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Abstract

This report describes the development and verification of a vortex gener-
ator model for the FOI CFD code Edge. The proposed vortex generator
model removes the need to physically mesh the vortex generator. Instead
the appropriate lift force normal to the local flow direction is added to the
system of Navier-Stokes equations. The source term is based on an exist-
ing model in which the local force in the source term is dependent on local
flow quantities and vortex generator characteristics. Several main issues
were kept in focus during the development of the vortex generator model;
the model must be able to treat many vortex generators as accurately as
possible; the model should not contain a large number of unknowns which
must be supplied by the user; the model should, to a certain extent, be
grid and model constant independent and last but not least, the model must
be user friendly. The proposed vortex generator model was implemented
and tested for flow over a flat plate with a single sub-boundary layer vor-
tex generator and for the RAE M2129 S-duct with four different vortex
generator installations. The vortex generator model is easy to use, does
not require a great deal of user input and is able to treat different types of
vortex generators.
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Nomenclature

Introduction

AIP Aerodynamic Interface Plane

b unit vector in the direction of the span of the vortex generator

AV; mesh cell volume

AV, sum of volumes of cells where the vortex
generator source term is added

DCyg pressure distortion index

Cva vortex model constant

i unit vector normal to vortex generator planform

Sva vortex generator area

t unit vector tangential to the vortex generator planform and
normal tob

0 velocity vector

v vector of velocity tangential to the vortex generator planform

Vortex generators are highly efficient aerodynamic devices widely used
in both external and internal aerodynamics as means of flow control [3,
6, 5, 8, 11, 19]. They are local geometrical imperfections which cause
the formation of longitudinal vortices giving rise to local mixing of the
flow, energizing the boundary layer and consequently delaying or prevent-
ing separation or inducing secondary flow motion which restructures entire
flow-field. The geometrical characteristics of vortex generators as well as
the characteristics of vortex generator installation strongly depends both
on the flow characteristics and on the type of problem. It is therefore de-
sirable to use advanced CFD methods combined with experimental results
and enveloped by statistical methods (for example Design of Experiment,
DOE) in order to find the best vortex generator installation. Such an in-
stallation should be both efficient and insensitive to changes in the flow.
This process is usually very time consuming. From a CFD point of view
the biggest problem connected with vortex generators is the amount of
time required to generate grids around the vortex generators and the large
number of grid points required to obtain an accurate solution. One way
to overcome this difficulty is to model the vortex generator effect using

a vortex generator model thus removing the need to grid the geometry of
each individual vortex generator. To my knowledge there are two types of
vortex generator model - Vortex Source Model and Lifting Force Model
(notation according to May[14]) .

The Vortex Source Model constructs the source term based on either adding
a specific circulatior’, or by adding another source term which is based
on the velocity induced by this specific circulation according to the Biot-
Savart law. The vorticity or other source term is usually added to the sys-
tem of flow governing equations at the plane normal to the vector of vor-
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ticity at the vortex generator position. The key problem with this kind of
model is that the value of the initial specific circulation of the vortex gen-
erator must be known. Research effort in this area aims at defining the
specific circulation as well as other characteristics of circulation induced
vorticity[13, 5, 9, 18, 14]. The model must be combined with appropriate
boundary condition which on a wall usually is a mirror vortex boundary
condition.

The Lifting Force Model is a newer model and was developed by Bender,
Anderson and Yagle in 1999[7]. Itis based on adding the lift force induced
by the vortex generator to the system of Navier-Stokes equations. This
lifting force spins the flow giving rise to the formation of vortices. In the
model the lift force is estimated from the Prandtl lifting theory. This model
has attracted a great deal of interest particularly in the U.S. The model has
been tested for flow over a flat plate with a single vortex generator. To
enable model verification and validation detailed experimental testing and
fully-gridded analysis has been made[11, 3, 16, 7]. More complex flow
as the flows through the RAE M2129 S-duct have also been computed[7].
The model has however some limitations. In particular it is quite difficult
to define the points in the computational mesh where the vortex generator
model should be applied. One consequence of this is not able to accu-
rately treat multiple vortex generators separately. In the author opinion the
lifting force model is the more promising of the two vortex generator mod-
els described here and it is this model which was chosen as the base for
development of the modified vortex generator model.
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1 Vortex generator model

1.1 The Bender-Anderson-Yagle (BAY ) model

The vortex generator model which has been developed for Edge is based
on vortex generator model developed by Bender et al.[7] in which the gen-
erated vorticity is induced by a lateral force which is dependent on local
flow quantities and the vortex generator shape. The source term and its
derivation as written in the original article of Bender et al. is repeated here
for completeness:

Apu;

AVi— o = ij FuAS + L; (1)
ApE - L

3)

The source terni, is a function of the lifting force caused by the vortex
generator and is corrected for losses due to deviation of the flow from the
vortex generator surface. This side force is approximated by

Ez‘ = CVGSVG%OWUQT (4)
whereC'y( is the vortex generator constart}; is the volume of the cell
where the force is calculated,, is the sum of volumes of cells where
the force term is appliedy is the angle of local velocity: to the vortex
generator andis the unit vector on which the side force acts.

The side force generated using equation 4 acts so as to align the local
velocity with the vortex generator. If the model constait; is set to very

high value the flow will be aligned with the vortex generatar  0),
however for numerical reason the finite value must be used. As long as the
model constant is sufficiently large, the side foréewill be independent

of Cy¢.

After some approximations the final expressions are

[ = % x b (5)
]
a & sina = cos(g —a) = % (6)

The final equation is multiplied by the teriﬂiefj which represents losses of
side force due to high angles of attack. LI'he final expression for the side
force according to Bender et. al.[7] is as follows

— A‘/l N N = _‘t_’\
L, = CVGSVGV—P<U )(U X )(%) (7)
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The originalBAY model was applied in cells which were enclosed by the
vortex geometry. For this case the user inputs are the position and ori-
entation (vectors, b, 1) of the vortex generator and the vortex generator
model constant’y . According to Bender et. al.[7] the vortex generator
model can operate in two modes - asymptotic and linear. If the sum of
cell volumesV,, is close to the volume of the vortex generator (the model
is applied in a limited number of cells - ie. locally) the model is insen-
sitive to the value of the model constant provided that it is sufficiently
high (Cv¢ =~ 5) and higher. IfV,, differs substantially from the volume

of the vortex generator (as in the case of a row of vortex generators) the
model behaves in linear mode and is dependent on the constant. The main
difficulty with the BAY model is therefore the need to define points which
are inside the vortex generator if it is possible since most vortex generators
are flat plates with almost negligible thickness, and determining the value
of the model constant or its dependency on vortex generator installation.
All this makes theBAY model, to a certain extent, grid dependent. In order
to overcome the problem with definition of grid points laying inside the
very thin vortex generators, Bender et al. during their study of the RAE
M2129 channel proposed to treat the row of co-rotating vanes as one large
vortex generator and to apply the source term at every mesh point in this
"pseudo”-vortex generator. Their approach led to results which are in good
agreement with experimental data. However, the uncertainty of the model
constant remains. Another question connected with this simplification was
that whilst vortices from each vane remained unresolved the secondary
vorticity was predicted well. However, the author believes that in cases
with complicated vane installations where some vanes are in the wake of
previous ones the simplification is too restrictive and can lead to misinter-
pretation of the physical phenomena.

1.2 The modified jBAY model

The motivation behind the modified model in this study is to attempt to
overcome the shortcomings of the origisY model, mainly to simplify

the definition of points where the side force is calculated and extend the
ability of the model to treat systems of multiple vortex generators without
any simplifications. The expression for the side force is thus the same as
defined in the original model (equations 4-7).

The vortex generator is replaced by a mean surface with zero thickness
(as in potential theory). Points where the side force is calculated are then
determined by the intersection of this mean surface with grid edges. The
values in cross-points are interpolated from grid nodes and the resulting
side force is then redistributed back to the nodes and added to the Navier-
Stokes equations.

Since the vortex generators are usually small plates glued to the wall they
are located either entirely or partially inside the boundary layer. In this
region, the computational grid is usually sufficiently dense so that the
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number of points per each vortex generator is quite high. This simplifies
the search for appropriate points to define the vortex generator and al-
lows the each vortex generator to be treated separately. It is however ex-
tremely important to keep in mind that since the model is working in a
local mode, sufficient grid resolution must be retained in order to resolve
vortex filaments generated by the vortex generators. We note that another
advantage of applying the model locally is that the source term which is
added to the Navier-Stokes equations is applied in a very limited portion
of the grid and hence reduces instabilities in the solution.
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2 The Edge CFD code

The CFD flow solver used for this study is Edge, a finite volume Navier-
Stokes solver for unstructured meshes. Edge has been developed at the
Aeronautics Division of FOI[10]. It employs local-time-stepping, multi-
grid and dual-time-stepping for steady-state and time-dependent problems.
The data structure of the code is edge-based so that the code is constructed
as cell-vertex. Edge can be run in parallel on a number of processors to
efficiently solve large flow cases. It is equipped with a number of turbu-
lence models based both on eddy-viscosity and explicit algebraic Reynolds
stress model[HARSN) assumption. The model which was used during this
study was the two-equatioh— w model combined with Wallid: Johans-

son EARSM model[17] with compressible corrections. The source term
in the vortex generator model was calculated on the finest grid level in the
first stage of the Runge-Kutta scheme and hence requires very little ex-
tra computational time. No under-relaxation was needed because all cases
computed so far were stable.

11
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3 Results

ThejBAY vortex generator model has been used to calculate the flow over
a flat plate with one sub-boundary layer vortex generator. It has also been
applied to the RAE M2129 S-duct test case at two different inlet conditions
with four different vortex generator installations. Sensitivity studies where
both grid sensitivity as well as the sensitivity to the vortex generator model
constant were carried out.

3.1 Casel: Single vortex generator on a flat
plate

This test case is used to determine the ability ofjBA&Y vortex generator
model to capture the vorticity induced by a vortex generator on a flat plate.
Both fully-gridded computations and vortex generator model calculations
were carried out. The vortex generatoffiam high and49mm long and

is mounted on a flat plate at a position where the thickness of the boundary
layer is &mm. The angle of the vortex generator to the free-stream veloc-
ity is o = 23° and the speed of flow i%4m/s.

The grid for the fully-gridded analysis was created at FOI using the grid
generator lcem-Hexa and has approximatlg, 000 cells. The quality

of the grid on both the flat plate and the vortex generator is high and the
condition ofy™ = 1 is fulfilled. Three computational grids with different
density of grid lines in span-wise direction were used for the calculation
with the vortex generator model. The medium grid has twice time and the
fine grid four times higher density of grid points in flat span-wise direc-
tion than the coarse grid. The grid density in stream-wise and wall-normal
direction of the flat was kept the same for all three grids.

The effect of this refinement is clearly seen in figure 1 where velocity at
five different cuts for all four test cases is plotted. This demonstrates the
importance of having adequate grid density around the vortex generator
for resolution of vorticity. When the density of grid lines is low the vortex
dissipated rather quickly and its effect was under-predicted. As the grid
density is increased the patterns of the flow-field grew closer to the pat-
terns given by the fully-gridded analysis.

The vortex generator model was unable to model the core of a vortex where
the velocities are around zero due to omission of viscous effects in the
model. However, the effect on the flow-field is reasonably close to that
obtained from the fully-gridded analysis. During this test, the different
model constant{, - = 7 andCy s = 10) were used and the differences
were quite small, therefore the results(df; = 10 are shown only.

13
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Distance of cut
plane from the
VG trailing edge

21mm

35mm

70mm

119mm

350mm

—— i

Fully gridded VG Coarse grid Medium grid Fine grid

Calculations with the jBAY vortex generator model

Figure 1. Velocity contours in different cuts for vortex generated by the
vortex generator on the flat plate

14
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3.2 Case2: RAE M2129 S-duct

The main and most complex test case used to validate the model was the
flow through the RAE 2129 S-duct. The channel geometry is defined
in[1, 4]. For this case it is known that, at low Mach numbers the flow
separates just after the first bend. The test had two goals: firstly to find out
to which extent the model is independent of the value of the vortex gener-
ator model constant and secondly to demonstrate the ability of the vortex
generator model for the study of vortex generator installation.

The purpose of vortex generator installation is to restructure the flow-field
inside the S-duct by inducing secondary flow motion so that flow separa-
tion is reduced or completely prevented. The figures 2 and 3 show stream-
lines arising from the vortex generators demonstrating secondary motion
(figure 2) and streamlines of flow in the S-duct for the geometry with and
without vortex generators and with visible flow separation in the smooth
channel - (figure 3).

Figure 2. Vortex filaments in flow through RAE M2129 S-duct

The computational grid for the fully-gridded analysis is shown in figure 4.
The grid was generated using Icem-Tetra and contains &@umillion

points with prismatic layers on both the S-duct wall and on the vortex gen-
erators. The grid has an extension upstream of the inlet in order to build
an adequate boundary layer on the walls of the S-duct and is also extended
downstream of the outlet. The S-duct grid without vortex generators had
about900, 000 points and has been used for all other calculations except
fully-gridded computations. The size of grid is thus reduced by a facsor
using the vortex generator model. Together with need to run fully-gridded
analysis in parallel, the gain in computational time is of orglefFigure

5 shows details of streamlines around the fully-gridded vortex generators
and from the solution with the vortex generator model. The ability of the
vortex generator model to resolve each vortex generator separately can be
seen.

15
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(a) Baseline configuration

(c) VG165 configuration - jBAY VG model

Figure 3. Streamlines of flow through RAE M2129 S-duct

16
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(a) Surface of RAE M2129 S-duct

(b) Detail of surface showing vortex generators

Figure 4. Geometry of RAE M2129 S-duct with vortex generators;
configuration VG165

17
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(a) Fully gridded vortex generators

(b) jBAY VG model

Figure 5. Streamlines of flow through RAE M2129 S-duct
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The results of the computational analysis RAE M2129 S-duct with
VG165 vortex generator configuration defined in the table 2 and for flow
at Mach numben/ = 0.66 and Reynolds numbeke = 0.39 x 10° are
shown in figure 6 which depicts pressure recovery contours inAlRe
The result of flow with fully gridded vortex generators is in figure 6(a) and
with vortex generator model for different model constéht; in figures
6(b) to 6(g). The pressure recoverydf® sector andDCy, index versus
radial angle of the sector in tiP plane is shown on figure 7, where the
pressure recovery andCyg, index are evaluated from all points in tA¢P
plane and their definition is in[2, 15]. Both figures show that the model is
independent of the value of the model constant provided that its value is
greater than or equal 10y, > 7. Even the results obtained with a model
with constantCy; = 5 are still within reasonable accuracy and predict
well the tendency of the distortion index. Values of distortion ind&Xs,
in the "worst” sector for the different model constants and their comparison
to the DCy, from the fully gridded solution are given in table 1

Designation  DCg, difference in [/]
Fully gridded 0.196 -

Cya=2 0.110 -44.88
Cye=5 0.173 -11.73
Cye=T7 0.182 -7.14
Cyve=9 0.187 -4.59
Cyve=10 0.188 -4.08
Cye=12 0.191 -2.55

Table 1. DCgo for different Cy ¢ constants in the AIP plane in flow
through RAE M2129 S-duct

19
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(@) Fully gridded
vortex generators

(b) Cve =2

€ Cve =9 (f) Cve =10 @) Cyg =12

Figure 6. Total pressure in the AIP plane in flow through RAE 2129 S-
duct, , VG165 configuration, different model constants in JBAY vortex
generator model compared to the fully gridded vortex generators so-
lution, M., = 0.66, Re = 0.39 x 10°
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— Cye=2
— Cyg=5
Coo=?
- CVG:9
CVG:lO

0.99 —

— Fully gridded VG

0.96

(a) Pressure recovery

03 — (w2
- Oy
L Cye=7
Oy

02 Cyg=10

(b) DCgp index

Figure 7. Pressure recovery and pressure distortion in the AIP plane in
flow through RAE M2129 S-duct, M, = 0.66, Re = 0.39 x 106
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The second case the same vortex generator installation was also stud-
ied for a flow at Mach numbel/ = 0.4 and Reynolds numbeRe =
0.53 x 105. As in the previous case, results for model constt > 5
are similar and close to the experimental results. A model constant of
Cy ¢ = 10 was chosen for all other tests.

22
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0.998 —
— Cy5=5

—_— CVG:7
Cyg=10

0.996 —

— Fully gridded VG

0.994
E?E
= 0992
0.99
0.988
0.986 | | | | 1 | 1 |
] 60 120 180 240 300 360
L
(a) Pressure recovery
0.05
]
F-005
a Cq=3
— =T
0.1+ C VG:IO
| — C vcﬁl"’
—— Fully gridded VG
0.15—
02 \ \ \ 1 . 1 . |
] 60 120 180 240 300 360
L

(b) DCgp index

Figure 8. Pressure recovery and pressure distortion in the AIP plane in
flow through RAE M2129 S-duct, M., = 0.4, Re = 0.53 x 10°
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Calculations were also carried out for the four different vortex genera-
tor installations as defined in Anderson[5] with the definition of geometri-
cal characteristics given in table 2. All four vortex generator installations

Designation VG130 VG160 VG165 VG170
Number of VG pairs 11 13 11 11
Section location , x/R 3 1 1 2
Blade height, h/R 0.075 0.060 0.065 0.070
Chord length c/R 0.300 0.240 0.260 0.280
Spacing angley,, [°] 15 12.6 15 15
Angle of incidence,, [°] 16 16 16 16
Sector angl® ., [°] 1575 1575 1575 1575

Table 2. Geometrical features of different vortex generators
configuration

were simulated with th@BAY vortex generator model and with the same
value of model constart, = 10 and on the same grid. The pressure
recovery orAIP plane along with smooth (baseline) configuration without
vortex generators are shown in figure 9 and pressure recovery with pressure
distortion in figure 10. The reduction of separation is clearly visible. The
first installation VG130 is located downstream of the separation ie. part of
the vortex generator row lies inside the flow separation region, which limits
its effectiveness. However, even for this installation, the reduction of total
pressure loss is still noticeable - figure 9(b). Other three configurations
show in figures 9(c), 9(d) and 9(e) reduce separation completely.

24
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(b) ()

(d) (e)
VG165 configuration VG170 configuration

Figure 9. Total pressure in the AIP plane in flow through RAE M2129
S-duct, four different VG configurations, solution with jBAY vortex
generator model, M., = 0.66, Re = 0.39 x 106

25
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0.98

—

— — Baseline
0.94 — VG130
VG160
— VG165
VG170

I I I I I I
0 60 120 180 240 300 360

(a) Pressure recovery

0.6—

— Baseline
— VG130
VG160
— VG165
VGL70

04—

(b) DCgg index

Figure 10. Pressure recovery and pressure distortion in the AIP planein
flow through RAE M2129 S-duct, solution with  jBAY vortex generator
model, M., = 0.66, Re = 0.56 x 10°
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Conclusion

A modified vortex generator mod@AY was developed and implemented
into the Edge code. The proposgAY vortex generator model enables
one to solve each vortex generator separately, is independent of vortex gen-
erator model constaidty ;, can model the vortex generators with different
shapes and curvature and is completely grid independent. It does not re-
quire too much user input and does not have any limitations concerning the
number of vortex generators. The only existing limitation is that the model
does not take into account the thickness of the vortex generator. However
for many applications this is not a problem since most vortex generators
are very thin flat plates. The model is user friendly due to the fact that
it does not require complicated user input, it needs only the local cross
system ¢, ¢, Bvectors) defining the vortex generator and the plan-parallel
areaSy¢ and should be independent of the model constant. It is simple
and does not require a great deal of effort to be implemented into existing
codes.

The model has been tested on different cases: a flat plate case with a single
vortex generator and the RAE M2129 S-duct test case with different vor-
tex generator installations and results with the vortex generator model were
compared to the fully-gridded analysis. The tests were aimed at answer-
ing two key questions: firstly to what extent the accuracy of the vortex
generator model depends on the grid and how much is the vortex gener-
ator model accuracy dependent on model constant. Grid sensitivity was
tested during the flat plate calculations on three different grids and it was
found that sufficient grid density must be kept in order to keep the vortex
"alive” - in fact this is not a requirement of the vortex generator model but
a requirement of the flow which needs sufficient grid density in order to
resolve vortices which are present in the flow-field. The second question
was answered during the RAE M2129 S-duct calculations where the final
finding was that if the model constant is higher th@p; = 5 then the
model is insensitive to this value. In all cases a valu€'pf, = 10 was
chosen as universal model constant.

Current development of tBAY model aims to improve modelling of the
vortex generators with finite thickness and development of viscous correc-
tions.
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be supplied by the user; the model should, to a certain extent, be grid and model constant independ
last but not least, the model must be user friendly. The proposed vortex generator model was implern
and tested for flow over a flat plate with single a sub-boundary layer vortex generator and for the

nerator.
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M2129 S-duct with four different vortex generator installations. The vortex generator model is easy t0 use,

does not require a great deal of user input and is able to treat different types of vortex generators.
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