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ABSTRACT
This paper applies Co-flow Jet (CFJ) active flow control

airfoil to a NREL horizontal axis wind turbine for power out-
put improvement. CFJ is a zero-net-mass-flux active flow con-
trol method that dramatically increases airfoil lift coefficient and
suppresses flow separation at a low energy expenditure. The 3D
Reynolds Averaged Navier-Stokes (RANS) equations with one-
equation Spalart-Allmaras (SA) turbulence model are solved to
simulate the 3D flows of the wind turbines. The baseline wind
turbine is the NREL 10.06m diameter phase VI wind turbine and
is modified to a CFJ blade by implementing CFJ along the span.
The baseline wind turbine performance is validated with the ex-
periment at three wind speeds, 7m/s, 15m/s, and 25m/s. The
predicted blade surface pressure distributions and power output
agree well with the experimental measurements. The study indi-
cates that the CFJ can enhance the power output at the condition
where angle of attack is increased to the level that conventional
wind turbine is stalled. At the speed of 7m/s that the NREL tur-
bine is designed to achieve the optimum efficiency at the pitch
angle of 3◦, the CFJ turbine does not increase the power output.
When the pitch angle is reduced by 13◦ to -10◦, the baseline wind
turbine is stalled and generates negative power output at 7m/s.
But the CFJ wind turbine increases the power output by 12.3%
assuming CFJ fan efficiency of 80% at the same wind speed. This
is an effective method to extract more power from the wind at all
speeds. It is particularly useful at low speeds to decrease cut-in
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speed and increase power output without exceeding the structure
limit. At the freestream velocity of 15m/s and the CFJ momen-
tum coefficient Cµ of 0.23, the net power output is increased by
207.7% assuming the CFJ fan efficiency of 80%, compared to the
baseline wind turbine due to the removal of flow separation. The
CFJ wind turbine appears to open a door to a new area of wind
turbine efficiency improvement and adaptive control for optimal
loading.

NOMENCLATURE
AFC Active flow control
C Chord
CFJ Co-flow Jet
Cµ Momentum coefficient
Fzc f j Jet reactionary force in torque direction
Fxc f j Jet reactionary force in thrust direction
Ht Total enthalpy
NREL National Renewable Energy laboratory
MC Micro-compressor
ṁ Mass flow rate (kg/s)
ṁ Normalized mass flow rate, ṁ/ρV∞Are f

TE Trailing edge
LE Leading edge
Pc Power coefficient of CFJ
PCFJ Power consumed by CFJ
PWb Baseline wind turbine power generation
PWc CFJ wind turbine power generation
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Pnet Net power generation improvement
U∞ Freestream wind speed
RPM Round per minute
R′ Surface integral of pressure and shear stress
V∞ Freestream velocity
Vj Jet velocity in rotating frame
Vj Normalized jet velocity, Vj/U∞

W Watt, unit of power
ZNMF Zero-net mass-flux
Γ Total pressure ratio
η Isentropic efficiency
θ Angle between CFJ slot’s surface and a line normal to

the airfoil chord

Subscript
j Jet
t Total
1 Injection slot location
2 Suction slot location
∞ Freestream values

INTRODUCTION
Wind energy is the fastest growing energy sector due to its

sustainability, renewability and low emission. Therefore, wind
turbines, the machinery to extract wind energy, have been widely
studied. The most important aerodynamic measure of merit of
wind turbines is their power output, not at the high speed greater
than the rated speed, but at the speed lower than the rated speed.
When the speed is very high, the power output of a wind tur-
bine needs to be limited to avoid the failure of the wind turbine
structure and the electric generator system.

At low speed, the structure limit is not an issue and it is de-
sirable to increase the power. Typically, a turbine is designed
to have an optimum efficiency at a certain ratio of the tip speed
to the freestream flow speed. When the freestream velocity is
greater or smaller than that, the efficiency will drop and may be
compensated by varying the pitch angle or the rotational speed.
At a low speed, the way to increase the power output is to in-
crease the aerodynamic lift coefficient and the ratio of lift to drag
by increasing the angle of attack (AoA). However, the AoA is
limited to avoid flow separation or blade stall. A novel aerody-
namic design method that can increase the lift coefficient and the
ratio of lift to drag without stalling the blade is appealing. This
is the motivation of the present study.

The other important issue for wind turbine aerodynamic de-
sign is to minimize the dynamic loading due to flow separation
to have long life span. A major challenge of wind turbines is the
randomness nature of wind. During operation, wind direction
and velocity magnitude vary constantly, which alternates flows
between being separated and attached on wind turbine blades.

This fluctuation, limits the power output and exerts a periodic
load on wind turbines, which reduces their operation lifespan. To
increase wind turbine power output and mitigate flow fluctuation,
passive and active flow control methods have been implemented
on wind turbine blades.

For the passive flow control, the effects of tubercles on wind
turbine performance are analyzed in [1–4]. The reduction of stall
severity is achieved by using sinusoidal tubercles leading edge,
which mitigates the periodic loading [3]. It is also observed that
the power output of wavy blades is enhanced with the increasing
of wave length [3, 4]. However, tubercle leading edge decreases
the power output at low wind speed due to early boundary layer
separation [3, 4]. Vortex generators (VGs) as a passive flow con-
trol are also commonly used on wind turbine for separation con-
trol. An increase of the stall angle is achieved by optimizing the
distance between adjacent VGs [5]. Double VGs arrangements
present a further performance improvement on S809 wind tur-
bine airfoil [6]. However, drag penalty is also very sensitive to
VGs. Gao et al. find that increasing VG height and length may
lead to a negative effects on drag [7].

As an active flow control (AFC) with blowing jet, Air Jet
Vortex Generators (AJVG) controls flow separation using the
similar mechanism as vane VGs but has a more rapid respond to
dynamic stall [8]. Cerretelli et al. [9] implement blowing sweep-
ing jet on a wind turbine airfoil and achieve 10% to over 60%
improvement in relative lift coefficient (CL) at various Reynolds
number. A substantially reduced thickness of boundary layer is
observed on the suction surface. However, both the AJVG [8]
and sweeping jets [9] do not address how to provide the required
mass flow for blowing as well as their required power that will
offset the gain of the wind turbine power output.

Synthetic jet produced by the periodic motion of a piston or
diagram is a zero-net mass-flux (ZNMF) flow control method,
which dose not require external flow source. It is studied nu-
merically [10, 11] and experimentally [12, 13] to enhance wind
turbine performance. Tran et al. [10] find that the synthetic-jet
based control is able to significantly suppress the flow separation
for a pitching S809 wind turbine airfoil, which reduces hystere-
sis by up to 73% [10]. Yen et al. [13] demonstrate that synthetic
jet actuation is effective to suppress dynamic stall, which could
be employed to enhance the performance of low blade tip speed
ratio wind turbine.

Overall, for the various flow control methods in wind tur-
bines, the passive flow control is more straightforward to be im-
plemented but has limited control effectiveness. Active flow con-
trols have higher control authority and are more effective. How-
ever, methods mentioned above are not well addressed for their
energy expenditure.

The recently developed Co-flow Jet (CFJ) flow control is a
ZNMF active flow control that is able to dramatically enhance
the airfoil performance [14–20]. As shown in Fig. 1, a CFJ air-
foil withdraws a small amount of mass flow from trailing edge,
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pressurizes it by the fans, and injects the flow at leading edge tan-
gential to the mainstream. It is demonstrated numerically and ex-
perimentally that CFJ achieves radical lift augmentation, drag re-
duction and stall angle of attack increase [14–20]. Lefebvre and
Zha [21] implement CFJ on a pitching airfoil and basically re-
move its hysteresis. Xu and Zha [22] apply CFJ to S809 wind tur-
bine airfoil and achieved an optimal configuration of CFJ-S809
airfoil with significant improvement of CL and aerodynamic effi-
ciency (CL/CD). The purpose of this paper is to study the wind
turbine energy efficiency improvement by using co-flow jet ac-
tive flow control.

baseline airfoil

injection
suction

coflow jet airfoil

pump

FIGURE 1: Schematics of the CFJ airfoil with embedded micro-
compressor

THE CO-FLOW JET PARAMETERS
To facilitate the description of CFJ wind turbine perfor-

mance, several important parameters are given below.

Jet Momentum Coefficient
The injection jet momentum coefficient Cµ is used to de-

scribe the CFJ strength as:

Cµ =
ṁVj

1
2 ρ∞V∞

2Are f
(1)

where ṁ is the injection mass flow, Vj is the mass-averaged injec-
tion relative velocity along the span, ρ∞ denotes the free stream
density, and Are f is the reference area defined as the platform
area of the wind turbine, V∞ is the relative velocity at 70% span
defined by Eq. (2). It combines the freestream velocity (U∞)
with turbine rotationl velocity (ωR). Since the rotational velocity

varies along the span, the velocity at 0.7R is taken as the averaged
value.

V∞ =
√

U2
∞ +(0.7ωR)2 (2)

Power Coefficient
The CFJ power required is determined by the total enthalpy

rise in the turbine rotating frame from the suction duct outlet
to the injection duct inlet [15]. The total enthalpy rise can be
achieved by the embedded micro-compressors. The power re-
quired by the CFJ can be expressed as:

P =
ṁHt2

η
(Γ

γ−1
γ −1) (3)

where, ṁ is the CFJ mass flow rate, Ht2 is the total enthalpy at
the suction slot, Γ is the total pressure ratio between the injection
and suction in the turbine rotating frame, and η is the pumping
system efficiency. For the CFJ wind turbine, the ṁ, Ht2 and Γ

are calculated in the rotational frame of reference using relative
properties.

Eq. (3) indicates that the power required by the CFJ is lin-
early determined by the mass flow rate and exponentially by the
total pressure ratio. This relationship in fact applies to all the
active flow controls based on fluidic actuators. The power coef-
ficient is defined as:

Pc =
P

1
2 ρ∞V 3

∞Are f
(4)

where P is the CFJ required power defined in Eq. (3).

GOVERNING EQUATIONS
The governing equations are the Navier-Stokes equations in

rotating frame with the effects of Coriolis force (2ω ×V) and
centrifugal force (ω ×ω × r). The normalized Reynolds Aver-
aged Navier-Stokes governing equations with Spalart–Allmaras
one-equation turbulent model [24] in generalized coordinates are
given by:

∂Q
∂ t

+
∂E
∂ξ

+
∂F
∂η

+
∂G
∂ζ

=
1

Re

[
∂R
∂ξ

+
∂S
∂η

+
∂T
∂ζ

]
+D (5)

where Re is the Reynolds number. The conservative variable vec-
tor Q, invisid flux E, viscous flux vector R and source term D are
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expressed as follows, and the rest can be expressed following the
symmetric rule.

Q =
1
J


ρ

ρu
ρv
ρw
ρe
ρν̂

 (6)

E =
1
J


ρU

ρuU + pξx
ρvU + pξy
ρwU + pξz
(ρe+ p)U

ρν̂U

 (7)

R =
1
J



0
τxiξi
τyiξi
τziξi

(u jτi j−qi)ξi
ρ

σ
(ν + ν̂) ∂ ν̂

∂xi
ξi

 (8)

D =
1
J


0
0

ρR0
2y+2ρR0w

ρR0
2z−2ρR0v

0
Sν

 (9)

where R0 is the Rossby number defined as (ωL∞)/U∞. ω is the
angular velocity of the rotor rotation, L∞ is the reference length
and U∞ is the freestream velocity. The normalized equation of
state as a constitutive equation relating density to pressure and
temperature is expressed in the rotating frame as

ρe =
p

γ−1
+

1
2

ρ(u2 + v2 +w2)− 1
2

ρr2R0
2 (10)

The Sν in Eq. (11) is the source term for the S-A model,

Sν = ρcb1 (1− ft2) S̃ν̃ + 1
Re

[
−ρ

(
cw1 fw− cb1

κ2 ft2
)(

ν̃

d

)2

+ ρ

σ
cb2 (∇ν̃)2− 1

σ
(ν + ν̃)∇ν̃ •∇ρ

]
+Re

[
ρ ft1 (∆q)2

]
(11)

Other auxiliary relations and coefficients for the S-A turbu-
lence model can be found in [24, 25].

NUMERICAL METHODS
The in-house high order accuracy CFD code Flow-

Acoustics-Structure Interaction Package (FASIP) is used to con-
duct the numerical simulation. The 3D Reynolds Averaged
Navier-Stokes (RANS) equations with one-equation Spalart-
Allmaras [24] turbulence model described above are solved. A
3rd order MUSCL scheme for the inviscid flux [26–28] and a
2nd order central differencing for the viscous terms are em-
ployed to discretize the Navier-Stokes equations. The low dif-
fusion Roe flux difference scheme is used to evaluate the invis-
cid fluxes. Implicit time marching method using Gauss-Seidel
line relaxation is used to achieve a fast convergence rate [29].
Parallel computing is implemented to save wall clock simulation
time [30]. The FASIP code is intensively validated for CFJ flow
control simulations [15–17, 31–37] and turbomachinery multi-
stage flows [38, 39].

THE BASELINE NREL PHASE VI ROTOR
The present study uses the Phase VI wind turbine rotor from

the National Renewable Energy Laboratory (NREL) [40]. The
wind turbine has two blades and the blade geometry is shown in
Fig. 2, which is 5.029 meter in radius (R) and stacked using S809
airfoil along the span. More details regarding blade geometry
and wind tunnel testing can be found in [40].

FIGURE 2: Geometry of the NREL Phase VI Wind Turbine, fig-
ure adopted from [40]

Two pitch angles of 3◦ and -10◦ are studied in this research.
The turbine blade is simulated without the wind turbine tower
and blade tip plate. The computational domain shown in Fig. 3
is meshed using structured grid with an overall mesh size of 5
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million points. Close to the blade, there are 201 points in the
chord direction, 85 points in the spanwise and 51 points normal
to blade. The mesh size and number of points in each direction
are similar to those used by other research groups in [10,41]. The
fist cell spacing close to blade wall is set to 1×10−5 to ensure y+

close to 1.
As shown in Fig. 3, the computational domain consists of a

rotational inner domain (in blue) and a stationary outer domain
(in black). The rotational domain is 3R in length and 2.5R in
width. The stationary domain has a length of 6R and width of
8.5R. Frozen rotor boundary condition is applied on the interface
between rotational and stationary domains with the blade located
at zero azimuth. The mesh at the rotational frame and stationary
frame are one-to-one connected to ensure flux conservation. The
flow variables are converted between the rotational and stationary
frames. The boundary conditions of total pressure, total temper-
ature and flow angle are imposed at the upstream inlet boundary
of the stationary domain. A static pressure boundary condition
is applied at the outlet boundary. Only one blade is simulated
with the 180◦ periodic boundary condition applied on two sides
of the hub domain. The convergence criterion is that the L2-norm
residual reduced by more than 4 orders of magnitude.

The computational results are validated with the experiment
of series S [40] at rotor RPM of 72 at the wind speed (U∞) of
7m/s, 10m/s, 15m/s, 20m/s and 25m/s with the pitch angle of
3◦. Fig. 4 compares the computed power output with the exper-
iments and two other research groups’ CFD results [4, 42]. The
power output is peaked at the wind speed of 10m/s. The com-
puted power output is generally in a good agreement with the
experiment except at 7m/s, at which the power is a little over
predicted.

The measured surface pressure coefficient distributions at
7m/s, 15m/s and 25m/s are used for comparison with the CFD
prediction. The pressure coefficient (Cp) of span 30%, 47%, 63%
and 95% are presented, which are computed based on Eq. (12),
where ω is the angular velocity of the wind turbine, R is the ra-
dius at local span, p∞ and ρ∞ are the freestream static pressure
and density.

Cp =
p− p∞

0.5∗ρ∞(U2
∞ +(ωR)2)

(12)

Fig. 5, Fig. 6 and Fig. 7 show the Cp comparison between
the CFD prediction and the experiment at the four span loca-
tions. The agreement is overall very good except at the low span
of 30% span for the speed of 15m/s and 25m/s, where the flows
are massively separated and the RANS model tends to be inade-
quate to resolve it. Similar discrepancy is also reported by other
researchers [4, 43–45]. Overall, the torque and Cp predicted by
the present numerical simulation achieves a good agreement with

the experiment and is thus used as reference to compare the per-
formance of the CFJ wind turbine.

THE CO-FLOW JET WIND TURBINE
Fig. 8 shows the configuration of 3D CFJ wind turbine that

is created based on the optimal configuration of 2D CFJ-S809
airfoil [22] as shown in Fig. 9. The optimal 2D CFJ-S809 air-
foil is able to achieve a significant increase of the maximum lift
coefficient (CLmax) by 43% and aerodynamic efficiency (CL/CD)
by 175%. For the 3D CFJ wind turbine, the CFJ covers from
26% span to tip. An injection duct (in blue) is constructed at
near leading edge at 4%C (chord) oriented tangentially to the lo-
cal blade surface to ensure a tangential injection of co-flow jet.
A suction duct (in red) is implemented near mid-chord at 53%C
to suck-in flow and achieves ZNMF flow control. The suction
surface is translated downward from 4%C to 53% by 0.1%C to
accommodate the tangential injection. The injection outlet slot
size is 0.75%C based on the local airfoil chord length and suc-
tion slot size is 1.0%C. Since the wind turbine blade shape is
tapered, the CFJ slot-size based on the local chord is therefore
decreased from the hub to tip.

The power generation is determined by the integral of the lo-
cal torque multiplied by the angular velocity from the very hub to
the very tip of the blade. The torque and thrust force calculation
of the CFJ-S809 airfoil at each span considers the jet reactionary
force due to CFJ injection and suction effects. Based on the con-
trol volume analysis of Zha et al. [46], the expressions for these
reactionary forces are given as:

Fzc f j = (ṁ jVj1 + p j1A j1)∗ cos(θ1−α)−
(ṁ jVj2 + p j2A j2)∗ cos(θ2 +α)

(13)

Fxc f j = (ṁ j1Vj1 + p j1A j1)∗ sin(θ1−α)+

(ṁ j2Vj2 + p j2A j2)∗ sin(θ2 +α)
(14)

where the subscripts 1 and 2 stand for the injection and suction
respectively, and θ1 and θ2 are the angles between the injection
and suction slot’s surface and a line normal to the airfoil chord.
α is the angle of attack.

The torque (tangential) force (dFT ), thrust (axial) force (dT )
and power (dPW ) at the radius r with the span length dr are:

dPW = ωr ·dFT · (15)
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FIGURE 3: Mesh topology

FIGURE 4: Power generation of the baseline wind turbine at var-
ious wind speeds, pitch angle of 3◦

dFT = (R′z−Fzc f j)dr (16)

(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 5: Cp distributions of the wind turbine at wind speed of
7m/s, pitch angle of 3◦

dT = (R′x−Fxc f j)dr (17)
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(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 6: Cp distributions of the wind turbine at wind speed of
15m/s, pitch angle of 3◦

(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 7: Cp distributions of the wind turbine at wind speed of
25m/s, pitch angle of 3◦

where R′z and R′x are the surface integral of pressure and shear
stress in z (tangential ) and x (axial ) direction. For CFJ wind
turbine simulations, the total thrust and torque are calculated by
integrating Eqs.(15) to (17) along the entire span.

The power generation of the baseline wind turbine is com-

FIGURE 8: Illustration of 3D CFJ wind turbine

FIGURE 9: The optimal configuration of the 2D CFJ-S809 airfoil
[22]

pared with the CFJ wind turbine at the same Cµ of 0.06 in Fig.
10 with the pitch angle fixed at 3◦. The wind turbine is designed
to achieve the optimal efficiency at 7m/s with the tip speed ra-
tio of 5.42 and the pitch angle of 3◦. Fig. 10 indicates that the
co-flow jet improves the wind turbine power output more at the
off-design wind speed. Table. 1 gives the quantitative values of
the power improvement at each speed, where PWb is the base-
line wind turbine power, PWc is the power with CFJ applied and
PCFJ is the power consumed by the CFJ active flow control, and
Vj, ṁ, Pc are the normalized injection relative velocity, relative
mass flow rate of CFJ and power coefficient in the turbine ro-
tating frame. The Pnet is the net power generation of the CFJ
wind turbine after deducting the CFJ power consumption as ex-
pressed in Eq. (18). At the wind speed of 15m/s, the peak Pnet
is achieved with an increase of 70.2% (∆Pnet ) compared to the
baseline wind turbine due to the reduced flow separation by the
CFJ. At the high speed of 25m/s, ∆Pnet improvement percentage
decreases because the flow separation is too severe to be sup-
pressed by the low Cµ of 0.06. In addition, the CFJ consumes
more power when the freestream velocity is increased. At the
design speed of 7m/s, the CFJ wind turbine actually decreases
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the power output by 10.1%. The reason is that the baseline wind
turbine performs very well at the design speed and there is not
much room for improvement. Therefore, the CFJ energy expen-
diture is much higher than the power output improvement, which
results in a negative ∆Pnet .

FIGURE 10: Power generation of the baseline and CFJ wind tur-
bine at various wind speed, pitch angle of 3◦

Pnet = PWc−PCFJ (18)

Fig. 11 shows the Cp comparison of the wind turbine with
wind speed of 7m/s. It is clear from the Cp plots that the surface
lift loading is increased and the power generation due to the lift
should be increased. However, the CFJ reactionary forces are
not shown in the Cp plots. Fig. 12 gives the torque distribution
along the span. It can be seen that the torque due to the CFJ
turbine blade surface force is substantially larger than that of the
baseline turbine as reflected in Fig. 11. However, after including
the CFJ reactionary force described in Eq. (16) and (17), the
actual torque is reduced to about the same as that of the baseline
as shown in Fig. 12.

Fig. 13 shows the streamlines colored by the Mach num-
ber of the baseline and CFJ turbine at 7m/s and pitch angle of
3◦. Both have no flow separation with the optimal power output.
Fig. 14 is the same plot for the 15m/s with the same Cµ and pitch
angle. The baseline turbine flow is massively separated. The

(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 11: Cp distributions of the baseline and CFJ wind tur-
bine with wind speed of 7m/s, pitch angle of 3◦

FIGURE 12: Torque distributions along span at 7m/s, pitch angle
of 3◦

CFJ turbine flow separation is reduced, but not completely elim-
inated. Such a reduced flow separation achieves a power output
increase by 70.2% as shown in Table 1.
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TABLE 1: Performance of the baseline and CFJ wind turbine at pitch angle of 3◦

U∞ (m/s) Baseline CFJ
PWb (W) Cµ Vj Γ ṁ Pc PWc (W) PCFJ (W) Pnet (W) ∆Pnet

7 7070.2 0.06 1.47 1.008 0.020 0.032 7362.8 1006.8 6356.0 -10.1%
10 11562.5 0.06 1.48 1.006 0.020 0.025 15426.8 876.5 14550.3 25.8%
15 9422.5 0.06 1.51 1.014 0.020 0.050 18173.3 2138.2 16035.1 70.2%
25 11225.4 0.06 1.48 1.027 0.020 0.067 18370.8 4887.5 13483.3 20.1%

Maximize CFJ Turbine Power Output
The results above show a small improvement of the power

output at the design speed of 7m/s at the pitch of 3◦ and a large
improvement for the off design speed. The question is how to
maximize the efficiency of the CFJ turbine with its advantage, in
particular at a low speed. The proposed strategy is to design the
CFJ turbines at a substantially higher angle of attack that con-
ventional turbines would be stalled, whereas the CFJ turbine will
generate much higher lift coefficient and ratio of lift to drag, and
hence extract more power from the wind flow by removing the
flow separation at a low CFJ energy expenditure. We take the
example of U∞=15m/s and 7m/s to demonstrate the new design
strategy.

For U∞ =15m/s, Fig. 14 shows that the turbine blades experi-
ence a very high angle of attack at pitch angle of 3◦ that the base-
line blade is massively separated. The CFJ turbine blade with
the Cµ =0.06 is not enough to fully remove the flow separation.
In the practical operation, the pitch angle would be increased to
reduce the blade angle of attack, mitigate the flow separation and
achieve stable turbine load for structure protection. For a CFJ
turbine, the simple way to remove the flow separation is to in-
crease the CFJ injection jet momentum coefficient to Cµ =0.23.
As shown in Fig. 15, the flow separation is completely removed
and very high suction peak is achieved at the blade surface as
shown in Fig. 16. As expected, the power increase achieved by
the CFJ turbine is 233.6%.

Fig. 17 shows the power output of the CFJ wind turbine
at various Cµ from 0 (baseline) to 0.32 The maximum power
improvement is 233.6% compared to the baseline, which is
achieved with Cµ of 0.23. As the Cµ continue to increase to
0.32, the power improvement is reduced due to the substantially
increased CFJ power consumption that offsets the net improve-
ment.

For the freestream speed at U∞=7m/s, the baseline turbine
design has no flow separation and is at the optimal flow condi-
tion. To extract more power from the wind flow by increasing the
turbine lift, the pitch angle is reduced by 13◦ from 3◦ to -10◦ to
create a 13◦ higher angle of attack for the turbine. Furthermore,
in order to reduce the CFJ power consumption and achieve higher
Pnet , the injection and suction slot sizes are increased to 1.0%C
and 1.3%C. Such method follows the CFJ power reduction prac-

tice in [22], which decreases the total pressure ratio of the CFJ
micro-compressor actuator and reaches lower total enthalpy rise.
As shown in Fig. 18, the baseline turbine is massively separated,
the CFJ turbine is able to attach the flow with the Cµ of 0.14.
Fig. 19 shows a significant enhanced suction peak near the blade
leading edge, which results in an increased lift coefficient and ex-
tra power output by 20.3%. Such strategy is expected to achieve
more efficiency gain at low off design speed, including to reduce
cut-in speed.

Fig. 20 shows the wake profile of the axial velocity (Vx) at
0.5R and 1R location downstream of the turbine blade with wind
speed of 7m/s and 15m/s, respectively. There are four cases at
7m/s, two for the pitch angle of 3◦ (black lines) and two for the
pitch angle of -10◦ (blue lines). The Cµ is 0.06 and 0.14 of the
CFJ case at 3◦ and -10◦ pitch angle respectively. A minor differ-
ence is observed between the baseline and CFJ cases at 7m/s with
pitch of 3◦ as shown in the black lines on the left of Fig. 20. This
is because the power extraction of the baseline and CFJ wind
turbine are about the same at pitch angle of 3◦. As pitch angle
is reduced to -10◦, the baseline wind turbine has a higher wake
velocity due to the flow separation that reduces work extraction.
The CFJ wind turbine with Cµ of 0.14 possesses a significantly
lower velocity in wake because it is able to remove flow separa-
tion and extract more work from the freestream kinetic energy.
For the case at 15m/s, the CFJ wind turbine removes flow sepa-
ration with a Cµ of 0.23, and therefore an obvious difference in
Vx is observed on right of Fig. 20.

Fig. 21 shows the power output of the CFJ wind turbine at
7m/s with various Cµ at the pitch angle of -10◦. Note that the
baseline wind turbine has a negative power output. With CFJ ap-
plied, the maximum power output is 8.5 kW at Cµ of 0.14, which
is 20.3% improvement compared to the baseline wind turbine at
the design pitch angle of 3◦. This again indicates that CFJ wind
turbine is more efficient at high angle of attack operation.

Table 2 compares the optimal CFJ power output at 7 m/s
and pitch angle of -10◦ with the baseline optimal power output
at the same speed and pitch angle of 3◦. If we see the power
output of CFJ wind turbine (PWc), it achieves an efficiency of
63.5% that exceeds the Betz’s limit. However, this is because
external energy is added to the system by CFJ. The derivation
of the Betz’s limit is based on the condition that the only energy
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TABLE 2: CFJ wind turbine cases with the highest power output

U∞ (m/s) Baseline CFJ
Pitch PWb (W) Pitch Cµ Vj Γ ṁ Pc PWc (W) PCFJ (W) Pnet (W) ∆Pnet

7 3◦ 7070.2 -10◦ 0.14 1.90 1.010 0.036 0.07 10752.0 2249.8 8502.2 20.3%
15 3◦ 9422.5 3◦ 0.23 2.93 1.033 0.040 0.23 41161.6 9732.0 31429.6 233.6%

(a) Baseline wind turbine, U∞=7m/s

(b) CFJ wind turbine, U∞=7m/s, Cµ =0.06

FIGURE 13: Streamlines of the baseline and CFJ wind turbine
colored by the relative Mach number, wind speed of 7m/s, pitch
angle of 3◦

(a) Baseline wind turbine, U∞=15m/s

(b) CFJ wind turbine, U∞=15m/s, Cµ =0.06

FIGURE 14: Streamlines of the baseline and CFJ wind turbine
colored by the relative Mach number, wind speed of 15m/s, pitch
angle of 3◦
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FIGURE 15: Streamlines of the CFJ wind turbine colored by the
relative Mach number, wind speed of 15m/s, Cµ of 0.23 and pitch
angle of 3◦

(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 16: Cp distributions of the baseline and CFJ wind tur-
bine with separation removed, U∞ = 15m/s, Cµ of 0.23 and pitch
angle = 3◦

transfer is from the wind to the turbine and no external energy is
added to the system. To acquire the net efficiency for CFJ wind
turbine, the CFJ power consumption (PCFJ) has to be deducted.
For the CFJ wind turbine at 7 m/s with pitch angle of -10◦, the

FIGURE 17: Power output of the CFJ wind turbine with various
Cµ , wind speed of 15m/s, pitch angle of 3◦

net efficiency is 50.2%.
As indicated in Table 2, the total pressure ratio is very low

and far less than 1.1. Such low total pressure ratio is not expected
to change much for large wind turbines since it is not sensitive
when the Reynolds number is greater than 1 million. In other
words, such low total pressure ratio is not unique for the current
wind turbine blade but a typical value for the general wind tur-
bine applications. For most wind turbines, the HVAC (Heating,
ventilation, and air conditioning) fans or custom designed fans
could be used for CFJ. An efficiency of 90% for this type of fans
is very achievable today. Taking an averaged CFJ fan efficiency
of 80%, the realistic power output improvement at freestream
speed of 7 m/s is 12.3%. For the 15 m/s, the power output im-
provement is 207.7%.

CHALLENGES WITH CFJ WIND TURBINES
Even though the CFJ wind turbine appears to be promis-

ing to improve the wind turbine power output across a range of
wind speeds, it brings challenges that do not exist for conven-
tional turbines. Some of the challenges may have straightfor-
ward solutions, some may need more efforts. For example, how
to strengthen the structures of the blades when there are slots
opened along the blade span? How to control the compressors
embedded inside the blade with sensors? How to minimize the
cost of the added compressors to reduce the overall cost per unit
power generated? All these questions are important to make the
CFJ turbines for practical use. However, they are beyond the
scope of the present paper and will be left for future study.

11 Copyright © 2021 by ASME



(a) Baseline wind turbine, U∞=7m/s

(b) CFJ wind turbine, U∞=7m/s, Cµ =0.14

FIGURE 18: Streamlines of the baseline and CFJ wind turbine
colored by the relative Mach number, wind speed of 7m/s, pitch
angle of -10◦

CONCLUSIONS
This paper applies Co-flow Jet (CFJ) active flow control air-

foil to a NREL horizontal axis wind turbine for power output
improvement. CFJ is a zero-net-mass-flux active flow control
method that dramatically increases airfoil lift coefficient and sup-
presses flow separation at a low energy expenditure. The 3D
Reynolds Averaged Navier-Stokes (RANS) equations with one-
equation Spalart-Allmaras (SA) turbulence model are solved to
simulate the 3D flows of the wind turbines. The baseline wind
turbine is the NREL 10.06m diameter phase VI wind turbine and

(a) Span 30% (b) Span 47%

(c) Span 63% (d) Span 95%

FIGURE 19: Cp distributions of the baseline and CFJ wind tur-
bine with separation removed, U∞ = 7m/s, pitch angle = -10◦

FIGURE 20: Spanwise distribution of Vx at the downstream of
the blade

is modified to a CFJ blade by implementing CFJ along the span.
The baseline wind turbine performance is validated with the ex-
periment at three wind speeds, 7m/s, 15m/s, and 25m/s. The
predicted blade surface pressure distributions and power output
agree well with the experimental measurements. The study in-
dicates that the CFJ can enhance the power output at the con-
dition where angle of attack is increased to the level that con-
ventional wind turbine is stalled. At the speed of 7m/s that the
NREL turbine is designed to achieve the optimum efficiency at

12 Copyright © 2021 by ASME



FIGURE 21: Power output of the CFJ wind turbine with various
Cµ , wind speed of 7m/s, pitch angle of -10◦

the pitch angle of 3◦, the CFJ turbine does not improve power
output. When the pitch angle is reduced by 13◦ to -10◦, the base-
line wind turbine is stalled and generates negative power output
at 7m/s. But the CFJ wind turbine increases the power output by
12.3% assuming CFJ fan efficiency of 80%. This is an effective
method to extract more power from the wind at all speeds. It
is particularly useful at low speeds to decrease cut-in speed and
increase power output without exceeding the structure limit. At
the freestream velocity of 15m/s and the CFJ momentum coef-
ficient Cµ of 0.23, the net power output is increased by 207.7%
assuming the CFJ fan efficiency of 80%, compared to the base-
line wind turbine due to the removal of flow separation. The CFJ
wind turbine appears to open a door to a new area of wind turbine
efficiency improvement and adaptive control for optimal loading.
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