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Abstract 

The paper presents the effects of blade twist and nacelle shape on the performance of 

horizontal axis tidal current turbines using both analytical and numerical methods. Firstly, 

in the hydrodynamic design procedure, the optimal profiles of untwisted and twisted 

blades and their predicted theoretical turbine performance are obtained using the genetic 

algorithm method. Although both blade profiles produce desired rated rotational speed, 

the twisted blade achieves higher power and thrust performance. Secondly, numerical 

simulation is performed using sliding mesh technique to mimic rotating turbine in 

ANSYS FLUENT to validate the analytical results. The Reynolds-Averaged Navier-

Stokes (RANS) approximation of the turbulence parameters is applied to obtain the flow 

field around the turbine. It is found that power and axial thrust force from BEMT method 

are under-predicted by 2% and 8% respectively, compared with numerical results. 

Afterwards, the downstream wake field of the turbine is investigated with two different 

nacelle shapes. It is found that the rotor performance is not significantly affected by the 

different nacelle shapes. However, the structural turbulence caused by the conventional 

nacelle is stronger than that by the NACA-profiled shape, and the former can cause 

detrimental effect on the performance of the downstream turbines in tidal farms. 

Keywords: Tidal current turbine, Hydrofoil, RANS, CFD, Blade Element Momentum 

theory. 

 

 

 

 

 

 
*
Corresponding author.  

E-mail address: ljing2005@gmail.com (J. Liu). 

  

 



2 

1. Introduction 

 Tidal current turbines are one of the key emerging technologies to harness kinetic 

energy from the ocean in a sustainable manner. Their working principle can be traced 

back to windmill, and associated design process is adopted from that of wind turbines. 

However, many technical problems are yet to be tackled in harnessing kinetic energy 

from currents due to the corrosive and harsh sea environment. Compared with wind 

turbines, tidal turbines experience different Reynolds number (Re) regimes and stall 

characteristics, and are additionally subject to wave effects, sedimentation issues, bio-

fouling, and cavitation problems. As seawater is approximately 800 times denser than air, 

high current loads and stress are exerted on the various rotating and fixed components of 

a submerged marine turbine due to strong tidal currents. Therefore, the working device 

has to be well designed to be robust and reliable enough to withstand normal operating 

loads as well as the occasional harsh sea conditions. Insufficient understanding of the 

physics and design parameters of tidal turbines in the initial design stage will result in 

costly breakdown and catastrophic failure during its operation. To design an efficient 

tidal stream turbine, it is also necessary as a first step to carry out comprehensive 

hydrodynamic modelling of the rotor design to maximize the turbine performance. 

 Nowadays, Blade Element Momentum Theory (BEMT) plays a crucial role in the 

hydrodynamic design of tidal current turbines. This theory applies the principle of 

aerodynamics to predict the forces on the blades from the 2D drag and lift values of the 

foil. The fundamental theory has been widely published either in wind turbine design [1], 

[2] or ship propeller design [3]. The design process can be directly adopted from wind 

turbine design, together with consideration of the crucial cavitation analysis [4-7]. The 

BEMT analytical results can be validated either by the experimental results [5] or by 

CFD simulation results [8]. It has been shown that BEMT analytical method can predict 

consistent results with experimental and CFD numerical results.  

 Recently, numerical method becomes increasingly popular in the optimization of 

turbine design. For instance, Lee et al. numerically studied delay of cavitation inception 

with new raked tip design [9]. Liu and Bose presented numerical results of the effect of 

rotor solidity on the energy generation at low incoming flow speed [10]. The wake field 

characteristics of tidal turbines was numerically analysed by Jo et al. [11]. Moreover, the 
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accuracy of the numerical results using commercial software FLUENT was validated by 

experimental results in the published works [12]. Thus, the existing literature has 

indicated that CFD results can provide a good match with experimental results. However, 

to the authors’ best knowledge, very few research has been carried out on the effects of 

nacelle shape on the turbine performance.  

 In this paper, in addition to addressing the turbine rotor design theory and results, 

numerical method is applied to validate BEMT results. The effects of different nacelle 

shapes are also investigated with the intent to study their effect on the consequent wake 

field. The results will provide a basic physical insight towards the actual fabrication 

design of turbines and important hydrodynamic analysis for tidal farm applications in the 

future [9].  

 This paper presents the turbine design methodology including preliminary turbine 

specifications together with the design of nacelle geometry and its associated wake field 

study with different nacelle profiles. First of all, the basic BEMT method is explained and 

this is followed by further validation studies with numerical simulation. Secondly, the 

technical information regarding turbine performance, hydrodynamic analysis, and nacelle 

size and shape are discussed. Numerical validation results are described in Section 4. This 

is followed by the study on the effects of different nacelle shapes on the turbine 

performance and their wake field. The conclusions on the research findings are discussed 

in the final Section 5.   

2. Analytical Methodology 

2.1 Rotor Design Parameters 

The flow chart of the turbine design is shown in Fig. 1. In the first step, the 

necessary resource assessment including tidal current velocity, direction, bathymetry, 

tides condition and marine environmental conditions should be carried out. The aim is to 

verify the suitability of the turbine and site-device matching. This step is followed by the 

generator selection process in order to match the expected water-to-mechanical power 

output and to estimate the size of the nacelle geometry. Finally, the rotor details can be 

specified.   
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Fig. 1 The flow chart of the turbine design. 

 The design parameters of the rotor are given in Table 1. In this study, the rated 

speed of the selected generator is 200 rpm. The hub diameter Dh is 0.2 m, and the pre-

pitch angle of the blade is 10
o
. The designed flow speed range is from 0.5 m/s to 3m/s. 

The rated flow speed is assumed to be 2 m/s, and the rated power P is 1.38 kW to match 

the gearless direct drive generator selected. The output power of the rotor is calculated as 

        (1) 

where ω is the shaft rotating speed, T is the required driven torque. The tip speed ratio 

(TSR) is 5.2 at the rated working condition and it is defined as 

     
   

  
 (2) 

Dr is rotor diameter and U is free stream velocity. The resultant maximum operating 

power coefficient (Cp) from the rotor is 0.43 (=P/Pt).  Pt is the total power available in the 

flow stream within 1 m diameter swept area of the rotor, and it is defined as, 

    
 

 
    

   
                                                               

where is density of seawater. 

Table 1 Design parameters of the turbine rotor. 

Turbine Specifications   

Blade profile NACA 9618 

N: Number of blades [EA] 3 

U: Free stream velocity [m/s] 0.5-3.0 

V: Rated flow speed [m/s] 2 

Pt: Total power at 2 m/s [W] 3220 

(1) 

• Tidal current resource assessment 

•  Bathymetry and physical condition mesurement 

(2) 

• Drive train system selection 

• To estimate diameters of the nacelle and hub 

(3) 

• To define the rotor specifications  

• To estimate turbine performance 
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Cp: Designed power coefficient 0.43 

P: Rated power [W] 1380 

ρ: Sea water density [kg/m
3
] 1025 

μ: Sea water viscosity [kg/(m·s)] 0.00108 

Dr: Rotor diameter [m] 1 

Dh: Hub diameter [m] 0.2  

TSR: Tip speed ratio 5.2 

Pg: Output power from generator [W] 1080 

ω: Rated rotor speed [rpm] 200 

h: Water depth [m] 14 

hH: Hub height [m] 8.5 

 

 It is a well-known fact that one of the energy extracting principles from the 

moving fluid is by employing a turbine to rotate together with a generator through the 

connecting shaft between them. In this process, the extracted kinetic energy from the flow 

is converted into the mechanical energy and finally, into electric power. In other words, 

the rotor provides the shaft power input to the generator, which subsequently produces 

electric power output. A gearbox is usually used to balance the mismatch of different 

rotating speeds between the rotor and the generator. In a direct drive train system, the 

gearbox is not required. However, the Permanent Magnet Generator (PMG) drive train 

system might be much heavier because of the low rotational speed of the tidal turbine, 

which results in the increased number of poles. This is the reason why the generator 

selection is recommended before specifying the rotor parameters as shown in Fig. 1. 

Besides, weight is one of the most concerned factors in the industrial manufacturing 

process as well as in the design of the supporting structure. However, the primary 

advantages of the direct drive train are simpler design and higher reliability with less 

components. The frequency of the system maintenance is thus reduced in direct drive 

system because of no extra power loss due to the malfunction or breakdown of the 

gearbox. In this study, the commercial direct drive train was selected. The generator 

efficiency can be calculated from [14], 

   
    

   
      (4) 
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 is electric power output, and  is shaft power input, 

    
 

 
    

                                                                   

2.2 Hydrodynamic Analysis  

2.2.1 Blade Element Momentum Theory 

In this section, the blade optimization process was performed to maximize the 

power output at a range of flow speeds from 0.5 m/s to 3 m/s. BEMT method is employed 

to predict the turbine (hydrokinetic) performance and thrust load. This classic analytical 

method is an effective way to analyse the turbine performance.  

 In this theory, the blade is divided into a number of elements in the radial 

direction. The velocities and the hydrodynamic loads acting on the blade from incoming 

currents are indicated in Fig. 2. The resultant velocity of the incoming flow speed and the 

rotational speed is .  is the flow angle in the rotational plane and varies along the 

radial direction. It can be obtained from 

       (6) 

Angle of attack (AOA) and blade pitch angle are defined in Fig. 2. The generated lift 

and drag  on the hydrofoil due to the incoming flow will produce the axial force 

and the tangential force on the blade element at radius ,  

                   (7) 

                   (8)  

The axial force is perpendicular to the rotational plane and it is also known as the thrust 

force acting on the turbine. The tangential force is the torque driving the rotor to rotate 

and produce the mechanical energy. The lift and drag values in Eq. (7) and Eq. (8) can be 

derived from the lift coefficient  and the drag coefficient  respectively,   

    
 

 
      

             
 

 
      

                                      (9) 

where is the chord length of the blade. And then, the total thrust and torque values can 

be obtained by integrating values of Eq. (10) and Eq. (11) over all the blade elements, 

  (10) 
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                      (11)  

where B is the number of blades. In this calculation, it has to be pointed out that each 

blade element is independent of other elements and their radial interaction is neglected. 

However, it is not the case in reality. As pointed in the literature [5][23], [37], BEMT 

method has a few limitations, for example, it does not consider the effect of the swirl 

flows induced by the blade tip and the vortices at the root. The consequence is BEMT 

method fails to obtain accurate operational behaviour of the rotor. Therefore, tip and hub 

loss correction has to be employed in the BEMT method to compensate for the above 

discrepancy. In the present turbine rotor design, the Prandtl tip and hub loss algorithm is 

utilized [19] 

 

Fig. 2. Velocities and Forces on a blade element of the rotating plane at radius . 

2.2.2 Turbine Blade Design 

 BEMT method has been developed through in-house programming by various 

institutes and their tools are readily available, for example, WT_Perf [15] and Qblade 

[16]. Its assumptions and details on BEMT method have been also summarized in the 

book [17] and thesis [18]. In present hydrodynamic design, Harp_Opt from NREL 

(National Renewable Energy Laboratory) is used to obtain the optimal blade geometry, 

output power and thrust of the turbine at the different flow speeds by optimizing the 

chord length and twist with genetic algorithm [19]. The detailed procedure is described in 

r
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the following flow chart (Fig. 3). The occurrence of fluid cavitation can be avoided 

theoretically by considering local flow speeds and water depths. 

 

Fig. 3. Tidal turbine hydrodynamic design flow chart. 

 Referring to Fig. 3, a Linear-Vorticity panel method with Karman-Tsien 

compressibility correction is used to predict the lift coefficient (Cl) and drag coefficient 

(Cd) of the two-dimensional airfoil within limited AOA e.g. -5°~30° [20]. The extended 

(-180°~180°) Cl and Cd values is obtained with Viterna method [21]. The genetic 

algorithm is used to calculate the optimal power of the rotor and to obtain the desired 

rotor parameters along the radial direction.  

 The criteria of hydrofoil selection for tidal turbine design is stated in [22], [24][25], 

and not studied here since it is not the focused topic. One of the important points is that 

the values of Cl  and the efficiency curve Cl/Cd should be as high as possible over a wide 

range of angles of attack to deliver a good performance turbine [22], [23]. The arbitrary 

blade profile NACA 9618 is selected in this study (Fig. 4(d)), and only one profile is used 

throughout the blade span as presented in [8]. However, it has to be pointed out that the 

profile is generally thicker at the root and thinner at the tip [23], [26]-[28]. The selected 

thicker profile is to accommodate the greater bending and torsional load capabilities and 

to enhance starting torque as well. The thinner profile is for efficient and increased power 

production. For example, in the reference [23], a thick hydrofoil with 24% of the chord 

was used at the root and 16% of the chord at the tip. Furthermore, a circular cylinder at 

the blade root is generally utilized to suit variable pitch requirement [27]. The transition 

zone to the hydrofoil section can occur at 20% of the blade length [8]. Alternatively, there 

are different choices apart from circular cylinder at the root, such as in the references [23], 

[29]. NACA profile is also used at the root of the blade.      

Linear-Vorticity 

Panel Method 

 

  Viterna Method  
  BEM & Genetic 

Algorithm 
 

  Cl & Cd at Angle of 

Attack (-5°~ 30°) 

 

  Extended Cl & Cd at 

(-180°~ 180°) 

  

  Optimal Parameters (Blade Chord 

Length, Output Power & Loads) 

  

  Turbine Performance, Flow 

Pattern, & Loads on Device 

 

  

  CFD Verification    Bench Marking  
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 The Reynolds number (Re) of a rotating turbine is defined as 

   
    

 
                                                                        

where c is chord length. The range of Re from the root to the tip of the blade is 

approximately from 0.04×10
6
 to 0.4×10

6
. A substantial 75% of total power produced by 

the turbine is contributed by the blade section within 0.5 < r/R < 1 (R is radius of turbine) 

[30]. Thus, the design Reynolds number (Re) is established at 75% of the blade length 

from the origin of hub [31], [32], the value calculated in the present rotor is 0.3×10
6
. At 

this Re number, the values of Cl, Cd, and Cl/Cd of NACA 9618 were predicted by XFOIL 

and the results were given in Fig. 4. This profile performs well in the delay of stall, and 

can keep high Cl value as the AOA increases. The performance of NACA 9618 are 

comparable to the NACA 63-8xx series in terms of Cl and Cd [5]. The hydrofoil suction 

side or downstream surface is more convex than the pressure or upstream surface. The 

Cl/Cd ratios are over 50 (Fig. 4(c)). These characteristics satisfy the ideal hydrofoil profile 

as recommended in the reference [34]. However, there is a sudden decrease 

approximately at 3
o
 of AOA after reaching the maximum point. Attention should be paid 

to choose such kind of hydrofoil according to the selection criteria as mentioned in the 

references [22],[25]. Although Cl has not reached its maximum value at 3
o
, the value of 

Cd starts to increase dramatically. As a result, a better hydrodynamic performance could 

not be expected as AOA increases, and this leads to possible occurrence of stall due to a 

sharp increase in drag and less efficiency in Cl/Cd curve. The drag polar graphs are 

plotted in Fig. 5. For angles of attack from 0
o
 to 11

o
, Cl increases significantly with 

slightly increase in Cd. Approximately after 11
o
, increase of Cd is faster than that of  Cl . 

Therefore, the optimal performance of the tidal current turbine will be achieved at AOA 

less than 11
o
.  



10 

 

Fig. 4. Tidal (a) Cl values; (b) Cd values; (c) Cl /Cd values; and (d) NACA 9618 profile at 

Re = 0.3×10
6
. 

 

Fig. 5. Drag ploar of hydrofoil NACA 9618 at Re = 0.3×10
6
. 

 Fig. 6 presents minimum coefficient of pressure Cpmin versus AOA obtained from 

XFOIL. The trend is consistent with the published paper of NACA 63-415 by Laurens, et 

al. [33]. Cpmin increases up to less than -1 approximately at -2.5
o
 of AOA. In the later 

NACA 9618 profile 

(a) (b) 

(c) (d) 

 Cl Cd 

Cl/ Cd 

Cl 

α 
α 

α 

Cd 

Cl/ Cd 
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discussion, it is found that the chance of occurrence of cavitation is minimal with the 

current turbine design.  

 

Fig. 6. Minimum coefficient of pressure of hydrofoil NACA 9618 at Re = 0.3×10
6
. 

 BEMT method together with genetic algorithm can be used to give the best 

theoretical performance by optimizing the chord length and twist with respect to the 

given foil and design requirement [35]. It has shown capability in analysing both twisted 

and untwisted blades [36]. As presented in the references [36] [37], [38], the untwisted 

blade can also reach high Cp performance. In the present study, both untwisted and 

twisted blades, using the same airfoil profile, with varying chord lengths and constant 

thickness ratio from root to tip will be generated by BEMT method. The obtained optimal 

results are shown in Fig. 7 based on the rotor design flow chart of Fig. 3. The rotational 

speed of the rotor varies with different flow speeds and reaches the rated rotational speed 

of 200 rpm at 2 m/s (Fig. 7(c)). The torque and power also meet the preliminary design 

requirements as illustrated in Fig. 7(a) and (b). Although untwisted blade can produce 

slightly higher amount of torque, the twisted blade has much higher rotating speed. As a 

result, the blade with twist delivers 1.9% higher Cp and power as shown in Fig. 7(b). 

However, the thrust coefficient Ct of twisted blade is increased by 7.8%. Generally, 

higher thrust coefficient value is unfavourable in actual field deployment due to higher 

drag (or) thrust force acting on the supporting structure, resulting in higher capital cost. In 
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Fig. 7(c), the constant rotating speed of 200 rpm can be theoretically maintained by 

varying blade pitch angles in the flow regime higher than rated speed. However, in the 

reality, when the pitch angle is fixed, the extra power can be released by mechanical 

control, such as brake mechanism, in case the flow velocity is higher than 2 m/s to 

prevent from exceeding the generator capacity. Fig. 7(d) shows the thrust values acting 

on the rotor, and the highest load is approximately 1,160 N at 2m/s.  

 
  

Fig. 7 The optimal results of rotor design: (a) Torque; (b) Power and Cp; (c) Rotational 

speed of rotor; and (d) Thrust and coefficient of thrust Ct. 

 The chord, twist distribution and thickness (t) profile in the spanwise for both 

untwisted and twisted blades are tabulated in Table 2 and Table 3. A direct comparison 

on chord length is shown in Fig. 8. The radius of the hub is 0.1m, thus the blade is 0.4 m 

long. The chord length of twisted blade is wider at the root and narrower at the tip. Its 

twist property requires complicated manufacturing procedure and hence yields higher 

cost. On the contrary, untwisted blade is superior for small and medium turbine in 

manufacturing and complex blade mould is not necessary [39].  

(a) (b) 

(d) (c) 
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Table 2 Particulars of untwisted turbine blades. 

r/R R(m) Twist (deg.) c (m) t/c (%) t (m) 

0.203 0.101 10.00 0.055 18.0 0.010 

0.214 0.107 10.00 0.054 18.0 0.010 

0.235 0.117 10.00 0.053 18.0 0.010 

0.266 0.133 10.00 0.051 18.0 0.009 

0.307 0.153 10.00 0.050 18.0 0.009 

0.355 0.178 10.00 0.048 18.0 0.009 

0.410 0.205 10.00 0.047 18.0 0.008 

0.471 0.235 10.00 0.045 18.0 0.008 

0.534 0.267 10.00 0.043 18.0 0.008 

0.600 0.300 10.00 0.042 18.0 0.008 

0.666 0.333 10.00 0.040 18.0 0.007 

0.729 0.365 10.00 0.039 18.0 0.007 

0.790 0.395 10.00 0.037 18.0 0.007 

0.845 0.422 10.00 0.036 18.0 0.006 

0.893 0.447 10.00 0.034 18.0 0.006 

0.934 0.467 10.00 0.033 18.0 0.006 

0.965 0.483 10.00 0.032 18.0 0.006 

0.986 0.493 10.00 0.032 18.0 0.006 

0.997 0.499 10.00 0.031 18.0 0.006 

Table 3 Particulars of twisted turbine blade. 

r/R R(m) Twist (deg.) c (m) t/c (%) t (m) 

0.203 0.101 13.64 0.100 18.0 0.018 

0.214 0.107 13.51 0.094 18.0 0.017 

0.235 0.117 13.27 0.084 18.0 0.015 

0.266 0.133 12.91 0.074 18.0 0.013 

0.307 0.153 12.42 0.064 18.0 0.012 

0.355 0.178 11.78 0.056 18.0 0.010 

0.410 0.205 11.01 0.048 18.0 0.009 

0.471 0.235 10.14 0.042 18.0 0.008 

0.534 0.267 9.21 0.038 18.0 0.007 

0.600 0.300 8.28 0.034 18.0 0.006 

0.666 0.333 7.39 0.031 18.0 0.006 

0.729 0.365 6.60 0.028 18.0 0.005 

0.790 0.395 5.93 0.026 18.0 0.005 

0.845 0.422 5.42 0.025 18.0 0.004 

0.893 0.447 5.05 0.023 18.0 0.004 

0.934 0.467 4.78 0.022 18.0 0.004 
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0.965 0.483 4.66 0.022 18.0 0.004 

0.986 0.493 4.58 0.021 18.0 0.004 

0.997 0.499 4.53 0.021 18.0 0.004 

 

Fig. 8 Hydrodynamic design results of chord length of twisted blade and untwisted blade. 

 It should be noted that the cavitation might happen at the high TSR because of 

very low pressure at the suction side of the blades. In existing literature, the cavitation 

can be avoided if TSR < 4.3 [24] while another research mentioned TSR < 6 [5]. 

Theoretically, the occurrence of the cavitation can be predicted by comparing the 

maximum –Cpmin (negative minimum pressure coefficient of hydrofoil at working angle 

of attack of the blade section) and the cavitation index (σ) [6]. In other words, cavitation 

occurs when the maximum – Cpmin -σ > 0, otherwise cavitation might be avoided at 

maximum – Cpmin -σ < 0 [6]. In the present design of both blades, although at high TSR 

of 5.2, the chance of occurrence of the cavitation remains low as tabulated in Table 4 

according to the blade optimization process results. 

Table 4 Cavitation study at r/R = 0.965, where r is local radius of blade, and R is radius 

of blade. 

 U  (m/s) ω (rpm) σ α (°) Cpmin Cavitation 

Untwist blade 
2 200 2.63 -3.5 -1.2 No 

3 200 2.52 5.74 -1.08 No 

Twisted blade 
2 200 2.63 -4.2 -1.34 No 

3 200 2.51 5.35 -1.39 No 
 



15 

 In the present hydrodynamic analysis, both untwisted and twisted blade were 

designed with varying chord lengths in the spanwise direction. Both configurations meet 

turbine design requirements and the chance of occurrence of the cavitation is minimized. 

Although the twisted blade produces 1.9% higher power, the thrust force also increases 

by 7.8% based on the BEMT results. In a nutshell, the untwisted blade with constant 

thickness ratio 18% meets design requirements such as ease of manufacturing and low 

cost design [37]. Turbine blade design without twist was also studied by various 

researchers in the literature. For instance, the phase II horizontal turbine designed by 

NREL was also designed to be untwisted in the spanwise with only one blade profile 

employed and the constant thickness ratio [38]. Therefore, untwisted blade will be used in 

the consequent study, meeting all design requirements. The schematic view of the turbine 

with untwisted blades is demonstrated in Fig. 9. 

 

Fig. 9. The optimised shape of the blade (a) and the geometry of the rotor (b). 

3. Turbine Nacelle  

 

 For horizontal axis turbine, nacelle is used for housing the electrical generator 

which is connected to the turbine rotor through the shaft. The selected 1kW generator is 

cylindrical in shape with an outside diameter of 245mm and a length of 333m. The actual 

nacelle diameter is designed to be 26.9% of the rotor diameter to leave some room for 

fixing internal components as illustrated in Fig. 10 (a) and (b). For wind turbines, nacelle 

diameter having less than 10% of rotor diameter is recommended [40], [41]. However, it 

is unknown whether this restriction is applicable to tidal turbines. For example, the 

generator of a contra-rotating marine turbine in the literature has 36.8% of the rotor 

(a) (b) 
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diameter [40]. In this paper, two different nacelle shapes are investigated to study their 

effect on the performance of the turbine and the wake field (Fig. 10). One is conventional 

shaped nacelle and another one is NACA 0042 profiled shape. The symmetrical NACA 

profile was chosen to enable downstream flows behind the turbine blades to have 

identical flow paths over 360 degrees of sweep. The maximum diameter of NACA 

profiled one is 22% larger than the conventional one in order to fit generator size. The 

NACA nacelle was truncated in the front, to accommodate the turbine hub diameter. 

Three-dimensional (3D) schematic view of both turbines are shown in Fig. 10 (c) and (d). 

It is important to note that the conventional shape is less costly in the manufacturing 

process than the NACA profiled one due to its simple shape. 
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Fig. 10. The geometry of nacelles: (a) dimension of the conventional nacelle; (b) 

dimension of NACA profiled nacelle; (c) 3D schematic view of turbine with conventional 

nacelle; and (d) 3D schematic view of turbine with NACA profiled nacelle. 

4. CFD Validation 

As mentioned earlier, the BEMT method assumes that each blade element is independent 

of the other elements and their radial interaction is neglected. Furthermore, it cannot 

consider the effect of the swirl flows induced by the blade tip and the vortices at the root, 

269 

333 

510 90 

200 

100 

90 

100 

333 

269 

200 681 

327.6 

(c) (d) 

(a) 

(b) 

Unit: mm 

Unit: mm 
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and thereby, correction algorithm has to be employed in the present hydrodynamic 

analysis of the tidal turbine [42]. As a result, CFD simulations was performed to verify 

the BEMT results in this section. On the other hand, a physical insight into the turbine-

fluid interaction can be obtained through numerically modelling the actual turbine, for 

example, swirl flow, flow characteristics of the wake, and pressure distribution on the 

rotor, which cannot be obtained from BEMT method. 

4.1 Numerical Methodology 

The geometry of the turbine was prepared using Computer Aided Design (CAD) software 

SolidWorks®
. The computational domain has 5 (i.e., 5 times of turbine diameter) in the 

upstream and 10  in the downstream. The domain width is 10  and the rotor is 

placed at the middle. Unstructured mesh was created throughout the computational 

domain using the commercial software ANSYS® ICEM CFD (Fig. 11 (b)). The domain 

was subdivided into the rotating zone and the stationary zone to account for the rotational 

flow around the rotor and the flow away from the rotor respectively. An interface was 

created (Fig. 11 (c)) for data transferring between two zones by linear interpolation of the 

flux on the adjacent grid cells. The number of grid cells is around 11.5 million which 

includes 7.6 million in rotating zone and 3.9 million in the remaining stationary zone. 

This mesh density has been proved to be fine enough to capture turbine performance and 

flow field of the computational domain, studied in another reference on mesh sensitivity 

analysis [43]. 

rD

rD rD
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Fig. 11. The unstructured mesh generated in ICEM CFD: (a) The whole computational 

domain; (b) Mesh around the rotor; and (c) Rotational zone. 

 Realizable k-ε turbulence model was used to account for the turbulence in the 

calculation. Turbulence intensity was 5% and turbulence length scale was 0.1m at the 

inlet of the domain. The turbulence intensity can be determined by the field 

measurements of the proposed tidal farm site and may vary among different sites of 

deployment. Standard wall function was used for the rigid body wall treatment due to its 

economical computational cost. No-slip condition was applied for the rotor blades and 

nacelle.  Rotor performance was numerically simulated at different flow speeds: 1m/s, 

1.5m/s and 2m/s respectively. Outlet of the domain is exposed to atmospheric pressure.  

 The sliding mesh method was used to resolve the rotational effect of the rotor 

which takes into account of transient variation of different fluid parameters. The grid 

elements inside the rotating zone are moving together with the rotor to represent the 

actual physical situation. The initial velocity, pressure, turbulence and other parameters 

are obtained from the converged steady state numerical solution which uses the moving 

reference frame method. The time step is defined as , that is, the blade 

rotates 1
o
 at each time step. The convergence criterion is achieved through comparing the 

area-weighted average of the velocity over 1 m diameter disc along the flow direction, 

which is defined as 

60
/ 360td s
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where is the area of the disc,  is the index of the grid element, and  is the local 

velocity. Fig. 12 shows the normalized velocity of different rotor revolutions across the 

whole domain. It was found that the downstream velocity became consistent after 32 

rotor revolutions. It is important to note that convergence of the wake field requires much 

longer computational time than convergence of the rotor performance such as torque and 

thrust. The results in Fig. 12 also shows that the velocity recovers to approximately 75% 

of the incoming flow speed at the outlet region as the neighbouring high momentum flow 

is re-energising the wake region along the wake. Moreover, larger computational domain 

would be required to let the wake field velocity to be fully recovered as the incoming free 

stream flow. 

 

Fig. 12.  Velocity distribution of the centreline from inlet to the outlet. 

3.2 Discussion on CFD results 

   

The comparison between BEMT and CFD results is shown in Fig. 13. The nacelle 

shape used in the following results is a conventional type. There is less than 2% 

difference on output power. The maximum difference in thrust is less than 8% which 

might be caused by the influence of big nacelle diameter at the blade root. 

A i
iV
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Fig. 13. Comparison between the BEM results and the CFD results. 

5. Turbine Performance with Different Nacelle Geometries 

The comparison of the turbine performance is tabulated in Table 5 between two 

different analytical methodologies. The geometry of nacelle has insignificant effect on 

the performance of the rotor since the power difference is less than 1.4% for both cases 

compared to the BEMT method. The rotor with NACA profiled nacelle shape produces 

0.6% lesser power than the one with conventional nacelle. This could be caused by its 

bigger diameter of nacelle. As mentioned in section 2.3, the maximum diameter of 

NACA profiled one is 22% larger than the conventional one, which may obstruct the 

stream in the vicinity of the blade root and further slightly affect the turbine performance. 

Their thrust forces match each other for both nacelle shapes. The finding of 8% higher 

thrust value, obtained by numerical results, than that by BEMT is consistent with a 

published paper by Bahaj’s group [5].  

Table 5 Comparison between the BEMT results and the CFD results. 

 BEMT NACA profiled nacelle Conventional nacelle 

U (m/s) 2 2 2 

ω (rpm) 200 200 200 

Torque (Nm) 65.92 66.4 66.8215 

Power (W) 1380 1390.6 1399.5 

Power difference - 0.768% 1.4% 

Thrust (N) 1154.1 1245.8 1245.1 

Tdiff - 7.9% 7.9% 

  

 The velocity contours are shown in Fig. 14. The flow separation does not happen 

around nacelle as the hub is designed big intentionally to compromise the big nacelle 

(a) (b) 

Flow velocity (m/s) Flow velocity (m/s) 
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diameter. The large diameter hub can accommodate wide chord distribution at the rotor 

root section to achieve higher starting torque if necessary. The direct comparison of the 

area-weighted velocity over 1 m diameter disc along the whole computation domain is 

shown in Fig. 15. The consistent results show that nacelle shape plays negligible role on 

the velocity distribution of the downstream. Fig. 16 shows the velocity variations from 

2Dr to 8Dr versus water depth in the wake region. The velocity recovers from 30% to 65% 

of the free stream between such distances from the rotor plane. Hence, it can be 

ascertained that free stream turbulence, momentum transfer between undisturbed flow 

and wake flow are the key parameters in recovering the energy in the downstream wake 

region.  

 

(a) 

 

(b)  

Fig. 14. Contour of velocity magnitude at 2m/s incoming flow speed. The rotating speed 

is 200 rpm. (a) Conventional nacelle and (b) NACA profiled nacelle. 
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Fig. 15. Influence of the different nacelle shapes on the velocity in the wake field. 

 

Fig. 16. Comparison of the velocity distribution in the transverse direction of the flow 

between conventional shaped nacelle and the NACA profiled nacelle. 

 Fig. 17 shows contours of vorticity magnitude of CFD results, with the cross-

sectional view of YZ plane at x = 0. The high rotating speed of the rotor causes strong 

vorticity behind the blade and the nacelle. It is found that the width of vorticity 

magnitude behind the NACA profiled nacelle is relatively less than that of the 

conventional nacelle. The trajectories of strong vortex shedding from the blade tip are 

visible in Fig. 18, which shows contours of turbulence intensity of CFD results, the same 

cross-sectional view as in Fig. 17. This causes undesirable severe turbulence between 4 
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Dr to 8 Dr of the downstream distance as shown in Fig. 18, which is indicated with 

turbulent intensity. For conventional nacelle, the turbulence is much stronger as shown in 

Fig. 18(a). To quantitatively compare both cases, the area-weighted average values over 1 

m diameter disc across the domain are given in Fig. 19. The traditional nacelle shape 

causes much stronger turbulence than the NACA profiled one, which is because of the 

two reasons: primarily the NACA profiled nacelle delays the flow separation more than 

the traditional nacelle shape and secondarily, it might be caused by the significantly 

wider vorticity area just behind the nacelle as shown in Fig. 17(a). Therefore, considering 

a tidal turbine array with multiple turbines working in the wake of upstream ones, NACA 

profiled nacelle could provide its competitive advantages over conventional nacelle. It is 

because stronger turbulence would cause higher fatigue loads on the downstream turbine 

structures.   

 

 

Fig. 17. Contours of vorticity magnitude (1/s): (a) Conventional nacelle and (b) NACA 

profiled nacelle. 

(a) 

(b) 
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Fig. 18. Contours of turbulent intensity (%): (a) Conventional nacelle and (b) NACA 

profiled nacelle. 

 

Fig. 19. The comparison of the Turbulence Intensity (%) in the wake field behind the 

different shaped nacelles. 

 The consistent velocity contours across the rotor of two different nacelle shapes 

are indicated in Fig. 20. Due to rotational effect of the blades, the velocity is much higher 

in front of the leading edge and the gradient is much steeper. The lower velocity behind 

the trailing edge could be caused by flow separation on the blade surface and it is much 

noticeable at the root of the rotor. Thus, the power contribution of the blade section close 

to the root part is less than the section near the tip part. This is consistent with the 

conclusion presented in the reference [30]. In order to have a better understanding of the 

(a) 

(b) 

Y 

Z 

Z 
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underling physics, Fig. 21 and Fig. 22 show the velocity and total pressure distribution at 

80% of the blade length. Higher power is produced around this blade section as 

mentioned earlier. Their results are also consistent for both nacelle shapes. Stagnant point 

is at the similar position of the hydrofoil as shown in Fig. 21 for both cases, where the 

velocity is zero. The lower velocity at the upstream blade surface results in higher 

pressure while the high velocity at the downstream blade surface results in lower pressure. 

The fluid flow speed is responsible of the pressure difference which accounts for the lift 

and drag. One of their resultant force components is torque which drives the turbine to 

rotate and the other is thrust.  In a nutshell, it is clear that the shapes of the nacelle do not 

affect the rotor performance.  

  

 

Fig. 20. The velocity contour across the rotor region: (a) Conventional nacelle and (b) 

NACA profiled nacelle.  

(a) (b) 

ω 
ω 



27 

 

Fig. 21. Contours of the velocity magnitude for the different (a) conventional nacelle and 

(b) NACA profiled nacelle. 

 

Fig. 22. Pressure distributions for the different (a) conventional nacelle and (b) NACA 

profiled nacelle. 

6. Conclusions 

This paper presents the refined analytical procedure of tidal current turbines using 

BEMT method and the associated validation results by numerical simulations. It includes 

the detailed methodologies of analytical theory, the rotor design specifications, drive train 

system and the nacelle size. Both untwisted and twisted blades are analysed with BEMT 

method together with genetic algorithm. Although the twisted blade can produce 1.9% 

higher power than the untwisted blade, the thrust force is also increased by 7.8% leading 

to higher current loads on the turbine supporting structure. Both BEMT and CFD results 

(a) (b) 

(a) (b) 

ωr 

U 

Stagnation 

 Point 

 

U 

 ωr 



28 

show that untwisted blade can produce desired rated power, with the help of genetic 

algorithm selection of blade profiles. For such small turbine with 1m in diameter, it is 

more cost effective to manufacture by selecting untwisted blade profile.  

The influence of nacelle shape on the turbine performance is also discussed in the 

present paper, namely the traditional cylindrical shape and NACA profiled shape. Both 

different nacelles can house the same size generator. The conclusions are summarized as 

follows: 

a. The turbine with NACA profiled nacelle produces power of 1390.6 W which is 0.6% 

lesser than the turbine with conventional nacelle. This could be the result of their 

difference in the maximum nacelle diameter. As pointed in section 2.3, to house the same 

specified cylindrical generator, the maximum diameter of the NACA profiled nacelle has 

to be 22% larger than that of the conventional one, which may obstruct the stream in the 

vicinity of the blade root and further slightly affect the turbine performance.  

b. The majority of thrust load on the whole turbine is dominated by turbine rotor with 

negligible effect from nacelle shape.  

c. NACA profiled nacelle creates less turbulent flow in the downstream wake field, which 

is favourable for the downstream turbines in a turbine array. For horizontal axis wind 

turbines, it has been studied that stronger turbulence would cause higher fatigue loads on 

the downstream turbine structures [44]. The effect of turbulence loading on the 

downstream tidal turbines will be studied to minimise fatigue loadings in the future works 

for application in the tidal farm design.  

d. The nacelle shape plays negligible role on the velocity distribution in the downstream 

wake field.  

These findings provide an important starting point for the nacelle design of tidal current 

turbines. To enhance the existing tidal current turbine literature, more continuing studies 

on how different nacelle shapes affect turbine performance and its wake field in a tidal 

farm are suggested by the authors. 
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