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A B S T R A C T

The Archimedes Spiral Hydrokinetic Turbine (ASHT) represents a novel design specifically engineered to operate 
in low-speed ocean currents. However, the characteristics of energy losses associated with these turbines have 
not yet been fully understood. This paper examines nine ASHTs with varying blade angle configurations. The 
analysis of the hydrodynamic performance and energy loss characteristics of these turbines, under both axial and 
yawed flow conditions, is conducted using computational fluid dynamics in conjunction with entropy production 
theory. The results indicate that ASHTs with larger blade angles can operate across a broader range of tip speed 
ratios, achieving optimal power performance at higher tip speed ratios and generating greater thrust. In contrast, 
variable blade angle configurations demonstrate higher peak power but exhibit lower thrust and a narrower 
operating range of yaw angles compared to their fixed blade angle counterparts. The wake region behind the 
ASHT with a larger blade angle is characterized by a more extensive low-velocity area and a prominent hub 
recirculation zone. The energy loss occurring in the wake region is primarily attributed to the vortices generated 
at the tip and hub, with hub vortices being the main contributors to increased entropy production rates for 
configurations with larger blade angles. Under yawed flow conditions, an increase in yaw angle results in sig-
nificant reductions in power and thrust, altered wake structures, and an increase in total entropy production. 
These findings provide crucial insights for the design and optimization of ASHTs, ultimately contributing to the 
development of more efficient and cost-effective ocean current power generation systems.

1. Introduction

In the contemporary context of the global energy transition, the 
pursuit of sustainable and clean energy sources is crucial for the long- 
term development of the industrial sector. Among renewable energy 
resources, ocean current energy has emerged as a promising alternative 
to fossil fuels. Its remarkable advantages—abundance, cost- 
effectiveness, renewability, and environmental friendliness (Olabi and 
Abdelkareem, 2022; Li et al., 2022)—not only provide a new direction 
for energy diversification but also expand the operational scope of 
various offshore platforms. The utilization of ocean current energy has 
effectively extended the deployment of these platforms from coastal 
shallows to deeper waters (Laws and Epps, 2016), facilitating more 
comprehensive ocean exploration and resource exploitation. 

Simultaneously, in the field of ocean observation, there is an urgent need 
to reduce costs and enhance the efficiency of sensor deployment. Har-
nessing local ocean current energy for different platforms has thus 
become a research hotspot. Hydrokinetic turbines play a crucial role in 
this process, as they are well-equipped to supply power to multifunc-
tional platforms involved in offshore drilling, oil extraction, monitoring, 
navigation, and construction. However, the vast expanse of the ocean 
presents a challenge: high-speed current areas are limited, and extract-
ing local ocean current energy, especially in low-flow-speed regions, 
remains a formidable task.

For the development of a power generation system for offshore 
platforms, the turbine’s ability to self-start in low-ocean-current condi-
tions is a critical factor. Lift-type hydrokinetic turbines, which include 
horizontal axis hydrodynamic turbines (HAHTs) and some vertical axis 
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hydrodynamic turbines (VAHTs), have reached the commercialization 
stage (Allmark et al., 2020; Nunes et al., 2020). Nevertheless, these 
turbines are optimized for shallow, high-current-speed areas and face 
significant difficulties in self-starting under low-current conditions 
(Satrio and Utama, 2021). As a result, they are not suitable for power 
generation in many offshore regions. Therefore, the development and 
application of hydrokinetic turbines that can self-start and operate 
efficiently at low speeds are essential for ensuring a stable power supply 
to offshore platforms (Gao et al., 2020). The Archimedes spiral hydro-
dynamic turbine (ASHT) represents a significant advancement in this 
field. Initially designed for low-head hydropower stations, its applica-
tion has now been extended to free-flowing water environments. The 
ASHT is distinct from traditional HAHTs in its design principles. While 
traditional HAHTs often rely on the Blade Element Momentum (BEM) 
theory, the ASHT is based on the principles of the Archimedes spiral 
design. Its unique configuration of multiple interlocking screw blades is 
a key feature. The number of blades is crucial: too few blades would 
reduce the force-transformation area, leading to lower torque; 
conversely, an excessive number of blades would create a solid 
obstruction, increasing mass and inertia, thus decreasing torque output 
(Bakırcı and Yılmaz, 2018). Research by Suntivarakorn et al. (2016) has 
shown that an ASHT with three blades can optimize torque and overall 
performance.

Importantly, the ASHT is recognized for its ability to utilize drag 
force for energy production, classifying it as a drag-type hydrokinetic 
turbine. This inherent characteristic enables it to operate effectively in 
low-ocean-current conditions. In deep-sea environments, where the 
average current speed is generally low, traditional lift-type turbines 
struggle to start and generate power. In contrast, the ASHT can start 
smoothly and maintain a relatively high power coefficient. Moreover, 
the blades of the ASHT possess additional advantages. They are rela-
tively easy to construct from sheet metal, simplifying the manufacturing 
process and potentially reducing production costs. This contrasts with 
the more complex hydrofoil-shaped blades of a conventional HAHT, 
which often require intricate manufacturing techniques. Additionally, 
the helical blade design of the ASHT exhibits fish-friendly characteris-
tics, making it less likely to harm marine life. This makes the ASHT an 
even more ideal candidate for power generation in offshore platforms 
across different ocean regions, especially in deep-sea areas with low- 
speed currents. It has the potential to significantly improve the power 
supply situation of deep-sea observation equipment, reducing reliance 
on traditional power-supply methods such as research vessels and cable 
nodes, which are costly and environmentally impactful. Fig. 1 shows a 
schematic of the ASHT deep-sea power generation system. By providing 
a stable power source, the ASHT can support the long-term operation of 
offshore platforms, facilitating more in-depth ocean research and 
resource exploration.

From another perspective, understanding energy loss is crucial for 
optimizing turbine performance. Traditional hydrodynamics suggests 
that energy loss is closely associated with unstable flow. However, 
accurately quantifying the magnitude and distribution of this energy 
loss remains a significant challenge. This uncertainty has driven re-
searchers to explore more advanced methods to gain a deeper insight 
into the mechanisms of energy dissipation in turbines. In recent years, 
entropy production theory, grounded in the principles of the second law 
of thermodynamics, has emerged as a powerful tool in the turbine in-
dustry. This theory has garnered considerable attention in various 
studies aimed at examining energy loss from a thermodynamic 
perspective. Unlike conventional methods, which often provide only a 
macroscopic view of energy loss, the entropy production method offers a 
more comprehensive and detailed approach. It serves as an effective 
instrument for assessing irreversible losses, allowing researchers to 
investigate the root causes of inefficiencies within turbine systems.

One of the primary advantages of entropy production theory is its 
capacity to analyze energy loss at the level of individual components 
under specific operating conditions. This component-specific analysis is 

essential for identifying areas of high energy dissipation within complex 
turbine systems. By pinpointing these areas, engineers and researchers 
can develop targeted strategies to enhance turbine design and operation, 
ultimately improving overall performance. Moreover, the entropy pro-
duction method can reveal the locations and spatial patterns of energy 
losses. This spatial information is invaluable for understanding how 
energy is dissipated throughout the turbine, which can aid in optimizing 
the turbine’s geometry and flow path. For instance, Nazeryan and Lak-
zian (2018) conducted a comparative analysis of Wells turbines with 
blades of uniform thickness versus those with variable thickness, 
focusing on entropy generation. Ghisu et al. (2018) revisited the prin-
ciples governing entropy generation in fluid flows, providing insights 
into isolated airfoils and Wells turbines. Guo and Wang (2023) applied 
entropy production theory to assess energy losses in hydrokinetic tur-
bine hydrofoils, particularly under dynamic stall conditions. Yu et al. 
(2021) investigated a Francis turbine operating under various condi-
tions, using the entropy production method to illustrate the distribution 
of the local entropy production rate within the draft tube. Yang et al. 
(2022) explored energy loss in axial-flow pump systems through entropy 
production theory. Wang et al. (2023a,b) utilized numerical simulations 
to analyze energy loss characteristics in a ducted hydrokinetic turbine.

Currently, the ASHT has garnered increasing attention in recent 
years due to its potential for harnessing hydrokinetic energy, particu-
larly in low-speed flow environments. Previous research on ASHTs has 
made significant contributions, yet it also has its limitations. Suntivar-
akorn et al. (2016) enhanced the efficiency of an ASHT, demonstrating 
its superiority in electricity generation from low-current conditions 
compared to a HAHT. This work was pivotal as it showcased the po-
tential of ASHTs in low-current environments, which are prevalent in 
many natural water bodies. However, it may not have thoroughly 
examined the long-term stability and reliability of the enhanced effi-
ciency under the complex conditions encountered in real-world sce-
narios. Monatrakul and Suntivarakorn (2017) employed modeling and 
Computational Fluid Dynamics (CFD) analysis to investigate the impact 
of blade angle on ASHT efficiency, discovering that a collection chamber 
could enhance performance. The significance of this study lies in its 
provision of a practical method for improving turbine efficiency. 
Nevertheless, the research may have been confined to a specific range of 
blade angles and flow conditions, lacking a more comprehensive 

Fig. 1. Schematic of ASHT deep sea power generation system.
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exploration of the intricate interactions between blade angles, collection 
chambers, and various flow scenarios. Song and Kang (2022a,b)
explored the fluid-structure coupling performance of an ASHT through 
simulations, identifying the blade root region as the area of highest 
stress concentration. This finding is crucial for understanding the 
structural integrity and potential failure points of ASHTs. However, the 
simulation-based approach may not fully account for all real-world 
factors that could influence fluid-structure interactions, such as mate-
rial fatigue under long-term cyclic loading. Monatrakul et al. (2023)
compared the power performance of an ASHT with a HAHT, revealing 
that the ASHT maintained efficiency at water speeds between 1 and 2 
m/s, while the three-blade HAHT required higher speeds. This com-
parison is valuable for selecting the appropriate turbine type for varying 
flow conditions. However, the study may not have considered the in-
fluence of other environmental factors on the performance differences 
observed. Zhang et al. (2023) analyzed the blockage effects on ASHTs in 
comparison with two other hydrokinetic turbines and evaluated various 
blockage correction techniques. Their work is significant for enhancing 
the accuracy of experimental studies on ASHTs. However, the proposed 
correction techniques may require further validation through large-scale 
field experiments across different types of water channels and flow 
conditions. Badawy et al. (2023) examined the impact of blade hydrofoil 
design on ASHT efficiency. This research is important for optimizing 
blade design to enhance overall turbine performance. However, it may 
have focused on a limited number of hydrofoil designs, and the results 
might not be universally applicable to all ASHT models. Song et al. 
(2024) compared the ASHT with its ducted configuration (DASHT) and 
found that the DASHT exhibited a significant performance advantage, 
with a 122% increase in power coefficient. This study provided new 
insights into the potential of ducted ASHTs. However, it may not have 
addressed the economic feasibility and practical challenges associated 
with implementing DASHT in large-scale applications. Zhang et al. 
(2024) experimentally tested ASHT performance under yawed condi-
tions and proposed optimization strategies. This research is valuable for 
enhancing ASHT efficiency in real-world flow situations where yawed 
flow is common. However, the experimental conditions may not fully 
represent the extreme and complex yawed flow conditions found in 
actual ocean environments. Furthermore, while previous studies have 
explored various aspects of ASHTs, most research has concentrated on 
individual factors such as efficiency, power performance, or blockage 
effects. The specific mechanisms by which blade angle influences ASHT 
performance, particularly the underlying hydrodynamic and energy-loss 
mechanisms, remain unclear. There is a notable lack of in-depth un-
derstanding regarding the complex flow phenomena associated with 
changes in blade angle.

In light of the aforementioned points, this paper aims to provide a 
comprehensive description of the effect of blade angle on ASHT per-
formance. It also seeks to elucidate the underlying reasons for variations 
in hydrodynamic characteristics, with a particular emphasis on entropy 
production in ASHTs under both axial and yawed flow conditions. The 
novelty of this study lies in its focus on entropy production analysis in 
ASHTs across different flow conditions. By considering entropy pro-
duction, this paper aims to offer a more profound understanding of the 
energy-loss mechanisms related to blade angle, providing a fresh 
perspective on the performance evaluation of ASHTs. The findings of 
this paper can contribute to engineering practice in several ways. Firstly, 
understanding the effect of blade angle on performance and entropy 
production can assist designers in optimizing ASHT. For instance, it can 
guide the selection of the most suitable blade angle for various flow 
conditions to minimize energy losses and maximize power generation. 
Secondly, insights into hydrodynamic characteristics can aid in the 
development of more efficient and reliable ASHT-based power genera-
tion systems, applicable in diverse hydrokinetic energy-harvesting 

scenarios, such as ocean currents and rivers. This research addresses the 
gap in understanding the complex relationship between blade angle, 
hydrodynamics, and energy loss in ASHTs, providing a more robust 
theoretical foundation for the practical application of ASHTs. The 
structure of this paper is organized as follows: Section 2 introduces the 
governing equation and the method for calculating entropy production. 
Following this, Section 3 provides a detailed description of the simula-
tion model which includes the hydrodynamic coefficients, the compu-
tational domain and mesh, the numerical methods utilized, and the 
validation process. Sections 4 and 5 examine the performance of the 
ASHT analysis under both axial flow and yawed flow conditions, 
including assessments of hydrodynamics, entropy production, and the 
flow field. Section 6 presents the discusses. Finally, Section 7 presents 
the concluding remarks.

2. Governing equations and entropy production theory

The Reynolds Averaging Navier-Stokes (RANS) method was adopted 
in this simulation, and the governing equations are shown as follows: 
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here, u represents time-averaged velocity (m/s), t is time (s), ρ is fluid 
density (kg/m3), p is average pressure (Pa), μ denotes molecular dy-
namic viscosity (N⋅s/m2) and μt denotes the eddy viscosity (N⋅s/m2), τij 
denotes Reynolds stress tensor (Pa), δij denotes the Kronecker delta 
operator. The subscripts (i, j, k) represent three directions in Cartesian 
coordinates.

From a thermodynamic standpoint, the incoming water interacts 
with an ASHT, transforming a portion of its kinetic energy into me-
chanical energy. This transformation is inherently irreversible, resulting 
in the production of entropy, as dictated by the second law of thermo-
dynamics. The entropy production is directly linked to the loss of en-
ergy, which provides a quantitative measure of energy dissipation 
within an ASHT system. The equation governing entropy transport in 
incompressible fluid flows is presented below (Herwig and Kock, 2007): 

ρ
(

∂s
∂t
+ u

∂s
∂x

+ v
∂s
∂y

+w
∂s
∂z

)

= − div
(

q⇀

T

)

+
Φ
T
+

ΦΘ

T2 (5) 

here, u, v and w are instantaneous velocity, s represents specific entropy 
per unit mass [J/(kg⋅K)], q is heat flux (W/m2), T represents local 
temperature (K), Φ and ΦΘ denotes dissipation function.

Using the Reynolds time-averaging approach, instantaneous vari-
ables can be decomposed into two distinct components: a time-averaged 
portion and a fluctuating portion: 

s= s + ś (6) 

u= u + uʹ (7) 

here, s is time-average specific entropy, s′ is fluctuating specific entropy, 
u′ is fluctuating velocity.

Employ Reynolds time-average method, Eq. (5) can be transformed 
into follows:  
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On the right-hand side of Eq. (8), the first dissipation term (I) cor-
responds to the entropy production rate (EPR) caused by viscous effects 
within the fluid, while the second dissipation term (II) accounts for the 
EPR resulting from irreversible heat transfer processes. In the context of 
ASHT flows, temperature fluctuations are minimal, allowing the ther-
modynamic system to be approximated as one operating under constant 
temperature conditions (Wang et al., 2023a,b).

The dissipation function term I can be written as follows: 

By applying the Reynolds time-averaging method, Eq. (9) can be 
reformulated as Eq. (10). This equation can then be separated into two 
distinct components: a time-averaged section (Eq. (11)) and a fluctu-
ating section (Eq. (12)):  
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μeff = μ + μt (13) 

here, SproVD represents the entropy production rate by direct dissipation 
(EPDD) [W/(m3⋅K)], which is induced by time-averaged velocity, SproTD 
represents the entropy production rate by turbulent dissipation (EPTD) 
[W/(m3⋅K)], which is induced by fluctuating velocity.

In the Reynolds time-averaging approach, the fluctuating velocity 
component is not directly computed. Instead, the entropy production 
due to turbulence dissipation is estimated using an approximation 
function integrated with a turbulence model. For instance, in the case of 
the k-ω turbulence model, the entropy production due to dissipation can 
be determined through the following function (Kock and Herwig, 2004): 

SproTD = δ
ρωk
T

(14) 

here, δ denotes the experimental constant of the SST k-ω turbulent 
model, valued at 0.09 (Li et al., 2017); ω indicates the specific dissipa-
tion rate; and k represents turbulence kinetic energy.

The entropy production due to turbulence dissipation and due to 
dissipation can be obtained by EPR integrating with the computational 
domain: 
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∫
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∫

V
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Therefore, the total entropy production can be written as follows: 

STEP = SVD + SVD (17) 

here, SVD refers to the entropy production resulting from direct dissi-
pation (W/m3); STD indicates the entropy production caused by turbu-
lent dissipation (W/m3); and STEP represents the total entropy 

Fig. 2. Schematic view of an ASHT.
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production (W/m3).
Based on the previously discussed theoretical framework, the energy 

loss within a system can be quantitatively determined through integra-
tion. Additionally, the spatial distribution of this energy loss can be 
effectively visualized using the entropy production method.

3. Numerical computational model

3.1. CFD modeling

This research utilizes the steady incompressible Reynolds-Averaged 
Navier-Stokes (RANS) equations in conjunction with the Shear Stress 
Transport k-ω (SST k-ω) turbulence model (Menter, 1994) to perform 
in-depth and effective simulations of flow dynamics. The SST k-ω model 
has proven to be superior in calculating complex flows (Tampier et al., 
2017; Yang et al., 2021; Song and Yang, 2021; Song and Kang, 2022a,b). 
Its capability to accurately capture the behavior of turbulent flows, 
particularly in scenarios involving flow separation and strong pressure 
gradients, makes it especially suitable for hydrodynamic simulations of 
turbines. In the context of turbine flow simulations, the SST k-ω model 
effectively describes flow characteristics near the turbine blades, 
including the formation and development of boundary layers and wake 
regions, which are crucial for accurately predicting turbine perfor-
mance. For pressure-velocity coupling, the COUPLED scheme is 
employed. This scheme effectively manages the interaction between 
pressure and velocity fields, ensuring the accuracy and consistency of 
simulation results. To maintain high computational precision, a 
second-order upwind discretization method was employed for calcu-
lating the convective flux across all cell surfaces. The computational 
fluid dynamics (CFD) simulations were halted under two conditions: 
either when the residuals of all governing equations dropped to 10− 5, or 
when the simulation completed 1000 iterations. Preliminary evaluations 
confirmed that these stopping criteria were adequate to guarantee 
convergence. Additionally, all simulations were conducted using 
double-precision arithmetic to minimize rounding errors during the 
iterative computations.

3.2. Geometry

In this paper, a total of nine ASHTs with different blade angles have 
been designed and created using SolidWorks software. Each ASHT fea-
tures three blades with a diameter of 250 mm. The shaft has a diameter 
of 25 mm, while the thickness of the blades is 3 mm. Additionally, each 
ASHT features three unique blade angles (β1, β2, and β3). The selected 
angles of 15◦, 30◦, 45◦, 60◦, 75◦, and 90◦ were used to create nine 
different ASHT configurations, as illustrated in Fig. 2. To distinguish 
between the various ASHT cases based on blade angles, a notation sys-
tem “x-x-x” is utilized (for instance, “60-75-90” indicates an ASHT 
where β1 = 60◦, β2 = 75◦, and β3 = 90◦). Furthermore, ASHTs can also 

be classified into two categories depending on how the blade angles are 
distributed: (fixed-angle and variable-angle configuration). In a fixed- 
angle setup, all three blade angles are identical, while in a variable- 
angle setup, the angles gradually rise from β1 to β3. Among the nine 
configurations, the following have fixed blade angles: 30-30-30, 45-45- 
45, 60-60-60, 75-75-75, and 90-90-90. In contrast, the configurations 
15-30-45, 30-45-60, 45-60-75, and 60-75-90 exhibit variable blade 
angles.

The performance of an ASHT was defined by power coefficient (CP), 
thrust coefficient (CT) and torque coefficient (CM) whose expression is 
shown as follows: 

CP =
P

0.5ρAV0
3 (18) 

CT =
T

0.5ρAV0
2 (19) 

CM =
M

0.5ρAV0
2R

(20) 

The tip speed ratio (TSR) illustrates the connection between the 
velocity of the flow and the rotational speed of the turbine. This rela-
tionship can be expressed as follows: 

TSR=
πnR
30V0

(21) 

here, T is the axis thrust (N) of turbine, P represents the power output 
(W) of turbine, M represents the torque (N⋅m) of turbine, V0 is the water 
speed (m/s), A is the sweep area of turbine (m2), n is the rotational speed 
of turbine (rpm), and R is the radius of turbine.

3.3. Computational domain

Fig. 3 illustrates the computational domain, which features a well- 
defined coordinate system comprising both a stationary domain and a 
rotating domain. To simulate the turbine’s rotation relative to the sta-
tionary domain, the Moving Reference Frame (MRF) model is employed. 
The rotating domain is designed in a cylindrical shape, allowing for 
relative slip at the interfaces between the rotating and stationary do-
mains. This relative slip is essential for ensuring the efficient transfer of 
flow field information, which is necessary for accurately simulating the 
interaction between the rotating turbine and the stationary fluid within 
the domain. The size of the rotating domain is intentionally set to be 
slightly larger than the length of the shaft and the diameter of the tur-
bine. This sizing strategy minimizes the influence of boundary effects on 
the turbine flow field, thereby providing a more realistic simulation 
environment.

A uniform water velocity (V0) of 0.5 m/s is specified at the inlet of the 
computational domain. Establishing a consistent inlet velocity is a 
common practice in fluid dynamics simulations, as it simplifies the 
analysis and allows for a focused examination of flow behavior within 
the domain. The outlet is defined as an outflow boundary condition, 
enabling the fluid to exit the domain smoothly without introducing 
additional artificial effects. The center of the turbine is positioned at a 
distance of 5D from the inlet and 15D from the outlet. This positioning is 
informed by previous research and empirical knowledge, ensuring that 
the turbine is located in a region where the flow is fully developed, thus 
minimizing the influence of the inlet and outlet boundaries on the tur-
bine flow field. A no-slip condition is applied to the surface of the tur-
bine, aligning with the physical reality that fluid adheres to solid 
surfaces. Conversely, the boundary surrounding the stationary domain is 
designated with a symmetry condition, which reduces computational 
complexity while maintaining the integrity of the flow field simulation.

Fig. 3. Computational domain of an AHST.
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3.4. Computational mesh

Unstructured meshes are utilized in this study due to their automatic 
generation capabilities, offering a more economical option (Lawson 
et al., 2011). However, it is crucial to meticulously control mesh quality 
factors such as orthogonality, skewness, and aspect ratio, particularly 
concerning mesh density. These factors significantly impact the accu-
racy of simulation results. For instance, high skewness values can lead to 
numerical errors and an inaccurate representation of the flow field. 
Research indicates that when using the SST k-ω model, it is advisable to 
maintain y + values at 15 or lower (Moshfeghi et al., 2012). y+ is a 
non-dimensional parameter representing the distance from the wall in 
terms of the turbulent boundary layer. Keeping a low y + value ensures 
that the first mesh layer resides within the viscous sublayer, which is 
essential for the accurate application of the SST k-ω model near the wall. 
To enhance the discretization of the boundary layer, a smooth transition 
algorithm is applied, utilizing ten prism layers. Fig. 4 presents the vol-
ume mesh and surface mesh details around an ASHT. Assuming an 
incoming velocity of 0.5 m/s and a reference length equal to the rotor 
diameter, the Reynolds number (Re) is approximately 1.2 × 105.

The height of the first layer is set at 0.045 mm (The maximum y +

value is restricted to be in the range recognized for the viscous sublayer 
(y+ <3)), with a growth rate of 1.10. This approach improves the res-
olution of the boundary layer by reducing the dimensional difference 
between the final prism layer and the initial polyhedral element. A well- 
resolved boundary layer is vital for accurately capturing flow behavior 
near the turbine blades, including boundary layer separation and vortex 
formation. Moreover, accurately simulating the flow pattern necessi-
tates careful consideration. Mesh refinement is applied near the blade to 
ensure simulation accuracy (Moshfeghi et al., 2017; Al-Dabbagh and 
Yuce, 2019). The region adjacent to the blade is critical, as it experiences 

Fig. 4. Volume mesh and surface mesh around the ASHT.

Table 1 
Power coefficients and relative errors for different mesh sizes.

Mesh Total Cells CP Relative error%

1 2579642 0.2298 3.12
2 3251566 0.2342 1.26
3 3819823 0.2348 1.01
4 4389145 0.2365 0.29
5 5023764 0.2372 0
6 5627891 0.2373 0.04
7 6342378 0.2372 0

Fig. 5. Validation with experimental results.
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complex flow phenomena, such as high-velocity gradients and flow 
separation. Refining the mesh in this area allows for better resolution of 
these intricate flow features, thereby enhancing simulation accuracy. 
Mesh refinement is particularly concentrated around the rotor and the 
downstream wake region to ensure precise simulations.

3.5. Numerical uncertainty

A mesh independence analysis was conducted to verify that the ac-
curacy of the results remains unaffected by variations in element size. 
For this purpose, the 30-45-60 configuration (at TSR = 1.5) was selected 
as a representative case to examine the influence of mesh refinement. 
The mesh resolution was progressively enhanced, resulting in total 
element counts of 2,579,642; 3,251,566; 3,819,823; 4,389,145; 
5,023,764; 5,627,891; and 6,342,378, as detailed in Table 1. 
Throughout these simulations, the y + value was consistently main-
tained y+ <3 to ensure boundary layer resolution. By comparing these 
results across different mesh sets, we can evaluate the impact of mesh 
resolution on simulation results. The findings indicate only slight vari-
ations after cell number reach 5million, suggesting that further im-
provements in mesh resolution would have minimal effects on the 
results of the CFD analysis. To enhance simulation efficiency, the 
6,342,378 mesh configuration (with 2,543,901 million in the rotating 
domain) is selected for subsequent numerical simulations.

3.6. Validation

To validate the accuracy of the computational results, a comparative 
analysis was conducted between the power coefficients of the 30-45-60 
rotor configuration obtained from steady-state RANS CFD simulations 
and the experiment reported by Kamal et al. (2022), as shown in Fig. 5. 
The data reveals an excellent correlation between the predictions of the 
current RANS-based CFD model and the previously published findings 
across the entire operational spectrum, with only minor variations 
observed. Specifically, the peak power coefficient deviation between 
this study and Kamal et al. (2022) was found to be within +1.37%, 
indicating a high degree of consistency between the two studies. These 
variations may arise from differences in testing equipment and envi-
ronmental factors. Additionally, the exclusion of mechanical friction in 
the numerical simulation and potential errors in the experimental 
apparatus could also contribute to these discrepancies. In summary, the 
numerical approach employed in this study has produced results that 
demonstrate a satisfactory level of accuracy.

4. Results in axial flow

4.1. Power, thrust and pressure

When an ASHT undergoes rotational motion under hydrodynamic 
forces, a portion of the kinetic energy from the water is converted into 
mechanical energy, a process analogous to that observed in traditional 
HAHTs. The performance of ASHTs, quantified by the power coefficient 
(CP) and thrust coefficient (CT), is influenced by the tip speed ratio 
(TSR), as illustrated in Fig. 6. The trends in this figure reveal that CP 
values for all ASHT configurations initially increase with TSR before 
reaching a peak and subsequently declining, a behavior consistent with 
conventional HAHTs. This pattern can be attributed to the balance be-
tween energy extraction efficiency and flow separation effects, which 
are well-documented in turbine aerodynamics. In contrast, CT values 
exhibit a consistent decline with increasing TSR across all configura-
tions, suggesting a reduction in hydrodynamic drag as the rotational 
speed increases relative to the incoming flow velocity. Among the nine 
ASHT designs evaluated, the 60-75-90 configuration achieves the 
highest peak CP, while the 30-30-30 design records the lowest. This 
disparity highlights the critical role of blade angle in determining energy 
extraction efficiency. Specifically, ASHTs with larger blade angles 
operate over a broader TSR range and attain peak CP at higher TSR 
values. For instance, the 90-90-90 configuration, which features the 
largest blade angle, demonstrates the widest TSR span and reaches its 
peak CP at the highest TSR value. This behavior can be explained by the 
increased interaction time between the blades and the incoming flow, 
which enhances energy capture at higher rotational speeds. Conversely, 
configurations with smaller blade angles, such as 30-30-30, exhibit a 
narrower operational range and lower peak CP, likely due to reduced 
flow interaction and energy extraction potential. Furthermore, ASHTs 
with variable blade angles (e.g., 15-30-45, 30-45-60, 45-60-75, and 60- 
75-90) consistently achieve higher peak CP values compared to their 
fixed blade angle counterparts (e.g., 30-30-30, 45-45-45, 60-60-60, and 
75-75-75). This suggests that variable blade angles optimize energy 
extraction by adapting to local flow conditions, thereby mitigating los-
ses associated with fixed geometries. Additionally, a strong correlation 
between blade angle and CT values is observed, with larger blade angles 
generally yielding higher thrust coefficients. The 90-90-90 configura-
tion, for example, exhibits the highest CT among all designs, reflecting 
the increased hydrodynamic forces acting on the blades. This trend 
aligns with that larger blade angles result in greater flow obstruction and 
higher drag forces. The observed performance variations can be attrib-
uted to differences in flow dynamics around the ASHT blades, which are 
directly influenced by blade angle. Smaller blade angles allow for less 

Fig. 6. CP and CT versus TSR curves for the ASHTs in axial flow.
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obstructed flow through the turbine, reducing drag but also limiting 
energy extraction. In contrast, larger blade angles enhance energy cap-
ture by increasing flow interaction but at the cost of higher thrust and 
drag. These findings underscore the importance of blade angle optimi-
zation in ASHT design, as it directly impacts both energy extraction 
efficiency and structural loading.

The pressure coefficient (ΔCp) for nine ASHTs at a TSR of 1.5 is 

depicted in Fig. 7. The dynamics of ASHTs are significantly influenced 
by the pressure differentials generated across the blades, which are 
essential for the generation of torque and thrust. Specifically, the pres-
sure side of the blade experiences higher pressure, while the suction side 
is characterized by lower pressure. This pressure difference results in an 
axial drag force on the rotor, facilitating the conversion of hydrody-
namic energy into mechanical energy. This mechanism aligns with the 

Fig. 7. Pressure coefficient (ΔCp =
p

0.5ρV2
0
) distribution on the ASHTs in axial flow.

Fig. 8. Comparison of starting torque between nine ASHTs and other hydrokinetic turbines.
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principles observed in traditional hydrokinetic turbines, where pressure 
differentials serve as a primary driver of rotor motion. A notable aspect 
of the pressure distribution is the gradual movement of high- and low- 
pressure regions toward the blade edges during operation. This shift 
can be attributed to centrifugal effects and flow acceleration around the 
blade geometry, phenomena that are well-documented in rotating hy-
drodynamic systems. Furthermore, as water continuously flows through 
the ASHT, a localized low-pressure zone forms at the trailing edge of the 
pressure side. This occurs due to the acceleration of water as it passes 
over the edge, leading to increased velocity and a corresponding drop in 
pressure, as described by Bernoulli’s principle. This localized low- 
pressure zone contributes to the overall pressure gradient across the 
blade, thereby enhancing the turbine’s torque generation capability. 
The outer sections of the blades, particularly near the leading edge, 
exhibit a significant pressure difference, indicating higher hydrody-
namic loading in these regions. This observation is consistent with the 
expected behavior, where the leading edge experiences the initial 
impact of the incoming flow, resulting in pronounced pressure varia-
tions. The non-uniform pressure profiles across different ASHT config-
urations further underscore the influence of blade geometry on 
hydrodynamic performance. Specifically, configurations with variable 
blade angles, such as 30-45-60, 45-60-75, and 60-75-90, demonstrate 
more pronounced pressure differences compared to fixed-angle designs. 
These larger pressure differentials correlate with higher CP, suggesting 
that variable blade angles optimize energy extraction by enhancing flow 
interaction and pressure gradients. The observed pressure profiles can 
be elucidated by the interplay between blade geometry and flow dy-
namics. Larger blade angles and variable configurations increase the 
effective surface area exposed to the incoming flow, thereby amplifying 
pressure differentials and improving energy capture.

4.2. Self starting performance

The starting torque is a crucial performance metric for hydrokinetic 
turbines, as it determines their ability to initiate rotation under low-flow 
conditions, which are commonly encountered in tidal and river 

environments. Fig. 8 illustrates a comparison of the starting torque co-
efficients (CM,s) for nine ASHTs alongside three other hydrokinetic tur-
bines (Zhang et al., 2023; Song et al., 2019): a Savonius turbine, a 
Propeller type turbine, and a traditional HAHT, all tested at a flow speed 
of 0.5 m/s. The results indicate significant variations in CM,s among the 
different ASHT configurations, with the 15-30-45◦ configuration 
achieving the highest CM,s of 0.311, while the 90-90-90◦ configuration 
shows the lowest CM,s of 0.133. This trend suggests that the starting 
torque of ASHTs decreases as the blade angle increases, a phenomenon 
that can be attributed to the interaction between blade geometry and 
hydrodynamic forces. The impact of blade angle on starting torque is 
fundamentally linked to the flow characteristics around the turbine. 
ASHTs with smaller blade angles experience less flow resistance, 
allowing water to pass through the turbine more efficiently. When water 
strikes the blades, the resulting force can be decomposed into tangential 
and radial components. For ASHTs with smaller blade angles, the 
tangential component represents a larger proportion of the total force, 
leading to greater torque generation and, consequently, higher starting 
torque. This behavior is consistent with the principles of fluid dynamics, 
where blade geometry directly influences the distribution of hydrody-
namic forces and the efficiency of energy conversion. Moreover, ASHTs 
with variable blade angle configurations typically exhibit higher starting 
torques compared to fixed-angle designs. This is likely due to the 
adaptive nature of variable-angle blades, which optimize flow interac-
tion and force distribution across a range of operating conditions. In 
contrast, fixed-angle configurations are less adaptable, resulting in 
suboptimal force distribution and diminished starting torque. When 
compared to other hydrokinetic turbines, ASHTs demonstrate competi-
tive starting torque performance. The Savonius turbine, known for its 
strong self-starting capability as a vertical axis turbine, shows a CM,s 
comparable to ASHTs with moderate blade angles. This similarity 
highlights the effectiveness of ASHTs in low-flow conditions, despite 
their fundamentally different design. Conversely, propeller-type hori-
zontal axis turbines, while exhibiting relatively good self-starting ca-
pabilities among traditional horizontal axis designs, still fall short of 
ASHTs in terms of CM,s. Traditional three-blade horizontal axis turbines, 

Fig. 9. Velocity contours of the ASHTs in axial flow (TSR = 1.5).
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optimized for high-flow conditions, display extremely low CM,s under 
low-flow scenarios, rendering them ineffective for self-starting in such 
environments. The superior starting torque performance of ASHTs can 
be attributed to their unique helical blade geometry, which enhances 
flow interaction and torque generation even at low Reynolds numbers. 
At a Reynolds number of 1.2 × 105, ASHTs maintain a CM,s range of 
approximately 0.15–0.3, underscoring their suitability for low-speed 
flows.

4.3. Velocity contours

As water approaches the ASHT, the helical design of the blades fa-
cilitates rapid flow movement across their surfaces, generating a sig-
nificant wake that has a diameter larger than that of the turbine itself. 
This wake is characterized by a reduction in flow velocity behind the 
ASHT, which reflects the conversion of kinetic energy into angular 
momentum. Fig. 9 illustrates the velocity contours for the nine ASHT 
configurations operating at a TSR of 1.5. The analysis reveals that the 
region near the blade tips exhibits the highest flow velocity, while the 
lowest velocity occurs near the hub, resulting in considerable turbulence 
in this area. These variations in velocity can be attributed to two primary 
factors: the rotational motion of the rotor and the wake generated by the 
hub. The flow dynamics around the ASHT are governed by the interplay 
between pressure gradients and blade geometry. High-pressure flow, 
aligned with the incoming water current, is directed outward toward the 
blade tips, while the flow on the suction side of the blades is drawn 
inward. This pressure differential drives the movement of water from 
high-pressure to low-pressure regions, as described by fundamental 
principles of fluid dynamics. When these opposing flows converge at the 
blade tips, they create a swirling motion that leads to the formation of tip 
vortices. These vortices are a common feature in HAHTs and contribute 
to the overall energy dissipation in the wake region. The velocity con-
tours also highlight significant variations among the nine ASHT con-
figurations, particularly concerning blade angle. ASHTs with smaller 
blade angles allow for more efficient flow over the blades, minimizing 
flow obstruction and reducing turbulence. In contrast, ASHTs with 
larger blade angles, such as the 90-90-90 configuration, exhibit higher 
levels of turbulence and more pronounced hub vortices. This is due to 
the increased flow obstruction caused by larger blade angles, which 
disrupts the smooth passage of water and amplifies recirculation effects. 
For instance, the 90-90-90 ASHT demonstrates a substantially larger 
low-velocity region and a more prominent hub recirculation zone 
compared to configurations with smaller blade angles.

4.4. Energy loss

To determine the entropy production rate (EPR), it suffices to 
consider the effective viscosity alongside the average velocity gradient, 
as shown in Eqs. (8) and (9). This theoretical foundation allows for the 
use of a steady-state solver to calculate the EPR. The EPR can be derived 
through a volume integral, as outlined in Eqs. (11) and (12). The volume 
integral method provides a mathematical framework for integrating 
relevant physical quantities over the entire computational domain, 
facilitating a comprehensive and accurate calculation of the EPR.

Fig. 10 illustrates the total entropy production for the nine ASHTs as 
the TSR varies. The entropy production curves for these configurations 
generally display a pattern of initial decline followed by an increase as 
TSR rises. At low TSR values, flow separation and stalling are prevalent, 
resulting in the mixing of free-stream flow with reverse flow around the 
blades. This mixing leads to significant energy losses due to increased 
turbulence and inefficient energy transfer. As TSR increases, flow sep-
aration is mitigated, which reduces energy losses and enhances turbine 
efficiency. However, at higher TSR values, the interaction between the 
blades and the incoming flow intensifies, leading to a substantial ex-
change of momentum. This interaction increases the relative velocity of 
the flow, generating turbulence and vortices that exacerbate energy 

losses. These observations align with established principles of fluid dy-
namics, where energy dissipation is closely linked to flow separation, 
turbulence, and vortex formation. The total entropy production is also 
influenced by blade angle, with configurations featuring larger blade 
angles consistently exhibiting higher entropy production. This trend can 
be attributed to the increased flow obstruction and higher pressure 
differentials associated with larger blade angles, which amplify turbu-
lence and vortex generation. For instance, the 90-90-90 configuration, 
which has the largest blade angle, demonstrates the highest entropy 
production due to its pronounced flow blockage and enhanced vortex 
activity.

Fig. 11 depicts the entropy production rate (EPR) distribution for the 
nine ASHTs, providing further insight into the spatial characteristics of 
energy loss. The EPR is concentrated near the turbine and extends 
downstream, primarily due to the formation of tip and hub vortices. Tip 
vortices arise from the pressure difference across the blade surfaces, 
while hub vortices result from flow separation and recirculation behind 
the hub. These vortices contribute to high EPR regions near the turbine, 
with their effects propagating downstream along the main flow. In the 
far wake, the EPR diminishes as kinetic energy is gradually restored, 
leading to more uniform flow conditions. Configurations with larger 
blade angles, such as 60-75-90, 75-75-75, and 90-90-90, exhibit more 
pronounced EPR, particularly in the hub region. This is due to the high 
blockage effect of larger blade angles, which forces a greater volume of 
fluid through the central rotor region, intensifying hub vortices and 
energy losses. These hub vortices remain influential up to a distance of 
approximately z = 5D, significantly impacting the wake structure. In 
contrast, tip vortices primarily affect the leading edge of the wake and 
have a comparatively smaller influence on energy loss. These observa-
tions underscore the critical role of blade angle in determining the dis-
tribution and magnitude of energy losses in ASHTs.

The energy loss coefficient (Cl) performs a quantitative analysis of 
energy loss, which is defined as follow: where, 0.5ρAcV3

0 is the input 
power at the inlet, and 

∫

Ae
fEPRdAe is the integral area of the EPR, which 

represents the local energy loss relative to the input energy. 

Cl =

∫

Ae
fEPRdAe

0.5ρAcV3
0

VcT Ae

(14) 

here, Vc indicates the volume of the computational domain, Ac denotes 
the inlet area of the computational domain and Ae represents the area of 
the integration region.

Fig. 12 presents the Cl values on the x-y plane from z = 1D to z = 12D 
for the nine ASHTs at TSR values of 0.5, 1.0, 1.5, and 2.0. The Cl values 
generally decrease with increasing distance downstream, reflecting the 
gradual recovery of kinetic energy in the wake. At lower TSR values, Cl is 

Fig. 10. Total Entropy production versus TSR curves for the ASHTs in 
axial flow.
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Fig. 11. Total entropy production rate distribution of the ASHTs in axial flow (TSR = 1.5).

Fig. 12. Profiles of Cl for the ASHTs in axial flow.
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significantly higher, consistent with the entropy production trends 
shown in Fig. 10. For example, the 90-90-90 configuration, which has 
the lowest power coefficient, exhibits a maximum Cl of 0.0605 at z = 1D 
under TSR = 0.5. Across all TSR conditions, Cl decreases to 0.02 in the 
wake between 8D and 9D, indicating the extent of energy loss and re-
covery. The Cl metric provides a quantitative measure of energy dissi-
pation and kinetic energy recuperation in the wake, offering valuable 
insights into the nature and location of energy losses.

5. Results in yawed flow

5.1. Power, thrust and pressure

Fig. 13 illustrates the relationship between the CP and CT for the nine 

ASHTs at a TSR of 1.5, as the yaw angle (α) varies. At a yaw angle of 10◦, 
the reductions in CP and CT across all ASHT configurations are minimal, 
indicating that small yaw angles have a negligible impact on turbine 
performance. However, as the yaw angle increases, the decline in CP and 
CT becomes more pronounced. For instance, the 60-75-90 ASHT shows 
reductions in CP of − 4.1%, − 25.7%, − 67.2%, − 96.7%, and − 129.5% at 
yaw angles of 10◦, 20◦, 30◦, 40◦, and 50◦, respectively, compared to 
axial flow conditions. Similarly, CT decreases by − 2.5%, − 19.4%, 
− 48.2%, − 79.9%, and − 99.7% at the same yaw angles. These perfor-
mance trends can be attributed to the hydrodynamic behavior of ASHTs 
under yawed flow conditions. As the yaw angle increases, the axial 
projected area of the ASHT decreases, which reduces the effective ki-
netic energy available for conversion by the turbine. This reduction in 
energy capture is further exacerbated by intensified flow separation at 

Fig. 13. CP and CT versus α curves for the ASHTs in yawed flow.

Fig. 14. Pressure coefficient (ΔCp =
p

0.5ρV2
0
) distribution on the ASHTs in yawed flow (α = 20◦).
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the front end of the elongated rotor shaft, leading to increased turbu-
lence in the upstream flow. This turbulence disrupts the smooth inter-
action between the flow and the blades, resulting in inefficiencies in 
energy extraction, as illustrated in Fig. 15. Additionally, yawed flow 
alters the orientation of the incoming flow relative to the rotor, 
decomposing it into two components: a spanwise component and an 
axial component. Only the axial component contributes to the genera-
tion of thrust and torque, while the spanwise component primarily in-
duces drag and secondary flow effects, further diminishing turbine 
efficiency. The impact of yaw angle on performance is also influenced by 
blade geometry. ASHTs with larger blade angles, such as the 90-90-90 
configuration, exhibit a broader operating range of yaw angles and 
maintain positive CP values even at α = 45◦. This resilience can be 
attributed to the enhanced flow interaction and adaptability of larger 
blade angles under varying flow conditions. In contrast, fixed blade 
angle configurations, such as 30-30-30, 45-45-45, 60-60-60, and 75-75- 
75, demonstrate a wider range of effective yaw angles compared to their 
variable blade angle counterparts (e.g., 15-30-45, 30-45-60, 45-60-75, 
and 60-75-90). This suggests that fixed blade angles may offer greater 
stability and performance consistency under yawed flow conditions, 
albeit at the cost of reduced adaptability. These findings align with 
established principles of fluid dynamics and turbine aerodynamics, 
where yawed flow is known to reduce the effective energy capture area 
and induce complex flow phenomena such as flow separation and tur-
bulence. The observed performance trends are consistent with studies on 
other HAHTs, which have shown that yawed flow significantly impacts 
energy extraction efficiency.

Fig. 14 illustrates the distribution of the pressure coefficient (ΔCp) 
for the nine ASHTs operating at a yaw angle (α) of 20◦. Similar to the 
dynamics observed under axial flow conditions, all ASHT configurations 
demonstrate increased pressure on the pressure side and decreased 
pressure on the suction side when subjected to yawed flow. However, 
the introduction of yawed flow results in significant asymmetries in the 
pressure distribution across the blades. In axial flow, the ΔCp distribu-
tion remains consistent in the circumferential direction, indicating a 
uniform interaction between the flow and the blades. In contrast, yawed 

flow generates a region of elevated pressure on the deflected side of the 
rotor, which alters the flow dynamics and reduces the overall pressure 
differential across the blades. This phenomenon occurs because yawed 
flow allows the incoming water to bypass the blade tip more easily, 
reaching the suction side with less resistance. Consequently, the pres-
sure differential between the pressure and suction sides diminishes, 
leading to a notable decline in both the CP and CT. This reduction in 
performance aligns with established principles of fluid dynamics, where 
yawed flow decreases the effective energy capture area and disrupts the 
optimal flow interaction necessary for efficient energy extraction. The 
observed changes in pressure also correspond with findings from studies 
on HAHTs, which have shown that yawed flow induces similar asym-
metries and performance degradation. Moreover, prolonged operation 
under yawed flow conditions can exacerbate the pressure differential 
across the blades, resulting in increased dynamic stress on the turbine 
structure. This elevated dynamic stress can accelerate fatigue and 
structural wear, potentially compromising the long-term durability and 

Fig. 15. Velocity contours of the ASHTs in yawed flow (α = 20◦).

Fig. 16. Total Entropy production versus α curves for the ASHTs in yawed flow.
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reliability of the turbine.

5.2. Velocity contours

Fig. 15 illustrates the velocity contours for the nine ASHTs operating 
at a yaw angle (α) of 20◦ and a TSR of 1.5. The analysis indicates that all 
ASHT configurations experience unsteady flow separation under yawed 
conditions, resulting in a wake that is significantly more turbulent 
compared to axial flow conditions. When water interacts with the rotor, 
a high-speed region forms near the blade tips; however, this velocity 
diminishes as the flow progresses downstream. Concurrently, a low- 
speed region develops behind the hub due to flow obstruction, dis-
rupting the downstream flow field. This behavior aligns with the energy 
conversion process, where the kinetic energy of the incoming flow is 
transformed into mechanical energy by the blades, leading to a sub-
stantial reduction in the axial velocity component immediately down-
stream of the turbine. Further downstream, the flow gradually recovers 
its velocity as kinetic energy is replenished in the wake region. Under 
yawed conditions, the wake of the ASHT undergoes both displacement 
and distortion, with the yaw angle (α) playing a critical role in deter-
mining the direction and magnitude of wake deflection. This result in a 
significant alteration of the wake shape, which is displaced to one side, 
creating a complex and asymmetric flow field downstream. This 
complexity arises because the incoming flow separates into axial and 
tangential components when interacting with the yawed rotor. The axial 
component, primarily responsible for energy extraction, is diminished, 
while the tangential component induces secondary flow effects, further 
complicating the wake structure. This asymmetric flow pattern and the 
reduced axial momentum in the wake are key factors contributing to the 
performance degradation observed under yawed conditions. A notable 
distinction between ASHTs and HAHTs is the behavior of the wake width 
under yawed flow. While the wake of a HAHT typically narrows as the 
yaw angle increases, the wake width of an ASHT remains relatively 
unchanged. This difference can be attributed to the greater axial length 
of ASHTs, which ensures that the projected area facing the incoming 

flow remains largely consistent even under yawed conditions. This 
characteristic of ASHTs mitigates the reduction in wake width, but it 
also contributes to the persistence of turbulence and flow complexity in 
the wake.

5.3. Energy loss

Fig. 16 illustrates the total entropy production for the nine ASHTs at 
various yaw angles (α). The results indicate a consistent increase in total 
entropy production as the yaw angle increases. For example, the 60-75- 
90 configuration shows minimal changes in entropy production at yaw 
angles of α = 0◦ and 10◦. However, a significant increase in entropy 
production is observed when the yaw angle rises to 20◦ and beyond. 
Specifically, compared to α = 0◦, the entropy production at α = 20◦, 30◦, 
40◦, and 50◦ increases by factors of 1.14, 1.31, 1.60, and 2.00, respec-
tively. This trend can be attributed to the enhanced turbulence intensity 
and velocity gradient induced by larger yaw angles, which amplify en-
ergy dissipation and entropy generation. These observations are 
consistent with the principles of fluid dynamics, where increased flow 
complexity and turbulence lead to higher entropy production. At smaller 
yaw angles (α < 20◦), the ranking of total entropy production among the 
nine ASHT configurations remains consistent with that observed under 
axial flow conditions. Configurations featuring larger blade angles 
generally produce higher entropy due to greater flow obstruction and 
pressure differentials, which intensify turbulence and energy losses. 
However, as the yaw angle exceeds 40◦, this trend is disrupted. For 
instance, the 45-45-45 configuration exhibits higher entropy production 
than configurations with larger blade angles, such as 60-60-60 and 75- 
75-75. This shift suggests that, at high yaw angles, factors such as 
flow separation and vortex formation become more significant in 
determining entropy production than blade angle alone.

Fig. 17 depicts the entropy production rate (EPR) distribution for the 
nine ASHTs at α = 20◦. The figure reveals a localized area of elevated 
entropy rate near the upper half of one side of the blades, with the tip 
region experiencing higher losses compared to axial flow conditions. 

Fig. 17. Total entropy production rate distribution of the ASHTs in yawed flow (α = 20◦).
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This phenomenon is a direct consequence of yawed flow, where flow 
separation initiates from the blade edges on the deflected pressure side, 
generating significant vortices that envelop the blade surface. A com-
parison of Fig. 17 with Fig. 11 (axial flow conditions) further highlights 
the increased EPR within the wake under yawed flow, which adopts 
increasingly complex and asymmetric shapes as it propagates down-
stream. The majority of entropy production occurs near the tip and hub 
of the ASHT, primarily due to extensive flow separation and vortex 
generation in these regions. These vortices are the main contributors to 
overall entropy production, as they induce energy dissipation and 
disrupt the flow field.

Fig. 18 presents the Cl values on the x-y plane from z = 1D to z = 12D 
for the nine ASHTs at yaw angles of 10◦, 20◦, 30◦, and 40◦. At α = 10◦

and 20◦, the Cl distribution follows a consistent trend, gradually 
decreasing with increasing downstream distance. However, at α = 30◦

and 40◦, the Cl pattern shifts, showing an initial rise followed by a 
decline. Notably, the 45-45-45 configuration exhibits a peak in Cl at α =

40◦, indicating a localized increase in energy loss and flow complexity. 
This behavior is further elucidated in Fig. 19, which illustrates the EPR 
for the 45-45-45 configuration at α = 30◦ and 40◦. At α = 40◦, the blade 
on the deflected side of the 45-45-45 configuration becomes nearly 
perpendicular to the incoming flow. According to the principle of least 
resistance, water flows around one side of the ASHT, leading to flow 
separation and the formation of extensive separation vortices. These 
vortices create regions of high local entropy production, contributing to 
the overall increase in energy dissipation.

6. Discuss

While this study primarily examines the performance characteristics 
of the ASHT under low-flow conditions, it is crucial to assess the impact 
of the Reynolds number (Re) on its performance. The 30-45-60 config-
uration serves as a case study to investigate this relationship. Fig. 20
illustrates how the CP and CT vary as a function of the TSR for the 30-45- 

Fig. 18. Profiles of Cl for the ASHTs in yawed flow.

Fig. 19. Total entropy production rate distribution of the 45-45-45 configuration at α = 30◦ and 40◦.
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60 configuration across different Reynolds numbers. The results indicate 
that as the Re increases—corresponding to flow velocities (V0) rising 
from 0.3 m/s to 2.0 m/s, which translates to Re values from 7.5 × 104 to 
5.0 × 105—there is a significant improvement in CP. For example, when 
the flow velocity is 0.3 m/s (Re = 7.5 × 104), the peak CP is approxi-
mately 0.233. In contrast, at Re = 5.0 × 105, the peak CP increases to 
about 0.245, reflecting an enhancement of roughly 5.2%. This trend is 
consistent with findings from Bourhis et al. (2023), which suggest that 
higher Reynolds numbers improve the peak CP by reducing flow sepa-
ration and enhancing flow attachment to the blade surfaces, thereby 
increasing energy extraction efficiency. The CP-TSR curves further 
reveal that higher Reynolds numbers lead to broader operational ranges 
and a gradual shift of the optimal TSR to higher values. For instance, at 
Re = 7.5 × 10^4, the optimal TSR is approximately 1.4, whereas at Re =
5.0 × 105, it rises to about 1.6. This shift can be attributed to improved 
flow dynamics at higher Reynolds numbers, where reduced viscous ef-
fects and enhanced momentum transfer enable the turbine to operate 
efficiently at elevated TSR values. These observations align with the 
mechanisms described by Bourhis et al. (2023), which emphasize the 
role of Reynolds number in optimizing turbine performance. Notably, 
when the Reynolds number reaches 3.7 × 105, the CP curve nearly co-
incides with that at Re = 5.0 × 105, suggesting that the influence of Re on 
the peak CP becomes less pronounced beyond this threshold. This in-
dicates that the primary effect of Re on ASHT’s performance is most 
significant at lower to moderate Reynolds numbers (Re ≤ 3.7 × 105), 
where viscous effects and flow separation are more dominant. Similarly, 
the effect of Reynolds number on the CT mirrors its impact on CP. As Re 
increases, CT also experiences an enhancement, reflecting improved 
flow interaction and momentum transfer at higher flow velocities. This 
trend further underscores the importance of Reynolds number in 
determining both the energy extraction efficiency and the hydrody-
namic loading of the ASHT. In summary, the increase in flow velocity 
and Reynolds number enhances flow attachment to the ASHT blades, 
improving both CP and CT while broadening the operational range of 
TSR. However, the overall performance improvement is relatively 
modest, particularly at higher Reynolds numbers (Re > 3.7 × 105), 
where the influence of Re diminishes.

On the other hand, although the theory of entropy production is a 
powerful tool for diagnosing energy losses in turbines, it does not 
constitute a complete theory of energy dissipation. To the best of our 
knowledge, there is currently no fully satisfactory general theory 
regarding energy losses in open flow turbines (such as wind turbines or 
hydrokinetic turbines). In our current research, the analysis of energy 
losses in ASHT has not yet covered all aspects and has certain limita-
tions. The entropy production theory focuses on irreversible losses 
caused by viscosity and turbulence, but it does not account for all forms 

of energy loss. For instance, at low TSR, additional kinetic energy losses 
occur in the wake due to the higher circumferential velocity. These 
losses are not related to entropy production, as evidenced by the values 
of Cl in Fig. 12, which are relatively small compared to CP. Moreover, 
some researchers also have analyzed the energy loss behavior of turbines 
using entropy production theory while neglecting the effects of heat 
conduction and radiation under the assumption of constant environ-
mental temperature. For example, Shen et al. (2024) conducted an 
analysis of energy losses in double Darrieus vertical axis wind turbine 
and found that as the pitch angle of the outer rotor increases, both total 
entropy production and turbulent entropy production gradually 
decrease. In most azimuth angles, an increase in the pitch angle of the 
inner rotor leads to a gradual increase in total entropy production. 
Similarly, Zang et al. (2022) analyzed the energy losses in ducted hy-
drokinetic turbines and discovered that high entropy production areas 
are located at the duct entrance, blade tips, and behind the hub, as well 
as at the diffuser exit. They noted that the entropy production rate in the 
near-wake region deflects towards the free surface and the bottom of the 
tank. However, the aforementioned studies do not explain all forms of 
energy loss, particularly those related to the global flow and wake re-
covery of turbines at different TSRs. Nevertheless, this does not preclude 
the use of entropy production theory as a supplementary perspective. By 
quantifying irreversible losses associated with fluid viscosity and tur-
bulent dissipation processes, it aids in identifying the specific locations 
and mechanisms of flow losses within the flow field. In our research, we 
successfully employed the theory of entropy production to quantify and 
locate these losses, particularly in the wake region and near the blade 
tips and hub, where significant vortices and flow separation phenomena 
occur. This approach enables us to identify specific areas and mecha-
nisms of energy dissipation that traditional analytical methods cannot 
match.

7. Conclusions

This comprehensive study explores the hydrodynamics and energy 
loss characteristics of nine ASHTs with varying blade angles, assessing 
their performance under both axial and yawed flow conditions. By 
analyzing key parameters such as power coefficient, thrust coefficient, 
pressure coefficient, velocity contours, total entropy production, and 
energy loss coefficient, this research provides critical insights into 
optimizing ASHT’s performance.

The findings indicate that ASHTs with larger blade angles exhibit a 
wider operating range of TSRs and achieve peak performance at higher 
TSRs, while also generating greater thrust coefficients. This suggests that 
ASHTs with larger blade angles may be more adaptable due to their 
ability to operate efficiently across a broader range of conditions. 

Fig. 20. CP and CT versus TSR curves for the 30-45-60 at different Reynolds numbers.
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However, the increased thrust associated with larger blade angles also 
implies higher structural loads, necessitating robust design consider-
ations to ensure the turbine’s longevity. Furthermore, variable-angle 
configurations demonstrate higher peak power coefficients and lower 
thrust coefficients compared to fixed blade angle configurations. This 
highlights their potential for optimizing energy extraction while mini-
mizing structural stress, making them particularly suitable for dynamic 
flow environments.

The study also emphasizes the significance of wake dynamics and 
energy loss mechanisms. Larger blade angle configurations create a 
more extensive low-velocity region behind the turbine, accompanied by 
a prominent hub recirculation zone. Energy loss in the wake is primarily 
driven by tip and hub vortices, with hub vortices being the dominant 
contributors to elevated EPR in configurations with larger blade angles. 
Under yawed flow conditions, increasing yaw angles lead to significant 
reductions in CP and CT, altered wake structures, and increased total 
entropy production. The pressure distribution across the turbine is 
modified, reducing the pressure differential between the two sides and 
further diminishing performance. While variable-angle configurations 
are efficient, they exhibit a narrower operating range of yaw angles 
compared to fixed blade angle configurations, indicating a trade-off 
between adaptability and performance under yawed flows.

Additionally, the study highlights the influence of the Reynolds 
number on ASHT performance. As the Reynolds number increases, both 
the power coefficient and thrust coefficient improve, and the opera-
tional range of TSR broadens. However, at higher Reynolds numbers (Re 
> 3.7 × 105), the performance gains become less pronounced, sug-
gesting that operators must carefully balance the cost-benefit of 
deploying turbines in high-velocity flow areas. The energy loss coeffi-
cient emerges as a valuable metric for quantifying energy loss and ki-
netic energy recovery in the wake, underscoring the importance of 
optimizing ASHT configurations to enhance energy efficiency and 
profitability in ocean current power generation.

In summary, the study’s findings translate into actionable recom-
mendations for ASHT design and operation: (1) In environments with 
variable flow speeds, ASHTs with larger blade angles should be priori-
tized due to their broader operational range, but structural re-
inforcements are necessary to accommodate increased thrust. (2) 
Incorporating variable blade angle configurations can optimize energy 
extraction and reduce structural stress. (3) Designers should aim to 
balance blade angle and flow dynamics to minimize energy losses, 
potentially through hybrid configurations or advanced flow control 
techniques. (4) Designers should consider the Reynolds number in site 
selection, targeting areas with optimal flow velocities to maximize ef-
ficiency. By implementing these recommendations, the efficiency, reli-
ability, and profitability of ASHTs in tidal energy applications can be 
significantly enhanced.
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