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Abstract: Unavoidable tip clearance between blade tip and casing shroud plays an important role
in the performance and characteristics of a tidal propeller turbine. In this work, the tip-leakage
vortex (TLV) induced in the end-wall region was numerically illustrated by using the shear-stress
transport (SST) k–ω turbulence model at various flow conditions and different tip-clearance sizes
(TCSs). The swirling strength criterion was employed to visualize the tip-leakage vortex trajectory
and investigate vortex evolution according to clearance size change. Although TLV occurs in both
design and off-design conditions, vortex intensity develops strongly under excess flow rate with
increased tip gap. The extreme influence of TCS on the turbine’s generated power and efficiency
was predicted in steady simulations for four TCS cases, namely, δ = 0%, 0.25%, 0.5%, and 0.75%.
With the extension of the tip gap, turbine performance was drastically reduced because of vigorous
turbulent leakage flow combined with considerable volumetric loss. The effect of TCS on pressure
fluctuation intensity were also explored on the basis of the transient simulation statistic. Maximal
pressure variation amplitude and dominant frequency were presented in spectrum analysis utilizing
fast Fourier transform.

Keywords: computational fluid dynamics (CFD); propeller turbine; tip-clearance size (TCS);
tip-leakage vortex (TLV); pressure fluctuation

1. Introduction

Among the several types of renewable energy, hydropower is one of the most commonly used
sources with a vast amount of power scale and applications since it is emission free, clean, and
friendly to the environment. Hydro-turbines converting flow kinetic energy to electricity have been
developed and are widely employed in both civil and industrial fields. An important factor affecting
flow characteristics and turbine efficiency is the blade tip clearance. Due to the relative movement
between turbine rotor and casing, the blade tip and shroud inner wall cannot contact each other at
operating conditions, resulting in an unavoidable gap at the tip-end region. The flow through the tip
clearance is called tip-leakage flow generated by the difference in pressure between two sides (pressure
side and suction side) of the turbine blade [1]. Tip-leakage vortex (TLV) detrimentally impacts machine
performance, such as via blockage of the main flow in the passages [2], reduction of energy extraction
ability and efficiency [3], and excessive noise [4] due to the existence of separation flow, volumetric
loss, and cavitation.
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Tip clearance in several types of turbomachinery has been extensively investigated in a great
number of studies employing both experimental and numerical methods. In terms of research applying
the experimental approach, Wernet et al. made use of particle image velocimetry (PIV) measurement
to identify tip-leakage flow behavior in an axial compressor and concluded that an excess flow rate
gives rise to a larger TLV and worsens passage blockage [5]. Wu et al. [6,7], and Miorini et al. [8] also
applied PIV to measure tip-leakage vortex structure and turbulence flow at the end-wall region in an
axial water-jet pump. Instantaneous data and statistic of vortex strength revealed that leakage flow
emerges as a wall jet with a shear layer containing a train of vortex filaments extending from the tip
of the blade. The laser Doppler velocimeter (LDV) technique was utilized to figure out the vortex
formation in a propeller fan, proposing three components of the vortex, namely, tip vortex, tip-leakage
vortex, and leading edge separation vortex [9].

Due to the tiny size of the tip clearance, it is a tough mission to precisely adjust tip-clearance
size (TCS) when experimenting with different TCS values. Therefore, along with the experimental
approach, computational fluid dynamics (CFD) with advanced algorithms and high-performance
computers have been usefully reliable tools for capturing the TLV trajectory and predicting its influence
on turbomachinery operations. Zhang et al. combined experiment and simulation in a study on TLV
trajectory in an axial flow pump [10]. The computational simulation illustrated the TLV course by
using the swirling strength method, while high-speed cameras were used to observe TLV on the basis
of cavitation tracing bubbles. The impact of tip-clearance size in a mixed-flow pump was numerically
investigated [11,12]. The former applied fast Fourier transform (FFT) to analyze the frequency
characteristics of tip-region pressure fluctuations, while the latter exposed the pressure fluctuation
amplitude at different cavitation conditions using the Zwart–Gerber–Belamri cavitation model. In the
case of the axial flow pump, Zhang [10] employed λ-criterion to investigate the development of TLV at
three flow rate conditions while in the mixed-flow pump, Q-criterion was used to illustrate the vortex
evolution with four TCS values, and pressure fluctuations on the blade were characterized through
the spectrum analysis. Applying the entropy production method, Ji et al. analyzed the energy loss
in a mixed-flow pump. The results showed that in the impeller, the head loss coefficient increased
1.62 times and the total entropy production rose by 142% when tip clearance augmented from 0.2 to
1.1 mm [13]. TLV was investigated in a pump-jet propulsor with numerical simulations [14]. Results
not only visualized TLV structure and characteristics but also pointed out that propulsor efficiency
sharply dropped with the expansion of clearance size. Meng et al. implemented a computational
study on the influence of different tip-clearance sizes (unshrouded and shrouded blades) using the
Reynolds averaged Navier–Stokes (RANS) equation for viscous turbulence flow [15]. The concerning
issue involved in vortex structure in the flow field and the turbine’s heat-transfer characteristics when
the turbine operated with four TCS cases. The study concluded that the negative incident angle at the
downstream inlet increased according to the increase of TLV. Qiu et al. executed a numerical study of
hydrodynamic and cavitation performance of a pump-jet propulsor with different TCSs and different
oblique flow angles and found an interesting point that the efficiency with cavitation was higher than
with non-cavitation conditions in oblique flow [16]. By analyzing the tip vortex of a duct axial fan on
the basis of a highly resolved large-eddy simulation, Moghadam et al. found that there were a series
of consequences relating to vortices at the tip-gap region when extending the clearance dimension,
such as strong leakage flow, flow separation, and induced vortex that strengthens the main vortex
intensity [17].

Nevertheless, the aforementioned literature mainly focused on the research objects of axial pumps,
mixed-flow pumps, and gas turbines, while tip clearance in hydro-turbines had not been considered.
In this study, numerical simulations applying the shear-stress transport (SST) k–ω turbulence model
were conducted to demonstrate TLV formation under design and off-design conditions, and evaluate
the influence of different tip-clearance sizes on the energy performance and stability of a propeller
turbine. Computational results were compared and validated by experimental data provided in the
references to ensure the precision of the numerical method. The distribution of velocity vectors and
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pressure coefficient contour at the tip-gap were also illustrated. Lastly, the amplitude and frequency
property of pressure fluctuations on the turbine blade for four clearance cases were analyzed in
transient simulations.

2. Turbine Model

2.1. Physical Model of Propeller Turbine

The turbine runner was designed on the basis of free-vortex theory combined with Euler’s
head equation; the design process of the turbine runner was presented in detail in previous research
performed by Tran et al. [18]. The well-known free-vortex theory originally comes from the law of
conservation of angular momentum that was applied in designing several types of compressible and
incompressible flow machinery [19,20]. The current surveyed turbine was developed to operate with a
gross head of 2 m, a rated flow of 0.25 m3/s, and a rotational speed of 450 rpm. The turbine runner
consisted of four constant-thickness blades formed by sections with the pitch-to-chord ratio in the
range of 0.7–0.9 (from hub to tip). Relying on the calculated parameters of the chord length, blade
inlet angles, and blade outlet angles for all blade sections (refer to [18]), the 3D geometry of the blade
runner was created with BladeGen—a packet in ANSYS Workbench. The manufactured rotor of the
propeller turbine was made of Nickel Aluminium Bronze Alloy (ASTM B 505 C95800), which contained
9% aluminium, as well as additions of iron and nickel for strength. The 3D design geometry and
manufactured model of the turbine runner blade are displayed in Figure 1, and the main turbine design
parameters are presented in Table 1.
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Figure 1. Runner blade. (a) Manufactured prototype; (b) 3D geometry of the turbine. 

Table 1. Turbine specifications. 

Parameters Symbol Unit Value 

Power output P kW 3 

Gross head H m 2 

Designed flow rate Qd m3/s 0.25 

Rotational speed N RPM 450 

Tip diameter Dt m 0.38 

Hub diameter Dh m 0.16 

Hub-to-tip ratio Dh/Dt - 0.4 

Number of blades Z - 4 

2.2. Tip-Clearance Configurations and Monitoring Points 

Tip-clearance size in this study is referred to as a non-dimensional value and can be determined 

by Equation (1). The blade chord fraction defining the monitoring point’s position along the blade 

chord from leading edge to trailing edge is specified in Equation (2). 

𝛿 =
𝑇𝐶𝑆

𝐷𝑚𝑎𝑥
. 100%  (1) 

𝜆 =
𝑆

𝐶
 (2) 

where TCS, tip-clearance size; Dmax, maximal diameter of the turbine blade; 𝜆, blade chord fraction; 

S, point position from the leading edge; and C, blade chord length. 

Figure 1. Runner blade. (a) Manufactured prototype; (b) 3D geometry of the turbine.

Table 1. Turbine specifications.

Parameters Symbol Unit Value

Power output P kW 3
Gross head H m 2

Designed flow rate Qd m3/s 0.25
Rotational speed N RPM 450

Tip diameter Dt m 0.38
Hub diameter Dh m 0.16

Hub-to-tip ratio Dh/Dt - 0.4
Number of blades Z - 4

2.2. Tip-Clearance Configurations and Monitoring Points

Tip-clearance size in this study is referred to as a non-dimensional value and can be determined
by Equation (1). The blade chord fraction defining the monitoring point’s position along the blade
chord from leading edge to trailing edge is specified in Equation (2).
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δ =
TCS
Dmax

. 100% (1)

λ =
S
C

(2)

where TCS, tip-clearance size; Dmax, maximal diameter of the turbine blade; λ, blade chord fraction; S,
point position from the leading edge; and C, blade chord length.

The pressure coefficient is a dimensionless number describing the relative pressure throughout a
flow field, and is defined as

CP =
Plocal

0.5ρU2
tip

(3)

where Plocal, local static pressure; and Utip, blade tip velocity in the design condition.
Hydraulic power, output power, and hydraulic efficiency are calculated using the following

equations:
Ph = ρgQH (4)

Pmec = Tω (5)

ηh =
Pmec

Ph
(6)

where Ph, hydraulic power; Pmec, mechanical power generated in turbine shaft; ρ, water density; ηh,
hydraulic efficiency; Q, flow rate; H, effective head; T, torque on runner blade; and ω, rotational speed.

In this study, four values of tip-clearance size, namely, δ = 0%, 0.25%, 0.5%, and 0.75%
(corresponding to actual sizes of 0.0, 0.95, 1.9, and 2.85 mm, respectively) were considered to
analyze the tip-clearance effects. For each TCS case, a series of monitoring points were set along
the blade tip, as shown in Figure 2. The points, PS1–PS11, were located on the pressure side of the
tip region, from the leading to the trailing edge of the runner blade. In the same way, there were
corresponding points named SS1–SS11 at the blade-tip suction side. Similar monitoring points were
also placed at blade spans 0.8 and 0.6 (80% and 60% of blade height) to collect pressure statistic at these
positions to examine pressure fluctuations.
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3. Numerical Method

3.1. Turbulence Model and Boundary Conditions

In the current study, CFD simulations were performed with commercial code ANSYS-CFX
17.0 to predict the formation of the tip-leakage vortex and evaluate the detrimental effects of the
vortex on the energy absorption capability of the hydro-turbine. This multi-purpose code solves
three-dimensional RANS equations for steady and turbulent fluid flow, especially in the field of
turbomachinery simulations and analyses.
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The shear-stress transport k–ω turbulence model was developed by Menter to solve the complex
flows by combining the advantages of the k–εmodel in the far-field and of the k–ωmodel in viscous
sub-layer at near-wall regions [21]. It was chosen as the turbulence model for simulations because of its
good capability in estimating vortex appearance and flow separation with adverse pressure gradients
near the complex geometry surfaces. The validation of the SST turbulence model can be found in
research performed by Zhang et al. [10], Bardina et al. [22], and Chen et al. [23]. Moreover, a number of
studies involving the flow in pump-jet propulsors, mixed-flow pumps, and propeller turbines have
confirmed the reliability of the SST k-ω turbulence model with favorable results [13,14,16]. In this
turbulence model, the eddy viscosity is defined as the function of the turbulence kinetic energy-k and
turbulence frequency-ω:

µt =
ρα1k

max(SF2,α1ω)
(7)

F2 = tanh

max

 2
√

k
β′ωy

;
500µ
ρy2ω

2 (8)

where α1 and β’, model constants: α1 = 5/9, β’ = 0.09 [24]; F2, blending function in boundary layer flow;
and S, an invariant measure of the strain rate.

Figure 3 shows three components of the computational domains in simulations, namely, the
suction, runner, and discharge domains. Since the four runner blades were the same as each other
in all aspects, one-fourth of the simulation domain (90◦ periodicity) was utilized instead of the
full-size domain in order to reduce calculation time and computational resources. At the inlet of
the suction domain, total pressure corresponding to the designed gross head was applied with a
turbulence intensity of 5%. Meanwhile, the flow rate was specified at the outlet of the discharge
domain. At all wall boundaries, smooth and no-slip wall conditions were enabled. The rotational
periodicity interface option was put into service for the couples of the side surfaces in each domain.
As for the interfaces between stationary and rotating domains, the multi-reference frame approach was
applied to steady-state calculations and the sliding mesh method was adopted in transient calculations
to exchange the flow field information between domains. At first, the steady-state simulations were
carried out to assess the impact of tip-clearance size on turbine performance; then, results were taken as
initial suggestions for the transient simulations to monitor pressure fluctuations at the tip-gap region
of the turbine. The time step for transient simulations was 1.1 × 10−3 s corresponding to 3o when the
turbine rotates at the design speed. The convergence criterion was set as 10–5 for the root-mean-square
residual value.
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3.2. Mesh Strategy and Grid Independent Analysis

The reliability of the numerical calculations is related to the quality of the computational gird.
In the current study, all domains were computationally discretized on the basis of structured hexahedral
elements using the TurboGrid package in ANSYS Workbench, as shown in Figure 4. The refined mesh
was implemented at the blade’s hub and shroud to achieve higher mesh density. Meanwhile, all wall
surfaces (including blades and pipes) adopted 10-layer inflation to ensure accurate predictions of the
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flow field at near-wall regions. The local grid at the tip-gap region was also generated with 30 layers
due to the complicated flow pattern in this area, giving rise to better observation of the vortex structure.
The Y+ value for the wall grid of the turbine blade was around 1, satisfying the demand of SST k–ω
turbulence model to precisely predict flow behavior in the viscous sub-layer [21].Energies 2020, 13, x FOR PEER REVIEW 6 of 18 
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Theoretically, the finer the mesh is, the fewer grid-related errors occur [25]. Therefore, gird
sensitivity analysis was conducted to confirm the independence of simulation results with respect to
grid size and to determine the reasonable element number considering the balance between accuracy
and calculating-time consumption. Four sets of mesh with the number of elements ranging from
607,672 to 1,806,675 were created and exerted in steady simulations to verify grid size independence.
Table 2 presents details of grid information in each case, and the resulting extracted power and
turbine efficiency. Relying on the alteration of two key factors, and considering calculation cost and
precision, grid size M3 with 1.2 million elements (for one-fourth of the domain) was employed in the
present research.

Table 2. Grid size in relation to turbine power (P) and efficiency (η).

Domains M1 M2 M3 M4 M5

Suction 67,600 114,920 188,825 25,220 318,825
Runner 391,560 512,040 624,990 730,410 820,770

Discharge 148,512 277,440 395,080 527,680 667,080
Mesh size 607,672 904,400 1,208,895 1,510,290 1,806,675

p/P1 1 1.002414 1.003535 1.00368 1.004445
η/η1 1 0.999802 0.999746 0.999604 0.999472

3.3. Numerical Results Verification

Experimental data of a five-blade propeller turbine reported by I. Samora et al. were used to
validate our numerical method [26]. This propeller turbine was designed on the basis of free-vortex
theory and a constant-thickness-blade prototype was made to perform the experiment at different
rotational speeds and flow conditions to characterize its performance curves. The main parameters of
the turbine were blade thickness of 1.7 mm, tip diameter of 84.8 mm, hub-to-tip ratio of 0.5, and chord
length at tip and hub of 52 and 27 mm, respectively. Figure 5 displays the manufactured prototype and
the 3D geometry built with BladeGen of the five-blade propeller turbine.
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Figure 5. Five-blade propeller turbine. (a) Prototype [26]; (b) obtained 3D geometry for validation.

Turbine characteristics observed by experiment and simulation were compared at 2 rotational
speeds, 750 and 1000 rpm, and at a wide range of flow rate conditions (shown in Figure 6). Despite
small disparities, efficiency curves revealed good agreement between experimental data and simulation
results, verifying the accuracy of the numerical approach applied in the current study.
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4. Results and Discussion

4.1. Trajectories of Tip-Leakage Vortex at Different Tip-Clearance Sizes and Various Flow Conditions

In the three-dimensional flow field, the characteristics equation for velocity gradient tensor D is
given by

λ3 + Pλ2 + Qλ+ R = 0 (9)

where P, Q, and R are three invariants of velocity gradient tensor D. P = −tr(D), Q = 1
2 [tr(D)

2
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2
)],

and R = −det(D).
For incompressible flow, P = 0, so the discriminant of Equation (7) can be defined as

∆ =
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)2
(10)
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In the case of discriminant ∆ > 0, the velocity gradient tensor
(
D
)

has one real eigenvalue, λr, and a
pair of complex eigenvalues, λcr ± i.λci. The strength of the swirling motion can be qualified by λci, the
so-called swirling strength of the vortex. The swirling strength criterion visualizes the vortex by taking
the imaginary part of the complex eigenvalue into consideration [27] and this criterion was employed
to recognize the TLV trajectory at the tip-gap region in this study. Figure 7 illustrates the TLV trajectory
for three tip-gap values, δ = 0.25%, 0.5%, and 0.75%, at three flow-rate conditions, 0.92, 1.0, and 1.12
Qd. The leakage vortex appeared under any flow rate for both design and off-design conditions, while
vortex strength and inception location varied according to flow discharge and clearance size. TLV
occurrence can be observed in two main types: vortex at the pressure side (PS vortex) and vortex at
the suction side (SS vortex). The PS vortex developed by the flow through the tip corner of the blade
leading edge, extended along the blade chord length, and likely appeared at low flow rate. The SS
vortex, on the other hand, which was caused by pressure disparity between the two sides of the blade,
initially formed at around one-third of the blade length (λ = 0.3) with its magnitude surpassing that of
the PS vortex. Under partial flow rate, the leakage vortex appeared on both sides of the blade, despite
slight dominance of the SS vortex. At the starting point, the PS vortex had a strong intensity, and then
the swirling strength was reduced at the vortex tail when it interacted with the main flow within the
passage. With increased flow rate, due to the influence of the mainstream, the PS vortex was pushed
closer to the blade with a remarkable decrease in swirling. Under excess flow conditions, the PS vortex
seemed to be terminated, while the TLV on the blade suction side strongly developed and became the
most powerful, indicated by the high density of red vortex streamlines at the vortex core. Another
feature is that the relative angle of the SS vortex trajectory to the blade significantly changed as flow
rate rose. Higher flow rate not only caused vigorous swirling but also broadened the vortex-blade
angle. For instance, in Figure 7c, the rising point of the SS vortex ships toward the blade leading edge,
and the relative angle of the vortex core increases from 10◦ at a flow rate of 0.92 Qd to 20◦ at 1.12 Qd.
A similar relation of the vortex pattern and flow discharge was also described by Zhang, who captured
the tip-leakage vortex trajectory on the basis of cavity bubbles with high-speed digital cameras [10].
Due to the change of the blade loading according to flow rate, the pressure difference between the
two sides of the blade varied. The SS vortex directly depends on pressure difference; hence, flow rate
imposed a significant impact on the trajectory of the SS vortex. Concerning the clearance size effect,
the TLV at both PS and SS forms earlier and more obviously as the tip gap extends, at the same flow
conditions. At low discharge rate, the PS vortex in the case of δ = 0.25% was negligible with smoothly
straight streamlines, while it evidently took place for larger clearance sizes (δ = 0.5% and δ = 0.75%).
Under the design and the higher flow rate, the dominant SS vortex experienced a similar trend of
development when becoming stronger at moderated TCS, and the most extreme for the biggest TCS.
In these circumstances, the intensive growth of the SS vortex disturbed normal flow within the passage,
leading the turbine dynamics behavior to deteriorate.

The distributions of pressure coefficient and velocity vectors at the tip region, blade chord fraction
λ = 0.5, under the design flow rate are shown in Figure 8 to emphasize the correlation between TCS
and tip flow structure. For all TCS cases, after being sucked into the clearance between the blade tip
and shroud, a separation flow happened at the top PS corner (Label A). The separation corner vortex
induced by the sharp blade geometry gave rise to a drastic reduction in pressure coefficient Cp and
a secondary vortex, which was mentioned in a handful of the literature [10,11]. The larger the TCS
was, the more seriously the separated flow was observed. This phenomenon is a principal cause for
cavitation occurring in the tip-gap region. To eliminate the detrimental impact of the corner vortex,
the employment of turbine blades with round edges at PS is recommended. At the tip clearance near
SS, due to the accelerated velocity within the narrow tip channel, the laminal wall jet flow appeared
with evenly distributed velocity vectors (Label B). Straight jet flow (B) seemed to not be affected by the
space of the tip clearance compared with flow in the other regions.
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Reverse flow existing at the blade SS (Label C) was closely related to the SS vortex mentioned in
Figure 7. With the growth of the tip gap, the reverse-flow area greatly expanded, indicating a fierce
formation of the SS vortex in this position, especially at δ = 0.75%. As discussed above, vortices, as well
as inverse direction vectors, can be identified by low-Cp regions. A considerable change in SS vortex
intensity can clearly be seen in Figure 8a,c, where reverse flows were inappreciable and significant,
respectively. In an experimental study conducted by Wu et al. using the PIV method, the existence of
adverse flow near the suction side of a water-jet pump was proved by plotting the circumferential
vorticity distribution at the tip-gap region [6]. Nonetheless, the authors only stated the employment of
vorticity visualization for examining the flow structure at tip clearance with a single clearance value
instead of showing the relationship between TCS and vortex strength, as in the present study.

To comprehensively understand vortex trajectory, the swirling intensity on five circumferential
sections corresponding to 0.9, 0.95, 0.98, 0.985, and 0.99 of blade height are visualized in Figure 9.
The figure provides another view of the vortex path concerning distribution in the radial direction.
In general, the higher the blade span is, the more evidently TLV is captured. Both PS and SS vortex
could be prominently observed, with maximal swirling strength appearing on the 0.99 blade span.
On the 0.95 span, the existence of the PS vortex seemed negligible, and the two vortex types were fully
suppressed on the 0.90 span due to mergence into the main passage flow. Observation of the tail vortex
at the blade trailing edge raised an interesting point about another vortex’s component, which is not
visible in Figure 7. Therefore, Figure 9 sufficiently demonstrates the vortex structure with three TLV
components, namely, the pressure side, suction side, and trailing vortices. Between them, the SS vortex
dominated, accounting for the largest proportion of the TLV that caused remarkable deterioration in
turbine performance by the dint of reverse flow and volumetric loss.
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4.2. Effects of Tip-Leakage Flow on Turbine Performance

Figure 10 presents the relationship between the turbine’s generated power, efficiency, and
volumetric loss, and the rotational speed for different values of tip-clearance size. The power
performance curve in Figure 10a shows that the extracted power gradually decreased with greater
rotational speed. With the widening of TCS, a step-drop in turbine power was perceived. The power
reductions were significant as TCS changed from δ = 0% to 0.25% and 0.5%, accounting for a fall at the
design point by 10% and 24%, respectively. Nevertheless, this value was slightly lower in the case of
δ = 0.75% compared to previous TCS. Generally, the tip clearance implemented the adverse impact on
the power capture ability of the tidal turbine, and this influence was decided by two key factors, gap
size and turbine speed.Energies 2020, 13, x FOR PEER REVIEW 12 of 18 
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Turning to the volumetric loss in Figure 10b, there was no doubt that wider tip-shroud distance
resulted in larger quantity of leakage flow over the gap (defined by ∆V), showing the high volumetric
loss indicated by dotted lines in the figure. For a fixed flow rate, the volumetric loss was eliminated
when the turbine rotor rotates faster, reducing it from 1.7% to 0.55% in the case of δ = 0.75%, and from
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1.1% to 0.4% for δ = 0.5%. This was due to the blocking effect of water flow at the end-wall region at
high rotational speed in turbomachines. Moreover, there was a similar trend of efficiency degradation
according to TCS rise. The increased TCS was also reported to cause the efficiency decline in a
pump-jet propulsor and a mixed-flow pump in studies executed by Lu [13] and Liu [11], respectively.
The seriousness of the downgraded performance was remarkably affected by the type of machinery
and machine working conditions. Nevertheless, narrow tip clearance was not always beneficial, and
the maximal efficiency could be achieved at certain TCS. Jung et al. figured out the above result in a
study of the tip-leakage flow in an axial-flow fan equipped with winglets [28]. Characteristic curves in
Figure 10b show that, at high rotational speed, especially speeds higher than the design point, the
decrease in turbine efficiency tended to be worse than that at low speed. Because of the impact of
leakage vortices and volumetric loss, under the design speed, turbine efficiency dropped by 3.8%,
6.4%, and 7.8% corresponding to TCS δ = 0.25%, 0.5%, and 0.75%, respectively. Loss even doubled
to 7.9% (for δ = 0.25%) and 20% (for δ = 0.75%) at the highest rotational speed. In other words, the
turbine operating under excess speed and large tip clearance was unable to effectively exploit energy
from water.

The correlation of generated power and turbine efficiency to various tip-clearance sizes is
illustrated in Figure 11 to provide an overall view. When tip clearance was extended, the power and
efficiency of the propeller turbine declined in accordance with a virtual liner rule. On the basis of
turbine performance in the designed working conditions for different TCS values, the relationships
between extracted power and TCS, and between turbine efficiency and TCS, are expressed in two
first-order functions: {

P = −1005δ+ 2808
η = 10.14δ+ 75.39

. (11)
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Relying on these functions, power and efficiency can be quickly predicted for other tip-clearance
sizes with fairly accurate results that could save much time and effort in maintenance and
supervision processes.

4.3. Analysis of the Pressure Fluctuations on Turbine Blade

The results of the steady-state simulations were considered as initial suggestions to carry out
transient calculations to figure out the relation of tip-clearance size, and the rise and fall of the pressure
over time. Transient simulations for turbine operation in 15 revolutions of the turbine runner were
taken place, and collected data within the last 10 cycles were employed for pressure fluctuation analysis.
To evaluate the influence of tip-leakage vortex on pressure alteration, the pressure fluctuation intensity
was defined as follows:
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p =
1
N

N∑
i=1

pi (12)

p′ =

√√√
1
N

N∑
i=1

(pi − p)2 (13)

Ip f =
p′

1
2ρU2

tip

(14)

where N, number of samples; pi, pressure at each time step; p, average pressure; p′, pressure
fluctuation intensity; Ipf, dimensionless pressure fluctuation intensity; and Utip, blade-tip velocity in
design conditions.

Figure 12 demonstrates the alteration of pressure fluctuation intensity for a series of monitoring
points along the turbine blade from the leading to the trailing edge under the design flow rate.
The strength of pressure variation of 66 points located at three spans, namely, tip span, 0.8 span
(80% of blade height Hb), and 0.6 span (60% Hb) in the case of δ = 0.5% is displayed in Figure 12a.
The most salient feature is that pressure fluctuation intensity in SS overwhelmed that in PS at all
spans. This phenomenon was appropriate to the results shown in Figure 7, where the SS vortex
developed stronger than the PS vortex. Results showed that pressure instability was most obvious at
the blade tip, especially in the suction side, with the highest value peaking at λ = 0.3, where the SS
vortex initially formed. Due to the evolution of the SS vortex along the blade length, the pressure at
blade tip SS drastically varied. Whereas, pressure fluctuation intensity at the tip span of the blade
PS was considerably lower except for a noticeable point at the tip leading edge. At this position,
Ipf achieved the maximal value of 0.01, revealing that the PS vortex incepted there, and it induced
vigorous turbulent flow at the tip corner of the blade PS. The characteristics of the pressure fluctuation
curves at 80% and 60% Hb were similar. At the SS, Ipf witnessed no significant change in magnitude
along the blade chord. Nonetheless, Ipf at PS was opposite, which was relatively low in the first half
and stably increasing in the second half of the blade length. This can be explained by the interaction
of the SS vortex from the adjacent blade since it developed along the blade chord, went through the
middle channel, and impinged on the PS of another blade.Energies 2020, 13, x FOR PEER REVIEW 14 of 18 
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for three tip-clearance size (TCS) cases.

Figure 12b expresses the pressure fluctuation at the tip span for three cases of tip-clearance size,
namely, δ = 0.25%, 0.5%, and 0.75%. It is worth noting that the Ipf for δ = 0.75% was in the first position,
followed by δ = 0.5%, and δ = 0.25% was last. In general, the intensity of pressure variation in SS was
much higher than that in PS for all tip-shroud distances. The discrepancy in pressure fluctuation for
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three curves in PS was small, but the disparity for SS was remarkable. Maximal Ipf in δ = 0.75% was
double that for δ = 0.25%, accounting for 0.02 and 0.01, respectively. While Ipf for PS achieved strong
magnitude at the leading edge and trailing edge, Ipf for SS experienced a different trend, peaking at the
chord fraction from 0.3 to 0.4. This proved the significant influence of SS vortex formation on pressure
fluctuation in the above region. A high degree of pressure changes leads to low stability of tidal turbine
performance, resulting in poor behavior in electric generation. All in all, the wider the clearance at the
blade tip is, the more turbulent the tip-leakage flow becomes, and the more seriously is the turbine
performance degraded.

Fast Fourier transform (FFT) was performed with the pressure data of 22 monitoring points along
the blade tip chord (11 points in each side, namely, PS1–11 and SS1–11) for four cases of tip clearance.
FFT results on frequency property are displayed in Figure 13. Pressure oscillations in SS, represented
by red lines, were much higher than those in PS (blue lines) at most positions along the blade tip.
The high intensity of pressure alteration occurred not only at leading edge and trailing edge (in the
case of δ = 0%) but also at some other locations, particularly at λ = 0.3 and 0.4, corresponding to points
SS4 and SS5 in turn, proving that the existence of a tip vortex at these positions contributed to pressure
instability on the blade. The level of pressure fluctuation also increased according to the extension
of tip clearance. The maximal pressure fluctuation amplitude for δ = 0%, δ = 0.25%, δ = 0.5%, and
δ = 0.75% was 286, 398, 600, and 842 Pa, respectively. For a tip gap of 0.75%, the intensity of dominant
frequency was considerably augmented, being 3 times higher than the data in the case of zero clearance.
Although blade loading depends on the main flow discharge rate, it is also affected by leakage flow
over the tip gap. When tip-clearance size was enlarged to δ = 0.5% and δ = 0.75%, leakage flow was
strengthened with extreme vortices, harmfully impacting blade pressure stability. Liu et al. found the
same phenomenon in a mixed-flow pump and concluded that, when TCS increased from 0 to 1 mm,
the maximal amplitude of pressure fluctuation dramatically rose within the impeller, especially on the
blade tip [11]. In the turbine here investigated, the detailed figures of the maximal amplitude of Ipf

and dominant frequency for different TCSs can be found in Table 3. For four TCS values, tip pressure
fluctuated the most at similar dominant frequencies, ranging from 16 to 18 Hz, which is approximately
2.4 times the rotating frequency of the turbine blade. Therefore, TCS exerted negligible influence on the
dominant frequency of pressure variation in the surveyed propeller turbine. In a study of a pump-jet
propulsor, Yu et al. also claimed that the tip-clearance effects did not change the frequency of thrust
and torque variations, but it significantly influenced the fluctuation amplitude [29]. When the tip-gap
expanded from 0 to 1 mm, the dominant frequency was almost constant as 75 Hz, while the maximal
pressure fluctuation amplitude grew up from 400 to 1000 Pa. This similar observation raised a point
that the dominant frequency of pressure alterations might only depend on machines type and working
conditions. In contrast, the pressure stability on the rotor blade was deeply affected by TCS.

Table 3. Maximal pressure fluctuation magnitude and dominant frequency for various TCSs.

Monitor
Points

Maximal Amplitude of Pressure Fluctuation [Pa] Dominant Frequency [Hz]

δ = 0% δ = 0.25% δ = 0.5% δ = 0.75% δ = 0% δ = 0.25% δ = 0.5% δ = 0.75%

PS SS PS SS PS SS PS SS

P1 45 286 161 398 390 150 165 167 18 18 16 17
P2 20 180 164 82 75 136 70 120 18 18 16 17
P3 25 190 345 276 56 250 51 588 18 18 16 17
P4 30 185 46 250 125 560 25 159 18 18 16 17
P5 48 178 60 365 63 254 46 842 18 18 16 17
P6 51 175 72 173 90 366 100 370 18 18 16 17
P7 75 166 98 180 262 295 130 406 18 18 16 17
P8 90 157 125 202 139 300 79 381 18 18 16 17
P9 120 140 170 246 148 302 161 375 18 18 16 17
P10 160 42 218 314 220 318 223 370 18 18 16 17
P11 215 230 275 370 335 600 315 465 18 18 16 17
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5. Conclusions

In the present study, we investigated the formation and trajectory of tip-leakage vortices in various
working conditions with different tip-clearance sizes, and the influence of blade tip clearance on
propeller turbine performance. On the basis of a thorough analysis of steady and transient numerical
results, some key points were drawn, as follows.

In terms of tip vortex formation, three components of tip-leakage vortex were observed, namely,
PS vortex, SS vortex, and trailing vortex, among them the magnitude of the SS vortex dominated the
others, causing highly turbulent tip-leakage flow. A TLV could occur under any flow conditions, and
swirling strength depended on flow rate and was proportion to clearance size. TCS had a significant
impact on TLV evolution. Results showed that a larger TCS led to the enhancement of separation flow
at the PS tip corner and the expansion of the reverse-flow area near the blade suction side. Tip-leakage
flow with intensive swirling was observed in the turbine operating with a large tip-gap condition.

The existence of tip clearance gave rise to deterioration in the propeller turbine performance.
With the increased TCS, the power generated and hydraulic efficiency of the turbine were drastically
degraded. At the design point, extracting power experienced a reduction of 10% and 24% for TCS
δ = 0.25% and δ = 0.5%, respectively. Meanwhile, in the case of the largest TCS, efficiency dropped



Energies 2020, 13, 4055 16 of 17

by 7.8%, and loss became even more substantial at higher rotational speeds. The relationships
between extracted power and TCS and that between turbine efficiency and TCS were expressed in two
first-order functions.

Concerning pressure fluctuations, pressure at the suction side tip span varied at the highest rate
at chord fractions of λ = 0.3 and λ = 0.4, corresponding to inception positions of the SS vortex, whereas
that statistic peaked at the leading edge and trailing edge for PS. The dominant frequencies of pressure
fluctuation for the four TCS cases were almost identical, from 16 to 18 Hz. Nonetheless, the maximal
pressure alteration amplitude was remarkably increased with the extension of the tip gap. Maximal Ipf

for δ = 0.75% was 842 Pa, three times higher than that feature in the case of zero clearance.
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Nomenclature

P Power output H Effective head
η Efficiency T Torque
Qd Design flow rate pi Pressure at each time step
N Rotational speed Ipf Dimensionless of pressure fluctuation intensity
Dt Tip diameter µt Turbulence viscosity
Dh Hub diameter k Turbulence kinetic energy
Z Number of blades ω Turbulence frequency
δ Dimensionless of tip clearance F2 Blending function
λ Blade chord fraction α1 Model constant
C Blade chord length β′ Model constant
S Monitoring point position ∆V Leakage volume
CP Pressure coefficient TCS Tip-clearance size
Plocal Local static pressure TLV Tip-leakage vortex
Utip Velocity of the blade tip SST Shear-stress transport
ρ Fluid density PS Pressure side
Ph Hydraulic power SS Suction side
Pmec Mechanical power
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