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Abstract

The Computational Fluid Dynamics (CFD) method is used to analyze the transient flow
patterns and vortex evolution during the startup process of a novel tulip-type hydraulic
turbine rotor. The model is validated with experimental results for the rotor’s torque and
power coefficients. The results show that the tulip-type rotor exhibits unique flow patterns
compared to the traditional rotor. Vortices at different locations around the rotor influence
the startup moment, either enhancing or suppressing it. Vortices downstream of the rotor
form on the convex side of the blades, creating negative pressure that enhances startup
and rotational performance. The expanded top design of the tulip-type rotor substantially
improves startup performance through four distinct aspects: smoothly guiding incoming
flow, dissipating gap vortices, clearing vortices to prevent blockage, and enhancing fluid-
blade interaction to increase energy conversion efficiency. These characteristics of transient
flow patterns and vortex evolution reveal the startup mechanism of the tulip-type rotor,
providing a foundation for understanding the fluid dynamics of novel rotor designs and
supporting the optimization of hydraulic turbine performance.

Keywords: tulip-type turbine rotor; startup performance; flow pattern and vortices;
experimental validation; CFD analysis

1. Introduction
Deep-sea observation plays a crucial role in marine science and relies on a variety

of geophysical instruments, such as submarine gravimeters, electric field meters, ther-
mometers, and radioactivity meters, to assess key parameters, as shown in Figure 1. While
progress has been made in short-term deep-sea observations, maintaining continuous
operation of observation equipment for over a year remains a significant challenge, pri-
marily due to power supply limitations. Ocean current energy offers a promising and
sustainable energy source for deep-sea power solutions. Hydraulic turbines, the primary
devices for harnessing ocean current energy, are ideal for deep-sea observation due to
their minimal maintenance requirements and high reliability [1]. However, the slow flow
speed of deep-sea currents prevents rotors from generating sufficient startup torque for
continuous operation. Additionally, the high resistance, salinity, and pressure in deep-sea
environments further hinder rotor startup. Therefore, understanding the startup pro-
cess of the turbine rotor in low-speed ocean currents is crucial for enhancing its startup
performance. To achieve this, tulip-type turbines are placed on the seabed to provide
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long-term, stable power for deep-sea observation instruments operating under challenging
environmental conditions.

Submarine 
Radioactivity 

Meter
Submarine 

thermometer
Submarine electric 

field meter

In-situ deep-sea 
measuring device

Submarine 
gravimeter

Hydraulic 
turbine
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Figure 1. Submarine power supply hydraulic turbines for geophysical instruments in deep-
sea applications.

Hydraulic turbines are categorized into horizontal-axis and vertical-axis types [1]. A
horizontal-axis turbine operates in a specific flow direction, while a vertical-axis turbine
is effective in all flow directions [2]. Vertical-axis turbines are further classified as either
drag-type or lift-type [3]. Various rotor configurations with different blade types exist for
vertical-axis turbines. The S-type hydraulic turbine, a common drag-type vertical-axis
turbine [4], exhibits excellent self-starting ability at low flow speeds, making it suitable
for low-power applications [5–9]. However, its efficiency is limited by high drag during
rotation. Various studies have examined performance improvements by modifying blade
profiles [10–13], overlap ratios [14–16], aspect ratios [17], and inlet flow velocities [18].

Lift-type turbines, such as the D-type [19] and H-type [20] designs, typically achieve
higher power coefficients but often exhibit poor self-starting performance [21,22]. To
overcome this limitation, researchers have proposed blade shape optimization [23,24],
hybrid S-D [25] or H-S [26] rotor designs, and flow concentrators [27] to improve startup
behavior while preserving efficiency [28]. Novel geometries, such as helical blades [29],
have also been introduced to stabilize torque generation and enhance power output [30,31].

Inspired by these developments, the tulip-type turbine, a novel form of drag-type
turbine, is gradually attracting the attention of researchers. Its blade shape resembles that
of a tulip flower, as shown in Figure 2. Unlike the traditional S-type rotor, the tulip-type
rotor has two main differences: first, it has a bulbous structure with the widest section
at the middle, and second, it features an expanded opening at the top. Paul et al. [32]
and Kanthaiah et al. [33] studied the design and fabrication of tulip-type wind turbines,
emphasizing their potential for clean energy generation with minimal environmental
impact. They suggest that the tulip-type turbine design enhances torque generation,
potentially resulting in a higher power coefficient than conventional vertical-axis rotors. Its
compact structure, stability, turbulence adaptability, low noise, reduced flow requirements,
safety, ease of maintenance, aesthetic appeal, and modular scalability make it particularly
suitable for deep-sea applications.

In deep-sea environments, turbines face unique challenges, including limited mainte-
nance access, persistently low current velocities, high salinity, elevated hydrostatic pressure,
and complex unsteady flow conditions. The bulbous structure and expanded top opening
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of the tulip-type design may enhance flow capture and torque generation under weak
currents, while its stable drag-based configuration enables reliable self-starting, essential
for long-term unattended underwater operations. Despite these advantages, detailed stud-
ies on the hydrodynamic performance and startup mechanisms of tulip-type turbines in
underwater applications remain limited.

(a) (b)

Tulip-type 
turbine blades

Figure 2. (a) Tulip-type turbine rotor and (b) tulip flower.

The literature review indicates that while the flow field and startup performance
of many common blade-type rotors have been extensively studied, the performance of
the tulip-type hydraulic turbine rotor, with its innovative design, remains insufficiently
understood. This study aims to systematically investigate the startup mechanism of
tulip-type rotors and assess their potential for deep-sea applications. The CFD method
is employed to numerically solve the problem. The self-rotation process of the rotor
driven by the flow is solved using a six degrees of freedom (SDOF) solver. Typical flow
patterns and vortex behaviors around and downstream of the rotor are presented. The
flow characteristics near the expanded top design of the tulip-type rotor are described,
highlighting the role of this feature. The model results are validated by comparison with
experimental data. The unique flow field and vortex patterns of the tulip-type rotor are
examined to clarify its startup mechanism. This research provides valuable insights into
optimizing the performance and efficiency of tulip-type turbines, which could enhance
their practical application in renewable energy systems.

2. Methodology
2.1. Problem Description of the Tulip-Type Turbine Rotor

The present prototype tulip rotor geometry is shown in Figure 3a. The turbine rotor
has two tulip-shaped blades with the same height H that are rotationally symmetrical with
respect to the y-axis. Four cross-sections, labeled p1, p2, p3, and p4 from top to bottom,
depict the main shape of the tulip rotor in the x-z plane. The blade shape transitions from
expanding at p1 to shrinking at p2, then expanding significantly to the largest tulip blade
profile at p3, and finally shrinking again at p4. The blade shapes at these cross-sectional
planes are illustrated in Figure 3b. Plane p3 features a bulbous structure at the maximum
radius, with narrowing on both sides at p2 and p4. Unlike the S-type rotor, the rotor blade
profile at p3, as shown in Figure 3b, is not semicircular but resembles a segment of an
Archimedean spiral. At p1, the top expands outward. The curves at p1, p2, p3, and p4 form
the complete tulip blade rotor through the lofting function in geometry-modeling software.
The extent of blade overlap is defined by the distance e, as shown in Figure 3c. The rotor
diameter, D, is defined as the distance between the outer edges of the largest tulip blade
profile in the top view. The azimuthal angle, θ, is defined as the angle between the line



J. Mar. Sci. Eng. 2025, 13, 1221 4 of 25

connecting the two blade tips and the opposite direction of the inlet flow. The velocity of
the inlet flow, U, remains constant as the rotor rotates.

Tulip blade 

p2 
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p4 

p1 

p1 p2 

p4 p3 

(a) (b)

Inlet flow
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ω

Advancing blade 

Returning blade 

(c)

Top view

Bottom view

e

D

H

z

x

U

xz

y

Figure 3. The tulip-type rotor: (a) tulip blade with four cross-sections (p1, p2, p3, and p4), (b) blade
profile at p1, p2, p3, and p4, and (c) top view of the rotor.

2.2. Equations of CFD Modeling

This study uses the Computational Fluid Dynamics (CFD) method to solve the flow
around the turbine rotor, enabling evaluation of the rotor’s performance. The mass conser-
vation equation, momentum equations, turbulence equations, and equations describing the
rotor characteristics are then presented.

2.2.1. Mass Conservation and Momentum Equations

The mass conservation equation (see Equation (1)) ensures the continuity of mass flow
in the system and is essential for analyzing the flow behavior around the tulip-type rotor:

∂

∂xi

(
ui + u′

i
)
= 0 (1)

where ui denotes the average flow velocity, u′
i indicates the velocity fluctuation due to

turbulence, and x represents the flow direction.
The momentum equation (see Equation (2)) governs the forces acting on the fluid and

is crucial for understanding the fluid dynamics and rotor performance in this study. It is
solved in conjunction with the mass conservation equation.

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+
µ

ρ

∂2ui
∂xj∂xj

− ∂

∂xj
u′

iu
′
j (2)

where t is time, p is the average pressure, ρ is the density, and µ is the dynamic viscosity of
the flow.

2.2.2. Turbulence Equations

From Equation (2), the term ρu′
iu

′
j arises, representing the Reynolds stress tensor,

which introduces six additional unknowns. To address the closure problem caused by these
additional terms, the turbulence equations (Equations (3)–(5)) are solved:

d
dt

∫
V

ρkdV+
∫
A

ρk
(
v − vg

)
· da =

∫
A
(µ + σkµt)∇k · da +

∫
V
(γeffGk −γ′ρβ∗ fβ(ωtk − ωt0k0)+Sk)dV (3)

d
dt

∫
V

ρωtdV+
∫
A

ρωt
(
v − vg

)
· da =

∫
A
(µ + σωt µt)∇ωt · da +

∫
V
(Gωt −ρβ fβ

(
ω2

t − ω2
t0
)
+Dωt + Sωt)dV (4)

γ′ = min[max(γeff, 0.1), 1] (5)
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where k is the turbulent kinetic energy, ωt is specific dissipation rate, V is the cell volume, A
is the area, a is the face area vector, v is the flow velocity, and vg is the velocity of the grid.
σk and σωt are the inverse turbulent Schmidt numbers, and µt is the turbulent viscosity.
Sk and Sωt are user-defined source terms, while k0 and ωt0 represent ambient turbulence
values included in source terms to counteract turbulence decay. γeff denotes the effective
intermittency, and Dωt is a cross-derivative term defined by Equation (6).

Dωt = 2(1 − F1)ρσωt2
1

ωt
∇k · ∇ωt (6)

where F1 is the blending function. The turbulent viscosity µt are derived from solutions
of Equations (3) and (4), which is given by Equation (7) and relates to the Reynolds stress
tensor ρu′

iu
′
j through Equation (8), thereby solving the closure problem.

µt = ρkTkωt (7)

−ρu′
iu

′
j = µt

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
ρkδij (8)

where δij denotes the Kronecker delta operator.

2.2.3. Rotor’s Characteristics

According to Newton’s second law of motion, the rotor’s rotational velocity ω is
influenced by multiple factors, including the moment of inertia J, the hydraulic mo-
ment Tw, the frictional resistance moment Tr, and the external load moment Tl. The
hydraulic rotor rotates about its central axis, and its rotational dynamics are governed by
the following equation:

J
dω

dt
= Tw − Tr − Tl (9)

where t is time. Integrating Equation (9) yields the rotor’s rotational velocity ω:

ω =
∫ Tw − Tr − Tl

J
dt (10)

The moment of inertia J depends on the rotor’s geometry, material, and its connection
to the adjacent module. The hydraulic moment Tw is obtained by integrating the static
pressure and shear stress over the rotor blade surface. Since the frictional resistance moment
Tr has minimal impact on rotor rotation, it was excluded from this study. Likewise, the
external load moment Tl was not considered, implying that the rotor is assumed to operate
under a no-preload condition.

The tip-speed ratio (TSR) is defined as the ratio of the rotor’s maximum linear velocity
at the blade tip to the upstream flow velocity U:

TSR =
ωD
2U

(11)

2.3. Numerical Setup

The numerical simulation utilized the commercial CFD software ANSYS Fluent 19.2.
The entire numerical domain is governed by the Reynolds-averaged Navier-Stokes (RANS)
equations. To simultaneously solve the momentum and continuity equations, the SIMPLE
pressure–velocity coupling solver was used. Convective terms in the governing equations
were discretized using a second-order upwind scheme, selected for its reduced dependence
on grid refinement and its ability to avoid pseudo-diffusion compared to a first-order
scheme. The shear stress transport (SST) k-ω turbulence model was employed, combining
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the advantages of the standard k-ε and k-ω models, making it suitable for flows near
rotating blades [31]. Additional details about the SST k-ω turbulence model are available in
references [34,35]. All simulations were conducted with convergence criteria set to 1 × 10−6

for the entire computational domain.
A six-degree-of-freedom (SDOF) solver is incorporated for simulating the flow-driven

rotation of the rotor [36]. The computational domain for the tulip rotor is shown in Figure 4,
consisting of a rotational subdomain and an outer domain. In the streamwise (negative z)
direction, the inlet and outlet of the entire domain are located 5D upstream and downstream
from the rotor axis, respectively. In the y-direction, the top and bottom boundaries are
positioned 2.5D from the rotor center. In the x-direction, the front and back boundaries are
set 1.1D from the rotor center. The computational domain is designed to be sufficiently
large to prevent boundary disturbances from affecting the flows near the rotor, ensuring
fully developed inflow to the rotor and accurate capture of wake vortex phenomena.
Interfaces between adjacent subdomains are defined to ensure reliable data exchange and
conservation of mass and momentum.

Outlet

Inlet

Tulip 
blade 

Rotational 
subdomain

Outer domain 

10D

2.2D

5D

Symmetry boundary condition

Symmetry boundary 
condition

xz

y

Top

Bottom

Front

Back

Figure 4. Schematic view of the computational domain for the tulip-type rotor.

The boundary conditions for the computational domain are defined as follows: a
uniform upstream velocity is imposed at the inlet, and a constant pressure is set at the
outlet. Symmetry boundary conditions are applied to the top and bottom boundaries (in the
y-direction) and the front and back boundaries (in the x-direction). A no-slip condition is
enforced on the rotor blade surfaces. Due to numerical limitations, deep-sea high-pressure
conditions were not considered.

An unstructured tetrahedral grid is chosen for its minimal truncation errors and
convergence efficiency. The commercial grid generation software ICEM CFD is used to
discretize the computational domain. Figure 5 presents the cross-sectional grid distribution
on plane p3 of the rotor (see Figure 3). The thickness of the initial layer of cells adjacent to
the blade surface is set to 0.001 m, with a total of six near-wall layers exhibiting a growth
ratio of 1.2. Grid refinement is concentrated near the blade surface. The sliding mesh
technique is applied at the interfaces between adjacent subdomains to ensure accurate data
exchange during rotor rotation [37].



J. Mar. Sci. Eng. 2025, 13, 1221 7 of 25

Figure 5. Cross-section distribution of grids on plane p3 of the rotor.

To evaluate the numerical solution’s convergence, a mesh convergence check was
conducted using an inlet flow velocity of U = 4 m/s. Figure 6 presents the variation in
the average torque coefficient Ct with mesh number. The value Ct is obtained by time-
averaging the torque coefficient Ct, which quantifies the turbine’s torque in relation to
fluid dynamics, providing insights into its efficiency and torque output under specific
conditions [38], with the equation as follows:

Ct =
2T

0.5ρAU2D
(12)

where T represents the torque generated by the turbine, ρ is the fluid density, and A
denotes the upstream-facing area of the rotor. As shown in Figure 6, Ct stabilizes at 0.048
as the mesh number increases to 1.26 million. Further increasing the mesh number from
1.26 million to 4.25 million results in only an 8.2% reduction in Ct, while the computational
time extends from approximately one week to three weeks. Considering the balance
between accuracy and computational cost, the numerical solution’s convergence with the
current model is deemed satisfactory. Therefore, the final grid scheme for the rotor consists
of 1.26 million elements.

0 1 2 3 4 5
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0.064
0.062

0.057

0.051
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C
t
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Figure 6. Variation in Ct with mesh number.
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2.4. Validation of the Numerical Scheme

This section describes the experimental setup and validates the numerical results by
comparing them with experimental data.

2.4.1. Experimental Setup

The experiments were conducted in the Marine Geophysical Exploration Simulation
Laboratory at the School of Geophysics and Information Technology, China University
of Geosciences (Beijing). Figure 7a,b show the water tank test system and its schematic
representation. As illustrated in Figure 7a, the rotor is positioned inside a circulating
open-water tank measuring 5 m in length, 2.5 m in effective width, and 1.8 m in height.
Water circulation is maintained through three longitudinally arranged tubes connected to
a centrifugal pump with a power rating of 2.2 kW and a flow capacity of 44.7 m3/h. To
measure U at various upstream positions relative to the rotor, a propeller-type flow meter
(LS20B) is mounted on a movable base, allowing both horizontal and vertical adjustments,
as shown in Figure 7a. Throughout all flow conditions, the rotor remains fully submerged.

Pump-outlet 
tubes

Movable 
base

Flow 
meter

Signal cable

Magnetic 
particle brake

Coupling

Overhead 
crane

Tulip
-type 
rotor

(a) 

Water tank
Signal cable

Data 
processing 

unit

Pump

Flow 
outlet

Tulip-type rotor

Flow inlet

Computer interfaceDynamic 
torque 
sensor Movable

base

Flow meter

(b) 

Figure 7. (a) Experimental setup of the water tank test system and (b) schematic diagram of the test
system configuration.

Figure 8a shows the experimental setup with a tulip-type rotor. The turbine blades,
made of composite material, have a thickness of 2.5 mm and a height of 0.68 m. These
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blades are attached to a rotor shaft with a diameter of 25 mm. The upper end of the rotor
shaft is connected to a high-precision dynamic torque sensor (STBD TorqSense S2104) via
a coupling, enabling real-time measurement of the rotor’s torque and rotational speed,
as illustrated in Figure 8a. To apply an external load, an electromagnetic powder brake
(Magtrol CZ-500, Beijing Tianyu Hengchuang Sensing Technology Co., Ltd., Beijing, China)
is mounted at the top of the dynamic torque sensor. The load applied to the rotor is precisely
regulated by adjusting the DC current supplied to the magnetic powder brake, enabling
accurate control of the braking force.

Magnetic 
particle brake

Coupling

Dynamic 
torque 
sensor

Tulip-
type 
rotor

Bearing

(a) (b)

Bearing
Flow 
meter

Water level

Measurement 
points

Figure 8. (a) Experimental setup with a tulip-type rotor and (b) measurement positions of the
flow meter.

To measure the incoming flow velocity U at the rotor’s position, the flow meter is
installed in place of the blades on the rotor shaft, as shown in Figure 8b. Vertical velocity
measurements are taken at eight distinct positions along the rotor shaft, with data recorded
at each location (marked by red solid circles in Figure 8b). The final incoming flow velocity
U is determined as the average of these measurements.

Table 1 summarizes the measuring equipment used in the experimental setup, in-
cluding their models, measurement ranges, and errors, providing an overview of the
measurement system for experimental validation.

Table 1. Summary of key measuring equipment and specifications.

Equipment Model Measurement Range Measurement Error

Flow velocity meter LS20B Propeller-type 0.04–15 m/s ≤1.5%

Torque sensor STBD TorqSense S2104 0–500 Nm 0.1% F.S.

Electromagnetic powder brake Magtrol CZ-500 0–500 Nm (braking) N/A

Circulating pump 65-100IA-2.2 0–44.7 m3/h N/A
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2.4.2. Validation Results

Experiments were conducted using the same geometric and operational parameters as
the numerical simulations (U = 4 m/s) to validate the present model. Figure 9 compares
the numerical and experimental results for the rotor’s Ct and Cp. The value Cp is obtained
by time-averaging the power coefficient Cp, which quantifies the turbine’s efficiency in con-
verting the flow kinetic energy into mechanical energy, representing the ratio of generated
mechanical power to the fluid dynamic power [39] as follows:

CP =
ωT

0.5ρAU3 (13)

0.0 0.1 0.2 0.3 0.4 0.5
0.1

0.2

0.3

0.4

0.5

 Experimental Ct
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 Numerical Ct

 Numerical Cp

TSR

C t

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

C p
Figure 9. Model validation with experimental results for Ct and Cp.

As shown in Figure 9, the numerical results exhibit a similar trend to the experimental
data for both Ct and Cp, though the experimental values are consistently higher. This
discrepancy can be attributed to two primary factors: (1) numerical dissipation, caused by
mesh resolution limitations and turbulence modeling, which may lead to artificial energy
loss during simulation; and (2) the lack of the central shaft between the two blades in the
numerical rotor model. Despite these differences, the validation confirms that the flow
physics in the current simulations are reasonably well captured.

3. Results and Discussion
In this section, typical flow patterns and vortices around the rotor are presented

numerically, and their effects on the rotor’s startup performance are discussed. The values
of rotor parameters used in the numerical simulations are summarized in Table 2. The
moment of inertia around the y-axis was J = 0.0224 kg·m2 based on the rotor’s geometry and
material density. Pure water at 20 ◦C, with a density of 998.2 kg/m3 and dynamic viscosity
of 1.0 × 10−3 Pa·s, was selected as the incompressible working fluid. The numerical
simulation begins with the rotor at rest, starting from an azimuthal angle of θ = 90◦

(see Figure 3).
In this study, numerical investigations were conducted across a range of inlet velocities,

U, from 0.25 to 6 m/s to examine their effects on turbine rotor performance. The torque
coefficient Ct and power coefficient Cp were calculated for each case. The highest Ct and
Cp values were observed at around 4 m/s, indicating optimal startup performance and
energy conversion efficiency. Therefore, U = 4 m/s was selected as the reference case for the
detailed analysis of transient flow patterns and vortex evolution presented in this paper.
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Table 2. Values of the turbine rotor parameters for numerical analysis.

Parameters Value

D (m) 0.32

H (m) 0.68

e (m) 0.08

θ (◦) 90

m (kg) 1.3

U (m/s) 0.25, 0.5, 1, 2, 3, 4, 5, 6

3.1. Typical Flow Pattern

Figure 10 shows a typical variation in the rotor’s rotational velocity, ω, with the rotor’s
rotation angle, which starts from θ = 90◦ under an inlet velocity of U = 4 m/s. The rotational
velocity exhibits three distinct phases during the rotor’s rotation: initial, transition, and
cyclic phases. The startup process includes the initial and transition phases. The initial
phase covers the first half-turn (from θ = 90◦ to 270◦), during which the rotational velocity
increases and then decreases. The transition phase occurs during the second half-turn (from
θ = 270◦ to 450◦), where the rotational velocity approaches oscillation. After the transition
phase, the rotor enters a stable, cyclic phase of rotational velocity. Successful rotor startup
is defined as completing a full rotation of 360◦ (from θ = 90◦ to 450◦). The present study
focuses on the rotor’s startup process, particularly the initial and transition phases.
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Figure 10. Variation in the rotor’s rotational velocity ω with the rotor’s rotation angle starting
from θ = 90◦.

Figure 11 illustrates the flow results within tulip rotors at a reference velocity of
U = 4 m/s, starting from θ = 90◦ on plane p3 (see Figure 3). This plane is highlighted
because it passes through the maximum diameter region of the tulip-type rotor, which
is crucial for capturing hydrodynamic energy. The flow patterns during the initial and
transition phases are shown in Figure 11a,b, respectively. The color map in Figure 11
indicates the flow velocity magnitude, with warmer colors representing higher velocities
and cooler colors representing lower velocities. The arrows on the flow pattern illustrate
the direction of flow, showing the velocity vectors at each point in the field. The Roman
numerals (i) to (vi) represent flow patterns common to both the novel tulip and traditional
S-type rotors, indicated by blue solid curves with arrows. The Arabic numerals (1) to (6)
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represent unique flow patterns occurring only in the tulip-type rotor, marked by red dashed
curves with arrows. These flow patterns are described as follows, with their corresponding
numerals in Figure 11a,b:

(i) Attached flow along the returning blade’s convex side.
(ii) Dragging flow from the advancing blade’s convex surface to the returning blade’s

concave side.
(iii) Through-flow in the overlapping area.
(iv) Flow from upstream of the rotor to the returning blade’s convex side.
(v) Shedding vortex from the advancing blade’s tip.
(vi) Shedding vortex from the returning blade’s tip.

These flow patterns are similar to those observed around a standard S-type rotor in
ref. [7], because the tulip-type blades share a basically similar geometry with the S-type,
despite differences in specific blade shapes. In addition to these common flow patterns,
unique flow features of the tulip rotor are found and described below.

During the initial phase (from θ = 90◦ to 225◦), as shown in Figure 11a, the upstream
flow moves in the negative z-direction. As the rotor starts rotating from θ = 90◦, a high-
speed flow passes the tip of the advancing blade, labeled as (1). In contrast, in the S-type
rotor, the shedding vortex (flow v) occurs at this position. The absence of this shedding
vortex in the tulip rotor at this stage likely results from incomplete vortex development
near the blade tip at the onset of rotation.

A second unique phenomenon observed in the tulip rotor, marked as (2), is a re-
turn flow from the concave side of the returning blade toward the convex surface of the
advancing blade. This return flow occurs because the dragging flow (ii) lacks sufficient
momentum to continue smoothly from the advancing blade’s convex side to the returning
blade’s concave side.

Additionally, an upstream flow moves along the convex side of the returning blade
and directly away from its tip, labeled as (3). In contrast, the S-type rotor typically exhibits
the shedding vortex (flow vi) at the returning blade’s tip. The absence of vortex shedding at
this location in the tulip-type rotor is due to its bulbous, widest midsection (see Figure 3b),
which smooths the flow path and prevents vortex formation near the blade tip.

At θ = 135◦, another distinct flow characteristic emerges: a return flow from the convex
surface of the advancing blade toward its tip, labeled as (4). This return flow is caused
by the large vortex covering nearly half of the convex surface area of the advancing blade
(see Figure 12).

At θ = 180◦, two additional flow features are observed. First, a pair of opposing flows,
labeled as (5), emerges behind the rotor due to the formation of counter-rotating vortices
in this region (see Figure 12). Second, flow (3) continues to develop as upstream fluid
moves along the convex surface of the advancing blade and away from its tip. The flow (3)
maintains till θ = 225◦, at which point the tulip-type rotor still does not exhibit the blade-tip
vortex (flow v in S-type rotor). Moreover, at this angle, a transverse flow appears in the
x-direction from the trailing edge of the returning blade toward the tip of the advancing
blade, labeled as (6).

Figure 11b illustrates the subsequent transition phase (from θ = 270◦ to 405◦), beginning
when the rotor reaches θ = 270◦. At θ = 270◦, the transverse flow (6) in the x-direction near
the trailing edge of the advancing blade merges with the continuing flow (3). Flow (3)
remains clearly identifiable at θ = 315◦. By θ = 360◦, the attached flow continues along the
advancing blade’s convex surface and subsequently moves outward from its tip, again
identified as flow (3). The transverse flow (6) also remains observable at θ = 405◦. After
the transition phase, the flow stabilizes into a cyclic phase, characterized by repetitive
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and consistent hydrodynamic behavior. This cyclic phase maintains the flow features
established during the latter half of the transition phase (θ = 270◦ to 450◦).
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Figure 11. Typical flow pattern around tulip rotors under U = 4 m/s starting from θ = 90◦ in the
(a) initial and (b) transition phase.
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Figure 12. Vortices from U = 4 m/s on the top p1, middle p3, and bottom p4 planes in the initial phase.
The arrows overlaying the contours indicate local flow directions. Red solid arrows denote vortices
that positively contribute to rotational moment generation, while blue dashed arrows represent
vortices that negatively affect rotational moment generation.

3.2. Vortex near Rotor

The startup performance of the rotor is significantly influenced by the surrounding
vortex structures. Analyzing the evolution of these vortices helps clarify their effects on
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blade drag and thrust during the startup phase. Figure 12 illustrates pressure distributions
and velocity vectors on the top plane p1, middle plane p3, and bottom plane p4 during
the initial phase. The color contours indicate pressure magnitude, with red representing
high-pressure regions and blue representing low-pressure regions. The arrows overlaying
the contours depict local flow directions. Vortices positively contributing to rotational
moment generation are indicated by red solid arrows, whereas vortices negatively affecting
rotational moment generation are shown by blue dashed arrows.

At θ = 135◦, a pair of counter-rotating vortices forms near the convex side of the ad-
vancing blade on plane p1, creating low-pressure regions that enhance positive (clockwise)
moment generation. On planes p3 and p4, a small vortex emerges within the blade-overlap
region, corresponding to flow (iii) in Figure 11. This vortex reduces local pressure, thereby
weakening the positive moment for both blades.

Additionally, a vortex near the tip of the advancing blade appears on planes p3 and p4,
lowering pressure on the convex surface and thus aiding positive moment generation; this
vortex corresponds to flows (v) and (4) in Figure 11. Meanwhile, on plane p3, another vortex
forms near the tip of the returning blade’s concave side, creating a low-pressure area that
negatively affects moment generation. This vortex corresponds to flow (vi) in Figure 11.

At θ = 180◦, the vortex structures continue to evolve. On plane p1, a negative vortex
appears in the blade-overlap area. On planes p3 and p4, the vortex near the tip of the
advancing blade remains but splits into two distinct vortices, corresponding to flow (5)
in Figure 11. Meanwhile, the negative vortex near the returning blade’s tip disappears
from plane p3 but appears instead on plane p4. At θ = 225◦, the negative vortex within
the blade-overlap region expands considerably on planes p1 and p4. On plane p4, the
negative vortex previously present near the returning blade’s tip disappears, indicating
further redistribution of vortex structures.

At θ = 270◦, on planes p1 and p4, a vortex near the advancing blade’s tip generates
a notable low-pressure area that extends from the concave side of the advancing blade
toward the convex side of the returning blade. This extended low-pressure area benefits
positive moment generation of the returning blade. However, it negatively affects the
advancing blade by increasing local drag, thereby reducing its positive moment generation.

In summary, the transient vortex evolution from θ = 135◦ to θ = 270◦ exhibits a system-
atic development and redistribution of vortices driven by blade geometry and local flow
interactions. Initially isolated vortices merge or dissipate over time, significantly altering
the pressure distribution on the blades and downstream regions. This evolving vortex
structure directly impacts the thrust and drag characteristics during startup, highlighting
the importance of blade geometry in optimizing transient hydrodynamic performance.

Figure 13 illustrates the pressure distribution and velocity vectors on planes p1, p3, and
p4 during the transition phase. At θ = 315◦, the low-pressure area caused by the “negative”
vortex in the overlapping area grows significantly compared to θ = 270◦, while the vortex
near the advancing blade’s tip disappears. The vortex near the tip of the returning blade
reappears on planes p1, p3, and p4, resulting in the flow (v) in Figure 11. This increases the
area of low pressure on the convex side of the returning blade, benefiting the generation
of positive moment for the rotor. On plane p4, the vortex near the advancing blade’s tip
at θ = 270◦ shifts now toward the convex side of the returning blade, further enhancing
positive moment generation. At θ = 360◦ and 405◦, the vortex near the returning blade’s
tip disappears on planes p1, p3, and p4, but the “negative” vortex in the overlapping area
persists. At θ = 450◦, a “positive” vortex reappears near the returning blade’s tip on plane
p4. After the transition phase, the vortex structures enter a cyclic state.
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Figure 13. Vortices from U = 4 m/s on the top p1, middle p3, and bottom p4 planes in the transition
phase. The arrows overlaying the contours indicate local flow directions. Red solid arrows denote
vortices that positively contribute to rotational moment generation, while blue dashed arrows
represent vortices that negatively affect rotational moment generation.

Overall, the evolution of the surrounding vortices primarily influences the generation
of the rotor’s positive moment. During the initial and transition phases, the “positive”
vortices on the blade’s convex side contribute beneficially, while the “negative” vortices on
the blade’s concave side and in the overlapping region hinder positive moment generation.
The counteracting effects of the “positive” and “negative” vortices affect the rotor’s startup
performance. During the startup process, when the effect of the “positive” vortices out-
weighs that of the “negative” vortices, the rotor’s positive moment exceeds the negative
moment, enabling successful startup.
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3.3. Downstream Flow Field of the Rotor

The flow field and vortex structures downstream of the rotor influence its moment
output, thereby affecting startup performance and energy conversion efficiency. Figure 14
shows streamline distributions on the y-z plane and pressure distributions with velocity
vectors on the longitudinal x-y cross-section A-A (marked by the dash-dot line), located
0.5 m downstream of the rotor from the y-axis, at θ = 135◦, 180◦, 225◦, and 270◦ during the
initial phase.
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Figure 14. Streamline distribution downstream of the rotor at the initial phase of θ = 135◦, 180◦, 225◦,
and 270◦, as well as the pressure distributions and velocity vectors at the longitudinal x-y section
A-A downstream of the rotor.
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At θ = 135◦, a pair of longitudinal vortices forms downstream of the rotor on both
sides of the y = 0 plane (in the x-y plane), located at the upper and lower regions. These
vortices form within the concave zones above and below the rotor’s widest midsection,
where the bulbous tulip-shaped profile enhances local flow separation. The intensity
of these vortices gradually decreases downstream along the negative z-direction. In
contrast, an S-type rotor typically generates a single vortex structure on the x-z plane due
to its uniform geometry along the rotor height (y-direction). The intensity of this vortex
also gradually decreases downstream in the negative z-direction, forming a pattern
similar to a classical Karman vortex street. From cross-section A-A at θ = 135◦, two
vortices appear in the upper region, while another low-pressure vortex forms in the
lower region near the rotor’s central axis (close to the x = 0 plane).

At θ = 180◦, the downstream vortex pair shifts slightly toward the rotor’s widest
midsection and intensifies. In the A-A cross-section, the upper vortices vanish, while
the lower one shifts toward the positive x-direction and reverses its rotational direction
compared to that at θ = 135◦. At θ = 225◦, the vortices on the y-z plane grow larger and more
distinct, extending farther downstream, as indicated by the increased velocity magnitudes
in Figure 14. This reflects intensified vortex dynamics and stronger interaction with the
main flow. In the A-A cross-section, two vortex pairs emerge symmetrically on either
side of the y = 0 plane: both the larger and smaller pairs rotate in opposite directions to
each other.

At θ = 270◦, the streamline pattern becomes denser and more disordered, with higher
velocities indicated by the color scale. In the A-A cross-section, the central vortex pair
disappears, leaving only a smaller vortex pair near the top and bottom of the rotor.

Figure 15 illustrates results during the transition phase at θ = 315◦, 360◦, 405◦, and
450◦. At θ = 315◦, the increased rotational speed of the rotor relative to the initial phase
further intensifies downstream vortices, expanding vortex regions along both y- and z-
directions. Cross-section A-A indicates the formation of two additional vortices in the
top region and one additional vortex in the bottom region. At this stage, the velocity and
pressure magnitudes, as indicated by the color scale, significantly increase compared to
earlier phases.

At θ = 360◦, these multiple vortices merge into a single vortex in each of the top
and bottom regions, with a clear increase in vortex intensity (reflected by elevated ve-
locity and pressure magnitudes). As θ progresses to 405◦, the vortices separate further
from the widest midsection of the rotor. Subsequently, at θ = 450◦, these vortices recon-
verge toward positions resembling those at θ = 360◦, indicating the onset of periodic
vortex behavior.

Overall, downstream vortices consistently form behind the convex surfaces of
both advancing and returning blades, generating low-pressure zones. This enhances
the pressure difference between concave and convex blade surfaces, contributing posi-
tively to the rotational moment, consistent with phenomena observed during the initial
startup phase.

However, unlike the initial phase, the transition phase demonstrates a progressive
increase in the intensity and redistribution of downstream vortices, approaching stable
periodic flow structures as rotor speed increases. This stabilization is also reflected in the
rotor’s speed curve (see Figure 10), where rotational velocity approaches cyclic steady-state
behavior, distinguishing it from the early transient startup process.

Notably, at very high inflow velocities (high Reynolds numbers), downstream vortices
intensify significantly, potentially resulting in highly turbulent flow conditions. Such
turbulence may adversely affect rotor performance by increasing drag and disrupting
smooth blade rotation.
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Figure 15. Streamline distribution downstream of the rotor at the transition phase of θ = 315◦, 360◦,
405◦, and 450◦, as well as the pressure distributions and velocity vectors at the longitudinal x-y
section A-A downstream of the rotor.

3.4. Streamlines at the Expanded Top of the Rotor

During the initial phase, the vortex at the expanded top of the rotor is not prominent,
as illustrated in Figure 14. However, as the transition phase progresses, the vortex at
the expanded top intensifies, as shown in Figure 15, highlighting the importance of the
expanded top design. To clarify the role of this design, Figure 16a–d present the streamline
distributions around the expanded top of the rotor at θ = 315◦, 360◦, 405◦, and 450◦,
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respectively. The colors in Figure 16 represent flow velocity magnitudes, with different
colors indicating variations from low to high velocities.
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Figure 16. Streamline distribution around the expanded top of the blade during the transition phase
at (a) θ =315◦, (b) 360◦, (c) 405◦, and (d) 450◦.

At θ = 315◦, the orange streamlines above the rotor flow smoothly from the inlet,
forming a distinct flow-guiding layer like a shield. This layer effectively channels fluid
around the horn-shaped opening of the expanded top, directing more flow into the blade’s
working region and maximizing kinetic energy capture.

At θ = 360◦, the slender gap vortices develop in the overlapping region between the
two tulip blades. These vortices reduce the rotor’s rotational efficiency, as discussed in
Section 3.2. The expanded top guides them outward along its surface, promoting their
dissipation and minimizing their negative impact.

At θ = 405◦, the expanded top primarily serves as a vortex-clearance passage, guiding
vortices out of the rotor region and preventing clogging. This clearance reduces internal
turbulence, maintains stable torque production, and decreases blade-induced vibration and
operational noise.

At θ = 450◦, the large-scale vortices form within the upper rotor region due to the
expanded top. These vortices enhance fluid-blade interactions, significantly increasing
momentum exchange and energy transfer efficiency. Consequently, this improves rotor
torque and startup performance.

In summary, the expanded top design serves four distinct and clearly differentiated
functions across these phases: flow guiding at θ = 315◦, vortex dissipation at θ = 360◦,
vortex clearance at θ = 405◦, and enhanced fluid-blade interaction at θ = 450◦.

3.5. Summary of Flow and Vortex Distribution

Figure 17 summarizes the distinct flow patterns and vortex structures generated by the
unique geometry of the tulip-type rotor. Flow paths are represented by black lines, while
positive and negative vortices are shown by red solid and blue dashed lines, respectively.
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Figure 17. A general schematic of the flow pattern and vortex distribution around the entire tulip-
type rotor.

At the expanded top, incoming fluid enters the enlarged region (a), forming large-scale
vortices (b) smoothly guided outward through the horn-shaped opening. This expanded
structure also effectively dissipates slender gap vortices spiraling upward from the rotor
base, reducing their negative impact on rotor rotation (c).

In the middle region, characterized by an enlarged blade radius, upstream fluid
closely follows the convex surfaces of both the advancing and returning blades. These
streams then converge downstream (d), with some fluid moving from the convex side of
the advancing blade into the concave side of the returning blade (e). Additionally, lateral
flow occurs from the rear edge of the advancing blade toward the tip of the returning blade
(f). Some upstream fluid directly enters the concave side of the advancing blade (g), further
enhancing rotational momentum. A “positive” vortex develops near the outer tip of the
advancing blade’s convex side (h), while a “negative” vortex emerges on the concave side
of the returning blade (i). Downstream, two counter-rotating vortices form symmetrically
in the upper and lower regions, rotating as they move downstream (j).

These fluid flows and vortex structures collectively clarify the startup mechanism
of the tulip-type rotor, offering valuable insights into transient flow behavior and vortex
evolution to support the optimization of hydraulic turbine performance.

3.6. Quantitative Analysis of Vortex Strength, Circulation, and Drag Coefficient

To further clarify the startup mechanism, quantitative analyses of vortex strength,
circulation, and drag coefficient are performed based on the CFD results. Vortex strength
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is characterized by the vorticity magnitude, representing local rotational intensity. The
vorticity vector ω is defined as follows:

ω = ∇× U (14)

The vorticity magnitude is as follows:

|ω| =
√

ω2
x + ω2

y + ω2
z (15)

where U is the local velocity vector. ωx, ωy, and ωz are the vorticity components in the
Cartesian coordinate system. At θ = 315◦, the maximum vorticity near the advancing
blade tip is approximately 38 s−1, indicating strong rotational structures contributing to
torque. As the rotor advances to θ = 360◦, the maximum vorticity increases to 43 s−1 due
to intensified vortex interaction. It further rises to 49 s−1 at θ = 405◦, reaching 54 s−1 at
θ = 450◦, where vortex development stabilizes as the rotor enters cyclic rotation.

Circulation Γ, reflecting total rotational strength around vortex cores, is computed by
integrating the tangential velocity along closed contours:

Γ =
∮

C
U · dl (16)

where dl is the line element along the contour. At θ = 315◦, circulation is approxi-
mately 0.12 m2/s. It increases to 0.16 m2/s at θ = 360◦, 0.21 m2/s at θ = 405◦, and
0.24 m2/s at θ = 450◦, indicating stronger vortex coherence and momentum exchange
as the rotor accelerates.

The drag coefficient Cd, representing overall hydrodynamic resistance, is calculated
as follows:

Cd =
2Fd

ρU2 A
(17)

where Fd is the drag force. At θ = 315◦, Cd is 1.4. As vortex-induced flow separation
develops, Cd increases to 1.7 at θ = 360◦, 1.9 at θ = 405◦, and 2.2 at θ = 450◦, reflecting the
growing contribution of vortices to pressure drag and rotation.

These quantitative results provide further insight into the interaction between vortex
evolution and rotor startup. The findings validate the proposed startup mechanism and
offer reference parameters for design optimization and engineering application of tulip-type
hydraulic turbines.

4. Conclusions
The startup process of a tulip-type hydraulic turbine rotor is investigated in this study.

A CFD model is developed to analyze flow-driven rotor rotation, focusing on typical flow
patterns and vortex behaviors around and downstream of the rotor. Comparisons with
experimental data on rotor torque and power coefficient validate the accuracy of the model.
This study emphasizes transient flow patterns and vortex evolution to clarify the startup
mechanism of the rotor.

Rotor rotation involves three phases: initial, transition, and cyclic. The initial phase
spans the rotor’s first half-turn, the transition phase occurs during the second half-turn,
and subsequently, a cyclic flow pattern develops. The startup process includes the initial
and transition phases.

The tulip-type rotor exhibits distinct flow characteristics compared to the conventional
S-type rotor. Specifically, a pair of opposite-direction flows from behind the rotor due
to two vortices, and fluid moves directly from upstream toward the convex side of the
advancing blade before detaching near the blade tip. This behavior arises from the varying
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blade curvature diameter of the tulip-type rotor, unlike the constant curvature diameter
of S-type blades. Surrounding vortices affect moment generation either positively or
negatively, depending on their positions relative to the rotor. The interaction among
these vortices significantly influences startup performance. Downstream vortices generate
negative pressure regions on the convex surfaces of blades, contributing positively to
rotational moment.

The expanded top design of the tulip-type rotor substantially improves startup perfor-
mance through four distinct functions: smoothly guiding incoming flow, dissipating gap
vortices, clearing vortices to prevent blockage, and enhancing fluid-blade interaction to
increase energy transfer efficiency. The quantitative analyses of vortex strength, circulation,
and drag coefficient further clarified the startup mechanism and provided essential data
for future optimization and practical application of tulip-type turbines.

In conclusion, the main contribution of this study is the detailed identification of
vortex evolution mechanisms and fluid-structure interactions governing the self-starting
capability of the tulip-type rotor under low-speed flow conditions. These findings provide a
theoretical basis for the design and optimization of tulip-type turbines for long-term, stable
power generation in deep-sea observation systems. Future study will further investigate
the rotor’s performance across a broader range of flow velocities and assess its energy
conversion efficiency under actual oceanic conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
RANS Reynolds-averaged Navier-Stokes
SST Shear Stress Transport
TSR Tip-Speed Ratio
SDOF Six Degree of Freedom

Nomenclature

A projected rotor area in incoming flow direction
Cp power coefficient of the rotor, CP = ωT

0.5ρAU3

Ct torque coefficient of the rotor, Ct =
2T

0.5ρAU2D

D rotor diameter, m
e overlap distance of the blades, m
J rotor moment of inertia
H rotor height, m
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m rotor mass
p1, p2, p3, p4 cross-section planes
T rotor dynamic torque
TSR tip-speed ratio, TSR = ωD

2U
Tl moment of external load
Tr frictional resistance moment
Tw hydraulic moment
t time, s
U inlet flow velocity, m/s
U local velocity vector
x, y, z Cartesian coordinates
ρ fluid density, kg/m3

ω rotational velocity of the rotor, rad/s
ωx, ωy, ωz vorticity components in the Cartesian coordinate system
ω vorticity vector
θ rotor azimuthal angle, degree
Γ circulation
Subscript
- time-averaged parameter
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