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In this study a double wake model is presented for an interacting boundary layer
method. The model is described initially by employing only to the inviscid flow equations
and compared to the aerodynamic design tools that are including the viscous modelling
(XFOIL/RFOIL) as well as to the CFD method (SU2) and experimental data on selected
airfoils. The details of the implementation of the model into the viscous flow equations
are presented. When combined with the integral boundary layer method for the viscous
effects, the presented double wake model improves the prediction of pressure distribution
as well as the lift coefficients. This is due to the realistic pressure distribution prediction
in the separated flows by double wake model. The deficit of interacting boundary layer
methods in case of massively separated flows and deep stall regimes can be overcome by
use of the proposed double wake model. The improvements in the prediction of the aero-
dynamic properties of selected airfoils of various thicknesses are shown for both sharp and
blunt trailing edges at different operating conditions.

Nomenclature

Aci,j Coefficient matrix of constant strength singu-
larity vortex elements

Ali,j Coefficient matrix of linear strength singular-
ity vortex elements

CD Dissipation coefficient
Cτ Shear stress coefficient
Cf Skin friction coefficient
Cp Pressure coefficient
CτEQ Equilibrium shear stress coefficient
H Shape factor
H∗ Kinetic energy shape parameter
Hk Kinetic shape parameter
∆H Pressure jump across the secondary wake
Reθ0 Critical Reynolds number
Reθ Momentum thickness Reynolds number
U Total velocity

Uγ Induced velocity from vorticity distribution
Uinv Inviscid velocity
m Mass deficit
n̄ Transition amplication variable
ni Unit normal to the ith panel

Subscripts

0 value at free stream
γ vorticity distribution
e value at edge of boundary layer
i Counter for collocation point
j counter for panel edge in anticlockwise direc-

tion
SEP value at the separation point
TE value at the trailing edge

Symbols

γ Vortex strength singularity element
µe Doublet strength singularity element
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∇ Derivative
φ Velocity potential
σ Source strength singularity element

ξ Shear layer coordinate

Superscripts

ν iteration counter

I. Introduction

Industry standard aerodynamic design tools i.e. (XFOIL1 or RFOIL2–5) couples a panel method to solve
the inviscid flow around the airfoil with an integral boundary layer formulation for viscous flows. The panel
method adopts doublet/vortex singularity elements.6 In the traditional panel methods, a single wake is
released from trailing edge. The integral boundary layer equations are then solved using source terms on the
airfoil surface and the wake to estimate the boundary layer parameters.7 The viscous effects are incorporated
with the inviscid solution using a viscous-inviscid coupling procedure.

The single wake concept leads to inefficiencies in predictions for separated and stalled flows. The pre-
diction at angles of attack for which separation occurs can be improved by releasing a secondary wake from
the separation point. The idea of double wake implementation can be extended to both conventional sharp
trailing edge and blunt trailing edge airfoils. Several authors in literature provided different approaches for
the double wake modelling. Vezza et al.8 modelled an unsteady, incompressible separated flow where N+1
linear vortices are considered on N airfoil panels; for the near wake, a panel at separation point and one at
the trailing edge are included; for the far wake, discrete vortices model the asymptotically steady separated
flow. For moving airfoils, Riziotis and Voutsinas9,10 modelled unsteady double wake with N sources and two
distributed vortices representing attached and separated regions with strong interaction of unsteady bound-
ary layer. The model predicts accurately the separation location up to moderate stall. Zanon11 adopted
Riziotis model for vertical axis wind turbines with modifications in the orientation of near wake panel. Ramos
Garcia12 modelled unsteady 2D flow with linear vortices and a source. This yields to a good agreement for
the predicted aerodynamic lift compared to experimental data, while drag is under predicted. Steady double
wake for separated flows are modelled by Maskew et al.13 and Marion et al.14 with the length of the wake
sheets determined by a wake factor and a wake height. Maskew determines the initial wake shape with a
parabolic curve whereas Marion considers an experimental wake factor. These models show good agreement
with experimental data with some discrepancies in deep stall region.

In this study we present an implementation where the second wake is released from the separation point
with initial wake shape defined from induced velocities of linear vortices on airfoil. The inviscid model uses
separation point from the experiment. The same model is then integrated into an interacting boundary
layer method (i.e. RFOIL) using the source terms for viscous coupling. The separation point required for
modelling the second wake is known from a first iteration of viscous simulation.

In the next section (II), the flow equations for inviscid flow region is presented followed by the inviscid
double wake model description. Then the viscous flow equations, viscous-inviscid coupling scheme and then
the details of the double wake model implementation in interacting boundary layer method are explained.
The results are shown in section (III) and the conclusions are given in section (IV).

II. Double wake model formulation and implementation in interactive
boundary layer method

II.A. Inviscid formulation

The inviscid flow over airfoils is a potential flow and can be described by using Laplace equation. The
continuous mathematical equation is given by,

∇2φ = 0, (1)

where φ represents the velocity potential. The total solution to the potential flow can be described as sum of
the solutions of the individual elementary flows, using principle of superposition. The elementary flow can
be modelled by vortex/doublet singularity elements. The relation between vortex and doublet singularity
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element is given by the following relation:

γ(x) = −dµ(x)

dx
, (2)

where γ is the vortex singularity element and µ represents the doublet singularity element. The surface of
the airfoil is modelled using linear vortex singularity element for mimicking inviscid flow as the usage of
vortex element is a reasonable choice. Linear elements are used since there is no singularity at the panel
edges as with lower order elements. Any higher order elements can be used to increase the accuracy, however
requiring a more complex implementation. The induced velocity from vortex singularity element in an
inviscid, incompressible, irrotational flow can be describes as,

~Uγ = ∇φ. (3)

The airfoil is impermeable to the flow. This property is utilized to obtain the unknown singularity distribution
over the airfoil by Neumann boundary condition as given by,

~Uγ .ni = 0, (4)

where ni is the unit normal to the ith panel representing airfoil surface. The surface geometry of airfoil is
divided into N flat panels. The collocation point is chosen to be the midpoint of each panel. For each panel,
a linear strength vortex is considered as singularity element with its strength defined at the panel edges. The
normal component of the induced velocity at each of the collocation point due to influence of all the linear
strength vortices on the airfoil surface is calculated based on Biot-Savart law.6 Kutta condition is enforced
at the trailing edge, such that the flow of the fluid leaving the trailing edge is smooth, to get an unique
physical solution and the wake with zero vorticity. The N + 1 singularity vortex distribution elements at
the panel edges are calculated by means of N + 1 boundary conditions. Neumann boundary conditions are
imposed on N collocation points at panel midpoints and Kutta condition is expressed as N + 1th boundary
condition. At each collocation point, the linear vorticity influence of every panel on the airfoil surface is
taken into account. The imposed Neumann no penetration boundary condition can be written as follows

N+1∑
j=1

Ali,j γj + (~U0.ni) = 0, for i = 1 to N, (5)

where Ali,j is the coefficient matrix of linear strength singularity vortex elements and U0 is the freestream
velocity. The flow inside the airfoil is stagnant and so the tangential velocity is given by the airfoil surface
vorticity, in the absence of source terms.7 The inviscid pressure coefficient (Cp) distribution can be calculated
from the known vorticity distribution on the airfoil surface and is given by

Cp = 1−
γ2j
U2
0

. (6)

The obtained single wake solution for inviscid case depends on the number of panels and their density. To
get an accurate solution, natural cubic spline interpolation is employed on the airfoil surface for increasing
the number of panels and stretching the grid using distance between the input points as a variable. It is a
local method, utilizing many pieces of polynomial for interpolation and hence the high curvature region of
airfoil is captured accurately. The panelling on airfoil surface is fixed at 300 panels after comparison with
inviscid solution obtained by XFOIL at various angles of attack for different airfoils. One such result is
shown in Figure (1). The result of the inviscid formulation is on top of XFOIL, providing reliable estimates
therefore enabling to model the secondary wake from the separation point.
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Figure 1: A comparison of Cp distribution obtained by inviscid formulation and XFOIL inviscid result at
angle of attack of 6◦ for NACA0012 airfoil.

II.B. Double wake model

Double wake concept models the pressure distribution in the separated region as a result of convected vorticity
due to flow separation. Once the separation sets in, formed vorticity (curl of the velocity) in the viscous layer
is convected continuously downstream from the beginning of the separation region in the suction side and
from the trailing edge pressure side of the airfoil. This convected vorticity can be modelled with a wake sheet
emanating from the separation point and another from the trailing edge with vorticity strength. Further, the
vorticity is negligible in the separated flow region (i.e. region between two wakes) leading to negligible losses
and constant total pressure. Therefore, the flow is assumed to be purely inviscid in this region. This constant
pressure region is modelled using the Kutta condition which also makes the flow physical and unique. The
modified Kutta condition from that of non-separated flow is considered between the separation point and
the trailing edge:

γN+1 + γSEP = 0, (7)

where γN+1 is the vorticity at the pressure side of trailing edge and γSEP is the vorticity at the separation
point. The local vorticity at the trailing edge in the suction side is made zero to accommodate the Kutta
condition and to convect the wake towards the side of separation. Moreover, the local vorticity downstream
the separation point is made negligible to convect the wake from the separation point downstream, as shown
in Figure (2).

Figure 2: A sketch of the vorticity distribution at the separation point along with the separation point wake
(blue line) used as initial condition.

To calculate the influence of the wake on airfoil surface vorticity, the wake shape needs to be determined.
The initial shape of the wake in the steady state is determined from the induced velocity of the linear vortices
on the airfoil surface along with the contribution of the freestream velocity. Both the wakes at the trailing
edge and the separation point are built with panels of increasing size using cosine distribution. This is

4 of 15

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
E

R
SI

T
Y

 o
n 

Ja
nu

ar
y 

10
, 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
05

16
 



because smaller number of increasing size panels is sufficient compared to constant size panels to obtain the
similar result. Once the initial shape is estimated, the solution is obtained by applying vorticity of constant
strength on the wake panels. The strength of the vortices on the wake is given by,

γSEPwake
= γSEP , (8)

γTEwake
= γN+1, (9)

where γSEPwake
and γTEwake

represent the vorticity distribution along the secondary and trailing edge wake
respectively. The vorticity strengths on the airfoil and wake panels can be iteratively calculated by consid-
ering the Neuman boundary condition on the collocation points:

N+1∑
j=1

Ali,j γj +

N+Nw+1∑
j=N+2

Aci,j γj +

N+2Nw+1∑
j=N+Nw+2

Aci,j γj + (~U0.ni) = 0, for i = 1 to N, (10)

where Aci,j is the coefficient matrix of constant strength singularity vortex elements. In the first iteration,
the total velocity at any point is calculated as the sum of the freestream velocity and the induced velocity
from the vorticity on airfoil surfaces as

~U = ~U0 + ~Uγairfoil
. (11)

For the next iterations, the total velocity is estimated considering the contribution of freestream velocity
and those induced from vorticity located on the airfoil surface and on both the wakes:

~U = ~U0 + ~Uγairfoil
+ ~UγSEPwake

+ ~UγTEwake
, (12)

where ~U represents the total velocity. For subsequent iterations after the initial one, the separation point is
forced to be away from the panel edges and the collocation points. The separation point is moved to avoid
having one less equation in the system and also singularities of solution scheme. The solution is also not
affected as the separation point is moved only to a very small distance and the panel size is also very small.
A representation of the initial vorticity distribution is shown in Figure (3).

Figure 3: A sketch of vorticity distribution on the airfoil and the initially formed double wake.

The initial near wake panel of the second wake from separation point is at very high angle with respect to
the airfoil. This means the flow does not leave the airfoil surface smoothly. The wake shape is recalculated
for subsequent iterations based on velocities from airfoil and wake vorticity as given by equation (12) and the
solution is iterated with the trailing edge wake and separation wake vorticity influence over airfoil vorticity
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distribution until the near wake panels from the separation point leaves the airfoil surface smoothly. Further,
the accuracy of the solution obtained depends on the chosen number of wake panels and in turn the wake
length. The wake panel influence is examined by comparing the calculated Cl values with 10 to 500 panels
on the wake. The number of wake panels for the analysis is fixed to be 300, higher than the number for which
no influence on the final solution is registered. The obtained initial wakes geometry and the final wakes after
convergence, from separation point and trailing edge is shown in Figure (4) for NACA63415 airfoil operating
at an angle of attack of 16◦. The same is shown in Figure (5) representing near wake region of the initial
and the final wakes.

Figure 4: Initial and final wake shape of NACA63415 airfoil for α = 160 obtained by inviscid double wake
model.

Figure 5: A zoom-in to the initial (left) and final wake shapes of NACA63415 airfoil.

A constant pressure distribution in the separation region on airfoil surface is registered. This value is
estimated by considering the modified pressure distribution as described by Maskew et al.:13

Cp = 1−
γ2j
U2
0

+
∆H

0.5 ρ U2
0

, (13)

where ∆H represents the total pressure jump across the secondary wake and ρ is the air density. Using
Bernoulli’s theorem, the total pressure jump in the separation region can be described as follows

∆H = PSEP− +
ρ

2
U2
SEP− − PSEP+ − ρ

2
U2
SEP+ , (14)

where PSEP+ , PSEP− are the local pressures before and after the separation point respectively. Similarly,
USEP+ , USEP− are the local velocity before and after the separation point respectively. The wake is a
streamline so that there is no static pressure drop across the convected shear layer from the separation
point. The total pressure jump across the secondary wake at separation point can be given by

∆H =
ρ

2
U2
SEP− −

ρ

2
U2
SEP+ . (15)

The local vorticity at the separation point is the difference in local velocities before and after the separation.
According to Riziotis10 the local velocity after separation is zero which leads to

γSEP = USEP+ . (16)
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Hence, the total pressure jump in the separation region is given as follows

∆H = −ρ γSEP
2

2
. (17)

The result of the double wake model is shown in the section (III) and the implementation of the validated
model in viscous flow model is shown in subsequent sections.

II.C. Viscous formulation

To simulate the viscous effects in the boundary layer, the two equations model is used with von Karman
momentum equation and kinetic energy shape parameter equation in the integral form to avoid Goldstein
singularity and to determine the displacement thickness δ∗ and momentum thickness θ:

dθ

dx
+ (H + 2)

θ

Ue

dUe
dx

=
Cf
2
, (18)

θ
dH∗

dx
+ (1−H)H∗

θ

Ue

dUe
dx

= 2CD −H∗
Cf
2
, (19)

where H is the shape factor, Ue is the velocity at the edge of the boundary layer, Cf is the skin friction
coefficient, CD is the dissipation coefficient and H∗ is the kinetic energy shape parameter. Furthermore, en

transition and lag-entrainment equations15 are used for laminar/ transition and turbulent flows respectively:

dn̄

dξ
(Hk, θ) =

dn̄

dReθ
(Hk)

f1(Hk) + 1

2
f2(Hk)

1

θ
,

n̄(ξ) =

∫ ξ

ξ0

dn̄

dξ
dξ,

(20)

where, ξ0 is at Reθ = Reθ0. ξ is the shear layer coordinate, Reθ is the momentum thickness Reynolds
number, Reθ0 is the critical Reynolds number, n̄ is the transition amplification variable, Hk is the kinetic
shape parameter, f1 and f2 are the empirical functions of Hk. Finally the rate equation for the shear stress
Cτ is given by the following equation

δ

Cτ

dCτ
dξ

= 4.2(C
1/2
τEQ − C

1/2
τ ), (21)

where Cτ and CτEQ are the shear stress coefficient and equilibrium shear stress coefficient respectively. The
en transition model is used to predict transition location and to determine associated losses with bubble
size. The lag-entrainment equation is used for turbulent flow to incorporate the response of shear stress to
the flow. To close the system of equations, six empirical closure sets are used (for details see2,3).

II.D. Viscous-Inviscid coupling

The viscous model is coupled with inviscid solution incorporating the mass deficits, which are modelled
considering source singularity elements. The source singularity elements are distributed on the airfoil surface
and the wake. The mass deficit is a function of inviscid layer edge velocity and displacement thickness from
viscous calculation. The relation between the source singularity elements and the mass deficit is given by

σ =
dm

dx
=
d(Uedgδ

∗)

dx
, (22)

where σ is the source strength singularity element, m is the mass deficit and Uedg is the velocity at the edge
of the boundary layer. The fully simultaneous viscous-inviscid coupling is employed and the unknowns from
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both inviscid and viscous formulation are calculated iteratively by Newton-Raphson method with quadratic
convergence. The Newton-Raphson solution procedure can be set-up for the system F (X) = 0 as,

δXν = − ∂F
∂X

ν−1

F (Xν),

Xν+1 = Xν + δXν ,

(23)

where X is a vector of unknowns comprising Cτ/ n̄, θ, m and a rotational term. F (X) represents the system
of equations (18), (19), (20), (21) and rotational effects equation. ν is the iteration counter. From the mass
term, the δ∗ and Uedg can be calculated.

II.D.1. Implementation of double wake model in interacting boundary layer models

The interactive boundary layer methods like XFOIL/RFOIL combining the panel method and integral bound-
ary layer (IBL) equations becomes inefficient when separation occurs. The integral boundary layer equations
along with the empirical closure sets cannot handle the complex vortex shedding with the separated flow, as
the closure sets are based on equilibrium flow assumption and become invalid. To solve the above mentioned
discrepancy, the proposed double wake method is implemented in one of interacting boundary layer methods,
and here it is chosen to be RFOIL.

The airfoil coordinates are the required input in RFOIL which are discretised into panels based on density
and distribution parameters. The potential flow solution is calculated from panel method and is used to
model the inviscid wake and initialize the Integral Boundary Layer (IBL) equations. In RFOIL (also in
XFOIL), there are three viscous sweeps (i.e. marching through all grid points) namely initialization sweep,
direct or inverse mode sweep based on value of H to avoid Goldstein singularity and sweep to solve the
fully simultaneous coupling using Newton system (details in section II.D) to calculate the boundary layer
properties and the aerodynamic coefficients. The viscous sweeps are iterated until the required convergence
level is achieved. For non-separated flows, wake geometry is calculated again using the converged viscous
solutions and the IBL equations are initialized. The solution procedure is repeated until convergence to
obtain the final result.

In order to implement the double wake model in interacting boundary layer method, separation point
is required and is calculated from the first sweep of the viscous boundary layer calculation. Based on the
value of H and depending on the type of flow i.e. laminar, transition or turbulent, the separation point is
determined. With this separation point input, the above mentioned double wake model in section(II.B) is
used to model the pressure distribution in the separated flow region. The total pressure jump between the
non-separated region and the separated flow region is accounted in the velocity distribution calculated from
double wake method based on the work of Maskew et al.13 and is given as:

γnew = 1−
√
γ2j + γ2SEP . (24)

The flow inside the airfoil is stagnant and so the tangential velocity can be given by the airfoil surface
vorticity, in the absence of source terms as described by Drela.1 The calculated γnew in the separated flow
region from the double wake model is combined with the velocity distribution in non-separated flow region
from potential flow solution based on panel method. A new velocity distribution over the airfoil surface is
obtained as an initial condition to carry out boundary layer sweep. As a result, a new wake shape is defined
and the IBL equations are re-initialized. The inviscid wake geometry used in double wake method and the
viscous wake used for second iteration in single wake method are shown in the Figure (6).

It can be seen that the initial inviscid wake geometry used in double wake approach to initialize the IBL
equations and distribute source terms to couple inviscid and viscous solutions are different than that of the
viscous wake in single wake method. The updated wake approach as a result of establishing the constant
pressure region from double wake method aids in improved lift prediction and lift to drag polar as shown in
the viscous results section (III.B).

8 of 15

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 C

O
L

U
M

B
IA

 U
N

IV
E

R
SI

T
Y

 o
n 

Ja
nu

ar
y 

10
, 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
05

16
 



Figure 6: Wake geometry of NACA 633418 airfoil at Re = 3 · 106 and at α = 160

III. Results

Two types of results are shown, namely, inviscid results: using the inviscid double wake method developed
to evaluate the robustness of the double wake approach and conducting preliminary analysis, viscous results:
by implementing the double wake approach in one of the interacting boundary layer methods, RFOIL.
For the preliminary analysis, the separation point is taken externally from the experimental data for the
corresponding angle of attack. For the viscous results, the separation point is taken from the first iteration
solution of the tool under consideration (XFOIL/RFOIL).

III.A. Inviscid Results

Two conventional trailing edge airfoils namely S826, NACA63415 and a blunt trailing edge airfoil FFA-W3-
301 are considered in the analysis. The pressure distribution obtained by the inviscid double wake method
is compared to the experimental data16–18 and also to the viscous numerical results obtained by XFOIL and
the open source CFD tool SU2 (see reference19). In this study the numerical solution by SU2 is obtained
by employing BC transition model and Spalart-Allmaras turbulence model for incompressible flows. The
converged result after mesh convergence study from CFD is used for comparison. The viscous numerical
results by XFOIL and SU2 are calculated for incompressible flow conditions (M∞ = 0).

III.A.1. S826 airfoil

Figure (7) shows the comparison of pressure coefficients between the inviscid double wake method with the
numerical models CFD, XFOIL and experimental data16,20 for S826 airfoil at Re = 1.0 · 105 and angle of
attack of 14.5◦. The separation point for the inviscid double wake method is located at x/c = 0.43 and is
obtained from experimental data. It can be seen that the inviscid double wake method can replicate result
closer to CFD, XFOIL viscous solutions and experimental data in the separation region. However, the peak
suction pressure is highly over-predicted as it is an inviscid solution. Further, the release of wake from
separation point gives a small oscillation at the separation point.

III.A.2. NACA63415 airfoil

Figure (8) shows the comparison of pressure coefficient for NACA63415 airfoil obtained by the inviscid double
wake method along with numerical models CFD and XFOIL viscous solutions and experimental data17 at
Re = 1.6 · 105 and angle of attack of 16◦. The separation point for the inviscid double wake method is
located at x/c = 0.475 and is obtained from experimental data. It can be seen that also for this airfoil the
inviscid double wake method can replicate result closer to CFD and XFOIL viscous solutions along with
experimental data in the separation region. Also, the complete pressure distribution from the inviscid double
wake method is also better predicted and closer to experimental data in comparison with the other methods
used. It has to be considered that feeding the separation point from experiment gives advantage to the
inviscid double wake model. Further, the release of wake from separation point gives a small oscillation at
the separation point as in the previous case.
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Figure 7: Comparison of pressure coefficient of inviscid double wake method for S826 airfoil with experimental
data, CFD and XFOIL viscous solutions at Re=1.0 · 105 and at angle of attack of 14.5◦.

Figure 8: Comparison of pressure coefficient of inviscid double wake method for NACA63415 airfoil with
experimental data, CFD and XFOIL viscous solution at Re=1.6 · 105 and at angle of attack of 16◦.

III.A.3. FFA-W3-301 airfoil

Result for blunt trailing edge airfoil is shown in the Figure (9) using FFA-W3-301 30% thick airfoil. The
plot shows the pressure distribution obtained from inviscid double wake model along with the experiment21

and XFOIL results at Re = 1.6 · 106 and angle of attack of 16.7◦. The separation point for the inviscid
double wake method is located at x/c = 0.41 and is obtained from experimental data. It can be seen that
the pressure distribution in the separation region can be captured to a very good accuracy when compared
to experimental data. The inviscid double wake model gives more accurate result than XFOIL viscous
simulation. However, it has to be considered again that feeding the separation point from experiment gives
advantage to the inviscid double wake model. The complete pressure distribution also matches with that of
the experimental data and better predicted than XFOIL viscous solution, although it is an inviscid method.
Further, the release of wake from separation point gives a small oscillation at the separation point.
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Figure 9: Comparison of pressure coefficients for FFA-W3-301 airfoil of inviscid double wake model with
experiment and XFOIL result at Re = 1.6 · 106 and angle of attack of 16.7◦.

In all the cases presented in this section, there is a small hump at the separation point where the Kutta
condition is forced. This is due to the presence of gradient of the velocity distribution before it becomes
constant in the separated flow region. Considering the gradient to account for the total pressure jump can
mitigate this deficiency. Since, the main aim is to develop the double wake model for interacting boundary
layer methods, with the obtained convincing enough results the focus is shifted towards its implementation
in interactive boundary layer methods.

III.B. Viscous Results

The double wake model implementation in interactive boundary layer method is validated by testing wind
turbine airfoils used in various sections of the wind turbine blades namely, in-board, mid- and out-board
sections. The tests are done for incompressible flows at M∞ = 0. Several different airfoils used for wind
turbine applications of varying trailing edge thicknesses are studied and few of the cases are presented here
to avoid redundancy. The improvement in the prediction of lift coefficients are prominent using double
wake implementation. The results of interactive boundary layer method (here RFOIL) with double wake
model is compared with the single wake version of RFOIL and latest version of XFOIL(6.99) along with the
experimental data (22–25) for all the selected airfoils. The details of the airfoils are given in the Table 1.

Table 1: Details of airfoils tested with viscous double wake method.

Airfoils Max thickness (%) Trailing edge hTE/c (%)

AH 93-W-257 25.7 Blunt 0.773

AH 93-W-300 30 Blunt 1.409

AH 94-W-301 30.1 Blunt 1.584

DU 00-W-212 21 Blunt 0.3333

NACA 633418 18 Sharp 0

S 809 21 Sharp 0

III.B.1. Blunt trailing edge airfoils

Figures (10 - 14) show the results of the test cases with blunt trailing edge airfoils. A wide range of airfoils
of maximum thickness ranging from 18% to 30% is tested. Figure(10a), (10b) and (10c) show the plot of
lift coefficients, drag coefficients and lift drag polar respectively for AH 93-W-257 airfoil at Re = 1.5 · 106.
It can be seen that the lift coefficient with RFOIL double wake model is predicted better than the RFOIL
single wake version in the separated, stalled and deep stall region. Also, the complete polar is predicted more
accurately than XFOIL and closer to experimental data. The drag coefficients remains the same as that of
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the RFOIL single wake version. This leads to good prediction of lift to drag coefficient (polar plot) with the
RFOIL double wake model compared to other numerical methods. Similar results of improved lift prediction
can be interpreted for different airfoils AH 93-W-300, AH 94-W-301 and DU 00-W-212 at various operating
conditions. The operating conditions are chosen based on the publicly available experimental results. The
drag coefficients are not shown in the result for these airfoils as they remain the same as that of the RFOIL
with single wake model. Figure(11) shows the plot of lift coefficients and lift drag polar for AH 93-W-300
airfoil at Re = 1.5 ·106. Figures (12, 13) show similar plots for AH 94-W-301 airfoil at two different operating
conditions namely Re = 1.5 · 106 and Re = 2.5 · 106. In all the cases for both airfoils, the lift coefficient
prediction is accurate when compared to experimental data than the previous version of RFOIL with single
wake model, in the separated, stalled and in the deep stalled regime. Similarly, Figure (14) describes the
result obtained for DU 00-W-212 airfoil at Re = 3 ·106. The trend of the lift coefficient is well captured with
the viscous double wake model along with accurate prediction of Clmax . Also, the convergence is extended
into deep stall region.

(a) Lift coefficients (b) Drag coefficients

(c) Lift drag polar

Figure 10: Comparison of lift coefficients, drag coefficients and lift drag polar for AH 93-W-257 airfoil at
Re = 1.5 · 106.

(a) Lift coefficients (b) Lift drag polar

Figure 11: Comparison of lift coefficients and lift drag polar for AH 93-W-300 at Re = 1.5 · 106.
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(a) Lift coefficients (b) Lift drag polar

Figure 12: Comparison of lift coefficients and lift drag polar for AH 94-W-301 at Re = 1.5 · 106.

(a) Lift coefficients (b) Lift drag polar

Figure 13: Comparison of lift coefficients and lift drag polar for AH 94-W-301 at Re = 2.5 · 106.

(a) Lift coefficients (b) Lift drag polar

Figure 14: Comparison of lift coefficients and lift drag polar for DU 00-W-212 at Re = 3 · 106.

III.B.2. Sharp trailing edge airfoils

This section shows results of two differently profiled sharp trailing edge airfoils namely NACA 633 − 418
and S809 of thickness 18% and 21% respectively. Figure(15) shows the plot of lift coefficients and lift drag
polar for NACA 633− 418 airfoil at Re = 3 · 106. It can be seen that the lift prediction for NACA 633− 418
is improved with double wake model and closer to experimental data compared to single wake method of
RFOIL and XFOIL. Further, the RFOIL double wake method predicts accurate lift coefficients in the deep
stall region where the XFOIL fails to converge and the RFOIL single wake method under predicts the lift
coefficient. Similar results of improved lift prediction are obtained for S809 airfoil except in deep stall region
where the lift is over predicted. The plot of lift polar and lift to drag polar for S809 airfoil is shown in the
Figure(16) for Re = 1.5 · 106.
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(a) Lift coefficients (b) Lift drag polar

Figure 15: Comparison of lift coefficients and lift drag polar for NACA 633 − 418 at Re = 3 · 106.

(a) Lift coefficients (b) Lift drag polar

Figure 16: Comparison of lift coefficients and lift drag polar for S809 at Re = 1.5 · 106.

IV. Conclusions

The present study focuses on the lift prediction improvement by including a double wake model to an
integral boundary layer method. The implementation provides an updated wake definition which allows the
creation of a realistic wake shape.

The inviscid results from the preliminary analysis shows that the viscous effects can be predominantly
captured by the inviscid double wake method with some discrepancies in predicting peak suction pressure
and pressure at separation point. A realistic pressure distribution in the separated region is described.

When combined with the integral boundary layer method for the viscous effects, this model improves the
prediction of pressure distribution as well as the lift coefficients for all the airfoils tested. This is due to the
realistic pressure distribution prediction in the separated flows by double wake model. The lift prediction is
improved by implementing the double wake model in an interacting boundary layer method for the airfoils
of various thickness, different profiles and for both sharp and blunt airfoils at different operating conditions.
This shows that the deficit of interacting boundary layer methods in case of massively separated flows
and deep stall regimes can be overcome by use of double wake model. In this study RFOIL is chosen to
implement the suggested double wake method but in general this method is applicable to all XFOIL/RFOIL
like interacting boundary layer methods.
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