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Abstract: A coaxial counter-rotating rotor (CCRR), which has two rotors rotating in the opposite
directions on the same axis, is seen as a promising technology for low-cost floating tidal current/ocean
current power generation using single-point mooring, as the torques of the front and rear rotors are
cancelled. In the evaluation and design of such turbines, there is a need for an accurate analysis
method with a low computational load that considers the strong mutual induction between the two
rotors placed close together. An individual rotor mutual induction (IRMI) method was developed in
this study, aiming to significantly reduce the calculation time of conventional computational fluid
dynamics (CFD), considering the mutual induction that are not considered in conventional modified
blade element and momentum methods. In this method, the basic characteristics of the front and rear
rotors are calculated in advance using full-model CFD. In calculations for the CCRR, in addition to
these individual characteristics of each rotor, the interaction between the rotors is considered using
the actuator disk model CFD calculated in advance. The condition where the torques of the front and
rear rotors are cancelled is determined at the same time. This method was used to analyze models in
which the front and rear rotors were approximately the same diameter and placed close together (10%
of the rotor diameter). A comparison with the mixing plane model CFD revealed that they agree quite
well when mutual induction is considered, although both the power and thrust are overcalculated
when it is ignored. The simulation time of the IRMI would be almost counter-proportional to the
numbers of TSR conditions to solve as compared with the CFD with the MP model.

Keywords: counter-rotating rotor; tidal current; ocean current; floating; turbine; interaction

1. Introduction

As the effects of global warming have become more apparent in recent years, major
countries are working toward carbon neutrality. And there are high expectations for
renewable energy with low CO, emissions in the power generation sector. Hydro, wind,
solar, and biomass have taken the lead among renewable energy sources. Although two-
thirds of the Earth’s surface is covered by oceans, most ocean-based renewable energy,
including tidal and ocean current power generation, is still at the demonstration stage, and
it is difficult to say whether it will be put into practical use globally.

Tidal power generation is a technology that uses tidal currents to generate electricity.
Since tidal level changes are a periodic phenomenon caused by the gravity of the moon, it
is also easy to predict the amount of power generated by tidal current power generation. In
addition, ocean current power generation is a technology that uses ocean currents. Ocean
currents are generated by solar heat, westerlies, the Earth’s rotation, and the topography,
and do not change significantly, so it is easy to predict the amount of power generated via
ocean current power generation. Therefore, tidal current/ocean current power generation
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is easier to manage as part of an existing power supply system than wind and solar powers,
which have already been introduced a lot.

There are two types of tidal current/ocean current turbines: the bottom fixed type,
which has its base fixed to the seabed, and the floating type, which is moored with one or
more mooring lines. Each has pros and cons, but, to reduce the levelized cost of energy
(LCOE), floating tidal/ocean current power generation is promising because of its ability
to utilize faster currents close to the water surface, ease of construction, maintainability,
and ability to follow changes in the current direction—in other words, no yaw control
required. Especially, single-point moored floating tidal current/ocean current turbines
have the potential to significantly minimize the mooring system and its construction costs,
which account for a large proportion of the initial cost.

To operate a single-point moored floating tidal current/ocean current turbine sta-
bly, the average torque acting on the mooring line must be reduced to zero. One of the
technologies that makes this possible is the coaxial counter-rotating rotor (CCRR). This
rotates the front rotor (FR) and rear rotor (RR) coaxially, and so they rotate in opposite
directions. Several papers have reported that the power coefficient of the rotor increases
slightly compared to a single rotor. However, with CCRRs, the influence of the mutual
interference between the FR and RR is large, so an analysis method that takes this into
consideration is required.

CCRRs are used in tidal/ocean current turbines and wind turbines, which are the
subject of this research, as well as propulsion systems for aircrafts, ships, and helicopters.
The characteristics of tidal/ocean currents that are relevant to wind turbines are that they
are incompressible flows with open channels; the loads on each rotor are, thus, generated
in almost the same plane, and the blades have a relatively large aspect ratio. The existing
analysis techniques are listed below in order of fidelity. The methods for analyzing counter-
rotating wind turbines are relatively well-summarized in Oprina et al. [1].

(1) Full-model computational fluid dynamics (CFD)

The most common analysis method for CCRRs is full-model CFD, which models the
rotors in one domain and analyzes it dynamically. This method has the advantage of being
able to analyze rotor mutual interference and fluctuating loads even if there is misalignment
between the flow direction and rotor axis or shear of the inflow. But it requires extremely
huge amounts of computational resources and time. Furthermore, at least three cases of
simulations are required to find the condition where the torques of the FR and RR are
balanced, and so it is not realistic to apply in practical designs.

Liu et al. [2] investigated the effects of the distance between the rotors and rotor speed
in the CCRR using large eddy simulation (LES). If the distance between the rotors is small,
the performance of the FR decreases significantly, and, if the distance is large, the RR
generates variable loads due to the wake effects of the FR. Further, if the rotation speed of
the RR increases, the performance of the FR decreases significantly. In addition, turbulent
regions are also generated by the blade root vortices of the FR. This also showed that a
separation of 0.4 times the diameter resulted in a 10% higher efficiency than the single rotor.

Szlivka et al. [3] compared four CFD methods for CCRRs. They reported that the
sliding mesh method is the most appropriate for dynamic calculation, but the mixing plane
(MP) method can simulate the dynamics of the rotor appropriately. Considering the results,
the MP method was used as the reference in the present research. It is explained in a little
more detail in (3) below.

In addition, studies of the CCRR using full-model CFD have been undertaken by
Sutikno and Saepdin [4] and Kumar [5]. There are no special notes on them as an analy-
sis method.

(2) CFD with actuator line model (ALM)

One of the typical approaches for the simplification of CFD is the ALM, developed
by Sorensen [6]. The ALM calculates the loads on the blades based on the blade element
theory. And the flow around the blades is induced by the reaction force.



Appl. Sci. 2024, 14, 4782

30f19

Pacholczyk et al. [7] applied the ALM for the calculation of CCRR performance. No
significant interference was found between the two rotors if the clearance between the two
rotors is 0.5 time of the rotor diameter (D), which is significantly larger than the CCRR in
the present study (0.1 D).

(3) CFD with mixing plane (MP) model

The MP model transfers the interaction between two numerical regions. The applica-
tion of the present model is limited for a steady symmetric flow [7], which is assumed in
the present study. Each of the FRs and RRs is represented by one blade, periodic boundary
conditions are applied in the rotation direction, and the interaction between the two rotors
is transmitted at the radial position of each blade [8]. Since the interaction between the
rotors is averaged in the azimuth, it is not theoretically possible to analyze the dynamic
characteristics as obtained by full-model CFD. However, it has been reported that analyses
of the average load can be undertaken with good agreement. Even with this method, three
or more calculations are required for each condition to find the point where the torque is
balanced, but the analysis time can be significantly reduced in accordance with the number
of blades. However, this method is limited when applied to axially symmetrical airflow
and for average loads.

Details of this method are shown in Section 4.

(4) Vortex lattice method

Lee et al. [9] compared single rotors and the CCRR using the vortex lattice method.
They reported that the axial induction coefficient increases as the solidity increases, and the
axial induction coefficient of the CCRR is lower than that of the single rotor. The maximum
power coefficient of the CCRR is approximately 30% higher than that of the single rotor. A
verification of this method was not conducted for the CCRR, but only for a single rotor.

In addition, Lee et al. [10] conducted an analysis using the free-wake vortex lattice
method, considering the effects of the mutual interference between the FR and RR. The
induction coefficient of RR was compared with that of the blade element and momentum
(BEM) method, assuming that the RR is completely within the wake of FR; that is, the
influence of the RR on FR is not considered.

(5) Blade element and momentum (BEM) method

Lee et al. [11] developed a modified BEM method and investigated the influence of
the design parameters on the CCRR. This method considers the interaction of the FR with
RR as a flow within a well-developed wake but does not consider the interaction of the RR
with FR. Note that the torque balance between both rotors is taken into consideration.

Furthermore, Hwang et al. [12] used the same method to evaluate the power and
thrust coefficients using the pitch angle, diameter ratio, and rotor speed of the CCRR as
variables.

Note that some of these studies are related to the CCRR, which was developed in
South Korea around 2010, which has an FR diameter that is 1/2 that of the RR, and the
inboard sections of the RR blades are not expected to generate torque. In addition, both
the rotors are located at the front and rear of the nacelle, and the distance between rotors
is relatively large. In these modified BEM methods, the interaction of the FR with RR is
treated as a fully developed wake flow, and the interaction of the RR with FR is ignored.
Therefore, it is necessary to verify the reliability of the method for CCRRs in which the FR
and RR are relatively close to each other and have almost the same diameter.

(6) CFD with actuator disk model (ADM)

Newman [13] investigated the characteristics of a tandem rotor using a one-dimensional
ADM that ignores swirling flow, with the aim of applying it to vertical axis wind turbines.
The results show that the power coefficient increased by 18% compared to that for a single
rotor at the Betz limit. Of course, this method is not applicable for blade design.

In the design of floating tidal current/ocean current turbines, a high accuracy and low
analysis load are required for the fluid dynamics analysis. Among the above methods, the
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conventional (1) full-model CFD, (2) ALM, and (3) MP model can be used to comprehend
many phenomena, but it is difficult to use them for an actual motion/response analysis due
to the heavy load required in calculation. On the other hand, the conventional (5) modified
BEM is not acceptable when it is applied to the CCRR which the diameters of FR and RR
are same, and for which the rotors are placed close together.

Considering the above, individual rotor mutual induction (IRMI) was developed for
use on the CCRR based on the fluid force characteristics of the individual rotors. This
eliminates the need for calculations seeking to find the balance point between the torques of
the FR and RR, which is required in conventional analysis methods (1) and (2). It can handle
mutual induction, and the analysis time can be significantly reduced while maintaining
analysis accuracy.

Section 2 provides an overview of the analysis method, Section 3 provides the case
study model, and Section 4 provides the steady-state CFD results for the MP model CCRR
for verification. Sections 5 and 6 present the CFD results for individual rotors and the
mutual induction factors. Section 7 shows the analysis results using the IRMI method
developed in this research. Then, Section 8 summarizes the research overall.

2. IRMI Method

Figure 1 shows the flowchart of the present IRMI method. The yellow shading in
the figure concerns calculations performed using the individual rotor characteristics in
Section 2.1 and the mutual induction factors in Section 2.2 (Mutual Induction Factors), cal-
culated by CFD in advance. The gray shading shows the input condition in Section 2.3. The
dashed array and thick array show the mutual induction and the equal torque, respectively.
And the numbers in the chart are the numbers of equations shown in Section 2.4.

Free Stream Velocity: Mutual Induction Factor:

U br=br=0 (1)
]
4 N A
| | Angular Speed: Angular Speed:
N 02g = AptUri/Rg (12)
\
3] Induced FS Velocity: Y Induced FS Velocity:
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Art = RpQp/Up; (3) Art = Ag; (CQR) (10)
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Torque:
Qr = 30Uri”SrRrCor (5)

Thrust Coefficient:
Crg = Crr(Agy) (13)
v v

Mutual Induction Factor: i Mutual Induction Factor:
bg = br(Crp) (7) br = bp(Crg) (14)
/&

Thrust Coefficient:
Crr = Crr(Ap;) (6)

S

\Front Rotor Rear Rotorj

Figure 1. Flowchart of the IRMI method.
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Note that this analysis method only deals with a uniform flow parallel to the rotor axis.

2.1. Characteristics of the Individual Rotor

The characteristics of the thrust coefficient Ct, power coefficient Cp, and torque co-
efficient Cg for the TSR A are determined in advance. They were calculated using CFD
in this study, but, in principle, other analytical methods or experimental values can be
used instead.

2.2. Mutual Induction Factors

This research proposes the mutual induction factors b as the following formula, in-
spired by the axial induction factor 2 in the momentum theory or BEM:

bpzl—up
szl—uR

(1)

where ur and up are the induced velocities Uy at each rotor, normalized by the free stream
(FS) velocity U as given below:
up = U /U

ug = Ug/U @

a in the momentum theory represents the induction by the rotor itself. In contrast, b
represents the deceleration of the flow induced by the neighboring rotor. The b and u are
the rotor plane averaged values, defined by the thrust coefficient of the neighboring rotor.

The FS velocity U is replaced by the induced velocities Uj, and the TSRs A are replaced
by the induced TSRs A; in the following formulation.

2.3. Condition
Define the following parameters as input conditions:

e  Free stream (FS) flow velocity—U;
e FRangular speed—Q)r.

2.4. Calculation of Equilibrium Condition

To find the equilibrium conditions, the following steps are repeated until convergence,
as shown in Figure 1.

(1) Initial conditions

The initial value of the mutual induction coefficients is defined as below.
brp =br =0 3)

(2) Induced FS velocity and induced TSR at FR

The velocity at the FR is induced not only by the FR but also by the RR as shown above.
The induction of the RR, which is not considered in the individual rotor CFD, is calculated
by the ADM results. The FS velocity is replaced by the induced velocity as below.

Uy = U(1 - br) 4)
And the TSR is replaced by the induced TSR as below.
Arr = RpQp/Upy )

(38) Torque and thrust coefficients of FR

The torque and thrust coefficients of the FR are calculated by the individual rotor CFD
results at the induced TSR as following equations.

Cor = Cor(Arr) (6)
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Crr = Crr(Afp) 7)
(4) Torques of FR and RR

The torque of the FR is calculated as below by the torque coefficient in Equation (6)
and induced FS velocity in Equation (4).

1
QF = EPUFIZSFRFCQF (8)
The torque of the RR is set to be the same value as the FR’s as

Qr=QF ©9)

(5) Mutual induction factor and induced FS velocity at RR

The mutual induction factor from the FR to the RR is calculated by the ADM results
and the thrust coefficient of the FR by using the ADM results and the thrust coefficient of
the FR as below.

bg = br(Crr) (10)
The FS velocity is replaced by the induced FS velocity as below at the RR.
Ugrr = U(1 —bgr) (11)

(6) Torque coefficient of RR

The torque coefficient of the RR is calculated as below by the torque in Equation (9)
and the induced FS velocity in Equation (11).

Cor = 2Qr/pURr[*SrRR (12)

(7) Induced TSR and angular speed of RR

The induced TSR is calculated by the individual rotor CFD result as below, by using
the torque coefficient of the RR in Equation (12).

Art = Arr(Cgr) (13)

And the angular speed is calculated as below using the induced TSR and the induced
FS velocity in Equations (13) and (11).

Qr = ArjUgr;/RR (14)

(8) Thrust coefficient of RR

The thrust coefficient of the RR is calculated as below by the individual rotor CFD
results and the induced TSR in Equation (13).

Crr = Crr(ARI) (15)

(9) Mutual induction factor at FR

The mutual induction factor at the FR is calculated by the ADM results as below using
the thrust coefficient of the RR in Equation (15).

br = br(CrR) (16)

The mutual induction factor is applied for Equation (4) to consider in the induction of
the RR tor the induced speed at the FR.
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(10) Convergence judgment

Repeat the above calculation until the above parameters converge. Once converged,
the thrust, torque, and power coefficients of the two rotors are obtained as well as the
operation point, and the mutual induction factors.

3. CCRR Model
3.1. Blade Shape
Figure 2 shows the shapes of the FR and RR blades. The cross-sectional shape of

these blades is depicted by the MEL002 airfoil [14], which has excellent characteristics in
low-Reynolds-number regions.

6.25 93.75 Unit : mm

A—b—c-|r>-| E-| F—I G<l H«I 1~| ~]

ﬁ%_uul_
.

B-B D-D E-E F-*F G-G H-HII JJ

2§3N%%$$H%%&

Hub Tip

side view Q side view
C-C

(a) Front rotor (three-bladed, 250.0 mm diameter)

Unit : mm

625

bbb b
ABEpEo i e

QI

B-B D-D FF H-H JJ LL

BN

Hub Tip
side view C-C EE G-G LI K-K MM Sideview

sIITT

(b) Rear rotor (five-bladed, 237.5 mm diameter)

2=

Figure 2. Outlines of the CCRR blades [15].

3.2. Rotor Shape

The FR used in this study has three blades with a diameter Dr = 250.0 mm, and the
RR has five blades with a diameter Dg = 237.5 mm. The separation between the two rotor
surfaces is 25 mm (=0.1Df). Figure 3 shows the appearance of the CCRR.
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ANSYS
2019 R3

Academic

o

(a) Front view (b) Side view
Figure 3. Outlines of the CCRR: three-bladed FR and five-bladed RR.

4. CCRR MP Model CFD

This section provides an overview of the steady-state CFD of the CCRR-integrated
model used for the verification of this research. The results of the analysis are shown in
Section 7 in comparison with the IRML

4.1. Analysis Method

The commercial code ANSYS CFX (2019R3) was used to perform CFD using the MP
model. The multi-reference frame (MRF) was used to handle the uniform and steady flow
parallel to the rotor axis. This can be calculated in a fan-shaped domain for one blade of
each rotor, taking symmetry into account. However, in the case of the CCRR, the number
of blades and the rotation direction of the front and rear rotors are different, so normal
MREF calculations using a single object cannot be performed. The analysis was performed
on the assumption that the physical quantities of the azimuth average are the same in
the annular region at the same radial position at the boundary between both rotors, in
this study. According to Fuchiwaki [8], this method was compared with the experimental
results elucidated by Wei et al. [15], and, although there was a difference of about 10% in
the peak value, they found the TSR at which the power coefficient is maximized and the
overall trend, etc. It has been reported that these findings are generally reproducible.

With this method, the analysis domain is reduced in inverse proportion to the number
of blades, so the analysis time can be significantly reduced. However, after fixing the FR
rotor speed, it is necessary to calculate the RR rotation speed three to five times until the
torques of the FR and RR are almost equal.

4.2. Analysis Conditions

Working fluid: water;
Density p: 997 kg/m3;

Inlet flow velocity U: 1.0 m/s;
TSR A: 1.0 to 8.0;

Turbulence model: k-w SST.

4.3. Analysis Grid/Boundary Conditions

e  Wall boundary conditions: stick (blade and hub) and slip (shroud);
e Inlet boundary: flow velocity (steady);

e  Outlet boundary: gauge pressure (0 Pa);
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e Boundary condition between rotors: stage (mixing plane);
o  Number of calculation grids: 3.6 million (front) and 3.1 million (rear);
e  Analysis domain: Table 1 and Figure 4.

Table 1. CFD for the CCRR with the MP method.

Parameters Values

Diameter of FR D (mm) 250.0

Center angle of the FR domain (degree) 120

Diameter of RR Dy (mm) 237.5
Center angle of the RR domain (degree) 72
Ratio of Dgr/Dp 0.95

Length of analysis domain (mm) 2500
Length of analysis domain (mm) 625
Distance between FR and RR (mm) 25

oum 200 m)

(a) Birds-eye view

e

(b) Side view
Figure 4. CFD domain for the CCRR with the MP method.

Note that the validity of the analytical grid is explained in Fuchiwaki [8], so it is
omitted here.

5. Individual Rotor CFD

This section presents the contents and results of analysis of CFD for the FR and RR
individually, which serve as the input information for the IRML

5.1. Analysis Method

ANSYS CFX (2019R3) was used for the analysis. The steady characteristics in steady
wind were calculated for one FR blade and one RR blade using the MP model, assuming
periodical boundary conditions.
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5.2. Analysis Conditions

Working fluid: water;

Water density p: 997 kg/m?;
Inlet flow velocity U: 1.0 m/s;
Outlet gauge pressure: 0 Pa;
TSR A: 1.0 to 8.0 (Table 2);

Table 2. Conditions for the individual rotor CFD.

A(-) QF (rad/s) np (rpm) Qg (rad/s) ng (rpm)
1.0 —8.00 —76.39 8.42 80.42
2.0 —16.00 —152.79 16.84 160.83
3.0 —24.00 —229.18 25.26 241.25
4.0 —32.00 —305.58 33.68 321.66
5.0 —40.00 —381.97 42.11 402.08
6.0 —48.00 —458.37 50.53 482.49
7.0 —56.00 —534.76 58.95 562.91
8.0 —64.00 —611.15 67.37 643.32

e  Turbulence model: k-w SST.

5.3. Analysis Grid and Analysis Conditions

e  Analysis domain: Figure 5;
e  Wall boundary conditions: stick (blade and hub) and slip (shroud);
e  Number of calculation grids: 4.1 million (FR) and 3.5 million (RR).

Figure 6 shows the mesh near the airfoil. The validity of the analytical grid is reported
in Fuchiwaki [8].

(a) Front rotor

(b) Rear rotor

Figure 5. CFD domains for the individual rotor CFD.
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Figure 6. Mesh around the blade section.

5.4. CFD Results

Figures 7-9 show the thrust, power, and torque coefficients with respect to the TSR of
each rotor. Since the solidity of the FR is smaller, the thrust coefficient of the FR is lower
than that of the RR overall. The power coefficient is higher in the high-TSR range and lower
in the low-TSR range. Furthermore, in both cases, the slope of the torque coefficient with
respect to the TSR is negative when the TSR is 3 or higher.

0.0

0 1 2 3 5 6 7 8

4
Al
Figure 7. Individual rotor thrust coefficients.

07r

06+

00 . . i i )
3 5 6 7 8

o
]

4
ALl

Figure 8. Individual rotor power coefficients.
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Figure 9. Individual rotor torque coefficients.

6. Mutual Induction Factors Calculation

This section presents the content and analysis results of CFD regarding the mutual
induction factors between FR and RR, which serve as the input information for the IRMI.

6.1. Analysis Method

The commercial CFD software ANSYS Fluent (2023R1) was used for the analysis.
The rotor was modeled by the ADM with a uniform load to calculate the steady mutual
induction in steady uniform wind in this study.

6.2. Analysis Conditions

Working fluid: water;

Water density p: 997 kg/m?;

Inlet flow velocity U: 1.0 m/s;

Outlet gauge pressure: 0 Pa;

Thrust coefficient C7: 0.2 to 1.0 (0.2 each);
Turbulence model: k-w SST.

6.3. Rotor Mutual Induction Analysis Results

Figure 10 shows the normalized induced velocity around the actuator disk at typical
thrust coefficients. Here, ¢ is the longitudinal position normalized by the rotor diameter
(¢ = x/D), with ¢ = 0 at the rotor. # is the radial position normalized by the rotor radius
(7 =r/R), with 7 = 0 and 7 = 1 are at the center and the tip, respectively. The larger the

thrust coefficient, the higher the induced velocity.
2 4 i

u, C 1‘=0' 4

08

7 é-l

04

02

0
2 4 -4 -2

f0
I
(a) Cr=0.2 (b) Cr=04

0
$H

Figure 10. Cont.
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u, C._=0.8

-4 -2 0 2 4 -4 -2 0 2 4
EH ElH
(c)Cr=0.6 (d)Cr=0.8
u, CT=I'0

-4 -2 0
S
(e)Cr=1.0

Figure 10. Normalized induced velocity distribution around an actuator disk.

Figure 11 shows the radial distribution of the mutual induction factors, (a) FR to RR
and (b) RR to FR. Here, r and 7y are radial positions normalized by the diameters of the
FR and RR, respectively. The mutual induction factors averaged on the rotor shown in
Figure 12 are used in the present method. Here, the effect of FR on RR is about twice as
large as the induction caused by RR on FR.

b RP Front to Rear b rr Rear to Front

0 0.2 0.4 0.6 08 1 ‘ 0 0.2 0.4 0.6 08 1
Crpld Crrl
(a) Front rotor to rear rotor (b) Rear rotor to front rotor

Figure 11. Mutual induction factors at each rotor position.
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05
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Figure 12. Average mutual induction factor at each rotor position.

7. IRMI Method

In this section, the analysis results using the IRMI method is verified by comparing
them with the MP model CFD results in Section 4.

7.1. Analysis Method

The analysis method is that shown in Section 2. Here, the data shown in Figures 7
and 9 in Section 5 were used to define the characteristics of individual rotors, and those in
Figure 12 in Section 6 were used for the characteristics of the mutual interference between
rotors.

An example of the convergence status of the solution using the IRMI method is shown
in Figure 13. In this example, the calculation is repeated 10 times, and it converges well.
The dashed lines in the figure indicate the range of the CFD data.

A=22 A=2.2
10 03
[—e—FR—a—FRR Inlet —8—FR —&—RR
-~ 09— 5 . . — —
< - ~.02
0
& oe ~ a3
o 01
07
0.6 s 00 s
{ 10 1 10
048 . Breeeescecccssmsesmasmemma———
35 —8—FR —&—RR [—8—FR —&—RR - - - CFD Data Range|
=
I
S a a a N .
&2 —3

Iteration Iteration
(a) Velocity, angular speed (b) Mutual induction factor, induced TSR
/\F=2.2 /\F=2.Z
04
777777777777777777777777777 03 . ° o s
___________________________ - ———0—20 o—s
——a s £
Z 02
- : Sy
— ] —e—FR—a—RR — — —CFD Range(FR) — — = (RR)[ | '
00 ]
10 1 10
08 016 — ——a
0fF———————mmmmm e m . e ——
) SR I | :Emz
T 0%~ 5,008
u W b ememmmemmmmmcem——mmmm——eea|
02 | [—e—FR—&—RR— — —CFD Range(FR) — — —(RR)| _ 004 _ [—e—FR—&—RR— — —CFD Range(FR} — — - (RR)] _
o 0.00

Iteration
(c) Thrust and power coefficients

1 I‘U
lteration
(d) Torque and torque coefficient

Figure 13. Examples of convergence: TSR of FR = 2.2.
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7.2. Analysis Results
@

Effect of mutual interference on hydrodynamic characteristics

Figure 14 shows the analysis results with the effect of the mutual interference ignored
by setting b = 0. Under this condition, the equilibrium point is simply determined by the
torque characteristics of each individual rotor in Figure 9.
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Figure 14. IRMI results with mutual induction ignored.
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This analysis does not consider the deceleration caused by the thrust of the neighboring
rotor, so the rotor speed (or TSR) is high. Therefore, under conditions where the TSR of the
FR is approximately 2 or less, the torque and thrust coefficients are generally higher than
those of the MP model CFD due to the higher TSR.

The analysis results considering the mutual induction factor, which is the original
IRMI, are shown in Figure 15 together with the CFD results from Section 4. This condition
considers the inherent mutual induction between the rotors, and the thrust of the FR
reduces the speed of the RR by 4% to 12%, while the RR reduces the speed of the FR by
12% to 39%. When considering the mutual induction factor, the rotational speed (or TSR) of
the RR decreases compared to when it is ignored. As a result, each aerodynamic coefficient
is reduced, and the results are almost consistent with those of the MP model CFD.
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Figure 15. IRMI results when considering mutual induction.
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As shown in Figure 8, the TSR at which the maximum power coefficient of each
individual rotor is obtained is approximately 6 for the FR. Even in the CCRR, the power
coefficient of the FR tends to increase as the TSR increases, but the power coefficient of the
RR tends to decrease from around 1.5, and the power coefficient of the CCRR saturates
around 1.7. This is because, as the TSR increases, the thrust coefficient also increases
(Figure 7), which increases the mutual induction factor. Therefore, overall, the TSR is
significantly lower than in the case of a single rotor.

(2) Control

Another important finding in this research is the control of generators. When a single
rotor is operated at a rotor speed (or TSR) that maximizes the power coefficient under
a constant wind speed, if the rotor speed increases/decreases due to some disturbance,
the torque decreases/increases as shown in Figure 9. The rotor speed returns to the
equilibrium point in both cases. Therefore, the generator can be controlled by the torque
relative to the rotational speed, and the fluctuations in the torque are small. However,
in the case of the CCRR, when operating at a TSR of approximately 2, where the power
coefficient is maximized, the torque will also increase/decrease as the rotational speed
increases/decrease, so the above control is not possible. In this case, it is necessary to
control the rotation speed at a constant value or to a set value using other parameters
such as the flow velocity, instead of controlling the rotation speed with the torque. In this
case, the instability in the rotational direction of the CCRR is suppressed by controlling the
generator’s torque, resulting in large fluctuations in the torque or output power. This is
undesirable from the viewpoint of the variation of the power and loads.

(3) Analysis time

As mentioned in Section 4, three to five different conditions are required to calculated
for one specific equilibrium condition to balance the torques of the two rotors in CFD with
the MP model. On the other hands, the present IRMI method needs CFD with the MP model
for the individual rotor and CFD with the ADM for the mutual induction in advance, and
the calculation time to find the balanced point is as short as negligible. Therefore, the total
amount of time for the IRMI is not dependent on the number of cases, but almost constant,
almost the same as one case by the CFD with the MP model for the CCRR. It means, the
simulation time of the IRMI would be almost counter-proportional to the numbers of TSR
conditions to solve as compared with the CFD with the MP model.

8. Conclusions
8.1. Results Summary

The present IRMI method was developed for a steady load analysis for CCRRs. This
method is based on the characteristics of the FR and RR individually, and the mutual
induction factor between the rotors based on the ADM. It calculates characteristics such as
the thrust and torque.

The analysis of the characteristics of a CCRR with a three-bladed FR and five-bladed
RR during steady uniform flow revealed that, when the interference is ignored, the values
are generally higher than those of CFD. It was confirmed that the results generally agree
with the CFD results when considering mutual induction.

In general, for CFD, it is necessary to analyze three to five conditions in one case to
find the conditions under which the torques of the FR and RR are balanced. Therefore,
the present IRMI method can significantly shorten the analysis time. In this way, in the
conventional method, the analysis time increases as the number of analysis cases increases,
but, with the present IRMI method, although a certain amount of analysis time is required
for preparation, once the preparation is completed, the analysis time hardly changes, so the
analysis time increases considerably. This method is suitable for calculating large numbers.

8.2. Future Challenges

The following issues continue to persist:
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(1) The reason for the slight difference from CFD with the MP model can be that the
mutual induction is assumed to be uniform on the rotor surface and the mutual
induction in the rotational direction and their propagation are ignored.

(2) The accuracy of the present method should be validated by experiments, as well as the
influences of turbine configurations, such as the number of blades and the distance
between the rotors.

(3) Furthermore, the BEM theory may also be applicable to the characteristics of the
individual rotor.

(4) This study dealt with steady characteristics, which are useful for the performance and
steady load. However, this method is insufficient for the application to fatigue loads,
noise, etc., which are important dynamic characteristics.
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Abbreviations

Symbols

a Axial induction factor in the momentum theory or BEM

b Mutual induction factor

Cp Power coefficient

Cr Thrust coefficient

Co Torque coefficient

D Rotor diameter

n Rotor speed

Q Rotor torque

R Rotor radius

r Radial position from the rotor center

S Rotor area

u Velocity

u Velocity normalized by the inflow speed

x Longitudinal position from the rotor

Greek

7 Radial position normalized by the rotor radius (=r/R)

A Tip speed ratio

¢ Longitudinal position from the rotor center, normalized by the rotor diameter
(=x/D)

1Y Density

Q Rotor angular speed
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Subscript

F Front rotor

I Induced

R Rear rotor

Abbreviations

ADM Actuator disk model

ALM Actuator line model

BEM Blade element and momentum (method)
CCRR Coaxial counter-rotating rotor

FR Front rotor

FS Free stream

MP Mixing plane (model)

IRMI Individual rotor mutual induction (method)
RR Rear rotor

TSR Tip speed ratio
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