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Abstract 

The use of existing water distribution infrastructure for micro-hydropower generation offers a practical pathway toward 

decentralized and low-carbon energy production. Lift-type vertical-axis water turbines (VAWTs) are particularly attractive for 

in-pipe applications because they operate independently of flow direction and can achieve relatively high efficiency at moderate 

rotational speeds. However, their performance is often constrained by unsteady flow behavior, torque fluctuations, and associated 

pressure losses in confined pipeline environments. This study numerically investigates the effectiveness of a stationary flow 

deflector in enhancing the hydrodynamic performance of a lift-type vertical-axis in-pipe water turbine. Three-dimensional 

unsteady computational fluid dynamics (CFD) simulations were conducted to evaluate turbine operation with and without a 

deflector under gravity-fed pipeline conditions. The effects of blade number and tip-speed ratio were systematically examined. 

Key performance indicators, including instantaneous and time-averaged torque, power output, pressure drop, and hydraulic 

efficiency, were quantified and compared. The results show that the introduction of the flow deflector significantly improves 

flow guidance toward the windward blades, leading to stronger lift generation and reduced flow separation. Across the 

investigated operating range, the deflector-assisted turbine achieved torque increases of approximately 20-30% and power output 

improvements of up to 30-40% relative to the baseline configuration without a deflector. Peak hydraulic efficiency was observed 

at moderate tip-speed ratios, with efficiency gains of approximately 15-25%. At the same time, the additional pressure loss 

introduced by the deflector remained limited, typically below 5% of the equivalent pressure head. Furthermore, torque 

fluctuations were noticeably reduced, indicating more stable turbine operation. These findings demonstrate that flow deflectors 

can effectively mitigate the unsteady hydrodynamic limitations of lift-type in-pipe turbines while preserving acceptable pressure 

losses, providing new design insights for micro-hydropower energy recovery in water distribution networks. 
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1. Introduction 

The accelerating global demand for clean, reliable, and de-

centralized energy has intensified interest in renewable tech-

nologies that can be integrated into existing infrastructure. 

Among the available renewable options, hydropower remains 

one of the most mature, predictable, and energy-dense sources 

of electricity generation [1]. While large-scale hydropower 

systems dominate global installed capacity, their environmen-

tal footprint, long development timelines, and geographic con-

straints have shifted attention toward small- and micro-scale 

hydropower solutions that can be deployed with minimal eco-

logical disruption [2, 3]. In this context, energy recovery from 

existing water distribution systems particularly gravity-fed 

pipelines, has emerged as a promising and largely untapped 

opportunity. 

Water distribution networks frequently operate under sur-

plus hydraulic head, which is traditionally dissipated through 

pressure reducing valves to protect downstream infrastructure 

[4]. Replacing or supplementing these valves with in-pipe tur-

bines enables the conversion of otherwise wasted hydraulic 

energy into useful electricity without compromising water 

supply reliability [5, 6]. Such systems are especially attractive 

for powering remote sensors, monitoring equipment, and lo-

calized electrical loads, thereby supporting smart water net-

works and decentralized energy strategies [7]. However, the 

confined geometry of pipelines imposes strict constraints on 

turbine design, requiring compact configurations that deliver 

meaningful power output while maintaining low pressure 

losses. 

Vertical-axis water turbines (VAWTs) have gained increas-

ing attention for in-pipe hydropower applications due to their 

compact footprint, mechanical simplicity, and independence 

from flow direction [8, 9]. Compared with horizontal-axis de-

signs, lift-type VAWTs can achieve higher power coefficients 

under steady flow conditions and are better suited for opera-

tion at moderate to high tip-speed ratios [10]. Nevertheless, 

their performance in confined pipeline environments is often 

hindered by unsteady hydrodynamic phenomena, including 

dynamic stall, flow separation, and strong torque fluctuations 

[11, 12]. These effects not only reduce power output but also 

lead to mechanical vibrations and operational instability, lim-

iting the practical deployment of lift-type in-pipe turbines. 

Flow control strategies have been widely investigated as a 

means of improving turbine performance by guiding incoming 

flow and enhancing energy extraction. In open-flow and pipe-

line environments, the use of flow deflectors or guide vanes 

has been shown to significantly improve the performance of 

drag-type turbines by redirecting flow toward the advancing 

blades and increasing local flow velocity [13-15]. Numerical 

and experimental studies report notable gains in torque and 

power output for deflector-assisted drag-type turbines, albeit 

sometimes accompanied by increased pressure losses [16, 17]. 

Despite these advances, the application of deflectors to lift-

type vertical-axis turbines particularly within confined pipe-

line flows remains comparatively underexplored. 

Existing studies on lift-type in-pipe turbines have primarily 

focused on blade geometry optimization, rotor solidity, helic-

ity, and operating tip-speed ratios [18-20]. While these inves-

tigations provide valuable insights into turbine design, they do 

not fully address the inherent unsteady flow behavior that lim-

its performance in confined environments. Moreover, the hy-

drodynamic interaction between a stationary flow deflector 

and a rotating lift-type VAWT has not been systematically 

quantified. Key performance indicators such as torque gener-

ation, power output, pressure drop, and hydraulic efficiency 

under deflector-assisted operation remain insufficiently un-

derstood, creating a critical knowledge gap that hinders design 

optimization and real-world deployment. 

To address this gap, the present study conducts a compre-

hensive computational investigation of a lift-type vertical-axis 

in-pipe water turbine integrated with a flow deflector. Using 

three-dimensional unsteady computational fluid dynamics 

(CFD), the hydrodynamic performance of the turbine is ana-

lyzed under gravity-fed pipeline conditions. The effects of 

blade number and tip-speed ratio are systematically examined 

while maintaining a fixed deflector configuration, enabling a 

clear assessment of deflector-induced performance changes. 

Key metrics including instantaneous and time-averaged 

torque, power output, pressure loss, and hydraulic efficiency 

are evaluated and compared against a baseline turbine without 

a deflector. 

The results demonstrate that the incorporation of a flow de-

flector significantly enhances flow guidance toward the wind-

ward blades, leading to higher torque generation, increased 

power output, and improved hydraulic efficiency, while main-

taining acceptable pressure losses within the pipeline. Further-

more, the deflector reduces torque fluctuations, contributing 

to more stable turbine operation. These findings confirm the 

effectiveness of deflector-assisted flow control for lift-type in-

pipe turbines and provide practical design insights for the de-

velopment of efficient micro-hydropower systems in water 

distribution networks. 

2. Literature Review 

Energy recovery from water conveyance systems has at-

tracted increasing research attention as a viable pathway for 

decentralized and low-impact renewable power generation. 

In-pipe hydropower turbines, particularly vertical-axis config-

urations, are well suited for such applications due to their com-

pact geometry and compatibility with confined flows. Early 

comparative studies by Yang et al. demonstrated that both lift-

type and drag-type vertical-axis pipeline turbines can achieve 

acceptable hydraulic performance, with lift-type turbines ex-

hibiting higher power coefficients under similar tip-speed ra-

tios, albeit with less stable startup behavior [7]. Importantly, 
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these studies highlighted the need to balance power extraction 

with pressure loss to avoid compromising water supply func-

tionality. 

Blade design and rotor configuration have been shown to 

play a dominant role in turbine performance. Numerical and 

experimental investigations on conventional hydraulic tur-

bines, such as Kaplan turbines, confirmed that increasing 

blade number and optimizing chord distribution can signifi-

cantly improve efficiency, particularly under low-flow condi-

tions [21]. Similar trends have been observed for vertical-axis 

devices, where increased blade solidity generally enhances 

torque and power output but may also increase hydraulic 

losses if not carefully optimized [11, 22]. 

Considerable effort has been devoted to improving turbine 

performance through blade profile innovation and hybrid lift-

drag concepts. Combined lift-drag (CLD) blade designs ap-

plied to Savonius turbines have demonstrated notable im-

provements in power coefficient compared to conventional 

drag-only configurations [8, 22, 23]. These studies confirm 

that exploiting both lift and drag mechanisms can enhance en-

ergy extraction, especially at low tip-speed ratios. Reviews of 

Darrieus and lift-type turbine design approaches further em-

phasize the importance of airfoil selection, solidity, and un-

steady flow modeling in achieving reliable performance pre-

dictions [24]. 

Recent advances in computational fluid dynamics (CFD) 

have enabled detailed investigation of in-pipe lift-type tur-

bines under realistic operating conditions. Three-dimensional 

numerical studies of spherical and helical lift-based in-pipe 

turbines revealed strong dependencies of power output and ef-

ficiency on blade number, chord length, helicity, and pitch an-

gle [25]. These works also showed that pressure losses intro-

duced by well-designed lift-type turbines can remain within 

acceptable limits, typically below 3% of the total pipeline 

head. However, they also reported that increased solidity has 

a more pronounced effect on head loss than other geometric 

parameters. 

Beyond blade and rotor optimization, several studies have 

explored flow control strategies to improve turbine perfor-

mance. Deflectors, guide plates, and flow-disturbing elements 

have been successfully applied to drag-type turbines and hy-

brid configurations to redirect incoming flow toward the ad-

vancing blades, resulting in substantial power gains [9, 26-28]. 

Experimental and numerical investigations reported power 

output increases of up to 80% in some cases when deflectors 

were optimally positioned [2]. Similar benefits were observed 

in combined Darrieus-Savonius turbines, where deflectors im-

proved torque generation and startup behavior [28, 29]. 

In parallel with these developments, some recent studies 

have employed the volume of fluid method to investigate tur-

bine performance in hydraulic systems involving free-surface 

or multiphase flow conditions. These studies primarily focus 

on scenarios where air-water interface dynamics, surface de-

formation, or partial conduit filling significantly influence tur-

bine loading and efficiency. Volume of fluid-based simula-

tions have been shown to effectively capture transient inter-

face behavior, vortex evolution, and pressure fluctuations in 

hydrokinetic and conduit-based turbine applications operating 

under non-fully flooded conditions [43-46]. Such investiga-

tions provide valuable insights into unsteady turbine-flow in-

teractions when phase interfaces are present, although their 

applicability is mainly limited to free-surface or multiphase 

environments rather than fully pressurized pipelines. 

Despite these advances, the majority of deflector-based 

studies have focused on drag-type or hybrid turbines, wind 

turbines, or open-flow hydrokinetic devices [6, 30-34]. Inves-

tigations involving lift-type vertical-axis turbines have largely 

concentrated on blade aerodynamics, solidity, and operating 

tip-speed ratios, with little attention given to deflector-assisted 

flow control in confined pipeline environments [35-38]. No-

tably, no systematic CFD-based study has quantified the hy-

drodynamic impact of a stationary deflector on the perfor-

mance of a lift-type vertical-axis in-pipe water turbine. 

Therefore, a clear knowledge gap exists regarding the use 

of flow deflectors to enhance the performance of lift-type ver-

tical-axis turbines in pipeline applications. Addressing this 

gap is essential for mitigating unsteady flow effects, improv-

ing torque stability, and increasing power output while main-

taining acceptable pressure losses. The present study directly 

responds to this gap by numerically investigating a deflector-

assisted lift-type vertical-axis in-pipe water turbine, providing 

new quantitative insights into its hydrodynamic performance 

and practical applicability. 

3. Methodology 

3.1. Geometric Modeling 

 
Figure 1. 3D modeled Gorlov pipe turbine geometry. 

A three-dimensional model of a lift-type vertical-axis water 

turbine was developed for integration into a circular gravity-

fed pipeline. The turbine geometry consists of a centrally 

mounted vertical shaft supporting multiple lift-based blades 

arranged symmetrically around the rotor circumference. The 

blade profile and geometric parameters were selected based 
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on established lift-type turbine design principles to ensure ad-

equate flow interaction while maintaining sufficient flow per-

meability within the pipe. Schematic of the turbine geometry 

and blade profile is presented in Figures 1 and 2, respectively, 

while the principal geometric parameters are summarized in 

Table 1. 

 
Figure 2. Hydrofoil NACA 0020 blade profile of the VAWT. 

Table 1. Geometric parameters of the lift-type VAWT and computa-

tional domain. 

Parameter Value/Range 

Pipe inner diameter (Dp) 200 mm 

Total pipeline length (Lp) 3800 mm 

Upstream pipe length (Lu) 1400 mm 

Downstream pipe length (Ld) 2400 mm 

Turbine rotor diameter (Dr) 0.85 Dp 

Turbine height (H) = Dp 

Number of blades (N) 3, 4, 5 

Blade chord length (c) 0.15 Dr 

Blade profile Lift-type hydrofoil/thin plate 

arc 

Turbine solidity (σ) 0.2, 0.3, 0.4 

Solidity range 0.2-0.6 

Deflector shrinkage ratio (ε) 0.58 

A stationary flow deflector was positioned upstream of the 

turbine to redirect the incoming flow toward the windward 

blades. The deflector geometry was designed to partially block 

the pipe cross-section, thereby accelerating the flow locally 

while minimizing excessive hydraulic losses. The relative po-

sition of the deflector with respect to the turbine rotor and the 

resulting contraction of the flow passage are illustrated in Fig-

ure 3. The deflector shrinkage ratio, defined as the ratio of the 

blocked area to the pipe cross-sectional area, was maintained 

constant throughout the simulations in order to isolate the ef-

fects of blade number and rotational speed on turbine perfor-

mance. Previous studies were carried out with a blockage ratio 

ranging from 0.58-0.9, and it was discovered that a blockage 

level of 80% provides a better efficiency. In this numerical 

analysis, a deflector was placed such that the blockage ratio 

was 0.8. The angle of deflector considered for the simulation 

was 15° and 20° respectively. 

 
Figure 3. Computational domain. 

3.2. Computational Domain and Boundary 

Conditions 

The computational domain consists of three main regions: 

an upstream pipe section to ensure fully developed inflow 

conditions, a central turbine-deflector interaction region, and 

a downstream pipe section to allow pressure recovery and 

wake dissipation. The overall domain layout and dimensions 

are shown in Figure 3. The upstream and downstream lengths 

were selected in accordance with best practices for confined-

flow turbine simulations to minimize boundary-induced nu-

merical artifacts. 

At the inlet, a uniform velocity boundary condition was im-

posed to represent steady gravity-driven flow within the pipe-

line. The outlet boundary was defined using a static pressure 

condition corresponding to atmospheric reference pressure. 

All pipe walls, turbine blades, shaft, and deflector surfaces 

were treated as no-slip walls. These boundary conditions are 

summarized in Table 2. 

Table 2. Boundary Conditions and Operating Parameter. 

Boundary / Parameter Specification Description 

Inlet boundary 

condition 
Velocity inlet 

Uniform inlet 

velocity 

Inlet flow direction Axial 
Aligned with pipe 

centerline 

Outlet boundary condi-

tion 
Pressure outlet 

0 Pa (gauge pres-

sure) 

Pipe wall No-slip wall Stationary 

Turbine blades No-slip wall Rotating 

Turbine shaft No-slip wall Rotating 

Deflector surface No-slip wall Stationary 
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Boundary / Parameter Specification Description 

Fluid type Water Incompressible 

Fluid density ρ 998 kg.m-3 

Dynamic viscosity μ 0.001 Pa.s 

Turbulence model URANS, k-ε 
Standard wall 

functions 

Reference pressure - Atmospheric 

Operating temperature - Constant 

Gravity - Neglected 

3.3. Governing Equations 

The flow was modeled as incompressible and turbulent. The 

unsteady Reynolds-Averaged Navier-Stokes (URANS) equa-

tions were solved to capture the time-dependent interaction 

between the rotating turbine blades and the surrounding flow. 

The continuity and momentum equations governing the flow 

are expressed as Eq. (1) and Eq. (2), respectively: 

∇ ⋅ u = 0                 (1) 

∂u

∂𝑡
+ (u ⋅ ∇)u = −

1

𝜌
∇𝑝 + 𝜈∇2u + F𝑡       (2) 

where u is the velocity vector, 𝑝 is pressure, 𝜌 is fluid den-

sity, 𝜈 is kinematic viscosity, and F𝑡   represents the turbu-

lence-induced Reynolds stresses. 

3.4. Turbulence Modeling 

Turbulence effects were modeled using the standard 𝑘 − 𝜀 

model, which is widely adopted for internal turbulent flows 

involving flow separation and rotating machinery due to its 

numerical robustness and reasonable computational cost. This 

model has been successfully applied in previous numerical in-

vestigations of in-pipe turbines and vertical-axis flow devices 

under confined conditions [39, 40]. 

The transport equation for the turbulent kinetic energy 𝑘 is 

given by: 

∂(𝜌𝑘)

∂𝑡
+

∂(𝜌𝑘𝑢𝑗)

∂𝑥𝑗
=

∂

∂𝑥𝑗
[(𝜇+

𝜇𝑡

𝜎𝑘
)

∂𝑘

∂𝑥𝑗
] + 𝐺𝑘 − 𝜌𝜀    (3) 

The transport equation for the turbulence dissipation rate 

𝜀is expressed as: 

∂(𝜌𝜀)

∂𝑡
+

∂(𝜌𝜀𝑢𝑗)

∂𝑥𝑗
=

∂

∂𝑥𝑗
[(𝜇+

𝜇𝑡

𝜎𝜀
)

∂𝜀

∂𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
  (4) 

where 

𝑘 is the turbulent kinetic energy, 

𝜀 is the rate of dissipation of turbulent kinetic energy, 

𝜌 is the fluid density, 

𝑢𝑗 represents the velocity components, 

𝜇 is the molecular viscosity, 

𝜇𝑡 is the turbulent (eddy) viscosity, 

𝐺𝑘  is the production of turbulent kinetic energy due to 

mean velocity gradients, 

𝜎𝑘 and 𝜎𝜀 are the turbulent Prandtl numbers for 𝑘 and 𝜀, 

respectively. 

The turbulent viscosity 𝜇𝑡 is computed using: 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
               (5) 

The model constants were taken as: 

𝐶𝜇 = 0.09, 𝐶1𝜀 = 1.44, 𝐶2𝜀 = 1.92, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3  

Standard wall functions were employed near solid bounda-

ries to model near-wall turbulence behavior, ensuring numer-

ical stability while maintaining reasonable computational cost. 

The adequacy of the turbulence model was verified by achiev-

ing periodic convergence of torque and pressure signals over 

successive turbine revolutions. 

3.5. Mesh Generation and Grid Independence 

The computational domain was discretized using an un-

structured finite-volume mesh. Local mesh refinement was 

applied in regions of high velocity gradients, particularly near 

the turbine blades, shaft, deflector surfaces, and wake region. 

A representative mesh distribution is shown in Figure 4, high-

lighting the near-wall refinement and rotating domain inter-

face. 

 
Figure 4. Generated mesh. 

To ensure numerical accuracy, a grid independence study 

was performed using three progressively refined meshes [40]. 

The effect of mesh resolution on time-averaged torque and 

pressure drop was evaluated, and mesh convergence was 

achieved when variations in key performance metrics re-

mained below 2%. The final mesh statistics and grid sensitiv-

ity results are provided in Table 3. 
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Table 3. Mesh statistics and grid independence study. 

Mesh Level Total Cell Count Minimum Cell Size Max Skewness Avg. Torque Deviation 

Coarse mesh 0.9 × 10⁶ Larger < 0.85 Reference 

Medium mesh 1.6 × 10⁶ Moderate < 0.80 < 4% 

Fine mesh 2.4 × 10⁶ Refined near blades < 0.75 < 2% 

Final mesh selected 2.4 × 10⁶ Refined < 0.75 < 2% 

Note: Local mesh refinement was applied near turbine blades, shaft, deflector surfaces, and wake regions. Grid independence was achieved 

when further mesh refinement resulted in less than 2% variation in time-averaged torque and pressure drop. 

3.6. Performance Evaluation 

Turbine performance was evaluated using non-dimensional 

and dimensional metrics commonly adopted in vertical-axis 

turbine analysis [41, 42]. The instantaneous torque acting on 

the turbine shaft was obtained by integrating pressure and vis-

cous forces on the blade surfaces. Time-averaged torque 

𝑇⃐ was computed over a complete rotor revolution. 

The hydraulic power available in the pipeline upstream of 

the turbine is calculated as: 

𝑃ℎ𝑦𝑑 = 𝜌𝑔𝑄𝐻                     (6) 

where 

𝑃ℎ𝑦𝑑  is the available hydraulic power (W), 

𝜌 is the density of water (kg·m-3), 

𝑔 is the gravitational acceleration (m·s-2), 

𝑄 is the volumetric flow rate (m3·s-1), and 

𝐻 is the available hydraulic head across the turbine location 

(m). 

The hydraulic head 𝐻 is related to the pressure difference 

across the turbine-deflector system by: 

𝐻 =
Δ𝑝

𝜌𝑔
                         (7) 

where Δ𝑝is the pressure drop across the turbine (Pa). 

The hydraulic head considered in this study represents an 

equivalent pressure head derived from the pressure drop (Δp) 

across the turbine-deflector system, rather than an elevation-

induced gravitational head. 

The mechanical power extracted by the turbine is deter-

mined from the time-averaged torque and angular velocity as: 

𝑃𝑚𝑒𝑐ℎ = 𝑇⃐  𝜔              (8) 

where 

𝑇⃐  is the time-averaged torque acting on the turbine shaft 

(N·m), and 

𝜔 is the angular velocity of the turbine (rad·s-1). 

Finally, the hydraulic efficiency of the turbine is defined as 

the ratio of extracted mechanical power to the available hy-

draulic power: 

𝜂ℎ =
𝑃𝑚𝑒𝑐ℎ

𝑃ℎ𝑦𝑑
=

𝑇⃐  𝜔

𝜌𝑔𝑄𝐻
                 (9) 

The tip-speed ratio, defined in Eq. (10), was used as the pri-

mary operating parameter to compare turbine performance 

across different rotational speeds and blade numbers. 

𝜆 =
𝜔𝑅

𝑈
                     (10) 

where 

𝜆 is the tip-speed ratio (-), 

𝜔 is the angular velocity of the turbine (rad·s-1), 

𝑅 is the turbine rotor radius (m), and 

𝑈 is the inlet flow velocity of the water (m·s-1). 

3.7. Parametric Study 

A parametric study was conducted by varying the number 

of turbine blades and the rotational speed while maintaining 

constant inlet flow conditions and deflector geometry. The 

complete set of simulation cases is summarized in Table 4. 

This approach enabled systematic evaluation of the combined 

effects of rotor solidity and tip-speed ratio on turbine perfor-

mance [42]. 

Table 4. Simulation matrix for baseline and deflector-assisted turbine configurations. 
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Case ID Configuration Number of blades, N Solidity, σ Tip-speed ratio, λ Deflector 

B1 Baseline 3 0.2 1 No 

B2 Baseline 3 0.2 1.5 No 

B3 Baseline 3 0.2 2 No 

B4 Baseline 4 0.3 1 No 

B5 Baseline 4 0.3 1.5 No 

B6 Baseline 4 0.3 2 No 

B7 Baseline 5 0.4 1 No 

B8 Baseline 5 0.4 1.5 No 

B9 Baseline 5 0.4 2 No 

D1 Deflector-assisted 3 0.2 1 Yes 

D2 Deflector-assisted 3 0.2 1.5 Yes 

D3 Deflector-assisted 3 0.2 2 Yes 

D4 Deflector-assisted 4 0.3 1 Yes 

D5 Deflector-assisted 4 0.3 1.5 Yes 

D6 Deflector-assisted 4 0.3 2 Yes 

D7 Deflector-assisted 5 0.4 1 Yes 

D8 Deflector-assisted 5 0.4 1.5 Yes 

D9 Deflector-assisted 5 0.4 2 Yes 

Note: All simulations were conducted using identical pipe geometry, inlet flow conditions, and numerical settings. For deflector-assisted cases 

(D1-D9), the deflector geometry, position, and shrinkage ratio (𝜀 = 0.58) were kept constant. The baseline cases (B1-B9) serve as direct 

reference configurations for isolating the hydrodynamic effects of the flow deflector. 

4. Results and Discussion 

4.1. Model Validation 

 
Figure 5. Comparison of predicted and reference power flowrate. 

Model validation is a critical step in demonstrating the cred-

ibility of CFD predictions for rotating turbines in confined 

flows. The present numerical framework was validated 

against published experimental/numerical performance data 

for a vertical-axis in-pipe lift-type turbine reported by Yang et 

al. (2019) [7]. The comparison of predicted and reference 

power over a range of flow rate values is shown in Figure 5. 

Overall, the model reproduces the performance trend re-

ported in the reference study and yields an average deviation 

of approximately 4% for the power (Figure 5). This is within 

the commonly accepted range for URANS-based turbine sim-

ulations and supports the suitability of the present ANSYS 

Fluent approach with a k-ε turbulence closure for comparative 

parametric analysis of in-pipe turbine configurations [1, 2]. 

The validation outcome shows that the numerical setup cap-

tures the dominant physics governing lift-type turbine perfor-

mance in confined pipeline flow, enabling meaningful com-

parisons across blade number and deflector arrangements. 

4.2. Effect of Blade Number and Turbine 

Solidity 

The blade number 𝑁 strongly influences turbine solidity 
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and therefore the balance between lift production and block-

age-induced hydraulic losses. In this study, three, four, and 

five blades were investigated to quantify the sensitivity of per-

formance to solidity under confined conditions. Practical de-

sign considerations also motivate this range: in-pipe lift-based 

devices (including spherical/helical concepts) are often con-

strained by hub/assembly geometry and flow passage limita-

tions, which can restrict feasible blade counts and chord 

choices [2, 3]. 

The turbine solidity was calculated using: 

𝜎 =
𝑁𝑐

𝜋𝐷𝑟
                  (11) 

where 𝑐 is the blade chord and 𝐷𝑟is the turbine rotor diameter. 

Increasing 𝑁increases 𝜎, enhancing the rotor’s effective in-

teraction with the flow and potentially increasing torque and 

power, but also increasing hydraulic resistance and the likeli-

hood of strong wake interaction between blades. 

These competing effects are well established for vertical-

axis turbines: higher solidity can improve starting and torque 

capacity, but excessive solidity tends to penalize performance 

by increasing losses and reducing effective inflow through the 

rotor [7, 8]. In confined pipelines, these tradeoffs can be am-

plified because blockage and pressure recovery are limited by 

the conduit geometry [8, 9]. 

4.3. Power and Hydraulic Efficiency Trends 

4.3.1. Blade Number Influence at Optimal 

Operating Conditions 

Figures 6 and 7 present the turbine power and hydraulic ef-

ficiency as functions of RANS Tip-Speed Ratio (TSR) for dif-

ferent blade numbers. A clear optimum is observed, with per-

formance increasing with TSR up to a peak before declining, 

consistent with lift-type turbine behavior where excessive 

TSR can lead to unfavorable angles of attack and increased 

viscous and wake losses [7, 11]. 

At the optimal operating region, the four-blade configura-

tion had the highest reported performance in this study, pro-

ducing approximately 640 W and a peak hydraulic efficiency 

of 65%. In comparison, the three-blade and five-blade cases 

produced approximately 430 W and 360 W, with efficiencies 

of about 61% and 57%, respectively (Figures 6, 7). 

The decline observed for the five-blade case despite its 

higher solidity suggests that the added blades increase internal 

flow resistance and blade-to-blade wake interaction, which 

can intensify unsteady loading and reduce net power extrac-

tion. This trend aligns with the broader understanding that in-

creasing blade count can improve torque capacity, but beyond 

an optimum the additional blades can increase losses and re-

duce efficiency, particularly in constrained passages [8, 9]. 

 
Figure 6. Power (W) vs TSR for different blade numbers. 

 
Figure 7. Efficiency (%) vs TSR for different blade numbers. 

4.3.2. Deflector Angle Influence 

Flow deflectors are widely used in drag-type and hybrid de-

vices to redirect flow toward the advancing blade region and 

improve effective inflow conditions [2, 16-18]. In the present 

lift-type in-pipe configuration, changing the deflector angle 

significantly affected turbine power output. When the deflec-

tor angle was adjusted from 20° to 15°, the maximum power 

decreased from approximately 641 W to 414 W (Figure 8). 

This result indicates that the deflector angle controls the de-

gree of flow redirection and local acceleration into the wind-

ward sector. A larger deflector angle (within the tested range) 

likely produced stronger guidance/acceleration, improving 

blade incidence conditions and lift generation. Similar sensi-

tivity to deflector geometry/position has been reported for 

pipeline turbines, where optimal deflector settings maximize 

useful flow deflection while limiting pressure losses [2, 17, 

18]. 
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Figure 8. Power (W) vs TSR for different deflector angles. 

4.4. Torque and Blade Force Characteristics 

Torque production in lift-type VAWTs is inherently un-

steady due to the periodic variation in relative velocity and 

angle of attack with azimuthal position. To quantify blade-

level loading, the tangential driving force 𝐹𝑇  was obtained 

from the resolved blade forces in the global coordinate system: 

𝐹𝑇=𝐹𝑋cos 𝜃 − 𝐹𝑌sin 𝜃           (12) 

where 𝐹𝑋 and 𝐹𝑌 are the resolved force components on the 

blade and 𝜃is the azimuthal angle. 

The torque contribution was computed from the tangential 

force (via the blade moment arm), and the half-revolution his-

tories of driving force and torque are presented in Figure 9. 

The results show that both tangential force and torque rise 

with rotation and reach a maximum around 50° azimuth, after 

which they decline as the blade approaches the downstream 

sector. The observed reduction toward 180° is consistent with 

increased likelihood of flow separation/dynamic stall and 

wake interference, which reduce effective lift and therefore 

driving torque [11, 13, 15]. 

The role of the deflector can be interpreted in this frame-

work: by increasing the inflow velocity and improving local 

incidence conditions in the windward sector, the deflector can 

increase peak driving force and improve the cycle-averaged 

torque, thereby increasing power output. This is consistent 

with the performance enhancements reported in deflector-as-

sisted confined-flow turbine studies [2, 16, 17]. 

 
Figure 9. Turbine driving force and output torque over half revolution: (a) tangential driving force; (b) torque. 

4.5. Flow Field Analysis (Velocity and Pressure 

Distributions) 

To connect the performance trends to physical mechanisms, 

the mid-plane velocity and pressure contours are presented in 

Figure 10 for three- and four-blade configurations at representa-

tive TSR values. The contours show that increasing blade number 

generally increases flow resistance within the rotating domain, 

which tends to reduce local velocity in the rotor zone and increase 

static pressure upstream of/within the rotor region. In lift-type tur-

bines, a controlled increase in pressure difference and appropriate 

flow incidence can enhance lift, but excessive deceleration and 

blockage can reduce energy extraction and increase losses. 

The four-blade configuration shows a more favorable bal-

ance: sufficient rotor-flow interaction to generate lift and 

torque, while maintaining better internal flow passage than the 

five-blade case. These qualitative flow field observations are 

consistent with reported confined-conduit lift-type turbine 

studies, where blade number/chord modifications alter both 

power and pressure-drop characteristics [7-9]. 
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Figure 10. Mid-section flow fields showing pressure (Pa) and velocity magnitude (m/s) at different TSR values: (a) three-blade turbine; (b) 

four-blade turbine. 

4.6. Comparison with Relevant Literature 

The observed performance characteristics are consistent 

with major findings in the pipeline turbine literature. Yang et 

al. reported that lift-type vertical-axis pipeline turbines can 

achieve higher power coefficients than drag-type designs un-

der comparable TSR, though stability and unsteady behavior 

require careful consideration [7]. Similarly, Diab et al. showed 

that blade number and chord selection substantially affect both 

power and pressure loss, with diminishing returns beyond an 

optimal chord/solidity range due to increased losses [8]. The 

sensitivity of turbine output to flow-guiding elements (deflectors) 

also aligns with earlier reports on deflector-assisted turbines, where 

improved inflow guidance leads to measurable gains in power, but 

the outcome depends strongly on the deflector geometry, angle, 
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and placement [2, 16-18]. 

4.7. Implications and Future Work 

The results indicate that, for the investigated in-pipe lift-

type turbine, four blades provide the best balance between lift 

generation and confined-flow losses, while the deflector angle 

significantly affects achievable power output. These findings 

suggest that practical in-pipe deployment should focus on op-

timizing the combined turbine-deflector configuration to max-

imize power while maintaining acceptable pressure drop. 

It is important to clarify the choice of numerical modeling 

approach adopted in the present study in relation to recent in-

vestigations that employ the volume of fluid method [43-46]. 

The volume of fluid framework is particularly suited for hy-

draulic systems involving free-surface effects, air-water inter-

face dynamics, or multiphase interactions, where surface de-

formation, phase fraction transport, and interface-induced un-

steadiness play a dominant role in governing turbine perfor-

mance. Consequently, volume of fluid-based simulations have 

been successfully applied in studies addressing open-channel 

flows, partially filled conduits, wave-structure interaction, and 

other multiphase configurations [46]. 

Future work should include: 

1) Experimental validation of the deflector-assisted lift-

type configuration under controlled pipeline conditions. 

2) Deflector geometry optimization (angle, curvature, 

shrinkage ratio, and distance to rotor), building on exist-

ing confined-flow deflector studies [2, 17, 18]. 

3) Quantification of pressure drop/head loss in parallel with 

power output to establish the best energy-recovery trade-

off in real water distribution systems [8, 9]. 

4) Investigation of advanced turbulence models (e.g., SST 

k-ω, DES) for improved resolution of dynamic stall and 

wake interaction under high TSR operation [13, 15]. 

5) Extension to volume of fluid-based modeling for cases 

involving free-surface or multiphase flow conditions 

(e.g., partial pipe filling, air entrainment, and transient start-

up or shutdown events), where air-water interface dynam-

ics may become relevant to turbine performance [44, 46]. 

5. Conclusions 

This study numerically investigated the hydrodynamic per-

formance of a deflector-assisted lift-type vertical-axis in-pipe 

water turbine using unsteady CFD simulations. The effects of 

blade number (solidity), tip-speed ratio, and deflector config-

uration on turbine power output, hydraulic efficiency, torque 

characteristics, and internal flow structure were systematically 

examined under confined pipeline conditions. 

The numerical model was first validated against published 

reference data for a lift-type vertical-axis pipeline turbine, 

showing good agreement with an average deviation of approx-

imately 4% in predicted power. This validation confirms the 

suitability of the URANS-based ANSYS Fluent framework 

with a k-ε turbulence model for comparative performance 

analysis of in-pipe lift-type turbines. 

A key finding of the study is the identification of an optimal 

blade number for the investigated configuration. Increasing 

the blade number from three to four significantly enhanced 

turbine performance due to increased rotor-flow interaction 

and improved lift generation. The four-blade turbine achieved 

the highest power output (640 W) and hydraulic efficiency 

(65%) at its optimal tip-speed ratio. However, further increas-

ing the blade number to five resulted in reduced performance, 

despite higher solidity, due to intensified flow blockage, 

blade-wake interaction, and unsteady torque fluctuations. This 

highlights the existence of a clear solidity-dependent perfor-

mance optimum for lift-type turbines operating in confined 

pipelines. 

The introduction of a stationary flow deflector was shown 

to have a substantial impact on turbine performance. Deflector 

geometry and angle strongly influenced the effective inflow 

conditions at the rotor. A larger deflector angle within the in-

vestigated range enhanced local flow acceleration and im-

proved blade incidence, leading to significantly higher power 

output compared with smaller deflector angles. These findings 

demonstrate that deflectors previously applied predominantly 

to drag-type or hybrid turbines can also be effectively em-

ployed to enhance the performance of lift-type vertical-axis 

in-pipe turbines, addressing a notable gap in existing research. 

Flow field analyses revealed that performance improve-

ments are directly linked to changes in internal velocity and 

pressure distributions within the rotating domain. The optimal 

configuration achieved a favorable balance between lift aug-

mentation and hydraulic losses, while excessive blade solidity 

or sub-optimal deflector settings led to flow deceleration, in-

creased pressure buildup, and reduced net energy extraction. 

Blade-resolved force and torque analyses further showed that 

peak torque occurs in the windward area of rotation, with per-

formance deterioration in the downstream region due to flow 

separation effects that can be partially mitigated through ap-

propriate flow redirection by the deflector. 

Abbreviations 
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VAWT Vertical-Axis Water Turbine 
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RANS Reynolds-Averaged Naiver-Stokes 
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