viscous dissipation.
Shock loss is caused by incidence mismatch between the incoming flow and blade angle.
Secondary flow loss arises from three-dimensional cross-passage motions induced by
pressure gradients and flow turning. Wake loss is generated by the mixing and dissipation
of low-momentum fluid in the blade trailing-edge wake. The corresponding estimation
formulas are provided in Equations (9)–(12).

hf =
x

λρ
v2

2
dS (9)

hc = k
(

v2
e − v2

h

)
(10)

hm = ξm
v2

2g
(11)

hs = C1

(
v∞ − v1q)

2

2g
(12)

In these equations, hf represents the friction loss, where λ denotes the friction resistance
coefficient and v is the characteristic fluid velocity. hc refers to the secondary flow loss,
in which k is the secondary flow loss coefficient, while ve and vh represent the velocities
at the hub and shroud, respectively. The wake loss hm is characterized by the wake loss
coefficient ξm and the velocity v2 downstream of the blade trailing edge. The shock loss hs

is defined using the shock loss coefficient C1, where v1∞ denotes the relative velocity at the
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blade leading edge under undisturbed conditions and v1q represents the velocity after flow
displacement by the blade.

(a) Overall loss of propeller. (b) Loss of diffuser.

Figure 5. Loss of impeller diffuser and various types of losses inside the diffuser.

The empirical loss model proposed in Ref. [28] was originally developed for centrifu-
gal compressor diffusers. However, the model fundamentally characterizes hydraulic loss
mechanisms associated with rotating diffuser flows, including friction, diffusion-induced
separation, and secondary-flow losses, which are governed primarily by flow curvature,
adverse pressure gradients, and boundary-layer development rather than compressibil-
ity effects. In the present azimuth waterjet propulsion system, the flow operates under
low-Mach-number incompressible conditions, where compressibility effects are negligi-
ble. Therefore, the dominant loss mechanisms remain physically consistent with those
described in Ref. [28].

Based on the applicability assessment of the present model to the current geometry,
the corresponding coefficients were determined as follows. The characteristic velocity v
was defined as the impeller inlet velocity. The friction coefficient λ was set to 0.02, the
empirical coefficient k was assigned a value of 0.06, the coefficient ξm was taken as 1, and
the coefficient C1 was specified as 0.16. Figure 5b presents the quantitative distribution of
the various loss components within the diffuser under different advance speeds (0, 1, 2, 4,
and 6 m/s). Taking the design speed of 1 m/s as an illustrative example, the secondary flow
loss is approximately 7.8 m, accounting for 72% of the total loss. The wake loss is about
1.7 m, representing 16%; the shock loss is roughly 0.4 m, contributing 4%; and the friction
loss is approximately 0.8 m, accounting for 8%. These results indicate that secondary flow
loss is the dominant component within the diffuser, whereas the other loss mechanisms
collectively contribute only a relatively small proportion.

From a mechanistic perspective, secondary flow within guide vane passages is typi-
cally driven by the static pressure gradient across the passage, accompanied by the migra-
tion and separation of low-energy fluid. Therefore, the subsequent analysis focuses on the
internal flow structure within the guide vane region to elucidate the formation mechanism
and evolutionary characteristics of secondary flow losses.

3.3. Spanwise Velocity

It should be noted that the geometry of the guide vane in the AWP differs substantially
from that of conventional mixed-flow pumps. As illustrated in Figure 6a, the primary flow
path in a conventional mixed-flow pump transitions smoothly along the axial direction
and exits in a consistent orientation, resulting in a relatively continuous flow trajectory
with limited deflection. In contrast, the main flow within the AWP undergoes significant
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spatial torsion after passing through the diffuser. The flow enters axially but ultimately
exits in the opposite direction. In the mid-span region of the guide vane, the incom-
ing flow experiences a nearly 180◦ deflection, exhibiting pronounced three-dimensional
curvature characteristics.

(a) Sketch of the mixed flow pump and the AWP. (b) yz plan sketch of diffuser.

Inflow 
Inflow 

Impeller 

Guide 
Vane 

Impeller 

Guide 
Vane 

Outflow 

Outflow 

Axis Axis 

Impeller 

Guide 
Vane 

Inflow Outflow 

Hub 

Shroud 
Radial 

Axial 

Figure 6. Sketch of the middle section between the traditional mixed flow pump and the azimuth
waterjet propulsion.

It should also be noted that, due to the downward orientation of the impeller axis and
the geometric turning of the diffuser passage, the hub side of the impeller corresponds
to the shroud side of the diffuser passage in the three-dimensional configuration, while
the shroud side of the impeller corresponds to the hub side of the diffuser passage, as
illustrated in Figure 6b. In this study, Region 3 is selected as a representative case to
compare the internal flow characteristics at three critical sections: the impeller outlet, the
guide vane inlet, and the midspan section of the guide vane (indicated by the purple curve
in Figure 6b).

The spanwise velocity distributions are presented in Figure 7. At the impeller outlet,
the spanwise velocity increases monotonically from the hub to the shroud, with an inflection
point observed at a span of approximately 0.35. Upon entering the guide vane inlet, the
overall spanwise momentum decreases significantly: at span = 0, the velocity drops from
2.6 m/s to 0.4 m/s, while at span = 1 it decreases from 6 m/s to 1.6 m/s. However, in
the midspan region of the guide vane, the spanwise imbalance intensifies again within
the span range of 0.55–1, reaching −3.7 m/s at the hub. Consequently, the spanwise
momentum within the guide vane passage exhibits a trend of initial attenuation followed
by subsequent amplification.

The renewed enhancement of spanwise velocity provides the direct dynamic driving
mechanism for the formation of counter-rotating vortices (CV). Counter-rotating vortices
(CV) are vortex pairs with opposite rotational directions formed by spanwise momentum
imbalance and secondary-flow migration within the guide-vane passage. The interaction
between the two vortices enhances transverse entrainment and mixing, leading to increased
local energy dissipation and loss generation. High-energy fluid in the mid-shroud region
migrates laterally in the spanwise direction and, under the influence of the spanwise pres-
sure gradient across the blade passage, converges toward the hub region. Meanwhile, the
intensified spanwise momentum near the hub interacts strongly with the mainstream flow,
thereby inducing CV structures and their associated three-dimensional vortical patterns.
Therefore, it can be inferred that the development of secondary flows and CV within the
guide vane are closely related to the non-uniform spanwise velocity distribution at the
impeller outlet and its subsequent redistribution within the guide vane passage.
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Figure 7. Spanwise velocity map at three positions, positive values are in the positive z-axis direction.

3.4. Radial Equilibrium Equation

To further investigate the influence of the nearly 180◦ bending of the guide vane on
the internal flow of the AWP, the radial equilibrium equation is introduced. Based on the
assumptions of axisymmetry, steady flow, negligible axial velocity gradients, and negligible
body forces, the radial equilibrium equation (Equation 13) can be expressed as follows:

Fr +
1
ρ

dp
dr

=
v2

u
r

+
v2

m
rc

(13)

In this equation, Fr represents the radial component of the blade surface lift reaction
force; dp/dr denotes the spanwise pressure gradient from the shroud to the hub; vu

2/2
corresponds to the centripetal force required for the fluid to maintain rotational motion in
the absolute reference frame; and vm

2/rc represents the centripetal force associated with
the curvature of the meridional streamline.

Originally developed for flow-field analysis in axial-flow pumps, the radial equilib-
rium equation fundamentally describes the balance among inertial forces, body forces,
and pressure gradients in the direction normal to the primary flow. When extended to
mixed-flow impellers, the inconsistency between the mainstream direction and the geo-
metric radial direction modifies the physical interpretation of its terms. Specifically, Fr

becomes the spanwise component of the blade surface lift reaction. Because the pressure
gradient term remains oriented in the radial direction, the conventional centrifugal force
term associated with rotational motion no longer dominates the equilibrium. Instead,
due to the altered streamline curvature, the inertial term induced by streamline curvature
becomes the primary balancing component. Consequently, with the rotational centrifugal
force term effectively diminished, a new equilibrium is established between the inertial
force associated with streamline curvature and the spanwise pressure gradient, giving rise
to distinctive flow characteristics within the AWP. Therefore, Equation (13) can be rewritten
as Equation (14).

Fr +
1
ρ

dp
dr

=
v2

m
rc

(14)

Although the flow field in the diffuser exhibits a certain degree of asymmetry and
local recirculation, which deviates from the assumptions of the classical radial equilibrium
equation, Equation (14) is not intended to serve as a rigorous governing equation for the
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three-dimensional flow field in the present study. Instead, it is employed as a first-order
physical interpretation of the dominant relationship between the radial pressure gradient
and centrifugal effect associated with streamline curvature. Although local flow separation
and secondary flow may introduce deviations from the simplified formulation, the relative
variation of the terms on both sides of the equation can still provide qualitative insight into
the evolution of flow behavior within the diffuser.

Based on the three characteristic cross-sections, shown in Figure 6b, a quantitative
comparison between the spanwise pressure gradient term and the centrifugal force term
induced by streamline curvature is presented in Figure 8. The results indicate that, in the
impeller outlet region, the two terms differ significantly in magnitude. The centrifugal force
term remains close to zero across the span range of 0–0.5 and gradually increases between
0.5 and 1.0. Meanwhile, its deviation from the pressure gradient term continues to increase,
reaching a maximum difference of approximately 600 m/s2 at the shroud (span = 1). It
suggests the presence of residual spanwise momentum at the impeller outlet, which is
consistent with the non-uniform spanwise velocity distribution discussed in Section 3.3.
At the guide vane inlet, the peak values of both terms decrease, indicating substantial
dissipation of spanwise momentum within the rotor-stator interaction region. Within the
span range of 0–0.7, the pressure gradient term is significantly weakened, suggesting a
localized regulating effect near the guide vane inlet. Nevertheless, a considerable discrep-
ancy between the two terms persists within the span range of 0.7–1.0, indicating that the
spanwise momentum imbalance is not fully eliminated but instead propagates downstream
into the guide vane passage with the main flow. At this stage, the net driving force becomes
negative, corresponding to fluid motion directed toward the hub.
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(a) Impeller outlet. (b) Guide vane inlet. (c) Guide vane middle.

Figure 8. Radial Balance Curve Diagram.

In the midspan region of the guide vane, the magnitudes of the two terms become
comparable within the span range of 0–0.7, indicating partial redistribution of spanwise mo-
mentum. However, within the span range of 0.7–1.0, although the two terms remain similar
in magnitude, they do not converge to zero. This suggests that the spanwise momentum
imbalance is not completely eliminated but instead evolves into a quasi-equilibrium state,
in which the reverse flow reorganizes into stable secondary flow structures. This observa-
tion is consistent with the increasing trend of spanwise velocity near the hub reported in
Section 3.3.

Combining the results from Figures 9 and 10, it is evident that neither the inlet nor
the midspan region of the guide vane effectively eliminates the spanwise momentum
inherited from the impeller outlet. Moreover, the presence of the nearly 180◦ bend removes
the conventional rotational centrifugal force term from the radial equilibrium equation.
As a result, persistent discrepancies between the spanwise pressure gradient and the
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centrifugal driving force re-emerge within the guide vane passage, leading to the formation
of secondary flow structures and new characteristic flow patterns. Under these conditions,
the large spatial deflection acts as the macroscopic structural feature that drives both the
redistribution of spanwise momentum and the persistent imbalance of radial forces.

(a) Pressure contour at Shroud.

(b) Pressure contour at XY-Plane. (c) Pressure contour at YZ-Plane.
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Figure 9. Pressure contours at different locations of the diffuser.

(a) Hub. (b) Shroud.
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Figure 10. Static pressure curves of pressure and suction surfaces in region 3.

Consequently, the nearly 180◦ turning of the flow direction in the midspan region
of the guide vane (Figure 6b) alters the overall flow topology, preventing the complete
dissipation of the spanwise momentum inherited from the impeller. Instead, it further
promotes the development of secondary flows and vortical structures, thereby intensifying
energy dissipation. This flow behavior corresponds directly to the high loss proportion
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identified in the diffuser section and provides a structural-dynamic coupling explanation
for the underlying high-loss mechanism in the AWP.

3.5. Analysis of Internal Flow Losses in Region 3

To identify regions with significant static pressure gradients within the diffuser,
Figure 9 presents static pressure contour distributions on several representative cross-
sections. The results indicate pronounced non-uniformity in the internal flow field. As
shown in Figure 9a, local high-pressure extrema is observed in Region 3, Region 5, and
Region 8, whereas a low-pressure extreme appears in Region 7. The static pressure contours
and streamline distribution on the xy-plane (Figure 9b) further reveal the presence of flow
blockage and backflow structures in several passages. The yz-plane shown in Figure 9c,
located between Region 3 and Region 7, highlights the asymmetric characteristics and lo-
calized extrema of the static pressure field inside the diffuser. Based on these observations,
four passages exhibiting significant pressure anomalies—Region 3, Region 5, Region 7,
and Region 8—were selected for detailed investigation of their internal flow structures.
Furthermore, given the similar characteristics of Region 3 and Region 5, Regions 3, 7, and 8
were ultimately selected for detailed analysis of their internal flow structures.

From a theoretical standpoint, the primary function of a diffuser is to convert the
kinetic energy of the fluid into static pressure through the gradual expansion of the flow
passage area. Consequently, the static pressure is expected to increase monotonically
along the flow direction, while the flow velocity decreases accordingly. However, due
to the presence of the nozzle structure downstream of the diffuser, the static pressure
distribution near the diffuser trailing edge may be affected by nozzle-induced acceleration,
which can produce localized pressure reductions. Figure 10 illustrates the static pressure
distribution along the streamwise direction in Region 3. The horizontal axis represents
the normalized position (0–1) from inlet to outlet, while the vertical axis denotes the static
pressure. Although the overall trend generally conforms to the theoretical expectation
of pressure recovery, noticeable local fluctuations are present. Specifically, as shown in
Figure 10a, the pressure surface (PS) exhibits mild fluctuations near the 0.5-span location,
whereas the suction surface (SS) remains relatively smooth within the spanwise range
of 0.2–0.5 but displays pronounced oscillations between 0.5 and 0.9 span. In addition,
Figure 10b shows that the SS presents an S-shaped pressure variation within the span range
of 0–0.2, indicating the presence of localized negative work effects associated with complex
flow interactions.

To further clarify the physical mechanisms responsible for these pressure fluctuations,
the internal flow structures are examined from three perspectives: limiting streamline
topology, flow separation behavior, and vortex structure identification.

As shown in Figure 11, the limiting streamlines on the shroud surface clearly reveal
that the inlet vortex on the PS produces a significant blockage effect within the passage.
After interacting with the incoming flow, the backflow vortex undergoes circumferential
deflection and impinges on the adjacent SS at a relatively large incidence angle. This
interaction triggers flow separation in the mid-span region of the SS and generates a spiral
separation vortex around the spiral node (yellow in Figure 11c). Meanwhile, the large-scale
backflow on the PS interacts with the mainstream flow to form vortical structures with
opposite rotational directions (green in Figure 11c). These vortices subsequently develop
downstream and evolve into a counter-rotating vortex pair (CV), as illustrated in Figure 11c.

The CV occupies a large portion of the flow passage. The vortex located on the SS side
(yellow) drives low-energy fluid to migrate spanwise from the shroud toward the hub, as
indicated by the streamline convergence region on the SS side in Figure 11a. This migration
induces open flow separation and subsequently develops into the induced vortex identified
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in Figure 11c (red). Meanwhile, the vortex located on the PS side (green) partially blocks the
PS-side passage, forcing the incoming flow to interact with the backflow in the mid-channel
region. This interaction generates a spiral separation vortex in the PS-hub corner region.

(a)Hub and SS. (b) Shroud and PS.

(c) Q-criterion (Q = 2000 s−2) and streamlines.

SS 

Backflow 

Inflow 

Streamline De-
viation 

Hub 

LE 

Converge 
streamline 

SS 

PS 

Shroud 

Spiral Node 

Backflow 
LE 

Separation 
Vortex 

Inflow 

Dean Vortex 

PS 

Hub 

SS 

Figure 11. Region 3 Extreme Streamline and identification of vortices using the Q-criterion.

Based on these observations, a vortex-structure model can be established consisting of
four characteristic vortical components:

I—inlet recirculation vortex;
II—counter-rotating vortex pair (PS-side green vortex and SS-side yellow vortex);
III—induced vortex (SS hub region);
IV—spiral separation vortex (PS hub region).

By correlating these vortex structures with the shroud static pressure curve shown in
Figure 10b, a clear relationship between vortex evolution and static pressure variation can
be identified. The inlet recirculation vortex (I) produces local blockage and flow stagnation
within the passage, resulting in a peak in the SS-side static pressure curve at span ≈ 0.2.
Subsequently, the formation of the SS-side vortex (yellow vortex II) is accompanied by the
development of a localized low-pressure region, causing a rapid decrease in static pressure
downstream of the peak. As the CV continues to develop downstream, the effective

https://doi.org/10.3390/machines14070791

https://doi.org/10.3390/machines14070791


Machines 2026, 14, 791 17 of 23

flow area becomes further restricted, leading to renewed pressure accumulation and a
corresponding increase in the SS static pressure curve.

In the hub region, the spiral separation vortex (IV) induces noticeable fluctuations in
the PS-side static pressure curve around span ≈ 0.5. As illustrated in Figure 11a, the strong
streamline deviation—and even local flow reversal—occurs near the SS inlet region close to
the hub. In this region, centrifugal forces act in the same direction as the ambient pressure
gradient, producing a superimposed effect that causes a rapid increase in SS-side static
pressure at the inlet. Subsequently, the SS-side vortex (yellow vortex II) transports low-
energy fluid from the shroud toward the hub, where it mixes with upstream high-pressure
fluid. This process reduces the pressure growth rate and results in the plateau-like behavior
observed in the SS static pressure curve within the span range of 0.2–0.5. The formation of
the induced vortex (III) corresponds to a localized low-pressure region, which coincides
with the minimum of the SS static pressure curve at approximately span ≈ 0.8. After the
induced vortex breaks down, the low-energy fluid transported by the wake and secondary
flow accumulates near the outlet region, partially blocking the passage and causing the
static pressure to rise again. This behavior is consistent with the upward trend of the SS
pressure curve downstream of span ≈ 0.8.

3.6. Analysis of Internal Flow Losses in Region 7 and Region 8

Figure 12 presents the static pressure distribution characteristics along the flow direc-
tion within Region 7 and Region 8. Regions 7 and 8 form two geometrically distinctive
zones inside the diffuser: the suction surface (SS) of Region 7 and the pressure surface (PS)
of Region 8 both correspond to vertically oriented blades. This geometric configuration
arises from the nozzle arrangement requirements, where the left and right sidewalls of the
central nozzle align with these two vertical blades. Consequently, the cross-sectional area
of the flow passage in Region 7 is slightly larger than that in conventional regions, whereas
in Region 8 the passage area is smaller and progressively contracts along the streamwise
direction. As a result, the static pressure distribution in both regions deviates markedly
from typical diffuser flow behavior.

Specifically, as shown in Figure 12a,c, the static pressure on the PS of Region 7 decreases
within the spanwise range of 0–0.2, followed by a gradual recovery between spans of 0.2
and 0.6. In contrast, in Region 8, the PS static pressure exhibits only a slight increase near
the inlet and then decreases continuously along the streamwise direction, particularly
beyond span ≈ 0.4, reflecting the dominant influence of the contracting passage. On
the SS side, Region 7 exhibits relatively smooth variation across the spanwise interval of
0.2–0.8, whereas in Region 8, a pressure increase occurs only within a narrow spanwise
range of 0–0.05, followed by a monotonic decrease with slight recovery near span ≈ 0.95.
Figure 12b,d further reveal that, in Region 7, a local minimum appears on the PS at
approximately span = 0.03, where the static pressure falls below that on the corresponding
SS, indicating the presence of localized negative work on the blade. Beyond approximately
span = 0.3, the static pressure on the PS continues to decline, suggesting that the diffusing
effect is disrupted and remains effective only within the limited spanwise range of 0–0.3.
In contrast, Region 8 shows no pronounced local minimum on the PS; instead, the pressure
decreases in a more continuous manner due to geometric contraction. On the SS side,
Region 7 exhibits a sharp pressure increase at the inlet followed by a gradual decrease
within 0–0.2 span, while Region 8 shows a continuous pressure decline over a wider
spanwise range due to persistent flow acceleration in the converging passage.
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Figure 12. Static pressure curves of pressure and suction surfaces in region 7 and Region 8.

As illustrated in Figure 13a,b, the limiting streamlines in Region 7 reveal a pronounced
recirculation vortex structure near the inlet on the PS side in the shroud region. Compared
with Region 3, the recirculation vortex in Region 7 is positioned closer to the SS inlet. This
shift is attributed to the enlarged flow passage downstream of Region 7, which enhances
the diffusion capability and lowers the local static pressure, thereby inducing an upstream
displacement of the recirculation vortex. In contrast, as shown in Figure 13c,d, Region
8 no longer exhibits a bidirectional recirculation pattern. The converging streamlines
disappear, and only a unidirectional recirculation from the PS toward the SS remains. A
distinct recirculation zone forms near the SS inlet, while the flow is subsequently convected
downstream along the blade. After mixing with the incoming flow in Region 7, the
recirculated fluid undergoes circumferential deflection and impinges on the adjacent SS
at a higher incidence angle. This interaction induces flow separation and entrainment
in the upper part of the SS, resulting in the formation of a spiral separation vortex. In
Region 8, however, although recirculation persists in the shroud region, it remains largely
confined near the shroud and propagates downstream in a relatively stable manner due to
the absence of strong inflow mixing.

Furthermore, a cross-regional flow coupling exists between the PS of Region 7 and the
SS of Region 8. Because Region 8 has a smaller flow passage area, it generally maintains
a higher static pressure level. High-energy fluid originating from the SS of Region 8
migrates into the PS of Region 7, where it interacts with the large-scale recirculation and
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the mainstream flow. This interaction generates a counter-rotating vortex pair (CV), as
illustrated in Figure 14, and produces a spiral node at the PS inlet.

(a) Hub and SS of Region 7. (b) Shroud and PS of Region 7.

(c) Hub and SS of Region 8. (d) Shroud and PS of Region 8.
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Figure 13. Region 7 and Region 8 Extreme Streamlines.

Based on these observations, a vortex-structure model can be established. In Region 7,
three characteristic vortical components are identified: (I) counter-rotating vortex pair, (II)
induced vortex in the SS shroud region, and (III) spiral separation vortex in the PS shroud
region. In contrast, the vortex structure in Region 8 is comparatively simpler, dominated
by a channel vortex formed near the inlet due to the interaction between incoming flow
and recirculated fluid, without forming a strong CV system.

By correlating the shroud static pressure curves (Figure 12b,d) with the identified
vortex structures, a clear correspondence between vortex evolution and static pressure
variation can be identified. In Region 7, the spiral node at the PS inlet produces localized
blockage and stagnation, resulting in the minimum pressure at span ≈ 0.03. Due to cross-
regional recirculation from Region 8, the direction of the recirculating flow in Region 7
shifts near span ≈ 0.3, after which the fluid moves downstream. The persistent blockage
effect of the spiral separation vortex causes a continuous decline in static pressure beyond
this location. In Region 8, the continuous contraction of the passage leads to a sustained
decrease in PS static pressure, while the SS pressure variation is influenced by recirculation-
induced energy redistribution.

In the hub region, the static pressure distribution also reflects the differing flow
mechanisms. In Region 7, the inlet vortex causes a gradual decrease in SS pressure over
the spanwise range of 0–0.2, while the flow remains relatively stable without significant
separation. In Region 8, the decreasing passage area leads to a continuous decline in SS
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pressure, whereas on the PS, the convergence of incoming flow produces a pressure rise
followed by a decrease, forming a saddle point near span ≈ 0.4.

(a) Region7. (b) Region8.

Inflow 
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Figure 14. Identification of vortices using the Q-criterion(Q = 2000 s−2) and streamlines.

4. Discussion
Internal flow loss characteristics and the underlying mechanisms within a self-

designed azimuth waterjet propulsion (AWP) system are systematically investigated. Nu-
merical results indicate that the hydraulic efficiency at the design conditions is only 52%,
which is significantly lower than the 80–93% range of conventional mixed-flow pumps.
Further quantification reveals that the diffuser contributes approximately 80% of the total
hydraulic losses, among which secondary flow losses are dominant. Accordingly, detailed
analyses of pressure, vortex structures, and secondary flows are carried out in regions 3, 7,
and 8 within the diffuser.

From a mechanistic perspective, the development of secondary flow in the diffuser is
closely associated with the non-uniform spanwise distribution of momentum and the
deviation from spanwise equilibrium. The geometric inclination at the outlet of the
mixed-flow impeller produces a pronounced non-uniform spanwise velocity distribu-
tion. This imbalance remains observable at the diffuser outlet and the guide vane inlet,
and progressively accumulates toward the hub side within the guide vane. Simultane-
ously, the diffuser passage involves a nearly 180◦ spatial turning, which substantially
enhances streamline curvature. Under these conditions, the conventional radial equi-
librium relationship—characterized by a balance between centrifugal force and pressure
gradient in a rotating reference frame—evolves into a new inertial equilibrium state, which
dominated by the interaction between the pressure gradient and curvature-induced inertial
forces. However, this balance does not eliminate the spanwise momentum difference
inherited from the impeller outlet. Instead, it promotes additional transverse migration
and entrainment within the guide vanes, thereby providing the driving mechanism for the
formation of counter-rotating vortex pairs.

From the perspective of flow structures, the aforementioned spanwise imbalance
directly triggers complex three-dimensional vortex systems within the diffuser. In regions
3 and 7, a clear convergence streamlines are observed in the mid-shroud region. The fluid
recirculates toward both the pressure side (PS) and suction side (SS), and undergoes cross-
span migration near the shroud at the guide vane inlet. After merging with the mainstream,
local flow separation occurs, leading to the formation of induced vortices. The interaction
between these induced vortices and the recirculation vortices originating from the shroud
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side forms counter-rotating vortex pairs distributed along the PS and SS, which become the
dominant structures responsible for local blockage and energy dissipation.

In contrast, region 8 exhibits a different flow mechanism. The flow passage contracts
along the streamwise direction, and the pressure side consists of a vertical blade. As a
result, a passage-scale recirculation from the PS toward the SS occurs at the guide vane
inlet, forming a spiral separation structure that propagates downstream. This region is
characterized by coupled effects of flow passage contraction and channel-scale recirculation,
leading to intensified losses.

In summary, the guide vane region is the primary location where spanwise momen-
tum imbalance accumulates, spanwise disequilibrium intensifies, and large-scale vortex
structures persist. For regions 3 and 7, particularly attention should be directed to the
spanwise pressure distribution within the guide vanes and the optimization of the over-
all channel curvature. For region 8, emphasis should be placed on the influence of flow
passage contraction patterns and vertical blade configurations on flow recirculation and
separation structures. These findings provide a reliable physical basis and practical guid-
ance for identifying loss mechanisms and optimizing diffuser design of azimuth waterjet
propulsion systems.

A limitation of the present study is that the conclusions are derived solely from numer-
ical simulations without experimental validation for the investigated configuration. Future
experimental studies are required to further verify the predicted hydraulic performance
and flow structures. It should be noted that the present analysis is based on a steady MRF
framework. Consequently, transient phenomena associated with vortex shedding and flow
instability may not be fully resolved.
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The following abbreviations are used in this manuscript:

AWP Azimuth waterjet propulsion
CV Counter-rotating vortex pairs
PS Pressure surface
SS Suction surface
D Reference diameter
H Head
KT Thrust coefficient
η Efficiency
hf Friction loss
hc Secondary flow loss
hm Wake loss
hs Shock loss
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