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ABSTRACT 

Computational fluid dynamics (CFD) simulations have been conducted for 

different configurations of pre-designed multiple hydrokinetic turbines. The turbines are 

modeled physically within the fluid domain instead of low fidelity actuator lines or 

actuator disk modeling approaches. The turbulence model, k-ω Shear Stress Transport 

(SST) was employed to resolve turbulent flow field. The primary focus of this study is to 

investigate transient behavior of multiple turbines and providing solutions to enhance 

downstream turbine performance in close proximity to the upstream turbine wake. The 

wake interaction behind the upstream turbine reduces downstream turbine performance 

with inline configurations being the most severe cases. One of the many suggested 

solutions is staggering downstream units beyond the wake region. Other solutions for an 

inline array: increasing the longitudinal distance between units and modifying 

downstream turbine rotation speed to move turbine operation point to the best efficiency 

point. 

The CFD simulations revealed that the upstream turbine power generation is 

nearly the same with the single unit power generation for each multiple turbine 

arrangement. The downstream turbine relative power obtained was 0.18 for the unit 

placed inline and 0.98 when it was placed outside the wake region. For inline 

configurations, increasing the stream-wise spacing between the units from 6Dt to 10Dt 

improved relative power from 0.16 to 0.60, while reducing the rotation speed from 150 

rpm to 100 rpm resulted relative power increment from 0.24 to 0.55. 



2 

 

1. INTRODUCTION 

1.1 Motivation 

Conventional hydropower is one of the most primary renewable energy sources as 

a result of natural water cycle. Hydropower produces clean energy whereas fossil fuels 

spread out several harmful gases which have a substantial influence on global warming. 

Conventional hydropower generates almost 78 GW of power per year, which forms more 

than half of U.S. renewable energy generating capacity [1]. However, conventional 

hydropower needs dams to meet the required hydraulic head and flow rate for large body 

of water. These civil constructions require high initial cost and cause degradation on 

surrounding areas and aquatic ecosystems.  

Kinetic energy of natural streams drives hydrokinetic turbine rotor, reducing 

necessary civil constructions and costs for power production. The theoretically 

recoverable hydrokinetic energy estimation in continental USA is approximately 1,381 

TWh per year [2]. Hydrokinetic turbines have the same principle as wind turbines which 

extract kinetic energy of moving air for electricity generation. The water density is almost 

three order of magnitude (nearly 832 times) higher than the air density; however micro-

hydrokinetic turbine energy generation capacity is generally lower than that of wind 

turbines due to restrictions in both unit size and flow speed. According to United States 

Geological Survey (USGS), 51% of the rivers in United States have free stream velocity 

magnitude varying between 0.75 m/s and 2.5 m/s which is appropriate for micro-

hydrokinetic turbine applications [3] while wind turbines operates with one order of 
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magnitude higher free stream velocities. Rotor diameter size in micro-hydrokinetic 

turbine designs are limited by river and current depths. Due to lower free stream velocity 

and small-scale turbine geometry for micro-hydrokinetic turbines, multiple unit operation 

becomes indispensable to increase power output.  

1.2. Literature Review 

Various experimental, numerical and analytical studies have been carried out so 

far highlighting efforts to improve power generation in multi-unit configurations. The 

turbine geometry is generally modeled by using actuator line model, actuator disk theory, 

or blade element momentum (BEM) theory for simplification instead of real turbine 

geometry. In the body of the present work, pre-designed physical turbine geometries were 

modeled numerically for specified unit configurations and arrays. 

Jo et al. [4] has studied different configurations of multiple hydrokinetic turbines 

experimentally and numerically by modeling the turbine geometry as actuator disk. They 

studied two inline turbines (axial) with 1Dt stream-wise spacing and two side by side 

turbines (transverse) with Dt/2 lateral spacing between turbine rotor tips and concluded 

that the transverse configuration does not have much effect on turbines’ performance 

while downstream turbine in axial configuration undergoes significant performance 

decline. Malki et al. [5] applied coupled blade element momentum (BEM) – CFD model 

to carry out simulations for several configurations of tidal turbines. They concluded that 

downstream turbine performance increases by longitudinal spacing between two turbines 

aligned within the stream-wise direction. They also concluded that the increase in 
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transverse spacing between two turbines accelerate the flow velocity between turbines 

which suggests placing third turbine between two turbines within a longitudinal spacing 

is advantageous. 

Mycek et al. [6] conducted experiments for three-bladed horizontal axis turbines 

modeled with NACA 63418 profile data. They carried out the experiments for different 

values of stream-wise spacing among turbines. They provided downstream turbine power 

coefficient and thrust coefficient based on free stream velocity as a function of tip-speed 

ratio and the results showed that the increase in longitudinal spacing provides enhanced 

turbine performance output for downstream turbine. Gebreslassie et al. [7] compared 

analytical and numerical design of wake interactions for multiple turbines modeled as 

actuator disks. They concluded that when the axial spacing between two turbines is 20Dt, 

the downstream turbine performance recovers to 91% of single unit output. 

Churchfield et al. [8] conducted Large Eddy Simulations (LES) for different 

configurations of multiple tidal turbines modeled as actuator lines to take tip vortices into 

consideration. They observed an increase in velocity between the units placed side by 

side as a result of mass conservation. This observation suggested staggered configuration 

of turbines for optimum power output. 

In this study, multiple inline and staggered configurations of pre-designed [9] 

two-bladed micro-hydrokinetic turbine rotor performance has been investigated using 

CFD tools. The three-bladed version of the turbine was optimized by Schleicher [10] and 

validated experimentally by Riglin et al. [11, 12, 13] within relative error less than 3.0% 
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at turbine optimum design point. The main goal of this study was to determine transient 

effects in the flow field and turbine performance for both inline and staggered 

configurations of two identical turbines. The second goal is to increase inline-

downstream turbine performance. In addition to inline/staggered configuration, more 

steady-state simulations are conducted for inline configuration to improve downstream 

unit performance through altering longitudinal distance between units and the rotation 

speed observed by the downstream unit.  
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2. GEOMETRY AND MESHING 

2.1 Turbine Geometry and Computational Domain 

The two-bladed actual micro-hydrokinetic turbine rotor geometry provided by 

Schleicher et al. [9] was used for multi turbine CFD computations. The turbine rotor is 

designed within high solidity of 0.83, and the maximum power coefficient of 0.43, 

equivalent to 73.7% of the Betz limit. Schleicher et al. [9] designed the turbine rotor to 

obtain 500 Watts of power output with service conditions: 2.25 m/s of free stream 

velocity and 15.708 rad/s of angular rotor speed in clockwise direction. The turbine rotor 

design variables are hub diameter (𝐷ℎ) of 0.0635 m., turbine tip diameter (𝐷𝑡) of 0.5334 

m., turbine blade thickness of 0.0127 m., the meridional blade length (Δ𝑚) of 0.1488 m. 

(the axial distance from blade leading edge to blade trailing edge), wrap angle (Δ𝜃) of 

142.29°, relative flow angle (𝛽) of 52.58° and relative blade angle (𝛽′) of 72.26°. The 

front view and top view of turbine rotor geometry are depicted in Figure 1. 

 

Figure 1. Turbine rotor A) front and B) top view [9] 

A) B) 
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The computation domains for both staggered and inline placements involve 

subdomains for river and turbine regions. The river subdomain is stationary whereas the 

turbine subdomains are rotating with a specified rotation rate. The river domain length for 

both configurations is 21.71𝐷𝑡, however the river domain width is 15.14𝐷𝑡 for inline and 

12.38𝐷𝑡 for staggered unit arrangements. The longitudinal spacing among the units is 

6𝐷𝑡 for each configuration and the lateral spacing between the turbine rotors is 0.7𝐷𝑡 

from blade tip to blade tip in staggered placement. 

The computational domain boundaries influence turbine performance results 

when they are in close proximity to the studied unit. The computational domains and 

boundaries utilized for both configurations are observed in Figure 2 and Figure 3. The 

upstream turbine is located 5.71𝐷𝑡 away from the uniform velocity-inlet boundary to 

provide fully developed turbulent flow entrance to the upstream turbine. The spacing 

between downstream turbine leading edge and outlet boundary is 10𝐷𝑡. The boundary 

condition for river bottom surface and top surface is no-slip wall and free-slip wall 

respectively. The free slip wall produces an artificial free surface, mimicking the surface 

of a river. 

The turbine domain is a circular rotating domain inside the stationary river 

domain. The turbine domain diameter, 1.5𝐷𝑡, is large enough to include wake and tip 

vortices in the rotating turbine region, decreasing the interpolation error occurring at the 

interface between rotating and stationary domains. The distance between turbine 

subdomain inlet and upstream turbine leading edge is 3.52𝐷𝑡  and 2.57𝐷𝑡 for inline and 
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staggered placements respectively. The turbine subdomain outlet is placed within 7.14𝐷𝑡 

distance from downstream turbine leading edge for both turbine settlements. 

         

Figure 2. The inline turbine placement A) top view and B) front view with normalized 

dimensions in reference to turbine tip diameter (𝑫𝒕) 

          

Figure 3. The staggered turbine placement A) top view and B) front view with 

normalized dimensions in reference to turbine tip diameter (𝑫𝒕). 

2.2 Meshing 

Meshing the computational domain with orthogonal, high-quality cells is vital for 

producing accurate results. The turbine and river subdomains are meshed separately and 

connected to each other by defining interfaces among the connecting surfaces. Due to the 

A) B) 

A) B) 
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refined mesh in turbine subdomain, the nodes are not aligned perfectly on the interfaces 

existing between the stationary and rotating domains. Therefore, General Grid Interface 

(GGI) mesh connection method is implemented to interpolate variables among the 

domains. The accuracy of CFD simulation is dependent on the alignment of the nodes. 

GGI method needs more computation resources than that of one-to-one mesh connection 

method [14]. 

 Hexahedral cells are used to generate a completely structured grid. The structural 

mesh has several benefits over unstructured tetrahedral mesh elements. The structured 

mesh provides a uniform well-organized pattern in the domain while unstructured mesh 

connects triangular mesh elements non-uniformly in the domain. The structured mesh 

which is arranged within the flow direction provides more reliable results and reduces the 

discretization error.  

The river domain and turbine domains are meshed by using ANSYS-Meshing 

module and ANSYS-TurboGrid, respectively. TurboGrid accomplishes structured mesh 

for curved shapes specifically for turbomachinery related applications. The mesh along 

the turbine blade is refined for leading edge and trailing edge and tip of the blade to 

capture the boundary layer or flow seperation resulting along the blade geometry during 

unit operation. The mesh at the inlet for both staggered and inline configurations, the 

mesh along the turbine rotor and hub, and the mesh present at the blade tip are depicted in 

the Figures below: 
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Figure 4. The mesh on the inlet for staggered placement 

 

Figure 5. The mesh on the inlet for inline placement 

                            

Figure 6. The mesh on A) blade rotor and hub, B) blade tip 

A) B) 
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3. MATHEMATICAL AND NUMERICAL MODELING 

3.1. Conservation of Mass and Momentum 

In this section, the Reynolds Averaged Navier Stokes equation is derived for 

absolute reference frame assuming incompressible flow and constant density. The mass 

and momentum equations are modified for rotating frame of reference by inserting 

acceleration terms, centrifugal and Coriolis forces into the governing equations. In the 

derivation process, the velocity is separated into two components as fluctuating 

component (𝑢′(𝑥𝑖 , 𝑡)) and time-averaged component (�̅�(𝑥𝑖)) as shown in equation (1). 

 𝑢(𝑥𝑖 , 𝑡) = �̅�(𝑥𝑖) + 𝑢′(𝑥𝑖 , 𝑡)              𝑢′(𝑥𝑖 , 𝑡) = lim
𝑇→∞

1

𝑇
∫ 𝑢(𝑥𝑖 , 𝑡)𝑑𝑡

𝑡+𝑇

𝑡

 (1) 

3.1.1. Absolute Frame of Reference 

The first step in the derivation is substituting 𝑢(𝑥𝑖 , 𝑡) into mass and momentum 

conservation equations shown in equations (2) and (3) in continuous medium. 

 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0 (2) 

 
𝜕𝑢𝑖

 𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
 (3) 
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The substation of equation (1) into equations (2) and (3) results in the modified 

equations (4) and (5) shown below. 

 
𝜕�̅�𝑖

𝜕𝑥𝑖
+

𝜕𝑢𝑖
′

𝜕𝑥𝑖
= 0 (4) 

 

𝜕(�̅�𝑖 + 𝑢𝑖
′)

 𝜕𝑡
+ �̅�𝑗

𝜕�̅�𝑖

𝜕𝑥𝑗
+ �̅�𝑗

𝜕𝑢𝑖
′

𝜕𝑥𝑗
+ 𝑢𝑗

′ 𝜕�̅�𝑖

𝜕𝑥𝑗
+ 𝑢𝑗

′ 𝜕𝑢𝑖
′

𝜕𝑥𝑗

= −
1

𝜌

𝜕(�̅� + 𝑝′

𝜕𝑥𝑖
+ 𝜈

𝜕2(�̅�𝑖 + 𝑢𝑖
′)

𝜕𝑥𝑗𝜕𝑥𝑗
 

(5) 

After some rearrangements, the final form of the time averaged continuity and 

Navier Stokes equation are obtained as follows. (Note that 𝑢𝑖
′̅ = 0 and �̿�𝑖 = �̅�𝑖) 

 
𝜕�̅�𝑖

𝜕𝑥𝑖
= 0 (6) 

 
𝜕�̅�𝑖

 𝜕𝑡
+

𝜕(�̅�𝑗�̅�𝑖)

𝜕𝑥𝑗
+

𝜕(𝑢𝑗
′𝑢𝑗

′̅̅ ̅̅ ̅̅ )

𝜕𝑥𝑗
= −

1

𝜌

𝜕�̅�

𝜕𝑥𝑖
+ 𝜈

𝜕2�̅�𝑖

𝜕𝑥𝑗𝜕𝑥𝑗
 (7) 

 

The derived equations are similar to equations (2) and (3), except for 𝑢𝑗
′𝑢𝑗

′̅̅ ̅̅ ̅̅  term in 

momentum equation which will be obtained by turbulence modeling equations. 
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3.1.2. Relative Frame of Reference 

Multi Reference Frame (MRF) approach is applied for steady state simulations to 

take turbine rotation effect into consideration. In this approach, the flow field in unsteady 

inertial frame is converted to steady non-inertial frame. 

 
𝜕𝑈𝑟,𝑖

𝜕𝑥𝑖
= 0 (8) 

 
𝜕𝑈𝑟,𝑖

 𝜕𝑡
+ 𝑈𝑟,𝑗

𝜕𝑈𝑟,𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑗
− 2𝜖𝑖𝑙𝑞Ω𝑙𝑈𝑟,𝑞 − 𝜖𝑖𝑙𝑞𝜖𝑞𝑠𝑡Ω𝑙Ω𝑠𝑥𝑡 + 𝜈

𝜕2𝑈𝑟,𝑖

𝜕𝑥𝑙𝜕𝑥𝑙
 (9)    

 

In these equations, 𝑈𝑟 is the velocity in the rotating reference frame, Ω is angular 

speed of rotating frame, 𝑝 is static pressure, 𝜌 is fluid density, 𝜖 is the permutation 

symbol and 𝑗, 𝑙, 𝑞, 𝑠, and 𝑡 are index placeholders. Similar substitution can be applied for 

equations (8) and (9) to obtain conservation equations in Reynolds averaged form. 

MRF approach solving conservation equations in relative frame of reference is a 

simpler technique for steady state rotating machinery simulations compared to the 

Transient Rotor Stator approach used for transient simulations with the conservation 

equations in absolute frame.  
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3.2. Turbulence Modeling 

Mendel’s 𝑘-𝜔 Shear Stress Transport (SST) [15, 16] turbulence model is a two-

equation eddy-viscosity turbulence model and is applied for many turbulent flow 

applications where adverse pressure gradients and wall boundaries are present. This 

model combines standard 𝑘-𝜔 model, which is preferred to predict turbulence near-wall 

region, and 𝑘-𝜖 model, which is preferred for free stream flows. The 𝑘-𝜔 and 𝑘-𝜖 

turbulence models are two equation popular models and offers reliable results for 

Computational Fluid Dynamics applications. The 𝑘-𝜔 SST model uses the advantage of 

𝑘-𝜔 turbulence model close to the walls to predict flow separation and behaves like 𝑘-𝜖 

model in free stream to predict wakes and circulation properly. Blending functions, F, are 

implemented to allow for the transition in model behavior. The two equation model for 

turbulent kinetic energy and specific dissipation rate are given by the following equations 

[16, 17] 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
] (10) 

 

 

𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
=  

𝜌𝛾

𝜇𝑡
𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] 

                                                                        + 2(1 − 𝐹1)
𝜌𝜎𝜔2

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 

(11) 

 

The Reynold’s Stress Tensor, 𝜏𝑖𝑗, is defined as: 
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 𝜏𝑖𝑗 = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) −

2

3
𝜌𝑘𝛿𝑖𝑗  (12) 

With turbulent dynamic viscosity defined as 𝜇𝑡 =
𝜌𝑎1𝑘 

  max (𝑎1𝜔;𝐹2𝑆)
 and blending functions 

provided below: 

 𝐹2 = tanh (𝑚𝑎𝑥 [2
√𝑘

𝛽∗𝜔𝑦
;
500𝑣

𝑦2𝜔
]

2

) (13) 

 𝐶𝐷𝑘𝑤 = max (
2𝜌𝜎𝜔2

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
;  10−20) (14) 

 𝐹1 = tanh (𝑚𝑖𝑛 [max (
√𝑘

𝛽∗𝜔𝑦
;
500𝑣

𝑦2𝜔
) ;

4𝜌𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
]

4

) (15) 

In these equations, 𝐹1 and 𝐹2 are blending functions, 𝑦 is the distance to the nearest wall, 

𝐶𝐷𝑘𝑤 cross diffusion term of the equation for specific dissipation rate in standard 𝑘-𝜖 

model, 𝑆 is invariant measure of strain rate. If 𝜙1 depicts any constant in original 𝑘-𝜔 

model and 𝜙2 represents any constant in standard 𝑘-𝜖 turbulence model, the value of the 

same constant (𝜙) in 𝑘-𝜔 SST model equations (10) and (11) is calculated by the 

following relationship 

 𝜙 = 𝐹1𝜙1 + (1 − 𝐹1)𝜙2 (16) 

𝜙1 represents any constant value shown below for original 𝑘-𝜔 model as follows: 

𝜎𝑘1 = 0.85,    𝜎𝜔1 = 0.5,     𝛽1 = 0.0750,   𝛽∗ = 0.09,   𝜅 = 0.41,             
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 𝛾1 = 𝛽1 𝛽∗ − 𝜎𝜔1𝜅2/√𝛽∗⁄    

𝜙2 represents any constant value shown below for standard 𝑘-𝜖 model as follows: 

     𝜎𝑘2 = 1,    𝜎𝜔2 = 0.856,     𝛽2 = 0.0828,   𝛽∗ = 0.09,   𝜅 = 0.41,                  

 𝛾2 = 𝛽2 𝛽∗ − 𝜎𝜔2𝜅2/√𝛽∗⁄  

 

Near-Wall Modeling 

No-slip wall boundary condition implies zero velocity for the velocity component 

parallel to the wall. The zero velocity at wall and the flow velocity at outer part of the 

wall region result steep velocity gradient near wall region. As a result, viscous effects are 

dominant in this region. Therefore, the element size normal to the wall must be small 

enough to resolve the boundary layer accurately. The main goal of present research is to 

determine flow characteristics around the turbine and accurately predict axial thrust and 

power output by the turbine. In order to have reliable and accurate numerical simulation 

results for thrust and power output, a high-resolution grid was necessary near the turbine 

wall region. 

The near wall region is divided into three sub layers as viscous layer, buffer layer 

and fully turbulent layer. These regions are modeled by using two alternative approaches 

as “near-wall model approach” or “wall function approach” depicted in Figure 7. In near-

wall model approach, viscous layer resolution is provided numerically by using sufficient 
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finer mesh in near-wall region as shown in Figure 7 documented in Fluent Theory Guide 

[18]. For the second method, viscous layer and buffer layer are modeled by utilizing wall 

functions without resolving these layers [19]. The first one, near-wall model approach 

requires higher computation cost than that of wall function approach due to the high 

resolution grid near wall. 

 

Figure 7. Near wall treatments of two approaches [18] 

The quality of near wall resolution can be figured out by the dimensionless wall 

distance (𝑦+) value shown below: 

 𝑦+ =
𝑢𝜏𝑦

𝑣
 (17) 

where  𝑢𝜏 is the friction velocity (𝑢𝜏 = √𝜏𝑤 𝜌⁄ , with 𝜏𝑤 acting as wall shear stress), 𝑦 is 

distance to the nearest wall and 𝑣 is the local kinematic viscosity. The dimensionless wall 

distance value 𝑦+ is expected in an approximate range of 30 to 300 for wall function 



18 

 

approach and 1.0 or lower for near-wall model approach [19]. Attaining 𝑦+~1 for 

complex 3D geometries is extremely expensive due to the substantial increase in required 

grid points near wall boundaries. Thus, wall function approach is more applicable 

because of its computational efficiency.  

3.3 Boundary and Initial Conditions 

Mathematical models require boundary and initial conditions for solution; at this 

point the solution of continuity equation and Navier-Stokes equation for computation 

domain becomes dependent on these conditions specific to the problem studied. In CFD 

applications, boundary conditions should be assigned for each surface on the fluid 

domain. The most common boundary conditions are inlet, outlet, wall, periodicity 

(rotational or translational periodicity) and symmetry. 

The present computation domain, boundary conditions utilized are: velocity inlet, 

pressure –outlet, no-slip wall for river bottom, free-slip wall for river upper surface and 

translational periodicity for right and left walls in span-wise direction. The uniform 

velocity inlet is applied with a constant value of 2.25 m/s and the pressure at the outlet is 

assigned a constant gauge pressure value of 0 Pa. No-slip wall boundary condition 

implies that tangential velocity component at wall equals to wall velocity and normal 

velocity is 0. Free-slip wall boundary condition represents no friction between wall and 

fluid (zero shear stress). The turbine blades and hubs are both no-slip wall rotating with 

an angular velocity equal to that of the surrounding turbine subdomain region.  
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Turbulence parameters on the boundaries of inlet and outlet are determined for 

turbulence kinetic energy (𝑘) and specific dissipation rate (𝜔) by the following 

relationships [20]:   

 𝑘 =
3

2
(𝑈𝐼)2                           𝜔 =

√𝑘

𝑙
(𝐶𝜇)

−1

4      (18) 

Here 𝑈 is the average velocity, 𝐼 is the turbulent intensity, 𝑙 is the characteristic turbulent 

length scale, and 𝐶𝜇 is a specified empirical constant. In order to figure out 𝑘 and 𝜔, the 

input parameters, turbulent intensity (𝐼) and characteristic length (𝑙) is calculated. 

Turbulent intensity is determined by the ratio between root-mean-square of velocity 

fluctuation and average flow velocity as 𝑈′ 𝑈⁄ . The turbulent intensity is estimated by 

using the following equation: 

 𝐼 = 0.16 𝑅𝑒𝐷ℎ
−1/8 (19) 

Where  𝑅𝑒𝐷ℎ is the Reynolds number based on hydraulic diameter as a characteristic 

length. 

The physical meaning of turbulence length scale (𝑙) is connected to the large eddy 

size and can be assumed by the equation derived for fully developed duct flows as 

follows: 

 𝑙 = 0.07 𝐷ℎ (20) 
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As previously mentioned, transient simulations take longer computation time to 

determine the resulting flow field. In order to decrease the number of iterations required 

for each time step convergence, the initial conditions must be applied realistically. The 

present simulations have been conducted by interpolating steady state result files as an 

initial condition file for transient simulations. The interpolation of steady results to 

transient simulation is recommended option for transient simulation because the initial 

values are already dependent on the flow physics and computational domain boundaries. 
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4. RESULTS AND DISCUSSION 

Schleicher et al. [9] has conducted mesh sensitivity analysis for single unit turbine 

simulation using Grid Convergence Index (GCI) method based on Richardson 

extrapolation [21, 22, 23, 24]. They compared the thrust and torque outputs for different 

number of cells, 𝑁1 = 1,188,542 cells, 𝑁2 = 5,929,864 and 𝑁3 = 14,607,868 The 

relative error between 𝑁1 and 𝑁2 is around 2-3%. This suggests that approximately 12 

million cells are acceptable for accurate two-turbine simulation results. In present study, 

the wake interaction in the region between the units has significant influence on 

downstream turbine performance. The number of cells used in the present study is higher 

than the presented value by Schleicher et al. [9]. The river and turbine domains for 

current study are mapped by 4.1 million and 11.1 million elements respectively for inline 

installment, and 4.0 million and 12.2 million elements respectively for staggered 

placement. 

The element size normal to blade surface is refined to capture the boundary layer. 

The 𝑦+ value contours are presented in Figure 8. It shows that the 𝑦+ values are in the 

range for wall function approach and this explains that the meshing is reasonable to 

capture the boundary layer. 
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Figure 8. 𝒚+ value on the front surface of A) inline-upstream, B) inline-downstream, C) 

staggered-upstream and D) staggered-downstream turbine 

 

Time step size is also another significant parameter for transient simulations. The 

time step size is characterized by non-dimensional number referred to as the Courant–

Friedrichs–Lewy (CFL) number. The CFL number must be reduced to values less than 1 

(CFL<1) for explicit solvers, however, CFL values up to 5 are acceptable for implicit 

solvers [25]. The CFL number less than unity means that the fluid travels less than one 
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cell per time step. The present transient simulations have been accomplished by root 

mean square (RMS) CFL number 3.53 for inline and 5.14 for staggered configurations. 

Courant number is determined by:  

 𝐶𝐹𝐿 =
𝑢𝑥∆𝑡

∆𝑥
+

𝑢𝑦∆𝑡

∆𝑦
+

𝑢𝑧∆𝑡

∆𝑧
 (21) 

Here, 𝑢𝑥, 𝑢𝑦 𝑎𝑛𝑑 𝑢𝑧 are components of the velocity, ∆𝑡 is the time step and ∆𝑥,

∆𝑦 𝑎𝑛𝑑 ∆𝑧 are dimensions of an element in the computational domain. 

The time step which generates an acceptable CFL number and accurate transient 

results for turbine rotation is determined as 0.001 s for both inline and staggered 

simulations. The specified time step value, 0.001 s, means 0.9° rotation of the turbine 

rotor at each time step for 150 rpm rotation speed. The turbine completes one complete 

revolution in 0.4 second (400 time steps). The CFL number is depicted in Figure 9 for 

multiple turbines in inline and staggered configuration for operating conditions: rotation 

speed of 150 rpm and free stream velocity of 2.25 m/s when longitudinal space is 6Dt. 

The CFL number around blade tip, blade leading edge and blade trailing edge is higher 

than that of other regions on turbine surface. The main reason of high CFL number in 

aforementioned regions is created finer mesh to capture the boundary layer or flow 

separation. In addition to finer mesh, the resultant velocity magnitude at turbine blade tip 

is higher as a result of circumferential speed at blade tip.  
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Figure 9. CFL number contour on the front surface of A) inline-upstream, B) inline-

downstream, C) staggered-upstream and D) staggered-downstream turbine 

 

Flow characterization and blade design can be parameterized by dimensionless 

tip-speed ratio and Reynolds number. The Reynolds number is the ratio between inertial 

forces and viscous forces and tip-speed ratio is defined as the ratio between the speed at 

turbine tip and free stream speed. Equations for the two parameters are shown below: 
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 𝜆 =
𝐷𝑡Ω

2𝑈∞
 (22) 

 𝑅𝑒 =
𝜌𝑈∞𝐷𝑡

𝜇
 (23) 

Here, 𝜆 is tip-speed ratio, 𝐷𝑡 is turbine tip diameter, Ω is turbine rotation speed, 𝑈∞ is 

free stream speed, 𝜌 is the fluid density, 𝜇 is the fluid dynamic viscosity and 𝑅𝑒 is the 

Reynolds number based on turbine tip diameter and 𝑅𝑒 =̃ 1.9 ∗ 106 for present study. 

The performance of the turbines in an array is characterized relative to single unit 

turbine performance under ideal operation conditions. The non-dimensional parameters 

for this characterization are power coefficient and relative power, shown below: 

 𝐶𝑃 =
𝑃𝐴

𝜋
8

𝜌𝑈∞
3 𝐷𝑡

2
 (24) 

 �̃� =
𝑃

𝑃𝐴
 (25) 

Here 𝐶𝑃 is the power coefficient, 𝑈∞ is the average flow speed streaming towards 

turbine, 𝑃𝐴 is the power produced by single unit turbine provided by Schleicher et al. [9] 

under ideal operation conditions, 𝑃 is the power produced by upstream or downstream 

turbine, and �̃� is the normalized relative power. The normalized power acts as a ratio 

between power output of the turbine in the array to the power output of single turbine for 

the same operating conditions (selected 𝑈∞ and Ω). The fluid speed streaming towards 

upstream turbine is basically free stream speed, 2.25 m/s. The average fluid speed 
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entering the downstream turbine was determined through a circular area 2Dt ahead of the 

unit. The circular area involves velocity magnitude lower than free stream velocity and its 

diameter is roughly 0.81 meter for inline/staggered study.  

4.1 Inline/Staggered Turbine Performance Comparison 

The steady state and transient analysis of two-micro hydrokinetic turbines are 

performed for inline and staggered array arrangements. The stream-wise spacing between 

the units for both array arrangements is 6Dt and the rotation rate of each turbine is 150 

rpm. Different longitudinal spacing and rotation rates were studied by using steady state 

analysis in Section 4.2 and Section 4.3, respectively.  

The relative power and the flow field of each turbine is compared for both steady-

state and transient analysis. The relative power of both upstream and downstream 

turbines in staggered configuration and upstream turbine in inline configuration is 

approximately unity. This indicates that the units produce almost maximum expected 

power as predicted by Schleicher et al. [9]. However, downstream turbine performs just 

18% of single unit turbine within the identical operating conditions. The relative power 

difference between downstream units in both configurations indicates that the wake 

interaction behind the upstream turbine causes significant performance reduction for the 

unit within the wake region during inline placement. The turbine performance is not 

being affected under staggered unit placement when wake interaction is nonexistent. The 

average velocity magnitude entering inline-downstream turbine is roughly 1.500 m/s and 

1.505 m/s for steady state and transient simulations, respectively. 
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Table 1. Relative Power Results 

 Transient Solution Steady-State Solution [26] 

Unit Arrangement Upstream 

Unit 

Downstream 

Unit 

Upstream 

Unit 

Downstream 

Unit 

Staggered 0.97 0.97 0.96 0.98 

Inline 0.95 0.18 0.96 0.16 

 

The relative error between transient and steady state relative power ranges from 

1.03% to 1.05% except for downstream turbine in inline configuration. The relative 

power deflection of downstream unit in inline placement for steady state simulation 

shows that steady state approach might not be as capable as transient simulations to 

predict the wake region behind the upstream turbine, however it is still within the relative 

error of 11%. 

The velocity, pressure and vorticity contours shown in following figures were 

normalized based on the following equations: 

 �̃� =
|𝑈𝑖|

𝑈
 (26) 

 �̃� =
𝑝 − (−3𝑘𝑃𝑎)

6𝑘𝑃𝑎 − (−3𝑘𝑃𝑎)
 (27) 

 Ω̃ =
|𝜖𝑖𝑗𝑘

𝜕𝑈𝑘
𝑥𝑗

|

Ω
  (28) 
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Here, �̃� is normalized velocity based on the velocity magnitude coming towards turbine 

(𝑈),  �̃� represents normalized pressure and Ω̃ is normalized vorticity magnitude based on 

turbine rotation speed (Ω). Figure 10 through Figure 13 depicts the normalized velocity 

magnitude (�̃�), the normalized static pressure (�̃�) and the normalized vorticity (�̃�) for 

each turbine in both inline and staggered configurations. The left column presents the 

steady-state results whereas the right column depicts the transient results. The flow fields 

of both steady and transient analysis show little variance as expected based on the 

minimal error for predicted power. It is clear from the flow field comparison in Figure 10 

through Figure 13 that steady state analysis accurately captures flow field for present 

hydrokinetic turbine study. The tip vorticity induced by turbine blades results higher 

velocity and lower pressure regions in the flow field for both steady and transient 

approaches. The generated vortices breakdown along the longitude region behind the 

rotor. However, the downstream turbine in inline settlement, Figure 11, does not produce 

similar tip vortices due to the influence of the wake region induced by upstream turbine. 

The tip vortices captured by steady state results agree well with that of transient results. 
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Figure 10. Normalized instantaneous A) velocity, B) pressure, C) vorticity contours of 

Inline-Upstream turbine for free stream velocity of 2.25m/s and rotation rate of 150 rpm. 
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Figure 11. Normalized instantaneous A) velocity, B) pressure, C) vorticity contours of 

Inline-Downstream turbine for free stream velocity of 2.25m/s and rotation rate of 150 

rpm. 
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Figure 12. Normalized instantaneous A) velocity, B) pressure, C) vorticity contours of 

Staggered-Upstream turbine for free stream velocity of 2.25m/s and rotation rate of 150 

rpm. 
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Figure 13. Normalized instantaneous A) velocity, B) pressure, C) vorticity contours of 

Staggered-Downstream turbine for free stream velocity of 2.25m/s and rotation rate of 

150 rpm. 

 

 Normalized velocity magnitude shown in Figure 14 compares single unit turbine 

velocity contours to velocity contours of upstream turbines in staggered and inline 

arrangements. The preliminary difference between the images is velocity reduction 
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around the leading region of hub for the turbines in multiple turbine configurations. In 

addition to velocity reduction around the hub, the flow velocity coming through the 

turbines arranged as staggered and inline is lower. The observed velocity reduction 

directly translates to power reduction. Furthermore, the expanding lower velocity region 

at hub downstream depicts a narrowed velocity region in Figure 14B, while showing 

permanent expansion in Figure 14A and Figure 14C. 
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Figure 14. Instantaneous transient normalized velocity contours of A) single unit turbine 

[27], B) upstream turbine in staggered configuration and C) upstream turbine in inline 

configuration. 

 

Figure 15A and Figure 15B depict instantaneous normalized velocity contours for 

downstream units in the staggered and the inline arrangement. The velocity contour for 

downstream unit in staggered configuration is similar to that of single unit turbine in 

Figure 14A. The tip vortices generated at the blade tips were not obtained for the inline 

downstream unit in Figure 15B as a result of chaotic wake entering the downstream unit.  
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Figure 15. Instantaneous normalized velocity contours for downstream unit in A) 

staggered and B) inline configuration with free-stream velocity of 2.25 m/s and constant 

rotation rate of 150 rpm 

 

Figure 16 compares static pressure field for downstream turbine in staggered and inline 

arrays. Figure 16A shows that the low pressure region occurs at the center of the vortex 

rope and trailing portion of turbine hub for the staggered case as observed for single 

turbine analysis in Figure 6B. Figure 16B emphasizes almost constant pressure 

magnitude around downstream unit and nonexistent tip vortices as the turbines are inline. 

Figure 17 emphasizes the vorticity magnitude reduction for the inline-downstream case. 
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The staggered-downstream turbine in Figure 17A performs almost same vorticity 

magnitude as single unit results. However, inline-downstream turbine in Figure 17B 

depicts tip vorticity breakdown although the incoming flow is chaotic. The maximum 

vorticity magnitude in helicoidal vortex rope region for inline settlement is 30-40% less 

than that of staggered one. 

 

Figure 16. Instantaneous normalized static pressure contours for downstream unit in A) 

staggered and B) inline configuration with free-stream velocity of 2.25 m/s and constant 

rotation rate of 150 rpm 
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Figure 17. Instantaneous normalized vorticity contours for downstream unit in A) 

staggered and B) inline configuration with free-stream velocity of 2.25 m/s and constant 

rotation rate of 150 rpm. 

 

4.2. Longitudinal Spacing Effect on Inline Downstream Turbine 

Performance 

It is observed in previous section that the primary cause for inline-downstream 

unit performance reduction is low flow speed presenting within the wake region. Velocity 

magnitude in the wake region may be elevated by allowing flow to develop through 

increasing the spacing between units. In addition to constant stream-wise spacing, 6Dt, an 

additional steady state simulation is conducted for 10Dt spacing. The relative power 
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obtained for both simulations are shown in Table 2. The increment in spacing from 6Dt to 

10Dt enhanced relative power from 0.16 to 0.60. 

Table 2. Relative Power Results for different spacing 

Longitudinal Space 6𝐷𝑡 10𝐷𝑡 

�̃� (Downstream Unit) 0.16 0.60 

 

Figure 18 and Figure 19 depict normalized velocity and normalized vorticity 

contours of inline-downstream turbine respectively for the longitudinal spacing as 6Dt 

and 10Dt. Velocity is normalized in the range of 0-1 instead of 0-1.3 applied within the 

previous contours in order to capture the flow field around turbine blade tip. The average 

velocity magnitude entering the downstream turbine is roughly 1.500 m/s and 1.661 m/s 

for the spacing of 6Dt and 10Dt, respectively. This observation proves the reason of the 

increment in relative power for downstream turbine placed 10Dt away from the upstream 

unit. Furthermore, Figure 19 depicts more powerful tip vorticities for the unit placed 

within 10Dt longitudinal space. 
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Figure 18. Normalized velocity contours of inline-downstream turbine for different 

longitudinal spacing as A) 6Dt and B) 10𝑫𝒕 with free-stream velocity of 2.25 m/s and 
constant rotation rate of 150 rpm. 
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Figure 19. Normalized vorticity contours of inline-downstream turbine for different 

longitudinal spacing as A) 6𝑫𝒕 and B) 10𝑫𝒕 with free-stream velocity of 2.25 m/s and 
constant rotation rate of 150 rpm. 

 

4.3. Rotation Speed Effect on Inline Downstream Turbine Performance 

The turbine rotation speed and free stream velocity in previous sections was 150 

rpm and 2.25 m/s, respectively. The free-stream speed of 2.25 m/s and rotation speed of 

150 rpm yields tip speed ratio of 1.86 which corresponds to maximum power coefficient 

of 0.43 at Best Efficiency Point (BEP) as shown in 𝐶𝑝 − 𝜆 curve [9]. However, the 

incoming flow velocity for inline-downstream turbine drops significantly as a result of 
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wake region. The equation (22) proves that reduction in the flow velocity increases the 

tip speed ratio and decreases the power coefficient from BEP to a lower power 

coefficient. The first option to move power coefficient again to BEP is to decrease 

turbine rotation speed and the second solution is to design another turbine which has 

smaller rotor diameter.  

In addition to 150 rpm constant rotation speed for downstream turbine, one more 

simulation was conducted by decreasing rotation speed to 100 rpm. Table 3 clarifies that 

changing rotation speed from 150 rpm to 100 rpm elevated relative power from 0.24 to 

0.55 providing a 129% improvement by altering angular velocity. The average velocity 

magnitude entering downstream turbines is close to each other and they are roughly 1.552 

m/s and 1.547 m/s for rotation speed of 150 rpm and 100 rpm, respectively. 

Table 3. Relative Power Results for different rotation speed 

Note: The computational domain is semi-circular shaped and side boundaries are No-slip 

wall instead of periodic boundary condition. 

Rotation Speed 150 rpm 100 rpm 

�̃� (Downstream Unit) 0.24 0.55 

 

Normalized velocity and vorticity contours for inline downstream unit is depicted 

in Figure 20 and Figure 21 respectively for rotation speed of 150 rpm and 100 rpm. The 

tip vortices become more effective in the flow field for 100 rpm rotation speed. The 

reduction in turbine rotation speed resulted in lower velocity region in hub downstream 
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and more diffusive tip vortices around the turbine blade tips. The tip vorticity magnitude 

is higher for the lower rotation speed. This proves that the turbine interacts more within 

the flow field and this improves turbine performance at 100 rpm for the present flow 

parameters. 

 

Figure 20. Normalized velocity contours of inline-downstream turbine for different 

rotation speed as A) 150 rpm and B) 100 rpm with free-stream velocity of 2.25 m/s and 

longitudinal spacing of 6𝑫𝒕. 
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Figure 21. Normalized vorticity contours of inline-downstream turbine for different 

rotation speed as A) 150 rpm and B) 100 rpm with free-stream velocity of 2.25 m/s and 

longitudinal spacing of 6𝑫𝒕. 
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4. CONCLUSIONS 

The steady state and transient CFD simulations were conducted for pre-designed, 

two-bladed hydrokinetic turbines documented by Schleicher et al. [9], present within the 

computational domain. Three bladed version of the present hydrokinetic turbine is 

optimized by Schleicher [10] and numerical predictions were validated experimentally by 

Riglin et al. [11, 12, 13]. Power coefficient measured for a single unit turbine agrees well 

with that predicted with a deviation of less than 3.0% at turbine optimum design point. 

The steady state and transient CFD simulations were conducted using ANSYS CFX for 

the present study. Inline and staggered configurations of two-turbine array were studied 

to determine the influence of wake interaction on turbine performance. For the inline 

configuration, the downstream unit performance is investigated using steady state 

analyses for various rotation rate and different stream-wise spacing between units. 

The results showed that the steady state and the transient analyses yield nearly 

identical flow field and relative power. Upstream units in both inline and staggered 

configurations and the downstream unit in the staggered arrangement show a minimal 

deviation from predicted results of a single unit. However, the wake interaction behind 

the upstream turbine causes significant performance reduction for the downstream turbine 

and the relative power dropped to 0.18 for the inline configuration. 

Further investigations are conducted to elevate the inline-downstream turbine 

performance by increasing the stream-wise spacing between the units and decreasing the 

turbine rotation rate. The incremental increase in longitudinal spacing from 6Dt to 10Dt 
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enhances relative power from 0.16 to 0.60.  Relative power of the downstream turbine is 

improved from 0.24 to 0.55.by lowering the rotation speed from 150 rpm to 100 rpm. 

This study will aid in designing and optimizing hydro farm consisting of multiple micro-

hydrokinetic turbines operating in close proximity. 

5. FUTURE STUDY  

In reality, the computational domain for present study must include two phases as 

water and air to simulate free surface effect reliably. The air phase effect on turbine 

performance increases by turbine proximity to free surface. Therefore, to simplify the 

computations, the turbine is submerged deep enough to prevent free surface effects on 

turbine performance for the current study. The further research can be conducted to 

determine the free surface effect on multiple turbine performance. 

Hydrokinetic turbines have a performance limit as named Betz Limit and hence 

the maximum performance coefficient for turbines without any surrounding structures is 

0.593. Riglin et al. [28] conducted CFD simulations for single unit turbine by augmenting 

diffuser around the turbine rotor and concluded that the diffuser enhanced turbine power 

generation 48%. This enhancement in power generation motivates present study to 

conduct multiple array simulations with turbines diffuser augmented. 
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