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ABSTRACT

The design of wind turbines has been continually evolving to enhance aecrodynamic efficiency, which is crucial for
improving energy conversion and reducing operational costs. One promising technique is the application of the
Co-Flow Jet (CFJ) method, which utilizes simultaneous blowing and suction to augment aerofoil performance.
Despite its potential benefits, the relationship between aerofoil thickness and the resulting improvements in lift
and drag coefficients has not been thoroughly explored, especially for the National Renewable Energy Laboratory
(NREL) aerofoils commonly used in wind turbine applications. This study utilizes computational fluid dynamics
(CFD) simulations in order to investigate the acrodynamic efficiency improvements of the NREL S826, NREL
S825, and NREL S818 acrofoils through the application of the CFJ technique. Various configurations with dif-
ferent blowing (B) and suction (S) configurations were tested, including 0.08B-0.7S, 0.08B-0.8S, 0.1B-0.7S, and
0.2B-0.7S configurations. The results demonstrate that the S826-0.2B-0.7S, S825-0.2B-0.7S, and S818-0.08B-
0.7S configurations yield the most significant enhancements at a common momentum coefficient (C_) of 0.08.
Specifically, there were increases in lift coefficients by about 51.1%, 66.38%, and 109%, and improvements in
lift-to-drag ratios by about 11.5%, 14.38%, and 146.18% for the S826-0.2B-0.7S, S825-0.2B-0.7S and S818-
0.08B-0.7S configurations, respectively.
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INTRODUCTION

Given the increasing prominence of environ-
mental pollution and energy shortages, the global
focus has shifted towards the development and
exploitation of new energy sources. Renewa-
ble energy will have a significant impact on en-
hancing the ecological environment, optimizing
the energy composition, and driving sustaina-
ble social and economic progress. Wind power
is recognized as the most developed, extensive,
and promising form of energy generation among
emerging technologies (Yuan et al., 2023). Wind
turbines are widely utilized devices designed to
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capture the kinetic energy of wind and convert it
into usable electrical power. Wind turbines can
be classified into two main categories. These
include horizontal-axis wind turbines (HAWT)
and vertical-axis wind turbines (VAWT). Among
VAWTs, there are two distinct designs: the Sa-
vonius design, which is primarily considered as
a drag-driven device, and Darrieus design that
relies on streamlined aerofoils and is primarily
driven by lift forces. The performance of HAWT
and Darrieus VAWT is heavily dependent on the
aerodynamics of their aerofoils (Elsakka et al.,
2021, Tayebi et al., 2024) To enhance the over-
all performance of these turbines, it is crucial in
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improving the lift coefficient as well as the lift-to-
drag ratio of the aerofoil. Achieving a higher lift
coefficient also involves delaying flow separation
at higher angles of attack. Several configurations
have been developed to increase lift while ad-
dressing and mitigating flow separation. One of
the strategies is the use of CFJ which was pro-
posed by Prandtl (Yousefi et al., 2014) CFJ is
a flow control technique that maintains zero net
mass flux. It includes an injection slot positioned
at near the leading edge and a suction slot located
at the trailing edge on the aerofoil’s suction side
(Liu et al., 2022) The primary concept under-
lying jet blowing and suction is to introduce an
external momentum to the flow stream over the
aerofoil, thereby altering the boundary layer char-
acteristics. This additional momentum enhances
the flow stream’s ability to adhere to the aerofoil
wall for a longer duration, thereby increasing the
stall angle. Consequently, the aerofoil’s capacity
to generate higher lift force values is augmented,
leading to higher power coefficients of wind tur-
bines (Wang et al., 2022; Abbasi et al., 2022). The
NACAO0012 aerofoiled blade was subjected to an
experimental investigation to examine the impact
of perpendicular blowing and suction jet hole ge-
ometry at Reynolds number (Re) equal to 1 x 103
while maintaining a turbulence intensity below
0.5%. The perforations were positioned at inter-
vals of 0.2 and 0.3 along the length of the cord
for the purpose of blowing. The inner diameter of
each hole was 1 mm, and the row width account-
ed for 0.93 of the span length. The jet intensity
can be characterized by altering the momentum
coefficient, C_ (Wang et al., 2022)

Xu et al., (2020) explored the use of co-flow
jet active flow control on wind turbine aerofoils,
focusing on the effects of different variables such
as the size and location of injection and suction
slots, as well as injection total pressure. The study
found that the optimal configuration achieved a
42.3% boost in the maximum lift coefficient.
However, the limited range of parameter values,
with only three options tested for each variable,
restricted the study’s scope. Additionally, the en-
hanced configuration did not improve the lift-to-
drag ratio in contrast with the baseline case.

Sun et al. (2019) conducted a computation-
al study to improve the performance of a vertical
axis wind turbine based on NACA 0015 aerofoil
by integrating a co-flow jet. The research revealed
that placing the suction ports at 80% from the
leading edge of the aerofoil and positioning the

blowing at 3% of the chord were effective in con-
trolling flow separation, leading to improved aer-
ofoil efficiency. At low tip speed ratio, the pow-
er coefficient of the turbine increased by about
170%. This study emphasized the importance of
precise CFJ injection placement in boosting the
performance of vertical-axis wind turbines.

Balaji et al. (2020) conducted an empirical
study on the NACA 6415 aerofoil using a con-
vergent nozzle. The findings indicated a 5-degree
enhancement in the stalling angle of attack when
compared to a standard aerofoil. Additionally, the
overall lift coefficient is increased by 43% despite
only a minimal rise in lift-induced drag.

Zhang et al. (2021) introduced a method for ad-
justing the jet momentum coefficient in an adaptive
manner. They employed the CFJ on the S809 aero-
foil and evaluated their approach using the PHASE
VI wind turbine blade. They utilized the blade el-
ement-moment (BEM) theory for the performance
assessment. It was observed that the power coeffi-
cient of the turbine based on the CFJ blade is im-
proved by about 226.7% for a tip speed ratio of 1.52.

Arunraj et al. (2019) carried out an experimental
study on a Modified CFJ (MVC]J) aerofoil, compar-
ing its performance to that of a standard aerofoil.
The modification involved incorporating a conver-
gent-divergent (CD) nozzle at the injection slot to
lessen the load on the pump. The results showed a
43% increase in the lift coefficient for the modified
aerofoil compared to the unmodified version.

Xu et al.,(2021) utilized CFJ on the S809 wind
turbine aerofoil and successfully obtained an opti-
mized configuration of the CFJ-S809 aerofoil. This
optimization resulted in a substantial enhancement
in both the lift coefficient (C, ) and the acrodynam-
ic efficiency lift to drag ratio (C,/C) that would
lead to an enhancement of the wind turbine power
output by about 12.3%.

Ren et al. (2020) performed a computational
study on the NACA 6421 aerofoil, utilizing both the
CFJ technique and the propeller actuator method in
two-dimensional and three-dimensional simula-
tions. The outcomes were benchmarked against the
baseline aerofoil under normal cruise conditions.
Furthermore, it is revealed that the 2D CFJ imple-
mentation significantly enhances cruise efficiency,
with a 46.86% improvement for the CFJ aerofoil
and about 21% increase for the propeller actuator
configuration. However, in 3D simulations, the aer-
odynamic efficiency of the propeller actuator setup
improved by 7.11% over the baseline, while pro-
ductivity efficiency saw an 11.17% boost.
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Boling et al. (2020) conducted a detailed con-
ceptual design analysis on a complete aircraft using
a NACA 6415 wing. They did a numerical analysis
at a Mach number (Ma) of 0.6 under cruising con-
ditions. Empirical evidence has demonstrated that
the novel conceptual design successfully attained a
14.6% enhancement in aerodynamic efficiency, as
indicated by a lift coefficient of 0.812. Addition-
ally, it was observed that the power required for
hovering is decreased by 21.7%.

Zha et al. (2007) conducted a separate study
on a CFJ aerofoil, where they carried out wind
tunnel tests on a NACA 0025 aerofoil and its
modification with CFJ. The experiments were
performed at a Reynolds number of 380,000 and
a Mach number of 0.11, covering various angles
of attack and the momentum coefficients be-
tween 0.1 and 0.3. Moreover, the results demon-
strated that the CFJ-enhanced aerofoil produced
a substantial lift increase, ranging from 113% to
220%. The stall margin exhibited a notable gain
of 53%, going from 100% to 153%, while the
drag coefficient (C) experienced a reduction of
97%, dropping from 127% to 30%. Consequent-
ly, this led to a boost in thrust. The superiori-
ty of the CFJ aerofoil in terms of aerodynamic

performance, when compared to the baseline
aerofoil, is readily apparent. Table 1 provides
an overview of past research on the effects of
CFJ on aerofoil aerodynamics, highlighting the
types of studies, aerofoil models used, Reynolds
numbers (Re), slot designs, and the momentum
coefficients for both blowing (C,_,) and suction
(C,,))- Italso compares the lift (C, ) and drag (C,)
outcomes, offering a comparison of how various
CFJ setups affect aerodynamic performance and
summarizing the advantages and drawbacks
found in different studies.

Despite extensive efforts to optimize CFJ
technology through various designs that modify
the dimensions and locations of blowing and suc-
tion ports for different aerofoils, the relationship
between aerofoil thickness and the resulting im-
provements in lift and drag coefficients remains
underexplored. This study addresses this gap by
investigating CFJ enhancements for three NREL
aerofoils with varying thicknesses: NREL S826,
NREL S825, and NREL S818 which have been
implemented in several wind turbines (Malcolm
et al., 2006, Li et al., 2021; Ibrahim et al., 2024).
The primary objectives are to identify the most
effective positions for the suction and blowing jet

Table 1. Summary of previous studies on the effect of CFJ on the aerodynamic performance of an aerofoil

Type of .
Author investigation Aerofoil Re Slot type Geometry C.s Chs C, Co
i i X/C)s =0.1
Goodarziet | Numerical | \ s cA0012 | 5x 105 | Perpendicular ) 0 0.025 | 45% | -29%
al., 2012 simulation =259
H)s= 2.5%C
XIC),=0.8
Perpendicular = 4%C A=0.5 0 -23% -16%
= ()
: X/C) =0.8
Yousefiet |\ nerical | NACA0012 | 5x10° | Tangential ) A=0.5 0 7% 7%
al., 2014 H = 4%C
_ X/C),=0.1
Perpendicular 0 A=0.5 75% -56%
H=25%C
Muller-Vahl . s Tilted by _ o
etal. 2015 Experimental | NACA0018 | 2.5 x 10 o = 20° X/C), = 0.05 0.05 0 65% o
XIC), = 0.06
i i H) = 0.65%C
Xuetal., | Numerical | \pe se09 | 108 Tilted by ) =1 012 | 012 | 511% | -78%
2016 simulation 0 =230 X/C)s = 0.8
H) = 1.38%C
NACA0012 XI/C) =0.6 A=0.2 3.97%
James et al., Numerical 5x 10° Secondary ) ° —
2018 LA203A X/C),=06 |A=02 072% |
X/C),=0.2 | 0.104 18.4% | Negl.
Wang etal., Experimental | NACA0012 | 1x10° | Perpendicular | X/C), =0.2
2022 0.104 | 0.058 | Negl. | Negl.
X/C)s = 0.6
Zhuetal,, . s , XIC),=0.2,0.3 | 0.026 to | 0.026 to .
2022 Experimental | NACA0012 | 1x10° | Perpendicular X/C). = 0.6 0418 0.418 18.4% | Negl.
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ports and to clarify the relationship between aero-
foil thickness and potential enhancements in lift,
drag, and lift-to-drag coefficient values.

NUMERICAL MODELLING

Computational fluid dynamics (CFD) is wide-
ly recognized as an effective tool in the develop-
ment and testing of designs and concepts. CFD ac-
celerates the transition of designs into practical ap-
plications, often more rapidly and cost-effectively
than traditional experimental methods. Although
experimental approaches can provide the most ac-
curate results in certain cases, well-executed CFD
simulations can yield highly reliable results that
closely approximate experimental findings. CFD
has been utilized for the current investigation. The
double-precision pressure-based version of Ansys
Fluent solver has been utilized to analyse the flow
around NREL S826, NREL S825 and NREL S818
aerofoils, utilizing a simultaneous blowing and
suction CFJ technique. Structured mesh topologies
have been employed due to their computational
efficiency, numerical accuracy, and robustness.
A total of 1.000 iterations are performed in each
simulation and this has been found to be sufficient
to ensure that the residuals are lower than 1 x 107,

The RANS-based approach has been utilized
that provides a finite element solution method us-
ing the governing equations for mass, energy, and
momentum. The study incorporated the SST k-w
turbulence model, which is based on dissipation
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Figure 1. The geometry of the baseline NREL S818,
NREL S825, and NREL S826 without the blowing
and suction ports

rate and turbulent kinetic energy, with a turbu-
lence intensity of 5%.

Figure 1 presents the baseline geometries of
the NREL S818, NREL S825, and NREL S826
aerofoils, emphasizing the differences in their
thicknesses. Various geometric modifications
were considered for these aerofoils, including
the incorporation of blowing and suction ports.
The blowing port was set at a width of 2% of the
chord length (C). On the other hand, the suction
port was 3% of the chord length. Both ports were
fixed at specific tilt angles, with the blowing port
at 35° and the suction port at 145° relative to the
x-axis as illustrated in Figure 2. This study eval-
uates the impact of different port positions and

0.8C |
. 0.08C

(d)

Figure 2. Various CFJ configurations over a NREL S825 aerofoil including (a) S825 0.2B-0.7S
(b) S825 0.1B-0.78S, (c) S825 0.08B-0.7S and (d) S825 0.08B-0.8S
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momentum coefficients on the aerodynamic char-
acteristics of the NREL S826, NREL S825, and
NREL S818 aerofoils. The selected blowing port
positions are at 0.08 C, 0.1 C, and 0.2 C, while
the suction port positions are at 0.7 C and 0.8 C. A
wide range of momentum coefficients, C_, is ex-
plored, including values of 0.05, 0.08, 0.16, and
0.2. A coding system has been developed for aer-
ofoils with suction and blowing ports to facilitate
the identification of port positions. For example,
in the code S825-0.2B-0.7S, “S825” represents
the aerofoil section, “0.2B” indicates the blow-
ing port located at 0.2 of the chord length, and
“0.7S” indicates the suction port located at 0.7 of
the chord length, measured from the leading edge
(Fig. 2). Figure 2 also displays the different sets

of CFJ geometrical configurations considered for
the NREL S825 aerofoil. The same geometrical
configurations are applied to the NREL S818 and
NREL S826 aerofoils.

The CFD domain used in the current study
extends 10 chord lengths upstream from the aer-
ofoil and 20 chord lengths downstream, as shown
in Figure 3. A structured mesh topology has been
applied to both the baseline aerofoils and those
with suction and blowing ports. Examples of
the constructed mesh are depicted in Figure 4
for the NREL S825 and NREL S818 aerofoils,
as well as for the cases S825-0.2B-0.7S and
S818-0.2B-0.7S.

The mesh is constructed using ANSY'S Mesh-
ing software, with careful attention to standard

| 10C

Symmetric

Inlet

Velocity|

10¢C

Outlet

Pressure

i0cC

Symmetric

Figure 3. The computational domain used in the current case study, extending 10 times the chord length
upstream from the leading edge, and 20 times the chord length from the trailing edge

®)

(CY

Figure 4. Structured mesh topology generated for the CFD simulation of (a) the baseline NREL S825 design,
(b) the CFJ-augmented S825-0.2B-0.7S aerofoil, (c) the baseline NREL S818 design, and (d) the CFJ-augmented
S818-0.08B-0.7S aerofoil
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meshing principles to ensure precise and accurate
results. The mesh depicted in Figure 4 has a high-
er density of elements near the aerofoil surface to
capture the rapid and complex changes in fluid
flow parameters within the boundary layer. The
simulation is conducted at a Reynolds number
(Re) of 6x10°, employing simultaneous blowing
and suction with an equal momentum coefficient
(C,) for both processes. The equation for C_is:

c -_mY (1)
" 05pULS
where: C— momentum coefficient, Vj — jet ve-
locity, p — air density at normal atmo-
spheric conditions, m,— jet mass flow rate,
U_— ambient air velocity, S — the aerofoil
span side area.

While the blowing and suction flow rates re-
main consistent across each case, the momentum
coefficient (C ) values vary from 0.05 to 0.2,
corresponding to flow rates ranging from 0.24 to
0.49 kg/s. Specifically, the C_ values are set at
0.05, 0.08, 0.16, and 0.2, with corresponding flow
rates of 0.24, 0.31, 0.43, and 0.49, respectively. A
mass flow inlet boundary condition is applied at
the entrance of the blowing nozzle while a mass
flow rate outlet boundary condition is imposed to
determine the mass exiting the suction port.

RESULTS AND DISCUSSION

The primary goal of the blowing and suc-
tion CFJ technique, as indicated by the literature

review, is to mitigate the separation phenomena
that hinder the improvement of the aerodynamic
properties of the aerofoil. An aerofoil is considered
to have superior aerodynamic properties when it
achieves a high lift coefficient (C,) while simul-
taneously maintaining a low drag coefficient (C,),
or even obtaining even lower C values. This can
be achieved by producing conditions in which
the airflow can impinge on the aerofoil profile at
high angles of attack (o) without separating from
the aerofoil surface. Such conditions can be cre-
ated using the (CFJ) technique, as observed. The
key design parameters that are considered in this
study include the location of the blowing and suc-
tion ports along the chord length of the aerofoil the
location of blowing port with respect to the chord
length (X/C),, and the location of suction port with
respect to the chord length (X/C),, the momentum
coefficient (C ), and the aerofoil thickness.

Validation

To ensure the reliability and realism of the
CFD-generated results, the numerical predic-
tions are validated against the experimental
data from (Barti et al., 2019) for the base con-
figuration of the NREL S826 aerofoil. Figure
5 demonstrates a good agreement between the
CFD predictions and the detailed experimental
data (Barti et al., 2019) for both the lift and drag
coefficients of this aerofoil. Therefore, the same
CFD methodology can be utilized for the dif-
ferent geometrical configurations in the current
case study in order to ensure the reliability of
the obtained results.

—C, [CFD] —C,, [CFD]

* Cy [Exp] 4Gy [Exp]

x TT'T'A—M‘

10 15 20

Angle of attack

Figure 5. Comparison between CFD predictions and experimental results by (Barti et al., 2019) for both lift and
drag coefficients of the NREL S826 acrofoil
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The effect of both blowing and suction ports
position and momentum coefficient variation
over the aerodynamic performance of the
NREL S825, NREL S818 and NREL S826

For NREL S825 aerofoil, the simulation is ini-
tially performed at a fixed position for the blowing
and suction ports particularly for the S825-0.2B-
0.7S configuration while varying the values of C
from 0 to 0.2. Figure 6 depicts the variation of lift
and drag coefficients over a range of angle of at-
tack considering different momentum coefficients
considering the S825-0.2B-0.7S configuration. At
first glance, the prevailing impression is that the
higher the value of C , the higher the value of
C,, with a slight change in the value of C at low
and moderate angles of attack. Stall delay is also a
clear effect that appears over the S825-0.2B-0.7S
configuration for all considered C _values.

It can be observed that, at a particular angle
of attack, the lift coefficient (C, ) witnesses an en-
hancement with a minor change in the value of

35

drag coefficient (C,), achieving high stall delay
values when applying the simultaneous blowing
and suction CFJ technique. This mainly is due to
the intentionally generated vortexes that exchange
their momentum with the main wind streamlines.
This is found to affect the aerofoil aecrodynamics
throughout the angle of attack range. At low val-
ues of the angle of attack, the excess momentum
added to the mainstream increases the generated
lift coefficient as the resulting lift force increases.
For a bigger attack angle (), where stall normally
occurs at the base condition, the excess applied
momentum forces the mainstream to be kept at-
tached to the aerofoil surface.

The influence of the simultaneous blowing
and suction CFJ technique on the pressure dis-
tribution and flow pattern around the S825-0.2B-
0.7S aerofoil, when subjected to varying momen-
tum coefficient (C ) values at the reference stall
angle of attack, is illustrated in Figure 7. The ref-
erence stall angle value corresponds to the stall
angle observed without the application of CFJ and

C&GC,

) rmmcs s s s acs e ssesssessEssa

3)

— (1) C_ [Base]

== (1) Cp [Base]

— (2) C_[C,=0.05]
= - (2) Cp [C,=0.05]
— (3) C [C,=0.08]
== (3)Cp [C,=0.08]
— (4 C [C,=0.16]
— - (4) Cp [C,=0.16]
— (5 C [C,=0.2]
- - G [C,=02]

(£ —

3)

(O]

®) ’
(O] -—L |
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0 5 10
Angle of Attack (a)

15 20

Figure 6. Variation of lift and drag coefficients over a range of angle of attack under the influence of momentum
coefficient for the S825-0.2B-0.7S configuration

Figure 7. The impact of applying (a) C, = 0 (base case), (b) C_=0.08, and (c) C, = 0.2 on the pressure
distribution and flow pattern around the S825-0.2B-0.7S configuration at the reference onset stall angle of attack
AOA (angle of attack), 14°
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is considered 14° for S825-0.2B-0.7S aerofoil. As
depicted in Figure 7a, Figure 7b, and Figure 7c,
the application of simultaneous blowing and suc-
tion CFJ at the reference stall angle of attack ef-
fectively results in a more uniform velocity distri-
bution across the aerofoil and eliminates the flow
separation near the trailing edge. Introducing the
CFJ technique is observed to increase the extent
of the negative suction pressure region that is ad-
jacent to the aerofoil suction side. As a result, the
aerofoil demonstrates more stable operation and
achieves a higher lift coefficient, though this is ac-
companied by an increase in the drag coefficient
at the reference stall angle, as shown in Figure 6.
It is observed that even at low C _ values, the
CFJ technique significantly enhances the lift co-
efficient while causing only a modest increase

in the drag coefficient. However, any increase in
drag force can significantly impact overall aer-
ofoil performance, particularly in wind turbine
applications. To more accurately assess the effect
of the CFJ technique on overall aerofoil perfor-
mance, it is essential to analyse the lift-to-drag
ratio. Figure 8 illustrates the variety of the lift-
to-drag ratio over a range of different angles of
attack concerning various C _ values. Figure 9
presents a logarithmic representation of the lift,
drag coefficient and lift-to-drag ratio that occurs
at the reference stall angle value of attack for each
configuration for various CFJ configurations. It
should be noted that, due to the logarithmic scale,
the observed improvements may appear less pro-
nounced than they actually are. As can be ob-
served, the S825-0.2B-0.7S configuration can be

140

120 |

C./Cp
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Figure 8. The variation in lift-to-drag ratio across a range of different angles of attack under the influence of
momentum coefficient for the S825-0.2B-0.7S configuration
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Figure 9. Lift, drag, and lift-to-drag coefficients for various CFJ configurations applied to the NREL S825
aerofoil at the onset stall angle of attack
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considered the best design among the presented
configurations for the aerofoil NREL S825 when
applying a C_ = 0.08, this configuration man-
aged to increase the lift coefficient value with the
lowest possible increase in drag coefficient value
compared to the other NREL S825 configurations
at various C_ values which allows it to give the
highest aerodynamic performance enhancement
with the CFJ technique been applied.

For the S825-0.2B-0.7S configuration at the
reference onset stall angle, the application of the
CFJ technique witha C_0f 0.05 leads toa 51.63%
increase in lift coefficient, a 51.52% rise in drag
coefficient, and a slight 0.073% improvement in
lift-to-drag ratio. When Cm is increased to 0.08,
the lift coefficient sees a 66.38% boost, the drag
coefficient grows by 45.45%, and lift-to-drag ra-
tio improves by 14.38%. Considering C_ of 0.16,
the lift coefficient increases by 92.4%, the drag
coefficient rises by 85.26%, and the lift-to-drag
ratio experiences a moderate gain of 3.855%.
However, ata C_ of 0.20, while the lift coefficient
further increases by 102.92%, the drag coefficient
jumps by 130.86%, resulting in a decrease in the
lift-to-drag ratio by 3.851%.

The simulation for the NREL S818 followed
the same methodology as that used for the NREL
S825. Figure 10 shows the variations in lift and
drag coefficients as a function of the angle of at-
tack for the S818-0.08B-0.7S configuration. The
results reveal that consistent with the behaviour
observed in the NREL S825 configuration, an
increase in C  generally enhances the lift coef-
ficient, particularly at low to moderate angles of
attack. However, the drag coefficient shows only
minor variations at angles of attack lower than the
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onset stall angle of attack. Furthermore, the appli-
cation of the CFJ technique leads to a noticeable
delay in the stall across the S818-0.08B-0.7S con-
figuration for most C_ values. This mainly is due
to the intentionally generated vortexes working
to exchange their momentum with the main wind
streamlines which leads to the following results, at
low values of attack angle (o)) the excess momen-
tum added to the mainstream increases the generat-
ed lift coefficient as the resulting lift force increase.
For a bigger attack angle (o)), where stall normally
occurs at the reference stall angle value of attack,
the excess applied momentum forces the main-
stream to be kept attached to the aerofoil surface.
The influence of the simultaneous blowing
and suction CFJ technique on the pressure distri-
bution and flow pattern around S818-0.08B-0.7S
configuration, with different C _ values applied at
the base onset stall angle of attack, is illustrated
in Figure 11. As the C _ increases, the low-pres-
sure region over the suction side of the aerofoil
increases and hence the lift coefficient increases.
The investigation of the performance of the
provided S818 aerofoil confirms the conclusion
that applying the minimal C_ values can enhance
the lift coefficient as well as the overall aerofoil
performance. However, the drag coefficient slight-
ly increases with increasing the C_. Figure 12 illus-
trates the variety of the lift-to-drag ratio at different
angles of attack for various C_ values. It is clear
that the CFJ enhances the lift-to-drag ratio is en-
hanced especially when the angle of attack is larger
than the onset angle of attack. Figure 13 presents
the lift and drag coefficient and the lift-to-drag
ratio that occur for various CFJ configurations
applied for NREL S818 aerofoil at the onset stall
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Figure 10. Variation of lift and drag coefficients with angle of attack under the influence of momentum
coefficient for the S818-0.08B-0.7S configuration
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Figure 11.The effect of applying (a) C_ = 0 (base case), (b) C_=0.08, and (c) C_ = 0.2 on the aerodynamic field
of the S818-0.08B-0.7S configuration at the reference onset stall angle of attack AOA, 12°
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Figure 12. The variation of lift-to-drag coefficients over a range of angle of attack value under the effect of
momentum coefficient for the S818-0.08B-0.7S configuration
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Figure 13. Changes in lift, drag, and lift-to-drag coefficients for various CFJ configurations applied to the NREL
S818 aerofoil at the onset stall angle of attack

angle of attack. As can be observed that the S818- for the aerofoil NREL S818 at a C_ = 0.08. this
0.08B-0.7S configuration can be considered the configuration assists in increasing the lift coeffi-
best design among the presented configurations cient value with a minimal drag coefficient value
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compared to the other NREL S818 configurations
at various C_ values which allows it to give the
highest aerodynamic performance enhancement
with the CFJ technique.

For the S818-0.08B-0.7S configuration at
the onset stall angle, the application of the CFJ
technique with C_ = 0.05 results in a 78.61% rise
in the lift coefficient, a 150.28% of increase in
the drag coefficient, and a 28.63% of reduction
in the lift-to-drag ratio. When C_ is increased to
0.08, lift coefficient improves by 109%, drag co-
efficient decreases by 15.1%, and the lift-to-drag
ratio possess significant increase of 146.18%.
At C_ = 0.16, the lift coefficient experiences a
175.2% rise, while the drag coefficient increas-
es by 277.18%, leading to a 27.03% drop in the
lift-to-drag ratio. Finally, with C_ set at 0.20, the
lift coefficient climbs by 194.83%, the drag coef-
ficient by 304.74%, and the lift-to-drag ratio has
been decreased by 27.16%.

The simulation for the NREL S826 was con-
ducted using the same methodology applied to

the NREL S825 and S818. Figure 14 depicts the
variation in lift and drag coefficients as the angle
of attack changes under different C_ for the S826-
0.2B-0.7S configuration. The results indicate
a consistent trend: higher Cm values lead to an
increase in the lift coefficient, while the drag co-
efficient exhibits minimal change at low to mod-
erate angles of attack. Additionally, stall delay is
a recurring effect observed in theS826-0.2B-0.7S
configuration for most applied C_ values. These
results suggest that the CFJ technique induc-
es similar aerodynamic effects across the tested
NREL S-family aerofoils.

Figure 15 depicts the influence of the simul-
taneous blowing and suction CFJ technique on
the pressure distribution and flow pattern around
the S826-0.2B-0.7S configuration for different C
values at the reference onset stall angle of attack.
It can be observed from Figure 15 that the im-
plementation of simultaneous blowing and suc-
tion CFJ increases the size of both the high-pres-
sure region around the pressure side and the
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Figure 14. Variation of lift and drag coefficients with angle of attack under the influence of momentum
coefficient for the S826-0.2B-0.7S configuration

Figure 15. Effect of applying (a) C_ = 0 (base case), (b) C_ = 0.08, and (c) C, = 0.2 on the aerodynamic field of
the S826-0.2B-0.7S configuration at the reference onset stall angle of attack AOA, 15°
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low-pressure region around the suction side. This
increases the lift coefficient with the increase in
C . Furthermore, the CFJ successfully eliminate
the trailing edge separation that already occurs in
the baseline aerofoil without CFJ.

Figure 16 illustrates the variation in the lift-
to-drag ratio at different angles of attack for var-
ious C_ values. Figure 17 details the changes in
lift, drag, and lift-to-drag ratios across different
CFJ configurations applied to the NREL S826
acrofoil. The data suggest that the S826-0.2B-
0.7S configuration possesses a favourable lift co-
efficient with a low drag coefficient while achiev-
ing the highest lift-to-drag ratio hence the S826-
0.2B-0.7S configuration is considered the optimal
design among the configurations tested for the
NREL S$826 aerofoil when C_ = 0.08 is applied.
This configuration achieves the most significant
increase in lift coefficient while minimizing drag,

140

resulting in the highest aerodynamic performance
enhancement with the CFJ technique.

When comparing the aerodynamic coefficients
at the onset stall angle of attack with and without
the CFJ technique, using a C_ of 0.05 leads to a
roughly 50% rise in lift coefficient and about a
60% increase in drag coefficient while achieving
a 6% decrease in lift-to-drag ratio compared to the
configuration without CFJ. At C_=0.08, the S825-
0.2B-0.7S configuration shows a 55% enhance-
ment in lift coefficient and a 24% increase in drag
coefficient while achieving a 25% improvement in
lift-to-drag ratio. Increasing C_to 0.16 results in
a 64% gain in lift coefficient. In addition, a 223%
rise in the drag coefficient is achieved along with a
49% drop in the lift-to-drag ratio. With C_ = 0.20,
the lift coefficient increases by 72%, the drag coef-
ficient by 380%, and the lift-to-drag ratio decreas-
es by 64% compared to the non-CFJ case.
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Figure 16. Variation of lift-to-drag ratio over a range of angle of attack under the influence of momentum
coefficient for the S826-0.2B-0.7S model
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Figure 17. Changes in the lift, the drag, and lift-to-drag coefficients for various CFJ configurations applied to the
NREL S826 aerofoil at the onset stall angle of attack
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The performance analysis of the S826 con-
figurations supports the conclusion that applying
minimal C_values can improve the lift coefficient
and overall aerofoil performance. However, C_
values below 0.08 yield negligible enhancements,
indicating that C_= 0.08 is likely the optimal val-
ue for application across the NREL S-family.

The effect of aerofoil thickness on
performance and its influence on the
effectiveness of the CFJ technique

Figure 18 illustrates the performance of the
S826, S825, and S818 aerofoils, each with nota-
bly different profile thicknesses. As previously
shown in Figure 1, the differences between the
S826 and S825 are primarily due to increased
surface curvature on the pressure side, while both
profiles share the same geometry on the suction
side. Hence, the performance of S826 and S825
is relatively similar. Greater surface curvature on
an aerofoil generally accelerates the flow, lead-
ing to increased momentum. However, this bene-
fit is limited; at lower angles of attack, excessive

1.8

curvature can cause the boundary layer to reach
its maximum velocity and minimum pressure pre-
maturely, leading to a loss of momentum and flow
separation from the aerofoil surface. Also, greater
thickness would result in larger drag. As illustrated
in Figure 18 and considering the aforementioned
phenomenon, thicker blade profiles tend to experi-
ence flow separation at lower angles of attack. Be-
yond a certain thickness, unfavourable conditions
arise due to the formation of high-velocity vorti-
ces, which increase drag and reduce the aerofoil’s
ability to generate lift as the flow separates from
the surface at lower angles of attack.

Figure 19 presents a comparison between the
performance of the optimal configurations for the
S825, S818, and S826 aerofoils to determine which
profile thickness derives the greatest benefit from
the simultaneous blowing and suction CFJ tech-
nique. As shown in Figure 19, aerofoils with greater
thickness exhibit the most significant improvements
from the application of this technique, achieving
substantial gains in aerodynamic efficiency and a
marked reduction in drag coefficient compared to
the base case. Notably, the profiles with the largest
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Figure 18. The variation of the lift and the drag coefficients over a range of angle of attack for different aerofoil
thicknesses
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thickness experience the highest rates of aerody-
namic efficiency improvement. However, despite
the high efficiency of the CFJ technique when ap-
plied to thicker profiles, this does not necessarily
imply that it will yield the best results when used
on turbine blades, particularly those with thick pro-
files located at the blade root. Future research will
explore the impact of the CFJ technique’s location
on turbine blade performance and its potential to
enhance the torque generated by wind turbines.

CONCLUSIONS

This study conducted CFD simulations to in-
vestigate the effects of the simultaneous blowing
and suction Co-Flow Jet (CFJ) technique on the
NREL S825, NREL S818, and NREL S826 aer-
ofoils. The goal was to identify the most suitable
configurations that would enhance the perfor-
mance and assess the impact of profile thickness
on the effectiveness of the CFJ technique. Var-
ious CFJ configurations, including 0.08B-0.7S,
0.08B-0.8S, 0.1B-0.7S, and 0.2B-0.7S, were
tested for each aerofoil.

The simulations revealed that for the NREL
S825, the S825-0.2B-0.7S configuration at C_ = 0.08
emerged as the best-performing configuration,
showing a 66.38% increase in the lift coefficient.
In addition, this possesses a 45.45% increase in
the drag coefficient while achieving a 14.38% im-
provement in the lift-to-drag ratio. For the NREL
S818, the S818-0.08B-0.7S configuration at C_=
0.08 is proved to be the optimal choice, achieving
a 109% increase in the lift coefficient, a 15.1%
reduction in the drag coefficient, and a remark-
able 146.18% enhancement in the lift-to-drag
ratio. On the other hand, for the NREL S826,
the S826-0.2B-0.7S configuration at C_ = 0.08
1s found to be the most effective, with a 56% in-
crease in the lift coefficient in addition to a 24%
increase in the drag coefficient, and a 25% im-
provement in the lift-to-drag ratio.

The consistent success based on the C_ value
of 0.08 across the best-performing configurations
suggests that it is the most suitable momentum
coefficient, among the configurations consid-
ered, for applying the CFJ technique to the NREL
S-family aerofoils. Additionally, the study con-
cluded that the CFJ technique is more effective
with thicker aerofoils compared to high-lift aer-
ofoils, indicating that thicker profiles are more
conducive to acrodynamic improvements.

However, while the CFJ technique signifi-
cantly enhances the aerodynamic properties of
thicker profiles, its application to turbine blades,
particularly at the root, may not yield the best re-
sults. Future research will explore the impact of
CFJ technique location on turbine blade perfor-
mance and its potential to enhance torque genera-
tion in wind turbines.
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