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In this study a new approach to model the effect of vortex generators in integral boundary
layer equations is described. Vortex generators (VGs) are commonly used on wind turbine
blades to avoid early separation of flow which helps not only to increase the lift but also delays
the stall. Delaying the stall angle of wind turbine blades will allow for operation over larger
range of angle of attacks and thus increase power production from wind turbines. Typically,
VGs are submerged in the boundary layer and generate vortices that mix high-energy fluid
from outer flow with the slow-moving boundary layer. Within this study the effect of the VGs on
the 2-D boundary layers are modeled as additional mixing. The presence of a new shear layer
will lead to additional viscous dissipation and affect the wall shear stress. To model these effects
new terms are introduced into the integral boundary layer equations to account for the extra
mass and momentum flux and turbulence production. The additional unknowns introduced
into the system of equations are derived using CFD simulations. Initial CFD simulations on a
flat plate with body fitted meshes around VGs are used to obtain an algebraic model. The new
model is implemented in an aerodynamic analysis and design tool and preliminary results are
presented. The theory developed here will be extended for flows over airfoils.

I. Nomenclature

Ue Edge velocity
Dissipation coefficient Un Velocity at the upper side of the mixing region
Drag coefficient U, Velocity at the lower side of the mixing region
Skin friction coefficient Us Characteristic velocity difference
Lift coefficient U, Friction velocity
Pressure coefficient Ve Vortex generator
) x/h %, Non dimensional location based on dis-
Shear stress coefficient tance from the VG and height of VG
height of the VG Xy  x— coordinate of the VG
Pressure y* Non-dimensional length scale
Characteristic convection velocity c Chord length
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Subscripts Symbols
bl Sum of the effects of wall and outer regions 1) Boundary layer thickness

eff  Effective quantity throughout the boundary layer 5+ /05 (1 _ ui) dy, Displacement thickness

EQ Value at the equilibrium condition s ,
5k A e (1 - Z—g)dy, Energy thickness

m Contribution from the mixing region

0 Contribution from the outer region T Shear stress

VG Value at the location of the vortex generator Tw Wall shear stress

w Contribution from the wall region 0 f()6 ™ (1 - %)dy, Momentum thickness

II. Introduction

As the threat of global warming becomes imminent, there is an urgent need for sustainable sources of energy
like wind power to meet larger power demands. While larger turbines are being designed to meet the new demands,
there is a considerable effort to improve the efficiency of (existing) wind turbines as well. Many innovative concepts
have been used and the use of flow enhancement devices or blade add-ons are becoming more common. An example
of such a device is the vortex generator (VG). The concept of vortex generator is quite old and there has been a
considerable research into analyzing the effects of vortex generators[1, 2] Vortex generators energize the boundary
layer and allow for the boundary layer to remain attached for longer[3, 4]. Vortex generators have been successfully
used to increase lift produced by airfoil sections and delay stall[S]. Prior research on modeling VGs in CFD methods
can be found in references, e.g. [6] and [7]. However, the above mentioned modeling methods require an expensive
CFD simulations. Performing such (three-dimensional) CFD simulations during the design phase of wind turbines is
prohibitively expensive and a simpler solution is desired. Current wind turbine design tools are based on Blade Element
Momentum (BEM) theory[8] and other local blade aerodynamic methods based on the solution of integral boundary
layer equations together with the inviscid potential equations coupled with an appropriate viscous-inviscid interaction
scheme[9-11] (also called interacting boundary layer method). Incorporating the effects of blade add-ons like VGs into
such tools will allow for better and more efficient designs at a fraction of the cost compared to full three-dimensional
CFD methods.

While the vortices induced by the VGs are three dimensional in nature, in this study, an approximate model that can
capture the effects of VGs (e.g. on lift prediction) on a two-dimensional interacting boundary layer method is sought.
To this end, the mixing induced by the vortices will be modeled by a mixing layer that interacts with the boundary
layer. The integral boundary layer method is based on boundary layer theory which states that the effect of viscosity is
confined to a small region around the body (boundary layer) and further away from the body flow is largely inviscid.
The Navier-Stokes equations can thus be simplified for the two regions with matching solutions at the interface, allowing
for faster computational times. The flow domain away from the body can be described by the inviscid Euler equations
and can be approximated by using e.g. panel method. The boundary layer equations in the vicinity of the body can be
derived from Navier-Stokes equations under the limit of large Reynolds numbers. The boundary layer equations can
then be further simplified by integrating along the wall normal direction to obtain the integral boundary layer equations.
In this study we present a new model for VGs based on the derivation of the two dimensional boundary layer equations
including an integration also accounting for the presence of the vortex generator.

In the section III the boundary layer separation is examined for laminar (III.A) and turbulent flows(IIL.B). Section
III.C will present the ideas and theory behind the model. Section IV presents a detailed derivation of the proposed
model. The boundary layer profiles extracted from the CFD simulations of flow over a flat plate with and without
VGs and are used to derive an algebraic model for the IBL method and presented in VII. The flat plate models are
implemented in an in-house integral boundary layer method[11].



II1. Boundary layer separation

A. Laminar boundary layer

Boundary layer is a very interesting and complicated region of the flow field. Due to the no-slip condition at the wall,
the incoming flow slows down and the velocities approach to zero at the wall and gradually increases until it matches the
edge velocity, u., at the edge of the boundary layer (approximately the free-stream velocity). The distance from the wall
to the edge of the boundary layer is known as the boundary layer thickness, 6. Based on the boundary layer theory,
the boundary layer equations for steady two dimensional flows can be derived starting from the non-dimensionalized
Navier-Stokes equations[12] and read as follows
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The Eq. 1 is the continuity equation which remains unchanged under the assumption of large Re numbers (Re >> 1).
Assuming the flow to be mostly aligned with the x— direction, the y— momentum equation is reduced to the condition
that the normal pressure gradient is zero across the boundary layer (Eq. 3). Thus the pressure in the boundary layer
is imposed on it by the flow outside the boundary layer. And this flow outside the boundary layer is governed by the
inviscid Euler’s equation as viscous effects become negligible. Applying the momentum equation, Eq. 2, to the edge of
the boundary layer, where v = 0 and assuming there is no mean flow gradient, we obtain a relation for pressure gradient
in terms of edge velocity
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This relation is essentially the Bernoulli equation for inviscid flow along a streamline which is expected to be at the
edge of the boundary layer and it is assumed to be where the flow becomes inviscid.

Depending on the external pressure gradient, the slow moving boundary layer can either remain attached or separate
from the wall. If the flow starts to separate, the velocity development along the flow direction would decrease until a flow
reversal occurs. In other words, g—z will start decreasing until it reaches zero and then will change sign. Boundary layers
are prone to separation under adverse pressure gradients (Figure. 1). Consider a simplified analysis and neglect the y—
component of velocity, v, from the momentum equations (this assumption is not far from reality in most boundary layer
flows):

4)

ou oP d%u
Ma = —E + Va—yz. (5)

In an adverse pressure gradient (dp > 0), the term —‘;—f is negative thus, only the shear stress contribution is

preventing the flow from separating. Very near to the wall, the shear stress is essentially the wall stress, 7,, and the
flow will separate once the wall stress contribution is not enough to overcome the adverse gradient. In the absence of a
pressure gradient (like flat plates), dp = 0, so, separation occurs if wall stress becomes zero (7, = 0) or an inflection
point appears in the boundary layer profile.

B. Turbulent boundary layer

Introduction of turbulence to flow has a significant effect on the boundary layers. Due to increased energy transfer
between length scales, there is now larger energy even in the boundary layer. However, due to the no-slip condition
the velocity at the wall must still go to zero which leads to an even larger gradient very near to the wall. Using the
Reynolds averaging procedure, the turbulent Reynolds stresses are represented by the eddy viscosity term, v; and the Eq.
5 becomes

(6)
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Fig.1 A schematic visualization of the boundary layer separation.

Since the eddy viscosity is positive, it is easy to see that the turbulent flow separates later than laminar flow and can
overcome larger adverse pressure gradients. This is a very simplified analysis of turbulent boundary layers and to better
understand the turbulent boundary layer, a deeper insight is necessary.

The main characteristic of turbulent flows is the appearance of vortices and the energy cascade from the largest
length scales to the smallest. As we approach closer to the wall, the larger scales dissipate away and only smaller scales
remain. Very near to the wall, only the smallest scales remain and the viscous stresses become significant again. Hence,
there are different regions within the turbulent boundary layer depending on the relative magnitudes of the Reynolds
stresses and the viscous stresses. Broadly, the turbulent boundary layer can be divided into two layers, namely the inner
and outer layers (Figure 2). The inner layer is the one closest to the wall and viscosity is relatively large in this region.
Very near to the wall, the viscous stresses dominate and the Reynolds stresses tend to zero. As we move away from the
wall the Reynolds stresses start increasing and the viscous and Reynolds stresses reach to an equilibrium. At the edge of
the inner layer, the Reynolds stress are large enough to completely dominate the viscous stresses. In the outer layer of
the boundary, the viscous stresses disappear and only the Reynolds stress exists. The exact demarcation between the
inner and outer layer is not sharp and depends on local flow conditions and Reynolds number. In general, the outer layer
spans from about y/§ ~ 0.1 to the edge of the boundary layer. Within the inner layer, it is more convenient to use a
different length scale instead of ¢ and thus viscous units are used. A velocity scale, friction velocity[13], is defined
based on the wall stress as

where, T, is the wall shear stress and p is the density.
Based on the friction velocity, a non-dimensional length scale, y* can be defined as

+_yu*
S,

The inner layer is further subdivided into different regions based on y*. The different regions within a turbulent
boundary layer is shown in Figure. 2[13].

C. Vortex generator in the boundary layer

The VG has an analogous effect on turbulent boundary layers as the introduction of turbulence has on laminar
boundary layers[2]. As the name suggests, a vortex generator generates vortices that entrain high energy fluid from
outside of the boundary layer and mix it with the boundary layer flow. The additional momentum and energy introduced
to the boundary layer helps to overcome more severe adverse pressure gradients and the boundary layer can remain
attached for longer[2].
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Fig.2 An overview of wall regions defined in terms of y* and y/§ at Re = 10°[13].

The vortex generator is assumed to be submerged in the boundary layer (low-profile VG[1]) but extend well into
the outer layer of the boundary layer (see III.B). For instance, the height of the vortex generators used in experiments
typically range from Smm[5] to about 10mm[14]. From the operational Reynolds numbers in the experiments, one can
compute the height of the vortex generators in wall units to be approximately between y* = 1000 and y* = 2050 which
is far away from the regions where viscous stresses from the wall are dominant.

However, the additional shear layer introduced due to mixing will now create a new region within the boundary layer
where viscous stresses become significant again away from the wall. Unlike a fully turbulent boundary layer where the
outer layer is dominated by only Reynolds stresses, the VG will introduce additional mean flow gradients and viscous
stresses in the outer layer as well which will also lead to an increase in the production of turbulent kinetic energy within
the boundary layer.

In essence, the underlying assumption of the model is that the presence of mixing induced by VGs will increase
viscous dissipation due to the additional mean flow gradients. The new eddy viscosity, v/ (which is different than v;),
will also increase due to additional production of turbulent kinetic energy. Thus the extra viscous and eddy dissipation
will lead to a more controlled rate of growth of the boundary layer and delay separation. This can also be verified by
looking at the simplified relations in Egs. 5 and 6. If the VG were to introduce an additional term to counter the pressure
gradient, we have,

2
u@ = _oF +(v+ v,’)g + viscous dissipation due to VG. (7
dx dx ay?

The additional viscous dissipation and a larger v, can help the boundary layer to overcome an even larger adverse
pressure gradient and remain attached for longer than the turbulent boundary layer (Eq. 6). In the following sections, it
will be shown that indeed an extra dissipation term arises due to the VG and its exact form will be derived. To derive the
model it is assumed that the effect of the VG is confined mostly to the outer layer (referred to as the mixing region and
denoted by m) and has very little effect on the flow very near to the wall (referred to as the wall region and denoted by w).

IV. Modified IBL. Equations
The integral boundary layer (IBL) equations are obtained by taking the zeroth and the first moment of the two
dimensional boundary layer equations. The " moment of the boundary layer equation is defined as[15]

[Eq. 2] x (n + D)u" - [Eq. 1] x ("' —u"*). (8)



Integrating the continuity equation along the total boundary layer thickness, from y = 0 to y = ¢, and using the
no-slip condition at the wall we get,
° du

5 = — —dy. 9
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A. Momentum integral equation
Integrate the x- momentum equation between y = 0 and y = ¢,

/Od(g_fﬁ’a_“yng_f)dy:/j(@_?;)dy.

Integrate the momentum equation and using Eqs. 5 and 9,

a [° , du, [° ° d%u
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Here, the variation of edge velocity is assumed to be independent of the integral.

At this point, we introduce our assumptions for modeling the effect of the vortex generators. Along the wall normal
direction, we assume the wall effect is prevalent up to y = ¢,, and from y = é,, to d,,, the mixing dominates. The
boundary layer extends further up to y = 6. The velocity u is assumed to be composed of: u,,, the velocity due to the
wall effects, u,,, the velocity due to mixing effect and u,,, the velocity in the outer region outside the influence of mixing
region extending up to the edge of the boundary layer:

Uy, 0<y<6W’
U=19Um, Ow <y < Om, (11)
Uy, Om <y <0.

The integral can now be split into three parts as follows
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Using the definitions of displacement thickness ¢* and momentum thickness 6 Eq. 12 becomes,
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Here 6,7y and 6: ry are defined as

Ocrr = (Op1 + Om),
6fo = (6, + 6,

0, and 6p are the displacement and momentum thicknesses due to the sum of the wall region and the outer layer and
oy, and 6, are due to mixing. In a boundary layer, without any VG, the mixing contributions will be zero and the sum
of contributions from the wall and outer layers are generally combined into one thickness.

The Eq. 13 is very similar to the standard integral momentum equation. Integrating the right-hand-side (RHS) of
this equation can also be reduced to the standard form as follows

ouy, | ou,, o + ou,y, | ou,, | N u, | ou,, |
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Naturally, the intermediate terms all cancel out leaving only the terms at the wall and the edge of the boundary layer and
the integrand at y = ¢ approaches to zero as there are no normal velocity gradients outside the boundary layer leaving

auw Twall
RHS = - v——|y- = ,
"oy T T,
where 7,,; is the wall shear stress and is given by
ou
Twall = _/J@Iy:&’ (14)

with, u is dynamic viscosity coefficient. Thus, the RHS reduces to the same form as the standard IBL equations
irrespective of the presence of the VG. This is expected as integration of flow equations accounts only for the global
effects and the internal flow details do not appear in the equations. However, the wall stress, 7,47 is unknown. The skin

friction coefficient is defined as
Twall

1/2pu?

Cr =

B. Kinetic energy integral equation

The kinetic energy integral equation is obtained by taking the first moment of the boundary layer equations where
the n'" moment is defined as (Eq. 8)

Thus, the first moment is
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Integration along the wall normal direction from y = 0 to y = d,and using Eq. 11 similar to the momentum integral
equation leads to
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Once again, the intermediate terms cancel out leaving the RHS in the same form as the standard integral boundary layer
equation model. The dissipation coefficient can thus be defined as

D= / 2T—dy,
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To summarize, the modified integral boundary layer equations can be written for laminar flows as follows:
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together with the following new variables,

eff = (Op1 + Om),
Oppp = (O + ),

Ser = (B + Op)-



As it can be seen from the above equations, there are more unknowns than the number of equations (6,0 *,6k,Cf,CD)
thus this system of equations can be closed by closure relations. Cy and Cp are represented in terms of H, Hy and Reg
and these closure relations can be derived using parametric velocity profile families like Falkner-Skan flows[9, 16].

In a turbulent boundary layer the velocity can be split using the Reynolds decomposition as

- ’

u=i+u,

where # is the mean or time averaged component and u” is the fluctuating component. The momentum and kinetic
energy integral equations can be derived by following the same procedure outlined above for the time averaged equations.
As discussed earlier in section III.B additional Reynolds stresses appear in the boundary layer and thus, the shear stress
is now,

0 _
r= “a_; — o'y, (19)

In turbulent boundary layers, a new non dimensional quantity, C;, the maximum Reynolds shear stress coefficient is
introduced as,
C; = %(—W). (20)
ue
Additional closures for C; are needed as this term does not exist in laminar flows. Also, skin friction coeflicient,
Cy, and dissipation coeflicient, Cp, are both defined using the shear stress and the addition of turbulence will require
a modification to the closures defined earlier. This is also apparent as the velocity profiles in the turbulent boundary
layer is different from those assumed during the derivation for laminar boundary layer closures. To derive turbulent
closures, a composite velocity profile consisting of the velocity relations ([13, 16]) in different regions of the turbulent
boundary layer (Fig. 2) are used. However such profiles assume only a local dependence of boundary layer parameters
on Reynolds stresses. To account for upstream history effects another equation known as the shear lag equation[9, 10] is
added to the system of equations. The local shear stress is obtained by solving a shear-stress transport equation. A
parameter, equilibrium shear stress coefficient, Cr,, is defined as the value of the shear stress coeflicient which would
occur if the local boundary layer was part of an equilibrium flow[9, 16]. The shear lag equation is defined as

0 0C, 1/2 1/2

C, dx = KC(CTEQ C; ) (21)
The closure relations definitions are skipped for the sake of brevity and can be found in numerous references like
[9, 10, 16].

In a similar vein, to derive closure relations to account for the effect of VG, new parametric definitions of velocity
profiles are needed. In section V, the velocity profiles for boundary layers for flows with and without VG are derived
using CFD simulations. As expected based on the discussion in section III.C, the introduction of a VG will lead to the
formation of a mixing layer (like Fig. 3) within the boundary layer and thus change the boundary layer parameters (at
least locally around the VG). Thus, new parametric definitions for velocity profiles can be obtained based on mixing
theory which can subsequently be used to derive the new closure relations.

by

plane mixing layer

1.0 0% 0.0 os  Eio

(a) An example of a plane mixing layer. (b) Example of a scaled velocity profile in a mixing layer.

Fig. 3 A plane mixing layer[13].



V. CFD results

CFD simulations for flow over flat plate are carried out using an open source tool SU2[17] which is a compressible
flow solver with a preconditioning and an artificial compressibility options for low Mach number flows (essentially
incompressible) as in the current case.

In this study, the experimental study of Baldacchino [18] is replicated where the VG is placed on a flat plate as
shown in Fig.4a. CFD simulations are performed for a flow with laminar to turbulent transition using BC transition [19]
and Spalarat-Allamaras turbulence models for steady, incompressible flow conditions, first for no VG (clean) cases and
then for cases including the VG at a Re number of 2.5¢6 at the VG location. The flat plate is 4.0m long and the VG is
placed at Xy = 0.985m. As the aim of the study is to implement the effect of the VGs in a 2D IBL method, the CFD
simulations are carried out on a 2D flat plate configuration where the VG is presented as a wall boundary condition with
height, hy g, and zero thickness.

Outlet
Inlet Outlet
z
Symmetry
BE: 1w
X l
(a) Flat plate domain (b) VG geometry for flat plate [14].

Fig. 4 Computational domain used for flat plate simulations (a), VG geometry, 7 = Smm (b)

The results for the clean and the VG cases are shown in Figs. 5 to 6. The main focus will be on the outer layer of the
boundary layer away from the wall. Near wall behavior is not shown here to emphasize the behavior in the mixing
region. In these figures result are presented where the locations, x, on the flat plate are scaled as

X —XyG
hvc

)

where xy ¢ the location and hy ¢ is the height of the VG.

Fig. 5a shows that the effect of the VG on the velocity profile are observed as far upstream as —10hy ¢ and extends
up to approximately 1004y (Fig. 5b). However, significant differences in the shape of the velocity profile are observed
over a much narrower range. In Fig. 6 the vortex that is formed at the location of VG can be seen. In a clean boundary
layer, the vorticity is usually maximum at the wall and the vortex strength tends to zero as we approach to the edge of
the boundary layer. However, in the VG case, a new vortex starts to appear away from the wall near the VG location
(about —7hy  upstream) and gets dissipated as it moves downstream. The difference in vorticity magnitude near the
wall (Fig. 6a) between the clean and VG is due to the fact that the boundary layer is laminar in the clean case whereas
transition has already been triggered in the VG case. Identical vorticity profiles can be observed far downstream where
both cases are turbulent and the effect of VG is not felt. Fig. 7a shows the eddy viscosity profile around the VG and it
becomes clear that the presence of the VG causes the flow to transition to turbulent (much) earlier than the clean case
(v; = 0). The other observation to be made is that even after the flow transitions, the eddy viscosity reaches it’s peak
value at a higher distance from the wall compared to the clean case. This can be explained by the additional shear layers
introduced (Fig. 8a) due to mixing and thus the traditional eddy viscosity profile in a boundary layer([16],[13]) is not
observed anymore.

VI. Mixing layer

As mentioned in section IV, to close the system of IBL equations a closure needed for both laminar and turbulent
flow conditions are usually obtained from velocity profiles based either on extensive experimental data or theory. These
velocity profiles are not valid for mixing layers as seen in Fig. 5 and different relations are needed. To obtain these new
relations, the plane mixing layer theory is used. The plane mixing layer is a free shear flow and is widely studied[13],[2].
Earlier work (e.g., see, [20],[21] and [22]) in studying mixing layers have reported some correlations for parameters like
momentum thickness (of the mixing layer), width of mixing region, eddy diffusivity and spreading rate under zero
pressure gradient and adverse pressure gradients[21, 22]. However, most of these studies are conducted in the context of
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free shear flows and assume that the mixing layer can spread without any constraints. As no external pressure gradient
exists in the flow over a flat plate, a self similar velocity profile can be expected to form within the boundary layer
region[20].

For a mixing layer ([13]), two imposed velocities, U, and U; of the two parallel streams can be defined (Fig. 3).
Based on these velocities, a characteristic convection velocity, U, can be defined as,

1
Uec = E(Uh +Up),

10
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and a characteristic velocity difference, Us, as:
US = Uh — Ul.

In the present case, the mixing layer can be assumed to form right after the VG as flow above y = hy G mixes with the
flow below it. The characteristic velocities are however not uniform and need to be computed. These characteristic
velocities are found as follows,

hv G
d
b= b POy 22)
Jo ¢ (pu)dy
5
(pu)udy
W= /”ZG— (23)
oo (P}

In both equations, the numerator represents the momentum flux and the denominator represents the mass flux within
the bounds of integration. Thus, Uy, and U; can be viewed as the average velocity with which the mass flux is convected
in the boundary layer. The streamwise location where this integration is carried out is important and since the mixing
layer is assumed to form immediately after the VG, the characteristic velocities are found at a small distance downstream
(~ 3hy ) from the location of VG.

To define the characteristic width of the mixing layer based on mean velocity, U, a new weighting factor, «, is
introduced such that
U=U +aU,-U)),

and then width, w(x), defined as
Ww(X) = ¥0=0.9(X) = Ya=0.1(x), (24)

and a reference lateral position is defined as

W()C) = %(y(t:O.Q(x) + yw:O.l(x))~ (25)

Based on these definitions, a scaled wall normal distance can be defined as,

-w(x)—nh
&= y-—w) - hvg (26)
w(x)
and the scaled velocity as
U-U.
= 2
f@ == 27)

For a plane mixing layer, the scaled velocity must be self similar. This can also be observed in the present case
(Fig.9). In Fig. 9a, the scaled velocities all collapse on top of each other, however, shape of the collapsed curve is
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different from the standard mixing layer which could be due to the non uniform velocities at the start of the mixing
layer. As the flow moves downstream, the width of the mixing layer grows and the presence of the wall inhibits the
development leading to truncated profiles seen in Fig. 9b. The spreading of the mixing layer is seen in Fig.10a . No
such self similar profile exists in the clean case (Fig. 10b).
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Fig. 10 Spreading of the mixing region for the VG case (a) and the scaled velocity profiles for the clean case

(b).

While such self similar profiles are not possible on airfoils due to the external gradients[20], other parametric
definitions of the velocity profiles are available as shown by Sabin[22].

VII. Boundary layer modeling

Currently, the VG model obtained for the flat plate is implemented in an in-house unsteady interactive boundary
layer method[11]. As noted in section VI, more extensive work to characterize the velocity profile due to VGs are
needed and in this section, a preliminary implementation of the proposed model is presented. The purpose of this
implementation is to verify if the presented concept is valid.

To model the effect of VG in an IBL method, the boundary layer parameters are extracted from the CFD simulations.
The edge of the boundary layer is located based on vorticity magnitude and then the displacement, momentum thickness
and other boundary layer parameters are extracted by integrating the velocity profiles numerically. The extracted
thicknesses are shown in Fig. 11a.

As a result of the presence of VG, the transition from laminar to turbulent flow is triggered sooner as also discussed
above. However, it should be noted that this transition occurs some distance downstream of the VG and not at the
location of VG. Additionally, there is a very significant increase in both momentum and displacement thicknesses due to
the VG, but the shape factor in the turbulent region is actually lower than the clean flow case (Fig. 13b) . This is along
expected lines as the increased mixing will increase the momentum within the boundary layer by a larger magnitude than
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the mass flux[2]. The difference in skin friction coefficient is shown in Figs. 12a,12b). The maximum shear stress in the
VG case sees a very sharp peak (Fig. 13a) just downstream of the VG but then recovers and matches the clean case as the
flow moves downstream. Interestingly, the largest difference between the shear stress coefficient is in the region between
hy g to 30hy G which is also where self similar velocity profiles were observed. As the flows moves downstream, the
wall inhibits the growth of the mixing layer and the Cy and C; also recovers back to traditional boundary layer profile.

Before the VG model can be implemented in the IBL method, first a comparison between the boundary layer
parameters obtained for the clean case from the CFD simulations and the IBL method is made to verify the agreement
between the two methods. The two methods are in good agreement in the laminar region but the CFD simulations
predict transition to occur earlier than the IBL method which leads to a difference in thickness values in the turbulent
region. The IBL method uses the e™ method[9, 10] to detect the location of transition and the correlation based BC
transition model[19] is used in CFD. Subsequently, a forced transition method is used in the IBL code by triggering the
transition at the same location as obtained from CFD and the non dimensional shear stress parameter, Cr, and skin
friction coefficient, C¢, (shown in Figs. 14a and 14b) are compared. In all three cases, the skin friction in the turbulent
region agrees closely. Both CFD and natural transition model of IBL display an erratic behavior in Cy around their
respective transition regions. The maximum Reynolds stress predicted by CFD is generally greater than both the IBL
cases. It is somewhat more difficult to obtain the dissipation coefficient from CFD data and is not plotted here.

In order to properly introduce a VG model in IBL, closure relations need to be derived starting from the new velocity
profiles. However, there is not enough data (not enough test cases simulated) to derive a reliable model yet. To test the
VG model concept presented, a rudimentary model is implemented using the data extracted from CFD simulations (not
necessarily building a general closure set). This gives a first impression on the validity of the described procedure.
Naturally, in the follow up studies the model will be refined with more numerical and experimental data. To this end
a comparison between the shape factor, H, in the boundary layer parameters from CFD for the clean and VG cases
are made and is implemented in the IBL code. The resulting displacement and momentum thicknesses are shown
in Figs. 15a and 15b and maximum shear stress profile in Fig. 15c. A forced transition method was used for this
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simulation. While it was not possible to match the extreme peaks observed in CFD by the IBL method, a similar trend
can be observed in the behavior of shear stress and the boundary layer thicknesses. The extreme peak observed in the
displacement thickness profile from CFD is most likely due to the offset in the wall boundary at the location of the VG
and currently different ways to incorporate this offset is being investigated.

VIII. Conclusions and future work

In this study, it is presented that the presence of vortex generators leads to the formation of a mixing layer that is
embedded in the boundary layer. However, since the mixing layer is embedded in a boundary layer, the spreading rate
and other characteristics are different than a typical free shear flow. These effects can only be introduced into the IBL
equations via the closure relations. To obtain such closures, a parametric family of velocity profiles is needed and such a
family of profiles can be obtained based on a plane mixing layer. The velocity is self similar in flat plates in the absence
of a pressure gradient but while the self similar behavior cannot be found in airfoils, parametric definitions of velocity
profiles are possible.

A preliminary attempt was made at incorporating the mixing effects in the boundary layer and promising results
were observed. Extensive data is needed to further verify the presence of mixing layer and for development of better
closure relations.

Apart from applying the theory developed here to VGes, it can be extended to other applications that involve the
presence of an additional mean flow gradient within the boundary layer. Some analogous applications would be in the
analysis of atmospheric boundary layers.
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