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Abstract 

The objective of this paper was to model the stability and control derivatives using Computational Fluid 
Dynamics (CFD). This would provide a more reliable tool in the development of aircraft. This process could 
reduce the reliance on wind tunnel results with a consequent reduction in development costs. The test model 
used for this paper was a specialised delta wing configuration. The study was undertaken by comparing 
simulation parameters and determining their effects on the flow characteristics. The simulation was undertaken 
using internal meshing software, the flow simulation software TAU and the graphical interface Tecplot. Results 
showed that a single CFD model could not be used for the prediction of aerodynamic behaviour under the full 
range of angle of attack (0° to 25°). However the surface mesh refinement and optimisation of simulation 
parameters allowed for a better prediction at lower angle of attack (0° to 15°). The dynamic simulation showed 
that flow characteristics were better captured for higher pitching frequencies. Overall the study will assist the 
progress of future studies. 

Keywords: computational fluid dynamics modelling, delta wing, stability and control, dynamic behaviour, 
vortex, flow separation 

1. Introduction 

Computational Fluid Dynamics (CFD) modelling has been used to a significant extent in the development of 
aircraft. As capabilities and computing power, of CFD modelling, have increased over time, the importance of 
and reliance upon, CFD simulations has similarly increased. Simulation results, obtain over time have 
progressively become more accurate and reliable. However the data provided by CFD simulations has had 
limitations. As such, the results of CFD simulations have never been relied on, as the sole source of data. The 
results were always validated with additional data obtained, either via wind tunnel or flight tests, both of which 
are costly and time consuming. Also, these options are not always practical or suitable alternatives. Additionally, 
under certain flight characteristics the wind tunnel results do not entirely represent the true flow over an aircraft.  

It is preferable if all flight characteristics are known before the full scale aircraft enters the flight testing. Once 
full scale flight testing commences, it is costly and time consuming to modify the design. Furthermore, 
unexpected aircraft handling during testing can be very dangerous. Therefore, it would be greatly beneficial to 
improve the reliability and accuracy of current CFD modelling, which would reduce the necessity for additional 
alternative testing. This would help to reduce costs, in addition to opening up possibilities for more detailed 
testing under the entire flight envelope of the aircraft. 

With recent advances in the aerospace industry, the demand and commonality of Unmanned Aerial Vehicles 
(UAV) have also increased. The leading factor in this area is Unmanned Combat Aerial Vehicles (UCAV). These 
planforms often lead to configuration with nonlinear aerodynamic behaviour; this can be dominated by vortical 
flow across the upper surfaces. The cause of these more complicated flows is often linked to UCAV’s highly 
swept wing planform design. Many of the characteristics of flow phenomena associated with highly swept delta 
wings have been well documented and well-studied (Gursul, Gordinier, & Visbal, 2005). These planforms often 
are associated with the sharp leading edge geometry. However, the flow is not entirely understood in less swept 
wings with rounded leading edges. It is these characteristics that need to be better understood in order to 
effectively enhance future development of aircraft. 
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structured prismatic grid (Shütte, 2010). Additionally, it allows for the utilisation of the freedom and capabilities 
of the unstructured volume mesh. In this study, an unstructured grid was used that is developed with an in-house 
meshing program called “Mesher”. 

The TAU-Code has the capabilities to utilise both the Cell-Vertex and the Cell-Centered schemes, both with their 
own advantages and disadvantages (Liu & Chen, 2011). Here the Cell-Centered scheme was used. In the 
Cell-Centered approach, the Navier-Stokes equations are solved on a dual background grid, which is determined 
directly from the primary grid (Hübner, 2007). This approach was used as it consists of a larger number of 
solution variables than other approaches, which would in turn lead to greater accuracy. 

The TAU-Code is capable of performing many different tasks splitting into five main modules. These modules 
are (Shütte, 2010): a) Preprocessor - Takes information from the Primary grid to develop a dual-grid or 
multi-grids. b) Solver - Performs the flow calculations over the dual-grid. c) Adaption - Refines and de-refines 
the grid to allow for the capture of all flow phenomena. This includes a large range of categories, including the 
representation of vortex structures and shear layers around viscous boundaries. d) Deformation - Propagates the 
deformation of surface-coordinates to the surround grid. e) Motion - Defines the motion of the model and relates 
this motion to any control devices. Many of these modules are inbuilt within the code and for this study; they 
would not be altered from their default values. As a result, the Preprocessor and Solver modules would be 
examined in more details while the other modules would be taken as non-variable. 

The Preprocessor module is based on the meshed grid forming the primary grid. Here, a system of five dual grids 
was used. This introduction of multiple grids greatly improves the computational time and power required to run 
any simulation. 

The Solver module calculates the gradients in time, which are then discretised through the use of a multi-step 
Runge-Kutta scheme. These calculations are then calculated using multigrid techniques and local time stepping 
which accelerates the ability to find converged results for steady state solutions (Hübner, 2007). Three different 
turbulence models were examined: a) one one-equation model, b) two two-equation models. These were the 
Spalart-Allmaras Edwards one-equation model, and the Wilcox k-ω TNT and Wilcox k-ω LEA two-equation 
models 

4. Numerical Results 

4.1 Findings of Initial CFD Modelling 

In order to determine the possible accuracy of CFD simulations and how different parameters can be improved, 
the quality of the initial simulations results are needed. To be able to check these parameters accurately it is 
important to ensure a good quality grid density (Liu & Chen, 2011). The mesh can greatly affect the results of 
the simulation. As a consequence it is vital to ensure that any simulations being used have reached a mesh 
converged state (Ismadi, 2011). For this work a large array of simulations was developed with meshed densities 
ranging from 1.5 to 22.5 million nodes. These simulation results were compared to wind tunnel findings to 
determine the accuracy of each model. A detailed look at this mesh convergence study was undertaken in a 
previous study by Pevitt & Alam (2011). 

The wind tunnel investigations were undertaken across two wind tunnel facilities with a total of three full scale 
investigations. The first two of these tests were conducted in DNW-NWB wind tunnel and the final test in NASA 
Langley 14-by-22-Foot Subsonic Tunnel in Hampton, Virginia (Vicroy, 2010). For this work the results obtained 
from the DNW-NWB wind tunnel will be used. Dynamic measurements of integral forces and moments, the 
pressure distribution over the wing surface, transition measurements and field measurements (both static and 
dynamic) using Particle Image Velocimetry (PIV) were taken (Shütte, 2010) .  

The DNW-NWB wind tunnel is a closed loop, with an atmospheric test section, capable of operating under both 
open slotted or closed configuration (Cummings et al., 2010). The wind tunnel is 3.25 m by 2.8 m and has a 
maximum free stream velocity of 80 m/s for the closed test section and 70 m/s for the open test section (Vicroy, 
2010). The wind tunnel data collected at a speed of 50 m/s will be used for this study, corresponding to a 
Reynolds number of 1.57 million and a Mach number of 0.147 (Cummings, 2010). The model was tested 
statically at an angle of attack range of -15º to 30º and dynamically under pitch and yaw with oscillation of ±5º 
amplitude (Vicroy, 2010). For the work being done the pitch oscillation results will be used for angles of attack 
between 0º and 25º.  

The previous mesh convergence study found that there were considerable differences in changing meshes. When 
reviewing the CL (Coefficient of Lift) and CD (Coefficient of Drag) values all of the meshes appeared quite 
capable of representing the experimental flow characteristics. While the Cmy (Coefficient of Pitching Moment) 
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to ensure an accurate representation of the results. In previous studies it has been suggested that the lack of a 
sting on the model can affect the pitching moment results (Frink, 2010). 

Detailed analysis was completed previously both on full and half model simulations and with and without sting 
attachments. These simulations were run over a large range of AoA to gain a detailed overview of their effects. 
Based on these results it was seen that all of the features of the flow were the same for both the full and half 
model, allowing for further testing to be completed on half models (Pevitt & Alam, 2011). When testing the 
effects of sting attachment it was seen that in general the sting caused the pitching moment results to translate 
upwards. As the results for pitching moment coefficients were generally under predicted, in previous finding, the 
upwards shift was a beneficial translation (Pevitt & Alam, 2011). 

4.4 Influence of Discretisation Parameters 

Two of the discretisation parameters reviewed here are Preconditioning and the Dissipation, as these can greatly 
affect the simulation results. Preconditioning affects the assumptions made in the calculation process (Blazek, 
2001). The simulations work through the use of the governing equations, assuming that the flow is 
incompressible. As the flow over the configuration is only 0.17 Mach the assumptions of incompressible flow is 
not completely valid (Eidgenössische Technishe Hochschule Zürich [ETH], 2010). The goal of preconditioning 
is to implement a correction factor to account for these assumptions and to improve the convergence of the 
numerical schemes at low Mach numbers. Based on this it is expected that its implementation should improve 
the results discussed previously (Lomax, Pulliam, & Zingg, 1999). 

The addition of preconditioning to the simulations was reviewed in detail (see Pevitt & Alam, 2011). The 
addition of preconditioning has both positive and negative effects for all AoA when looking at the pitching 
moment coefficient values. It was noted that using preconditioning causes beneficial effects on the accuracy of 
the results, with a greater emphasis for lower AoA values. Though it was important to note that it also had 
negative effects for the lift and drag coefficient results, indicating its use would be highly dependent on the 
desired results. 

Dissipation also effects the assumptions made in the calculation process. Dissipation refers to the degradation of 
the intensity in vortical flow (Blazek, 2001). The parameters associated with this value will affect how the 
turbulence model calculates the unsteady turbulent flow over the configuration. If the flow does not dissipate fast 
enough the results will indicate much large vortices over the aircraft than expected and there merging or 
separation will be delayed until higher angles of attack (Blazek, 2001). If the flow dissipates too fast then the 
vortices will disperse too early and the flow will merge and become separated at AoA much lower than what 
would be expected from experimental data (Celik, 2004). The Dissipation parameters are based on the 2nd order 
and 4th order dissipation coefficients.  

A range of simulations was undertaken changing the 2nd and 4th order dissipation values to determine their 
separate and joint effects by Pevitt & Alam (2011). Three different combinations were run at two separate AoA. 
These results were then represented with force and moment graphs. The results indicated that at low AoA, the 
changes in the pitching moment coefficients were negligible despite any changes in the dissipation values. When 
reviewing the results at higher AoA, a more noticeable effect was evident. With these inputs it was observed that 
the pitching moment values that were previously over predicting the experimental data were translated back 
down onto the experimental results, helping to improve the accuracy (Pevitt & Alam, 2011).    

4.5 Finalised Static Simulation 

Based on previous studies, a final static flow simulation model was developed to form the basis for further 
dynamic testing. The final flow simulations were run on a half model with 22.5 million nodes. This model also 
incorporated the sting attachment and the preconditioning and dissipation values, previously seen to help 
improve the simulation accuracy (Pevitt & Alam, 2011). This model implemented the lessons seen previously 
together to gain the most accurate results possible with the available resources. This model was then used as a 
reference guide for further testing where possible.  

Detailed explanations of the complexities in the static flow over the delta wing were made by Pevitt & Alam 
(2011). The Study indicated that the key flow characteristics over this model were difficult to determine and 
predict. This means it will be difficult to directly represent the dynamic data as well. Additionally studies to 
consider a more detailed look at the flow characteristics were made through the use of surface pressure plots and 
pressure taps along the wing of the model. (Schütte, Hummel, & Hitzel, 2010; Pevitt & Alam, 2011). These 
graphs were able to clearly represent the formation and dispersion of the vortices over the configuration. These 
finding also indicated that though the static model struggled to represent the flow characteristics at higher AoA, 



www.ccsen

 

up until 1
relation to 

4.6 Pitchin

As mentio
derivatives
properties 
modern ai
stability a
different re
manoeuvra
of this pap
changes of

The initial
2011). A r
and gain th
static resu
turbulence
wind tunn
tests were
findings of

The first s
each run. T
for 5º, 10º
Each mod
initial test
(Zhang, 20
more non-
transition 
transition 
2010). 

The dynam
(2011). Ea
cycles to 
correspond
and mome
correspond

Figure 3. 
 

 

net.org/mas 

7° AoA, good
the dynamics 

ng Oscillations

oned earlier th
s in CFD. The 
(Yang X. L. 

ircraft it is oft
and control ma
easons it can b
ability. This co
per the goal w
f ±5º with a pit

l computationa
range of simul
he optimal sta

ults were based
e model. These
el results. The

e run in parall
f a more refine

step in the calc
This is done ba
º, 15º and 25º 
el was run wit
ing as in prev
011). The reas
-linear behavi
between state
and will rema

mic simulation
ach cycle was 
ensure the re
ded to a reduc
ent graphs. Th
ds with these v

Experimental 

d confidence c
results. 

s 

he overall purp
dynamic deriv
et al., 2011). 

ten necessary 
argins critical 
be desirable to
oncept of unsta

was to be able 
tching frequen

al models were
lations were p

atic design. Ini
d on a model w
e initial static r
e reason this m
lel to the stati
ed model had n

culation of dy
ased on the sta
were taken. T
th amplitude o

vious studies i
son that slowe
iour (Liu & C
es at lower fre
ain separated o

ns were run us
run with 100

sults were we
ced frequency 
hese results a

values is also s

Data - CL vs. 

Modern

could be put i

pose of this pa
vatives help to
It is an essen
to design uns
for the desig

 develop unsta
able design als
to model the d

ncy of both 1 H

e performed b
performed by c
tial dynamic t
with a mesh r
results can be s

model was used
ic ones. This m
not yet been m

ynamic pitch o
atic solution fo
Then each of th
of ±5º with the
it was noted th
er frequencies
Chen, 2011). T
equencies. For
once it is distu

ing the same p
0 iterations and
ell converged.
of rotation, 0.

are illustrated 
shown in Figur

Angle of Atta

n Applied Scienc

23 

in the simulati

aper was to de
o characterise t
ntial part of th
stable aircraft 
gn of the fligh
able aircraft su
so applies to th
dynamic pitch

Hz and 3 Hz.

ased on the sta
changing diffe
tests were perf
refinement of 
seen in Figure
d first, rather t
means that wh

made. The effec

oscillations is t
ound from the 
hese models w
e first computa
hat the slower
s are harder to
This is due to
r higher freque
urbed, this cau

parameter setti
d 100 inner it
 In order to 
06. These sim
in Figures 6 

res 3 to 5.  

 

ck Figure 

ce

ion. Similar li

etermine the f
the aircraft in r
he developme
configuration

ht control sys
uch as reducing
he configuratio
hing coefficien

atically determ
erent paramete
formed based o
10.5 million n
s 6 to 8 compa
than a more re
hen the comp
ct of the more 

to find the mo
10.5 million no

was re-run und
ation being do
r frequencies w
o model is tha
o the flow dy
encies the flow
uses an overa

ings as the sta
terations. Each
run the simul

mulations were 
to 8. The eq

4. Experiment

imitations wer

feasibility of m
respect to its s
ent cycle in fl
s, making the

stems (Ismadi,
g radar cross s
on used in this 
nt of the aircra

mined model (s
rs of a static m
on the initial s
nodes and wer
ared to the exp
efined model, i
putational simu
refined model 

oment and forc
ode models. T

der dynamic pi
one at 1 Hz. T
were harder to

at the lower fr
ynamics havin
w will not ha

all more linear

atic runs found
h model was r
lations at 1 H
run and provi

quivalent expe

tal Data – C vs

Vol. 6, No. 6;

re also expecte

modelling dyn
tability and co
light physics. 
e knowledge o
, 2011). For m
section or incre

work. In the s
aft under ampl

see Pevitt & A
model to firstl
static results. T
re run using a 
perimental dyn
is that the dyn
ulations began
is discussed la

ces associated 
The solution ou
itching oscillat

This was chose
o model accur
requencies und
ng enough tim
ave enough tim
r behaviour (R

d by Pevitt & A
run for a total 

Hz the TAU in
ided dynamic 
erimental data

s. Angle of Att

2012 

ed in 

namic 
ontrol 
With 

of the 
many 
eased 
scope 
itude 

Alam, 
ly try 
These 
SAE 

namic 
namic 
n, the 
ater. 

with 
utputs 
tions. 
n for 

rately 
dergo 
me to 
me to 
Rohlf, 

Alam 
of 3 

nputs 
force 

a that 

 

ack 



www.ccsen

 

Figure 6.

As observ
This is im
experimen
the first ste
reference 
solutions c
modelling 

Figures 6 
characteris
the pitchin
modelling 

net.org/mas 

. Dynamic Tes

±5º, CL vs

Figure 8. 

ved in the exp
mportant to not
ntal values, the
ep in ensuring 
to begin the d
can be accurat
can be useful.

to 8 clearly in
stics. Compare
ng moment c
and analysis.

Figure 5. 

sts, for 5º,10º,1

s. Angle of Atta

Dynamic Test

erimental data
te as it can cle
en it not possib

an accurate dy
dynamic soluti
tely modelled 
. 

ndicate that th
ed to the expe
oefficients. A
. It can be no

Modern

Experimental 

15º and 20º wit

ack 

ts, for 5º, 10º, 1

a, the dynamic
early be seen 
ble to expect th
ynamic solutio
ions from, ide
around the sta

he most compl
erimental value
As a result the
oted that the im

n Applied Scienc

24 

Data - Cmy v

 

th Figure 

15º and 20º wi

 
c simulations 
that if there a
he dynamic so
on would be to
eal dynamic m
atic solution, th

lex and least l
es, there is the
e pitching mo
mprovement i

ce

vs. Angle of Att

7. Dynamic Te

±5º, CD 

ith ±5º, Cmy v

follow the tre
are deviations 
olutions to be c
o define an acc
modelling cann

hen the concep

linear results a
e least amount
oment results 
in pitching mo

 

tack 

Tests, for 5º,10º

vs. Angle of A

 

vs. Angle of At

end provided b
in the static re

completely acc
urate static sol

not be attempt
pt and feasibil

are seen in the
t of agreement
will be focus

oment results 

Vol. 6, No. 6;

º,15º and 20º w

Attack 

ttack 

by the static c
esults compar
curate. This m
lution. Withou
ted. If the dyn
lity of the dyn

e pitching mo
ts in the result
sed on for fu
will coincide 

2012 

 

with 

urve. 
ed to 
eans, 

ut this 
namic 
namic 

ment 
ts for 
urther 

with 



www.ccsen

 

improvem
results wit

When revi
results. Th
has been n
was not ex
all AoA, e
relatively 
When revi
experimen

At 10º wi
translated 
wing tip v
phenomen
captured e
that the flo
AoA is un
be expecte
accurately

Looking a
in good ag
complicate
the same c
tip vortex 
the AoA 
simulation
the graph i

As the flow

net.org/mas 

ments in coeffic
th experimenta

Figure 9

iewing the dyn
his was expecte
noted that the 
xpected for the
even where th
well. The sim
iewing the dy

ntal results but 

th an oscillati
down but also

vortex is begin
non was very h
exactly for the 
ow characterist
nknown, it may
ed that the add

y as well as the

at other AoA re
greement with
ed. It is this re
characteristics 
as it merges i
increases mor

n is able to cap
is translated ba

w beyond 17º 

cients of lift an
al results are sh

9. Experimenta

namic results f
ed, as the stati
dynamic resu

e dynamic Cmy 
he results devi
mulation data s
ynamic Cmy va

also the flow 

ion of ±5º, for
o not represent
nning to move
hard to captur
dynamic mod

tics could be c
y be this chang
dition of mesh
 utilisation for

esults for the d
h the experime
egion of the cu

of the flow. T
into the thickn
re and the vo

pture the flow m
ack towards th

has now beco

Modern

nd drag result
hown in Figure

al Data vs. Dyn

for the pitching
ic results had s
lts follow the 
 values. When

iated from the 
still showed th
alues it was se
shape and char

r the dynamic
tative of the e

e inboard and 
re accurately i
del. From the 
captured at 15º
ge in transition
h refinement i
r a more accura

dynamic pitchi
ental results. F
urve not only st
The cause of th
ness vortex, fur
ortices have m
more accuratel
he experimenta

ome detached, 

n Applied Scienc

25 

s (Kwak, 2010
e 9. 

namic Tests, fo

 
g moment, it is
such large devi
static results 

n reviewing the
 experimental 
he same shape
een that the va
racteristics we

c pitching mom
xperimental d
start to form w
in the static m
static results s
º and 17º, thou
n that is not be
n these areas 
ate turbulence 

ing moment, it
or the lower A
truggles to pro
his is again du
rther inboard o

merge with the
ly again (Cumm
al data and cap

as a result of t

ce

0). A detailed 

or 5º, 10º, 15º 

s observed tha
iations compar
all the time. A
e CL and CD dy

ones, the flow
e and characte
alues were no

ere not capture

ment, it is no
ata at all. This
with the thickn

model, so it is 
seen in Pevitt 
ugh the way the
eing captured c
would help to
model (Blazek

t is noted that 
AoA around 1
ovide the corre
ue to the inabil
of the leading 
e apex vortex
mings, 2010). 

ptures character

the apex, thick

comparison o

and 20º with ±

at there are larg
red to the expe

A therefor high
ynamic graph 
w phenomena
eristics as the 
ot only transla
ed.  

ted that the re
s is the region
ness vortex (S
no surprise th
& Alam (2011
e vortices mov
correctly by th
o better captur
k, 2001).    

only some pa
0º to 17º the f

ect data but als
lity to model t
edge (Liu & 

x, causing flow
This is why b
ristics of the fl

kness, and tip v

Vol. 6, No. 6;

of pitching mo

±5º 

ge deviations i
erimental resu
h level of accu
it was seen tha

a was still cap
experimental 

ated away from

esults are not 
n of AoA wher
Shauin, 2011). 
hat it has not 
1), it was obse
ve in-between 
his model. It w
re this region 

arts of the curv
flow is much 
so fails to repr
the transition o
Chen, 2011). O
w separations
etween 17º an

flow quite well

vortex all mer

2012 

ment 

 

n the 
lts. It 
uracy 
at for 
tured 
data. 

m the 

only 
re the 

This 
been 

erved 
these 

would 
more 

ve are 
more 
esent 

of the 
Once 
s, the 
d 20º 
.   

ging. 



www.ccsen

 

This actua
dynamic p
variances 
characteris
experimen
this flow i
makes it h
moment gr

Based on 
the static m
correct cha
Though be
accurately
be improv

Based on t
found to b
and precon
was based
both dissip
and match
attempts, 
preconditio
errors. Tes
dissipation

When the 
were mad
preconditio
convergen
further stu
for this stu
the Cmy gra

Figure 10

In Figure 
but did not
further tes
only impro
not fully 
additional 
(ETH, 201
refine the 
problem, f

net.org/mas 

ally makes the 
pitching mome
in the result, t
stics of the flo
ntal dynamic d
is complicated

harder to be ca
raph, the simu

the simulation
model results.
aracteristics at
etween AoA o

y represent the 
ed (Stolz, 200

the results the 
be a beneficial 
nditioning use 

d on the 22.5 m
pation and pre
h the testing pe
a simulation 
oning and diss
sts were then p
n input was lea

preconditionin
de to the inne
on and the in

nce greatly but 
udies, as furthe
udy. To indica
aphs at 20º wit

0. Experimental

10, it was obs
t improve its o
ting of additio
oved greatly b
converge it w
time steps thi

10). Although 
time steps on

further testing

flow much ea
ent it can be 
though this is 
ow for higher 
data, especially
d and hard to 
aptured accura
ulation is in rea

ns shown in Fi
 Therefore an 
t low angles o
of 10º and 17º

characteristics
6).  

dynamic data 
choice for the
found by Pev

million nodes,
conditioning p
erformed on th
could not be

sipation param
performed on b
ading to numer

ng was used a
er time steps 
nner time step

still did not fu
er time step ref
ate the quality 
th and without

l Data vs. Dyna

served that the
overall accurac
onal AoA. Whe
but also would 
was not possib
s model would
with the avai

n this model t
g was done on

Modern

asier to simula
seen that the 
also noted in t
AoA appear t

y at 20º, there 
capture and a

ately by CFD. 
asonably good 

igure 9 it was 
improved sta

of attack, and p
º the flow bec
s of the flow. 

with a more re
e simulations. 
vitt & Alam (2
, half model w
parameters alte
he static result

e made that w
meters were in p

both precondit
rical errors. 

alone, it was fo
in the solver

ps were increa
ully converge 
finements wou
of the standar

t preconditioni

amic Tests, at 20

e additional me
cy. Due to this,
en looking at t

d follow the ch
ble to use the
d converge fur
ilable computa
to determine t

n the 22.5 mil

n Applied Scienc

26 

ate, as it is full
results are in

the baseline st
to be modeled
are large devi
also that the f
Therefore it c
agreement wit

again clearly 
atic model wou
provide reason
omes very com
It is expected 

efined model w
Additionally t
011) were util

with sting, and
ered to better c
ts to the capab
would allow f
place. These m
tioning and di

ound that the m
r. To try and 
ased from 20
the results. Du

uld increase the
rd 22.5 million
ing are shown 

0º for Standard

 
esh refinement
, a detailed dec
the preconditio
haracteristics o
em in good co
rther and woul
ational power 
the possible a
llion nodes, ha

ce

ly separated (V
n much more 
tatic results. U

d reasonably w
ations in wind
flow is not ne
can be stated t
th the experim

evident that th
uld lead to the
nably good agr
mplicated and
that with furth

was selected. T
the advantages
lised. Due to th

d the other wa
capture the flo
bilities of the 
for the soluti

models would r
ssipation sepa

model would c
help the proc
0 to 400 (Bla
ue to this, the p
e computationa
n node model 
in Figure 10. 

d 22.5 million n

t changed the 
cision of its be
oning model it
of the flow mu
onfidence ther
ld result in the 
and time fram

accuracy achie
alf model with

Vicroy, 2010).
agreement. Th

Unlike the low
well. Additiona
d tunnel results
ecessarily easil
that for the 20º

mental data. 

he dynamic m
e Cmy values c
reement at hig

d the dynamic 
her mesh refin

The 22.5 millio
s of sting attac
his, two new t
s based on the

ow. The goal fr
dynamic resul
on to converg
results in failur
arately. It was t

converge, only
cess the mod
azek, 2001). T
preconditionin
al time beyond
and the benef
 

nodes (left) prec

shape of the C
enefits could no
t appears that t
uch better. As t
reafter. It is e
more accurate

me it was not 
evable. Due to
h sting withou

Vol. 6, No. 6;

 This means a
here are still s
er AoA results
ally, with all o
s. This implies
ly repeatable. 
º dynamic pitc

model would fo
closer matchin
gh angles of at

graphs strugg
nements this w

on node mode
chment, dissip
tests were run.
e same model 
from this was t
lts. Despite se
ge when both
re due to nume
then found tha

y when refinem
el was rerun 
This improved
ng was not use
d the feasible l
fits of precond

conditioning (ri

Cmy dynamic g
ot be made wi
the results wer
these results w
expected that 
e and viable re
possible to fu

o this converg
ut preconditio

2012 

at 20º 
some 
s, the 
of the 
s that 
This 

ching 

ollow 
g the 
ttack. 
gle to 
would 

l was 
ation 
 One 
with 

to try 
veral 

h the 
erical 
at the 

ments 
with 

d the 
ed for 
imits 

dition 

 

ight) 

graph 
thout 

re not 
would 

with 
esults 
urther 
gence 
ning. 



www.ccsen

 

Additional

The effect 
looking at
have trans
have also 
different t
parameters
1999). 

For the Dy
dynamic re
the flow ch
the upward
million no
the Cmy re
parameters
simulation
flow will b

For the 20
static solut
on the low
of the grap
experimen
characteris
million no
dynamic f
parameters

In addition
models we

net.org/mas 

l tests were pe

Figure 11.

of the 22.5 m
t the solution a
slated up notic
improved, tho
to the experim
s to work wou

ynamic Cmy v
esults to transl
haracteristics b
d stroke line. T

ode model begi
esults. It was o
s were added 

n is run with th
be more accura

0º Dynamic Cm

tion. Overall, t
wer AoA side a
ph. At the sam
ntal results sli
stics of the flo

ode model did 
flow across a
s, the quality o

n to these tes
ere also run in

rformed at 10°

 Experimental

million nodes m
at 10º it is no
eably and are 

ough as this is 
mental data. It
uld allow for th

values at 15º d
late upwards, i
better. Howev
This characteri
ins to merge it
observed that 

to the solutio
hese parameter
ate. 

my results, it w
the accuracy a
around 15º hav

me time, the upw
ightly. In both
ow do not chan
provide the m
ll AoA. It is 

of the results w

sts, some initia
n unison to bot

Modern

° and 15º. The 

l Data vs. Dyna

mesh is more no
oted that due to

now much clo
an area of the
t is expected 
his characteris

degrees it is n
improving the 

ver on the dow
istic is not pre
s leading edge
for the static r
on (Pevitt & A
rs, the dip in th

was noted that
and characterist
ve become clos
wards translati
h the 10.5 m
nge significan

most accurate re
believed that

would noticeab

al testing was
th sets of testin

n Applied Scienc

27 

results are sho

amic Tests - C

 
oticeable for th
o the improve
oser to the exp
e complicated f
that being ab

sation of the fl

oted that the i
quality of the

wnwards stroke
esent in the exp
e and thickness
results, this im
Alam, 2011). 
he results wou

t the solution w
tics of the flow
ser to the expe
ion has caused

million node m
ntly. Based on 
esults but was 
t with the add

bly improve. 

s performed o
ng. Due to thi

ce

own in Figure 

Cmy, for 10º, 15

he pitching mo
ement in the st
perimental data
flow, the chara

ble to get the 
low to be mod

improvement 
e results. Addit
e (or the top lin
perimental dat
s vortices soon
mproved when

Therefore, it 
uld be attended

was again tran
w in this region
erimental resul
d the results ar
model and the
the one 1Hz r
 still lacking a
dition of the 

on models pitc
s and because 

11. 

5º and 20º with

oment graphs i
tatic results, th
a. The charact
acteristics indi
preconditionin

delled in a grea

in static resul
tionally the gra
ne) the results 
ta. As mention
ner. This effect
n preconditioni

is believed th
d to and the ch

nslated up as a
n do not vary n
lts due to the u
round 25º to m
e 22.5 million
results it was f
as it did not fu
dissipation an

ching at 3 Hz
of a lack of ti

Vol. 6, No. 6;

h ±5º 

in Figure 11. W
he dynamic re
teristics of the 
icated are still 
ng and dissip
ater detail (Lo

lts have caused
aph now repre
dip and fall b

ned earlier, the
t is due to the d
ing and dissip
hat if the dyn
haracteristics o

a result of the
notably. The re
upwards transl

move away from
n node mode
found that the 

ully characteris
nd preconditio

 oscillation. T
ime available 

2012 

 

When 
esults 
flow 
very 
ation 
max, 

d the 
sents 

below 
22.5 

dip in 
ation 

namic 
of the 

new 
esults 
ation 

m the 
l the 
22.5 

se the 
oning 

These 
the 3 



www.ccsen

 

Hz model 
found to b
Despite le
were perfo
oscillation
Despite th
majority o
characteris

After revie
accurately
the flow c
are still qu
with the SA

For the 20
flow chara
to the less
improved 
easier to m
accurate an
the 22.5 m
be much m

5. Conclus

Based on t
simulation
preconditio

The findin
on leading
addition o
accurately

The study 
representin
in order to
are require
the other i

For the dy
model and
force and 
accuracy w
the CL an

net.org/mas 

testing was p
e less accurate
ss accuracy an

formed for 10º
n the reduced fr
he 3 Hz mode
of the results 
stics. 

Figure 1

ewing the Cmy

y. It appears tha
characteristics 
uite different c
AE model, pre

0º results, the s
acteristics accu
s accurate stat
through the us

model than the
nd indicated a 

million node m
more accurate. 

sions 

the findings fr
n parameters. T
oning and diss

ngs from this s
g edge refinem
of the sting, 
y refined model

indicates that 
ng the force an
o truly represen
ed. This can b
s for higher Ao

ynamic results,
d at 3 Hz on th
moment graph

were not possib
nd CD results 

erformed on t
e than the 22.5
nd due to time 
º and 20º Ao

frequency of ro
el being based

were quite si

2. Experiment

y dynamic data
at the 10º Cmy 
and values are

compared to th
econditioning a

imulation data
urately, but is t
tic data from 
se of the more
e 1 Hz data. E
good characte

model with the 

om CFD simu
The final mod
sipation param

study indicate 
ments. Otherw
preconditionin
ls, except for t

with the appr
nd moment coe
nt the overall f
e the concept 
oA simulations

 studies were c
he 9.6 million 
hs were directl
ble unless the 
were capable 

Modern

the 9.6 million
5 million node 

and resource 
A using the 9

otation was 0.1
d on a much l
imilar to the 

tal Data vs. Dy

a, it was obser
graph is the h

e much closer 
he experimenta
and dissipation

a is quite close
translated dow
the k-ω mode

e accurate base
Even using a m
erisation of the
SAE turbulen

ulations, a final
del was based 

meters.  

that it is vital 
wise, the result
ng parameters
the 17°AoA.

ropriate mesh r
efficient result
flight envelope
development 
s.  

completed at 1
nodes k-ω mo
ly related to th
static models 
of accurately

n Applied Scienc

28 

n node model 
SAE model ba
limitations the
9.6 million no
196. The pitch
ess accurate r
experimental 

ynamic Tests a

 
rved that at 10

hardest to mod
than what wa

al data for 3 H
n were used fo

e to the experim
wn slightly. It is
el. Therefore i
e model. Over
much less acc
e flow. Based o
nce model, pre

l simulation m
on 22.5 millio

to ensure an a
ts can deviate
s and increase

refinement and
ts to an approp
e additional m
of two separat

1 Hz and were 
odel. Initial fin
he static result
were improve

y indicating th

ce

with a k-ω tur
ased on the sta
e force and mo
ode model. By
ing moment re
reference mod
data and show

at 3Hz, for 10º 

0º the 3 Hz st
del for both 1 H
as found in the
Hz. It is expect
or the 3 Hz test

mental data. Th
s known that t
it is believed 
rall, it was fou
curate static m
on the results, 
econditioning a

model was crea
on node half m

adequate mesh
e largely from
ed dissipation

d flow parame
priate level of a

more specialised
te models, one

 based on the o
ndings indicate
ts of the same
ed. Despite the
he flow chara

rbulence mode
atic results (Pe
oment results f
y placing the 
esults are illust
del, Figure 12 
wed good agr

and 20º with ±

till struggles to
Hz and 3 Hz. F
e 1 Hz graph. 
ted that if the 
ting the results

he graph appe
this downward
that these resu

und that the 3 
model the resul

it is believed t
and dissipation

ted utilising a 
model, with th

h refinement w
m the experime
n parameters 

eters, the TAU
accuracy at low
d meshes and f
e for lower Ao

original 10.5 m
ed that the dyn
 model. There

eir variances in
acteristics, whi

Vol. 6, No. 6;

el. This model
vitt & Alam, 2
for the 3 Hz te

model in a 3
trated in Figur
illustrates tha

reement with 

±5º 

o model the re
For the 3 Hz g
Overall the re
more refined m

s would be clos

ears to represen
ds translation i
ults can be fu
Hz data was m
lts were both 
that with the u
n the results w

range of bene
e sting attachm

with a definite f
ental findings.
can lead to 

U code is capab
wer AoA. How
further refinem
oA simulations

million nodes, 
namic results 
efore high leve
n numerical va
ile the Cmy re

2012 

l was 
2011). 
esting 
3 Hz 
re 12. 
at the 

flow 

 

esults 
graph 
esults 
mesh 
ser.  

nt the 
s due 

urther 
much 
quite 

use of 
would 

ficial 
ment, 

focus 
 The 
more 

ble of 
wever, 
ments 
s and 

SAE 
in all 
els of 
alues, 
esults 



www.ccsenet.org/mas Modern Applied Science Vol. 6, No. 6; 2012 

29 
 

appeared to vary both in numerical results and flow characteristics, especially in the region of flow separation.  

The numerical results and the flow characteristics improved for the mesh refined models. These improvements 
indicated notable beneficial changes in the flow characteristics at all AoA used in this study.  

Based on the current accuracy of the dynamic models, the additional model refinement is needed. As the 
dynamic results follow the static findings, improvements made in the static results would greatly improve the 
dynamic results. It can be suggested that at current accuracy levels, it was not be possible to model the 1 Hz data 
in good confidence. However, the 3 Hz results can be modelled in quite good confidence, despite slight 
deviances were found in the Cmy results at 10º to 17º AoA. It is also believed that with further computational 
simulations with a more accurate model further improvement can be achieved in high frequency dynamic 
modelling. 
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