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Abstract

The computation of the unsteady aerodynamic phenomeron of buffet is be-
coming more feasible with the advent. of faster comnputers and better numer-
ical methods, This thesis is concerned with the computation of the Reynolds
Average Navier-Stokes equations (RANS) in an attempt to further the un-
derstanding of the physics related to transonic buffet despite RANS being
an approximation. The report concentrates on 2-dimensional (2-D) buffet
of two supercritical aerofoils and comparisons of experimental and computa-
tional results are presented. Different turbulence models were employed in
the computations. Results show that both steady and unsteady flow fields
are heavily dependent on the turbulence models used. The two equation SST
and Baseline models are found to be the most reliable models in predicting
the onset of bhuffet. However, the Baseline model tends to over-predict the
intensity of the buffet phenomenon. A comparison of various turbulence
properties was made in order to explain why buffet occurs at coertain angles
of attack. Detailed time and grid relinement studies were also performed,

although further grid refinement is necessary.
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Chapter 1

Introduction

1.1 Scope and motivation of project

One of the most challenging problems in computational fluid dynamics is the
computation of unsteady viscous flows around acrofoils. Turbulence and vis-
cous effects are of fundamental importance to the aercspace industry, being
paramount in aerodynamic design, This is becoming even more importaut
because, as the design of aircraft, helicopters and jet engines is improved, a
large number of unsteady phenomena appear that have serious implications
in terms of achievable performance or safety. As the speed and memory ca-
pacity of computers continues Lo increase, the computation of unstealy flows
i3 becoming more leasible, however it is still quite expensive. In addition,
relatively little effort has been spent in the systematic analysis of the time-
accurate computations of unsteady flows. Current cfforts have been focused
ou improving our understanding and modelling of complex, viscous, unsteady

flow phenomena such as turbulence, transition and shock-houndary layer in-

21



Transonic Buffet Introduction

teraction.

The present study deals with the computations of the RANS cquations for
2-D aerofoils in transonic and high Reynolds Number flows. Two test cases
were studied in this project; test case 1 involves work done on the BGK
No.1 supercritical acrofoil and test case 2 is on the OATIBA supercritical
acrofoil with a blunt trailing edge. Previous work on test case 1 has mainly
been experimental work by Lee[32,34,36,37], whilst previous work on the
OAT15A aerofoil has been hoth experimental and computational work done
at ONERA[12]. 2-D aerofoil buffet computations car now be conducted at
relatively low computational coste and theve are large quantities of experi-
mental data available for validation.

Buffef was detected over fifty years ago but the physics and cause of the peri-
odic shock motion is still nol fully understood. This study aims at improving
out knowledge of the self-sustained motion of shock waves in a butfet flow
regime. At transonic flow conditions, many unsteady phenomena are asso-
clated with shock wave interactions with separated regions. The resulting
pressure fluctuatious can cause control surface oscillalions known as aileron
busz, periodic flows in supersonic intakes and cascades. and many other un-
desirable unsteady effects [36].

The onset; of huffet can be predicted Ly numerical methods using fast comput-
ers. Viscous effecis such as viscous-inviscid interactions can be numerically
simulated on modern computers with relatively low CPU costs. Ilowever,
the efficiency in predicting buflet onsel using computational methods still
hag room for improvement.

Solving the Navier-Stoles equations is usually done by averaging the conser-

University of Glusgow 22 MSec Thesis
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vation equations, Reynolds Average Navier-Stokes (RANS) equations. ‘L'hese
equations wore proposed by Osborne Reynolds over a cenbwry ago. In the
Reynolds-average approach to turbulence, all of the flow parameters are as-
sumed to be composed of a mean and a fluctuating quantity. Averaging the
Navier-Stokes equations gives rise to terims that must be modelled, known
as Reynolds stresses. The presence of Reynolds slresses means that the
RANS equations are nol closed. Some approximations are necdaed to repre-
sent the Reynolds stresses. The approximations introduced are called turbu-
lence models. The modcls mainly used in this study are the k-w, 58T and
Baseline two equation models snd the Spalart. Allmaras one equation model.
The equations, therefore must be used with caution if they are to be used to

understand flow plysics.

1.2 Transonic Aerodynamics

1.2.1 Transonic Aerodynamics of Aerofoils and Wings

Transonic flow occurs when there is mixed sub- and supersonie local flow in
the same flow field (typically with f{reestream Mach numbers from M = 0.6
or 0.7 to 1.2). Usually the supersonic region of the flow is terminated hy a
shock wave, allowing the {low to slow down to subsonic speeds. As the Mach
number increases, shock waves appear in the flow fleld, getting sironger as the
speed increases. Figure 1.1, taken from Maseon:51], shows the development

of the flow with increasing Mach number, starting from subsonic speeds.
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Figure 1.1: Transonic flow pattern[51]

At some Mach number the [low becomes sonic at. a single point on the
upper surface where the local flow reaches its highest speed. T'his is the
critical Mach nuvmber. As the Mach number increases further, a region of
supersonic flows develops, Normally the flow is brought back to the subsonic
region by the occurrence of a shock wave in the flow. As the Mach number
increases, the shock moves aft and becomes stronger. As the Mach numnber

continnes to increase, a supersonic region and shock wili develop on the lower
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surface. As the Mach number approaches unity, the shocks move all the way
to the trailing edge. Finally, when the Mach number becomes slightly greater
than one, a Low wave appears just ahead of the aerofoll, and the shocks at
the trailing edge become oblique, many variations in the specific details of
the flow feld development. are possible, depending on the specific geometry

of the aerofoil.

1.2.2 Transonic buffet of aerofoils and buffet bound-

aries

Buffeting is the dynamic response of an aircraft structuve, such as o wing,
to unsteady forces acting on it. The buffet loads at transonic speeds arve far
more severe than those at low subsonic or supersonic, that is why this review
wainly concentrates on transonic buffeling. Transonic buffet is of greater
importance in terms of aircraft manoeuverability and strictural integrity
considerations. The process is essentially driven by the interaction ol the
shock wave with the boundary layer which influences the development of the
shock-induced separation or rear separation. The divergence of an acrofoil’s
trailing edge pressure can be used to estimate the magnitude of buffet loads.
A normal practice in buffet aerodynamics is to define a buffet boundary. An
example of one of the early definitions of the buifet houndary illustrated in
a lift versus Mach number plot is shown in Figure 1.2. Thomas{79] defined
the ouset boundary to be a curve separating the regions where the flow is
essentially attached or partially separated and those where the flow is fully

separated. In the subsonic region the boundary coincides with the maximum
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lift versus Mach number curve. As the flight speed is increasad, a shock wave
is formed and it moves rearwards and finally reaches the frailing edge of the
aerofoil. Separation will disappear and we have a buftet-free supersonic Aow.
For thin wings at small incidence, this condition can be reached even before
the shock wave has attained an intensity great enough fo initiate buffeting.
There is & buffet-free corridor whereby it 18 possible for a suitably designed
supevsonic aircraft to pass through the transonic region without encountering
buffeting. The onsei of buffet is defined similagly for Aghter and transonic
aircraft, but permissible opcration of the aircraft excursion into the huffet
regime is diffevent. For a combat aircraft, light buffeting is delined as the
first appearance of sizeable vibrations noticed by the pilot and the aireraft
can safely operate in that regime. The margin set for moderate buffeting
repregents the highest values of instantaneous puil-ups or twn rates at which
the weapon platform may still be effective in releasing stores or cavrying
out a tracking mission. Heavy buffet is determined by the structural limits
of the aireraft and should be avoided at all costs. For transport aireraft
during normal cruise, the aireraft may encounter a strong gust which carries
it over the buffet boundary. However, excursion ingide this boundary for any
prolonged period of time is not permissible.

Pearcy[60] and Pearcy and Holder[61] defined one of the earlicst methods to
determine bulfet onset. Buffet onsct is determined by the Mach number or
incidence when the bubble reaches the trailing edge and bursts. This can also
be obtained from the divergence of the trailing edge pressure. Mabey[48] also
defined another method for determining buffet onset using unsteady forces

or pressure measurements. n two-dimensional serofoil testing, a convenient
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Figure 1.2: Bullet boundary from [79]

quantity Lo usc is the unsteady normal force oblained either from integration
of the unsteady pressures on the aerofoil surfaces or from direct measurement
with a force balance. Lee and Tang[43] used the divergence of this quantity to
define the buffet boundary. Lee and Ohman(42] have shown experimentally
that for the BGK No.l aerofoil, large fluctuations in the normal forces are
detected at Mach munber approximately 0.733. Tt is shown in Figure 1.3 that
the aerofoil can experience a large normal force from a small excursion into
the buffet regime al iransonic flow conditions. The source of this behaviour
is agsociated with the presence of the periodic shock motions.

Figure 1.4 shows the rogion where shock oscillation occurs for the BGK
No. 1 acrofoil. Comparison with Figure 1.3 shows the region where large
values of normal foree fluctuation is devected lies inside the shock oscillation
region. "This region where discrete requency oscillations occur increases in

dimension for thicker supercritical aerofoils.
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Figure 1.3: Buffet onset according to |36]

The excursion into the buflel regime is shown in Figure 1.5 where « is

fixed at approximately 6° and the Mach nwumber varied from 0.6 to 0.81.

The results obtained by Tee for the BGIC No.1 acrofoil show the [luctuating

normal force Lo increase almost linearly from M — 0.6 to 0.69. Tha onsct

boundary is crossed at M = 0.615 and the shock oscillation region begins at

M = 0.67. Between M = 0.67 and M = 0.69, the shock is very weak and

the normal force continues Lo increase approximately in a lincar manner. A

maximum normal force is located al M=0.733 close to the design value of
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Figure 1.4: Region of shock oscillation for BGK No. 1 aerofoil [32]

0.75. The slope of the graph for 0.616 < M < 0.69 is much smaller than
for 0.69 < M < 0.733 where fairly strong shock oscillations occur in the
latter range of M. At the higher values of Mach numbers (M > 0.733), the
shock weakens and the pressure field due to shock oscillations decreases wilh

increasing M, resulting in a decrcasc in the normal force.

1.3 Shock induced separation

1.3.1 Flow separation

Some familiar types of flow separation encountered in or around engineering

sbructures are shown in Figure 1.6, These are guasi 2-D bubble separations
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proximately 6° [36]

which can be modelled and the associated pressure {luctuations predicted.
However, aircraft performance is also influenced by the increase of drag and
buffeting arising from the separation of a haundary layer from an essentially
smoothly-contioured tifting surface. Because of the wide variation of Mach
number and angle of attack, flow separation on combat aircraft wings can
be expected in certain regions of the dight envelope. In manoeuviing flight
a combat aircraft wing exhibits a complex, changing pattern of attached,
separated and vortex flows across its span. The management of separated

flows and minimization of buffet vequires significant design effort.

1.3.2 Types of separation

For the subsonic astached flow past an acvofoil, viscous etfects are usually

assumed to be confined to a thin layer adjacent to the aerofoil surface and in
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the wake. As Mach is incrcased, a critical value is reached. Above the critical
Mach munber, a supersonic region appears which is generally terminated by
a shock wave. When the pressure rise acrosgs the shock reaches a sufliciently
large value, shock-induced separation of the boundary layer occurs.

In considering shock-induced boundary layer separation on aeroloils, there is
always a region of supersonic/subsonic flow separated by a shock wave. This
is followed by the presence of continuons adverse pressure gradient in the
subsonic flow downstream of the shock. Development of upper-and lower-
surface boundary layers near the trailing edge and their merging into the

wake have significant influence on the circulation, and throush it éhe pressuve
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distribution and shock location.

At low incidences when shock waves occur on both surfaces, the introduction
of a disturbance at the foot of the shock will cause a change in the pressure
recovery downstream of the shock. The flow al the lower surface is affected
which in turn causes the shock to move rearwards, The static pressure along
the wake is also disturbed and in order that the pressure may fall to the
freestreamn value to satisfy the compatibility condition, the shock and the
separation point on the upper surface must move forward. The compatibility
condition is where the static pressure on the two sides of the wake has {o be
equal, or near equal[60)].

Pearcy[60] aud Pearcy and Holder[61] studied mostly bubble separation. A
slketch of this type of separation found commonly in aerofoils of conventional
design is shown in Figure 1.7 where a supersonic repion extends along the
edge of the bubble downstream of she foot of the shock. This region lies
in an area where the pressure increases in the downstream direction causing
the streamlines to converge. This offsets the tendency for the shear layer
lo re-attach and delays the closure of the bubble. On the other hand, a
local subsonic flow with diverging streamlines would help to promote re-
attachmené. As long as the rise near the forward part of the bubble re-
establishes subsonic flow, the bubble size would tend to be self-limited.

In addition to the presence of a bubble separation, rear separation tends
to accur and spread forward [rom the trailing edge for thick supercritical
aerofoils. The onset and rate ol forward movement depends mainly on the
thickness and velocity profiles of the boundary layer approaching the trail-

ing edge as well as local pressure gradient. Complicated interactions hotween
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Figure 1.7: Sketch illustrating shock boundary layer interaction:
(a) bubble separation, (b) bubble and recar separation [61]

rear and bubble separation can occur. If the boundary is already on the verge
of separating near the trailing edge when a bubble separation occurs finrther
forward, this bubble will likely disturb the boundary layer profile sufficiently
to trigger rear separation. Pearcy ot al [61] named this flow separation as
model B to distinguish from the bubble scparation which is modet A {see
Figure 1.7).

As stated earlier, the nature of flow separation ig complex. Fignre 1.8 illus-
trates several different. characteristics encountered in the How over the npper
surface of the aerofoil as incidence is inereased for a range ol subsonic speeds
[60]. In producing Ligh maximum Eft at low speed a strong adverse pres-
sure gradient is generated well forward on the section which can separate the
boundary layer (possibly still laminar) as a bubble close to the leading edge.

The bubble itself is a source of buffet and circumstances can causc a sudden
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expansion of the buhble, creating a wide unsteady wake, a rapid increase of
buffet (Cases 1 and 2 in Figure 1.8). In practice excessively high suetion on
the leading edge could be relieved by introducing camber. In that case, the
initial buffet would arise {rom the growth of separation spreading forward

from the aerofoil trailing edge (Case 3).
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Figure 1.8: Possible types of flow separation on acrofoils [60]

Lt general at higher speed (Cases 4 to 7) as discussed eavlier, a region of
supersonic flow will develop on the upper surlace of the aerofoll, terminated
by a shock., With increasing incidence and/or Mach nunber the shock wave
moves rearwards until the pressure rise through the shock is sullicient ta
cause the boundary layer to separate at the foot of the shock. Initially, this
shock induced separation will form a closed bubble with a re-attachment a
shorf: distance downstream from the shock wave. At this stage there may

be no trailing edge separation (Case 4); or a trailing-cdge separation may be
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present. prior to the shock-induced separation onsct fluctuations.

1.3.3 Shock wave location

The factors that affect the shock wave location are the incidence, [reestream

Mach number and the aerofoil configuration.

Increasing incidence

With the {reestream Mach nmnber held constant, an increase in incidence
increases the local Mach number at fixed points upstream of the shock wave.
For a small bubble at the shock, the disturbance dies out before reaching
the trailing edge where the pressure is practically unaffected by the change
in incidence. As the bubble grows in size, it will affect the trailing edge
pressure causing divergence when the separation bubble reaches the trailing
edge. A furtler increase in incidence resulbs in a greater decrease in the
trailing edge pressure and a stronger disturbance at the wake. Pearcy [60]
showed that for a 6% thick RAE 104 aerofoil at Mach numbers between 0.7
and 0.95, the shock initially moves downstream will incidence until a value

is reached where any further increase will cause the shock to move forward.

Increasing Mach number

The behaviour in the shock position with increasing Mach number is quite
sinilar to that for increasing incidence. In this case, the [reestream pros-
sure falls as the Mach number increases, and the separation bceomes more

severe due o the stronger local Mach nunber ahead of the shock wave. The
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aerofoil shape determines the local Mach number ahead of the shock and
hence controls the onset of separation as well as the rate at which the shock
moves over the surface [36]. As Mach number increases the shock usually
tends to move rearward. However, for thick aerofoil sections siuch as those
found in supercritical aerofoil design, a forward moving shock may occeur for

sufficiently high freestream Mach mimbers.

1.4 Experimental work on aerofoil buffet

1.4.1 18% thick circular arc

Levy [46] has conducted extensive experiments on the 18% thick cireular arc
acrofoil to investigate its bullel propertics. This acrofoil is characlerized by a
constant radius of curvature. The experiments were conducted in the NASA
Aines high Reynolds number wind tunnel. This wind tunnel is designed for
operation at Reynolds numbers per foot up to 40x10% for subsonic flows and
to 200x10° for supersonic flows, To eliminate upper and lower wall interfer-
ence eflects, and to prevent choking of the tunnel, these walls were contoured
to follow the aerafoil free-air streamnlines for the chosen test condition.

The test data included surface-pressure measurements on the aerofoil and
channel walls, oil-filin studies to display surface streamlines and locate lines
of flow separation and flow ficld shadowgraphs. The tests were conducted at
freestream Reynolds numbers; hased on serofoil chord length, ranging from
1x108 to 17x10%. The tesi Mach number was varied from near the critical

valne (M=0.71) to vhe highest possible without choking the channel. Pres-
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gurc measurements were made along the centerline on both upper and lower
aerofoil surfaces and at spanwise stalions on one surface. The results indi-
cated two-dimensional flow over most of the aerofoil.

During the course of the investigation it was discovered (from viewing higl-
speed shadowgraph movies of the flow ficld) that unsteady oscillatory oc-
curred for certain combinations of Reynolds numbers and Mach numbers.
To provide detailed information in this unsteady fiow regime, four miniature
pressure sengors were located directly in the aerofoil.

A shadowgraph of the flow field taken through the test scction windows at
M=0.79 and Re=11x10° is shown in Tigure 1.9. At these test conditions
shock-induced separation occurs near the foot of the shoek wave and extend
downstream beyond the shock wave and Mach waves appears to emanate
from the interface between the turbulent shear layer and the outer flow. Su-
perimposed on the shadowgraph are mean axial velocity profile data obtained
with a laser velocimeler.

The values of the swface pressure and skin friction were alse investigated
by Levy [46], see Figure 1,10, The data show a small pressure recovery
aft of the shock-induced separation point. The magnitude of the pressure
coefficient downstreamn of the scparation is slightly lower than the critical
pressure and the flow may be slightly supersonic, This interpretation is
cousistent with the shadowgrapl observation (Figure 1.9) which revealed an
oblicue shock near the separation point.

A portion of the experimental surface pressure time histories taken during
a Mach number sweep through the unsteady flow region lor twa positions

on the aerofoil are shown in [Figure 1.11. Ixamination of these data shows
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Figure 1.9: Shadowgraph of steady shock-induced separation with
an overlay showing mean velocity profiles, M=0.79 and Re=11 mil-
lion [46]
that the unsteady pressure are periodic and that the pressures on the upper
and lower surfaces are 180° out of phase. The frequency of oscillation was
found to be independent of the position with a value of 188 Hz. A series
of weak shock waves form near the trailing edge where they build strength
and coalesce into a .\‘ln'__',]t' wave that moves toward the midchord As the
shock approaches the midchord it weakens appreciably and the cycle repeats
itself periodically. A similar situation occurs in the lower surface 180° out of
phase.

A vortex is seen to form near the trailing edge and sheds alternately
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Figure 1.10: Experimental and compubed pressures and skin fric-
tion on the aerofoil surface, M=0.79 and Re=11 million [46]
upwards and downwards, depending ou the direction of the asymmelry of
the periodic fow.

Levy [46] used Jaser velocimetry to determine the velocity field during

University of Glasgow 39 MSc Thesis



Transonic Buffet Introduction

LPPER SURFACE
xfc = BE0 we <0775

__°P“4‘“’-\M _,W\(W

LGWER SUATACE

IU‘J\Q&( SXPEnIMENT u ﬁﬁqﬁ

[ '.1 ) 16 ?:7 o+ g . 0 27
CHOROS IBAVELED CHGNDE TRAVELLD

Figure 1.11; Surface pressurc time histories on the aerofoil with
unsteady flow, M=0.76 and Re=11 million [46]

the flow oscillations. Instantaneous velocity components were recorded and
plotted against dimensionless fraction of time for one cycle of the oscillation,
Figure 1.12. The velocity increases with Lime initially and then shows a
marked decrease as the shock wave passes upstream. Examiuation of the
velocity field data and the shadowgraphs revealed a complete picture of the
flow field. As the shock wave begins to form near the rear of the aerofoil, it
strengthens aud moves upsiream. Separalion cccurs ab the foot of the shock
with subsequent ve-attachment on the aerofoil surface. Downstream at the
trailing edge a small vortex is formed and circulation occurs from the aerofoil
surface with attached {low, around the trailing edge to the surface with shock
separated flow.

Levy observed both trailing edge separation as well as separation at the
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Figure 1.12: T'ime history of mean velocity components from con-
ditionally sampled data for one cycle of flow oscillation, M=0.76
and Re=11 million; x/¢=0.7 and y/c=0.125 [46]

foot of the shock. At M=0.75 the pressure recovery over the aft portion
of the aerofoil is weak and the shock-induced separation occurs. The flow
field is directly affected by the displacement effect of the boundary layer and
the eflect of changes in Reynolds number on pealk pressure coeflicient, shock
strength, shock location,and aft pressure recovery are appreciable, particu-
larly at low Reynolds numbers. In general, the Reynolds number effect is
small for numbers above 10 million.

Levy also concluded that as test Mach number is increased above the criti-
cal value (M=0.71), steady flow with strong aft pressure recovery, and with
boundary layer separation located near the trailing edge {x/c—0.9), persists
for the test Reynolds number range (1x10% to 17x10%) until approximately

M=0.76. As the freestream Mach number is increased from about 0.76 to
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0.78, the flow is unsteady. About M=0.78 the flow is again steady (except
for the lowest Reynolds number of 1 million), with separation now fixed av
the base of the shock wave.

McDevitt et al [52] alse conducted tests on an 18% thick circular-arc acro-
foil at Reynolds number between 1 and 17x10°. By varying the peak Mach
number just ahead of the shock from about 1 to 1.4, weak and strong shock
boundary layer interactions were observed. Unsteady pressure measurements
were taken at x/c=0.5 and 0.775, and these measurements show periodic mo-
tion of the flow to be asynunetric and the shock movement on the upper and
lower surfaces is exactly 180° out of phase. This is congistent with the results
obtained by Levy. Shadowgraph movies were taken of the flow over the aft
portion of the acrofoil as Mach number was varied from 0.74 to 0.785 at a
rate dM/dt=0.001, and the results show that on the aerofvil surfaces, alter-
nate shock—induced and trailing edge separation occur.

MecDevilt suggested that during a particular phase of the oscillation cycle
when the peak in pressure is ahead of the shock on the upper surface is
above the the critical value, shodk-induced separation will occur. The shock
on the lower surface, being closer to the trailing edge, will induced rear sep-
aration. The effective aerofoil profile is no longer symmetrical and the effect
of the negative camber is to slow down the fow over the upper surface. This
tends to suppress the shock-induced separation phenomenon but at the same
time induces higher velocities over the lower surface, and the flow felds re-
verse. When the freestream Mach number is increased to a value snfficiently
above the critical, the oscillatory behaviour ceases and hoth surlaces experi-

ence steady, shock-induced separation.
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Figure 1.13 shows the regions where periodic shock oscillations occur for in-
creasing and decreasing Mach number at a rate of dM/dt = £0.001. This
figure was documented by MecDevitt after further works on the circular-
arc aerofoil. The right-hand boundaries are essentially the same but the
left-hand boundaries are consistently different. The first appearance of the
shock-induced separation on the onset of periodic flow occurs at peak Mach

number ahead of the shock to be approximately 1.25.
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Figure 1.13: Unsteady flow domain [52]

1.4.2 12% thick NACA 16 series aerofoil

Extensive measurements of pressure fluctuations caused by two-dimensional
shock/boundary layer interactions on a 12% thick NACA series aerofoil were
conducted by Mundell and Mabey[58]. The measurements illustrated some
interesting features of shock/boundary layer interactions not well established

previously.
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A NACA 16 series aerofoil had a thickness/chord ratio of 11.7%, a chord of
152 mm and a span (2b)of 606 mm was used in the experiments. This model
was mounted in the RAL 2t x 1.5ft transonic tunnel. The Mach number
range for this investigation was from M=0.7 to 0.86, Reynolds number was
relatively low; 1.4 million for @ = 0° and 3.6° and 1 million for o = 6.7°.
Transition was free for o = 0° bl lixed for @ = 3.6° and 6.7¢ by roughness
bands at x/c=0.07 and 0.1 on the upper and lower swlfaces respectively.
Mabey did a classification of the shock/boundary layer interactions from
results obtained in these cxperiments. This is illustrated in Figure 1.14 for
constant Mach numbers as the angle of incidence increases. Type 1 indicates
the weak shock with a turbulent boundary layer. In the time-mean flow Lhe
main effect of the shock is to thicken the turbulent boundary layer. The

thiree regions of excitation may be identified:
1. upstream of the shock, a low level rms pressure al all froquencies.
2. close to the shock a low level, low [requency, small scale excitation, and

3. a short distance downstream of the shock, the pressure fluctuations re-
vert, to the tunnel-emply level. The low frequency excitation close to
the shock could be integrated to give a small net foree at low frequen-
cies. However this force would be masked generally by the net force

due to unsteadiness in most transonic tunnels.

Type 2 is a complicated interaction of a shock sufficiently stroug Lo sep-

arate the turbulent boundary layer locally, this separation being followed by
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Figure 1.14: Classification of shock/boundary layer interactions

and excitation on the aerofoil

[58]

re-atlachment. Tn the (lmemean flow the maiu effect is a rapid iucrease in

the boundary thickness at the trailing edge, and the divergence ol the trailing

cdge pressure. Five regions of excitations may be identified:

1. upstream of the shock there is a low lovel rms pressurve. Quite similar

to type 1.

2. fairly close 1o the shock a high level, low frequency large scale excita-

tion,

3. along the hubble the low frequency excitation due to the shock atien-
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uates and the high frequency excitation due to the bubble increases.

4. as the boundary layer recovers downstream of the re-attochment the

low frequency excitation falls rupidly, and

5. towards the trailing edge the excitation due to the shock reverts to the

tunnel-empty level.

Type 3 is the final stage of the shock induced separation. The strong shock
now separates the furbulent boundary layer and this does not re-attach so
the aercofoil. In the time-mean flow the main change is the thick separaled

shear layer at the trailing edge. Three regions of excitalion may be identified:

1. upstream of the shock therc is low level rms presswre,

2. downstream of the shock a high level, low frequency large scale excita-

tion extends from over the wide separated flow region, and

3. towards the end of this separated flow region, gome high [requency

excitation from the bubble, formed by the closure of the wake appears.

However, the results from these experiments were greatly influenced by
the wall effects from the tunnel. When the shock from the model intersects
the boundary layer on the rool of the tumnel, shock disturbances can prop-
agate upstream through the subsonic portion of the plenum chamber of a
slotted tuunel.

Mabey also kept the angle of incidence constant at 3.6° while the Mach nur-
ber was varied. A weak shock with attached flow was observed for M—0.74.

The steady pressure distribution shows that close to the leading edge there
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is a small region of supersonic, terminated by a weak double shock. The
rms pressure fiuctnations have a maximum at the shock (upstream of the
measurement position for this condition) and then decrease steadily as x/¢
increases, reaching the tunnel level,

The Mach number was increased to M=0.8, at this Mach number the shock
was sufficiently strong to cause separation which is followed by re-attachment.
The Schlieren images showed that the shock now oscillates about a mean posi-
tion. The average Mach number at the shock derived from. the mean pressure
distiibution is ouly 1.18 and it is therefore not suvprising that astached flow
is predicted for this condition. The yms pressure fluctuations have two max-
ima, the firgt in the vicinity of the shock and the second in the vicinity of
the re-astachment point, Downstream of the re-attachment the rms pressure
fluctuations fall rapidly towards the tunnel level. The spectra of the pressure
ghowed gome interesting featuves. For x/¢=0.45, upstream ol the wean shock
position, there is peak at very low frequency. This is caused probably by the
intermittent separation associated with shock oscillations. In the vicinity of
the shock (x/¢=—0.5 and 0.53) this low [requency peak is present, together
with higher peak characteristics of shock-induced separation with turbulent
boundary layers.

When the Mach number was increased to 0.82 a shock-induced separation
without re-attachment was noticed. The shock was sufliciently strong to pro-
voke geparation withoul re-attachment. Steady pressure distribution gives
no indication of a bubble, and oil flow photographs showed that separation
extends from the shock to the trailing edge. The average Mach number at

the shock has increased to 1.25. The rms fluctuations are extremely low up-
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strcam of the shock, have a maximum in the vicinity of the shock and then fall
rapidly. Between x/c=0.7 and 1.00 other experiments by Lee [39] suggested
that the pressure fluctuations should increase steadily as the separation bub-
ble increases in depth towards the trailing edge. The spectra of the pressure
fluctuations show Lhat the level of excitation is extremely low npstream of
the shock. At the shock the excitation is dominated by the peak character-
istic of the shock boundery layer interaction. The tunnel Schlieren system
shows that the amplitude of the shock oscillation is larger at M=0.82 than
at M=0.80. AL M=0.84, measurements showed a shock sufficiently strong to
extend to the roof of the tunnel, as well as to provoke shock-induced sep-
aration without re-attachment. The steady pressurve distribution resembles
closely that at M=0.82 but now the shock is a little further downstream
(although weaker) and the separation is not two-dimensional in the vicinity
of the trailing edge. The rms pressure fluctuations are low up to the shock,
have an exceptionally high maximum at the shock (about p/g=0.08) and
then fall rapidly to p/q=0.02 at x/c—0.7, where q is the dynamic pressurc.
The spectra of the pressure fluctuations are particularly interesting. At the
shock the level of pressure flnctuations is about three times higher than at
M=0.82, although the shock i Lime-averaged flow is a little weaker. This
large increase in pressure [luctuations is due probably to the propagation of

disturbances from the boundary layer of the tunnel.
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1.4.3 14% Thick Biconvex Wing

Mabey [48] conducted experiments on the 14% thick biconvex aerofoil sec-
tion. The tests were made on small models (¢—300mun). Periodic low oc-
curred with both laminar and turbulent shock wave boindary layer interac-
tions. The flow involves the periodic movement of the shocks between the
{railing-edge and the maximum thickness position on alternative sides of the
aerofoil {as sketched in Figure 1.15) and generates large unsteady pitching

moments. The model was tested over the Mach number range from the criti-

Steady low, i Steady flow
tratilay - edge Osciltatory shock ~induced
0r separation separation separation
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Rxio X e X c Xeew Computed
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Figure 1.15: Flow domains for a 14% thick biconvex aerofoil « = 0°,
fixed transition domains [48]

cal value, M=0.74 to M==0.9 at a total temperature of about 290 K and over
the Reynolds number range from Re=1 x10% to 7x10° .

Mabey [48] noticed that just below the onset of periodic flow, for a Mach
number M=0.81, there is a shock between x/¢—=0.65 and (.7. This shock does
not. cause significant fow separation becanse the trailing-edge pressure does

nob diverge. However high speed shadowgraph pictures show a simall area
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of separation at x/c—0.87, well downstream of the shock. With an increasc
in Mach number to M=0.85, in the region of the periodic (low shows that
the mean shock weakens a little and moves forward to about x/c==0.6. High
speed shadowgraph pictures show that there is no stcady shock position. In-
stead a periodic motion develops, with shock moving upstrearn from about
x/c=0.75 to 0.55, alternating between the upper and lower surfaces (ie the
shocks move in anti-phase}. The mean separation position of x/c=0.83 was
observed by surface oil flow test at Re—=2x10° .

With an increase in Mach pumber (o0 M=0.88, just above the region of pe-
riodic flow, the mean shock position moves back to between x/c=0.65 and
0.70. The small Mach number gradient behind the shock indicates that the
flow is completely separated fromn the shock to the trailing edge.

Mabey also observed thaf the steady pressnres indicate no unusual features
in the transonic flow. T'he elassic Mach nwmber freeze develops upstroam of
the shock, and (railing edge pressure divergence clearly indicates the onset of
significant flow separation. For the critical Mach mumber, M=0.74, the pres-
sure fluctuations are nearly symmetric about the midchord of the wing, with
a maximum of p/g=0.04. This peak is attributed primarily to the influence
of wake fluctuatious and flow unsteadiness on the development of the region
of the sonic flow about maximum thickness.

When the Mach number increases to M==0.81 a small peak(p/q=0.04) devel-
ops near the shock. Upstream of the shock the pressure fluctuations are at o
cominon, low level of p/q=0.01, becausc the shock partially inhibits forward
movement of disturbances from the trailing edge or the diffuser ol the wind

tunnel. In contrast, downstreain of the shock the pressure Huclualions are
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at a higher common level of p/q=0.02 because disturbances can propagate
upstream into this region from the wake and diffuser.

When the Mach number increases to M=0.85 there is a radical change. Over
the region where the upstream shock motion occurs (from x/¢=0.75 to 0.55)
the pressure {luctnations increase substantially, peaking at p/q=0.34. These
pressure fluctuations are an inevitable result of rapid periodic changes from
supersonic to subsonic flow. Upstream of the shock, at x/c=0.5 the flow is
always attached, but the pressure fluctuations are at the relatively high level
of p/q=0.02 with an additional increase close to the leading edge. Forward of
the shock, weak pressure wave propagate obliquely over the sop of the shock
as the region of supersonic flow collapses.

When the Mach number is increased te M=0.88 the periodic flow is sup-
pressed and the inean shock position starts to move downstream again. The
pressure fluctuations peak at the shock with p/q=0.1. Upstream of the
shock the pressure fluctuations arve around 0,03, consistent with the low level
of pressure fluctuations known to propagate downstream from the settling
chamber of the RAE 3ft tunnel. Downstream of the shock the pressure flue-
tuations are random in character, with p/q about 0.03. Thus these pressure
fluctnation measurements {or M=0.88 are fairly typical of the normal excita-
tion encounterecd at transonic speecs. 'I'he high speed shadowgraph pictures
show that the shock waves remain at about x/e¢=0.67 on hoth surfaces, but
alternate in height, and presumably in strength, between the top and botiom
surfaces. The large pressure fluctuations are developed by the periodic flow
becausc of the larpe chordwise movements of the shocks on opposite surfaces

ol the wing. Shadowgraph pictures suggested that the shock moves forward
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from x/c=0.78 to 0.53 and remains stationaty there for about half a period,
gradually becoming weaker until the How suddenly reattaches and the shock

disappears.

1.4.4 CAST 7/DOA1L

Stanewsky carried out experimental investigation on a supercritical aerofoil
CAST 7/DOA1 to determine the effects of Mach number, angle of attack
and Reynolds number on the buffet phenomena and especially the effects on
shock oscillation frequency and amplitude [79].
It is vital that the effects of Reynolds number on the flow developrent is
known when developing a transonic aerofoil. The state and condition of the
boundary layer upstream of the upper surface plays an important part in the
development of shock waves and regions of separation. The aerofoil model
has a chord length of 100 mm. The experimental setup is shown in Figure
1.16. Surface pressure orifices were installed to measure and to determine
the average pressure distribution, surface flush-mounted dynamic pressure
transducers recorded the pressure fluctuations at various chord locations and
surface hot-film sensors mainly to detect transition and separation locations.
Density distributions in the unsteady flow fleld and flow visnalization were
obtained by a holographic higli-speed; real-time interferometer.

Figure 1.17 shows the surface time-averaged pressure distvibution at a
constant Mach number of M—0.775 and Reynolds number of Re = 8x10% ,
with increasing angle of attack going from a pre-buffet state to a condition

beyond buffet onset. The upper surface pressure distribution is character-
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Figure 1.16: The CAST 7/DO0OA1 model and instrumentation [79]

ized by a strong expansion near the leading edge followed by a plateau-Lypa
pressure distribution over the mid-section of the aerofoil and followed by a
relatively strong shock wave and fairly large rear adverse pressure gradients
making the aevofoil susceptible to trailing edge separation[79]. It can be seen
that the shock wave moves upstream with increasing angle of attack and at
the samc time there is a rapid drop in trailing edge pressure. Deocreasing
trailing edge pressure indicates a strong thickening of the boundary layer
at the trailing edge and it is likely that either separation starts to develop
at the trailing edge or the shock-induced separation hubble has reached this
position. At an angles of attack of 3° and 4° shock oscillations were observed.

Stanewsky and Basler!79] suggested that the thickening of the boundary
layer at the trailing edge and the corresponding drop in the trailing edge
pressure are the driving mechanisim for the periodic shock motion. Figure

1.18 shows the variation in shock strength represented Ly the height of the
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Figure 1.17: Averaged pressure distributions at pre and post-buffet
onset conditions [79)
shock wave in a cycle of shock oscillation. It is indicated that during the latter
stages in the downstream movement of the shock, the strength of the shock
increases, a process that continues during the subsequent forward movement
until a certain position on the aerofoil is reached. During the remainder of the
forward movement, the shock strength decreases[79]. The bottom plot shows
that during the whole process of the upstream movemnent the boundary layer
thickness at the trailing edge increases. 1t is believed thal the thickening of
the boundary layer at the trailing edge and the corresponding drop in trailing
edge pressure is driving the shock upstream since the shock must adjust its
position according to the trailing edge pressure.

The amplitude and frequency of the shock oscillation are likely Lo he de-

pendent on the Reynolds number or some characteristic boundary layer pa-
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Figure 1.18: Relation between shock movement, shock strength
and trailing edge boundary thickness [79]

rameter since this process is closely related to the development of separation,
Consider the dependence of the reduced frequency on the Reyuolds number
for angles of attack well within the bullet domain, Stanewsky ohserved that
the reduced frequency, based on the chord length, generally decreases with
Reynolds number, Figure 1.19, This holds for the two angles of attack con-
sidered, alpha= 4 * and 5 °, as well as for the three Mach numbers depicted,
M= 0.74, 0.76 and 0.78. Note that the shock oscillation frequency increases

with Mach numnber.
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1.5 Computational work on aerofoil bufifet

1.5.1 18% Circular Arc Aerofoil computations by Levy
Computational set-up

Levy[46,50,72] from NASA Ames Research Center has done extensive work
on the 18% circular arc using both experimental and computational fluid
dynamics for testing and guiding the development of turbulence mnodelling
within regions of separated Aows. The transonic fow field about the asrofoil
was simulated nmumerically using a program that utilizes an explicit finite-
difference method to solve the time-dependent, two-dimensional, Reynolds
averaged form of the Navier-Stokes equations applicable to compressible tur-
bulent flows. The turbulence is modelled using an algebraically sxpressed
eddy viscosity model.

The control volume, -12 and +8 chords in the x direction and £6 chords in
the y dircction, is divided into a 78 x 35 mesh, The fHow field development
within this vohumne is followed in time until it attains a steady state. At the
far upstream and transverse boundaries, the flow is assumed mniform and at
freestream conditions. At the downstream boundary, all gradients in the flow
direction are assumed negligible. The aerofoil is assumed impermeable (no-
slip boundary condition} and adiabatic, and the pressure gradient normal to

the surface is assumed zero.
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Results

Bxperimental pressure distributions and computed results ave shown for three
sets of freestreaun conditions, Figure 1.20. The steady How field at M-=0.720
is characterized by a weak shock wave and (railing-edge separation. The
computed results are in good agreement with experiments over most of the
acrofoil. Failure of these results to beller predict the pressures in the sop-
arated region uear the trailing edge s atllributed to inadequale turbulence
modelling in the region. The steady How field at M=0.783 is characterised
by a strong shock wave and shock-induced separation. The computed results
are in excellent agreement with experiment ahead of the shock wave. The
large differences between the computed and experimental results in the region
of the shock wave and aft in the region of shock-induced separation again
are attributed to inadequate turbulence modelling. The unsteady flow field
at M=0.754 is characterised by periodic shock-wave oscillations and bound-
ary layer separation between the trailing-edge and shock-induced separation.
The caleulated and experimental mean pressures agree well over the forward
half of the aerofoil. The similarity in the trends of the variation of the magni-
tude of the pressure {luctuations about the mean value strongly suggests the
possibility thal che wave form of the experimental pressure fluctuations also
may be reproduced by the calculations. The qualitative agreement hetween
the different wave forms is surprisingly good considering that the computed
unsteady resulls were obtained using a simple algebraic eddy viscosity to
model vurbulence. The 180° phase difference between the dynaivic pressures

on the upper and lower aerofoil at identical chord stations demonstrate that

Undversity of Glasgow 58 MSec Thesis



Transonic Buffet Introduction

the oscillatory unsteadiness is an asymmetric phenomenon, both in the ex-
periment and in the computations. The reduced frequency of the surface
pressure oscillations determined from the numerical solution differs by only

20% from data.

i é EXPERIMENT, REF. 2

&% coweuTED

M=0.783

Figure 1.20: Computed and experimental pressure distributions on
the circular arc aerofoil, Re = 11x10° [46].

Computed and experimental skin-friction distribution can be seen in Fig-

ure 1.21, as in the case of the pressure distribution the agreement between
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the computed and measured values is good ahead of the shock wave. The
poor agreement in defining the shock-wave location and aft in the separated

flow region is again attributed Lo deficiencies in the turbulence model.

Q EXPERIMENT,

— COMPUTED
<004 ] 1 | ) S | b ' | i ]
2

Figare 1.21: Computed and experimental skin-friction distribu-
tions on the circular arc aerofoil, Re = 11 million, M = 0.783 [72]

A comparison of the computation with the velocity and eddy diffusivity
deduced from the experiments at two chord-wise locations on the aerofoil is
presented in Figure 1.22. The predicted separation height is smaller than
that determined experimentally. The maximum eddy diffusivities compare,
but their relative position in the boundary layer difler because the computed
shear layer is too thin. The main deficiency of the computation is that of un-
derpredicting both the separation region and the outer shear layer thickness

relative to the experiment.
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Figure 1.22: Computed and experimental velocity and eddy dillu-
sivity profiles on the circular arc aerofoil, Re = 11 million, M =
0.79 [46]

1.5.2 NACAO0012 Aerofoil computations by Raghunathan
Computational Set-up

A two dimensional thin layer Navier Stokes code capable of computing flows
over an aerofoil with a moving grid was used by Raghnnathan|63,65] to in-
vestigate the mechanism of the origin of shock oseillations on a NACA0012
aerofoil. The code developed for these investigations included heat transfer
effects and a moving grid option in order to investigate the effect on periodic
flow of a trailing edge splitter plate motion, a flap motion or a pitching aero-
foil.

The implicit code solves the mass-welghted thin-layer Navier-Stokes equa-

tions using au upwind implicit predictor/corrector cell-centred finite-volume
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scheme. A modified version of the simple algebraic Baldwin-Lomax model
turbulence model was employed. ‘I'he minimum normal grid spacing was re-
duce to 5 milli chords, ensuring a valuc of y* less than & everywhere on the
aerofoil surface which ensured adequate resolution of the viscous shear layer.
Transition to turbulence was fixed on Loth the upper and lower surface atv

3% chord.

Results

The prediction of shock motion on the NACA0012 aerofoil at a Mach num-
ber of 0.7, Reynolds number of 10x10% and incidence of 6° can be seen in
Figure 1.23. This type of periodic motion has also been computed by Ed-
wards{19]. The predictions for both unsteady lift and shock motion agrees
favourably with the prediction of Edwards and experimental data available.
The non-dimensional frequency predicted by Raghunathan is 0.21 compared

with 0.235 by Edwards.
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Figure 1.23: Periodic shock motion on the NACA 0012 aerofoil,
M=0.7, Re=10 million and « = 6° [65]

University of Glasgow 62 MSc Thesis



Transonic Buffel Introduction

Raghunathan computed the flow field for & Mach number of 0.7, Reynolds
number of 10x10° and at incidence of 5°. This condition is just outside the
periodic regime and solutions for lift converge to a finite lhxil, Figure 1.24.
It was observed from the pressure contours and skin friction values that the

boundary layer downstream of the shock is separated.
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Pigure 1.24: NACAO0012 airfoil at M=0.7, Re = 10 million and
o = 5° [65].
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1.5.3 NACAQ0012 Aerofoil computations by Barakos

and Drikakis
Computational set-up

Computations on the NACAOQ12 have also been carried out hy Barakos
and Drikakis[6]. The computations were carried out for the experimental
cases of McDevitt and Okuno [54]. Their experiments were performed for
the NACAQOL2 aerofcil at Mach numbers belween 0.7 and 0.8, angles of
incidence less than 5° and Reynolds mumnber between 1 and 14 million.

The numerical simulations have been carried out using an implicit CFD solver
developed for unsteady and turbulent serodynamic flows. The main feature
of the method is the coupling of the turbulence model with the Navier-Stokes
equations, via an implicit uufactored scheme and a Riemann solver. The
Riemann solver is used in eonjuction witlt a third-order upwind interpolation
scheme. This scheme In conjuction with a characteristic-based flux averaging
15 used to calculate the inviscid fluxes at the cell faces. At cach time step
the final system of algebraic equations is solved by a point Gauss-Seidel
relaxation scheme. According to the present method, the trausport equations
for turbulence model are solved coupled with the fluid flow equations. The
following turbulence models were employed in this investigation: Balwin and
Lomax model, the one-equation model of Spalart and Allmaras, the Launder
and Sharma and Nagano and I{im linear k-¢ models, as well as the k-w version

and the non-linear eddy-viscosity model {(NLEVM)[6].
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Results

The pressure coefficient distributions for M == ).775 and o = 4° using various
closures and different grids are compared with the experimental results, see
Figure 1.25. For this Mach number and incidence angle, the flow has been
found to be steady and all turbulence models predicted steady flow as well.
As can be seen, none of the models was able to capture the exact experimen-

tal shock position.

Figure 1.26 is a comparison of numerical and experimental yesults for the
buffet onset. There is a well-defined region of Mach number and incidence
angle where buffet occurs. Initially, four computations were performed at
conditions helow the experimentally reported buffel onget and a steady~-state
solution were achieved (labelled no SIO: no shock-induced oscillation). After-
wards, the incidence angle was slowly increased to obtain unsteadiness and
it was found that after the initial peak of the lift coefficient carve the com-
putations resulted either in periodic loads, thus indicating buffet {labelled
S10), or in steady-state flow.

For combinations of Mach number and incidence angle considered hers, the
linear k-¢ models led to a steady solution, thus failing to predict buffet. The
computations predict the buffet onsel, boundary slightly shifted (o higher in-

ciclence angles and Mach number.
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Figure 1.25: Pressure coefficient distribution around the
NACA0012 aerofoil:(a)grid size effects, (b)comparisons between
linear turbulence models (c)comparison between non-linear tur-
bulence models [6].
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Tigure 1.26: Buffet onset for the NACAD012 aerofoil {Re= 10 mil-
lion, M==0.775, o = 4°). Solution obtained using the Spalart All-
maras model{crosses) and the non-linear k-w model {sguares) [6].
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Chapter 2

Description of test cases

2.1 Previous work on test cases

2.1.1 Test Case 1 : BGK No.1 Aerofoil

Lee [32,34,36,37] has done extensive work on the BCK No.1 aerofoil. Skin
friction and pressures were measured by Lee in some of his experiments to
study the characteristics of separated flows. He also considered the fluc-
tuating normal forces of the unsteady ioads experienced by the BGK No.l
aerofoil. The BGK No.l supercritical aercfeil has a design Mach number
and lift cocfficient of 0.75 and 0.63 respectively. The thickness to chord of
the aerofoil is 11.8 %. Figure 2.1 shows a schematic of the aerofoil. There
are 50 pressure ovifices on she upper surface and 20 on the lower surface for
steady pressure measurements. For the unsteady pressure measurements six-
teen fast response miniature transducers were used, all positions avre shown

in Figuare 2.2,
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Tigure 2.1: Schematic of the BGK No.1 aerofoil showing pressure
orifice locations{37]

Lee experimented using several flow conditions, however only the flow
conditions of M=0.71, and Re, = 20x10° will be discussed. Various angles

of attack were measured from —0.136" 1o 6.97°.
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Figure 2.2: Location of the fast response transducers[37]

Lee observed shock/boundary classifications similar to those previously
proposed by Mundell and Mabey [58]. T'he first one was a weak shock which
interacts with the turbulent boundary layer resulting in o low level excitation
close to the shock. A short distance from the shock, the pressure Auctuations
revert to the empty tunnel level. The average surface pressure coefficient, Cps
from these experiments are shown in Figure 2.3. At a = -(0.316° the flow on

the upper swface was found to be sub-critical. At « = 1.396°, a weak shock
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is formed and the turbulent boundary layer thickens near the interaction
region without separating. Figure 2.4 shows that there is a small increase in
the Auctuating pressure intensity, Cp’ behind the shock. Tncreasing to 3.017°
results in a large rise in the pressure infensity behind the shock at x/c=0.4.
The fluctuating pressure is limited to a small region near the shock, For
the three values considered so far, the fluctuating pressure intensity at the
last measuring position is very close to the tunnel level. This indicates that
trailing edge separation has not occurred, or has not reached the position of

the last pressure transducer at x/c=0.87. Cp’ [37]is expressed as:

Cypf = Prmn
Geo

At o = 4.905°, the steady pressure results show the formation of a
stronger shock which caused the flow to separate and reattach to form a
hubble. ‘I'he intensities of the pressure are practically constant in the reat-
tached region, which starts at approximately x/c = 0.6 and continues o the
last transducer location at z/c = 0.87. The pressure intensity plot shows
a small hump between x/c = 0.45 to x/c = (0.6, This hunp is usually
attributed to a separation bubble.

When o is increased fo 6.97°, the flow becomes fully separated . The
pressure levels are large behind the shock but decrease rapidly and rcach
a constant value of about 0.1 [rom the shock to z/¢ = 0.87. This value
ol pressure inteusity is significantly higher than the tunnel level of 0.004,
which is an average value at M = 0.71 from o between —0.316° (o 6.97°.

The ensemble-averaged pressure coefficient, C'p time histories are shown for
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Figure 2.3: Steady pressure distributions on the upper surface of
BGK No.1 aerofoil at various «[37]

M = 0.71 and several angles of attack in Figure 2.5.

The pressure coefli-

cient for the first two values of o indicate lines of constant magnitnde. Al

a = 3.017°, small pressure oscillations are obscrved at transducer 1. T'he pres-

sure field decays rapidly and fluctuations are hardly noticeable at transducer

Ungversity of Glasgow
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Figure 2.4: Variations of pressure intensities on the upper surface
of BGK No.1 aerofoil at various angles of attack [37]

J[36]. As v is increased o 4.905%, large pressure oscillations at transducer 1
are detected. Pressure fluckuations are quite uniform inside the separation
bubble. Pressure Auctuations are quite small downstream of the bubble. The

enserble-averaged pressire coefficient, Cp

37] was caleulated using:
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(jp = Cp, + C~p
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Figure 2.5: Ensemble-averaged pressure coeflicient at various an-
gles of attack[37]

2.1.2 Test Casc 2 : OAT15A aerofoil

Both experimental and computational work has becn conducted on the above
aerofoil. Experimental work has been done in the S3 wind tunnel of the
ONERA Chalais-Mendon centre. OAT15A is a suporeritical aerofoil with a
thiclkness-to-chord ratio of 12.3%, & chord length equal to 230 mm and a
thick trailing edge of 0.3% of the chord. Flow conditions were the following:

M = 0.73, B = 10%ar, 73 = 300K and Re.—3x10%. Tests were done from
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a=2.5° to a=3.91°. Computations were conducted using the elsA code devel-
oped at ONERA which solves the three dimensional compressible Reynolds
Averaged Navier-Stokes equations. It is based on a cell-centred finite volume
discretization[12]. Three turbulence models were used to model the buffet
phenomenon. The first one is the one transport equation Spalart-Allmaras
turbulence model. The second one is the two transport equations k —w/k — ¢
Menter model with SST corrector. The last one is an ASM model. The mesh
used in ONERA is shown in Figure 2.6. The total number of nodes used is

5,234. The far-field conditions are imposed 50 times the chord length.
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Figure 2.6: Mesh around the OAT15A aerofoil [12]

Figure 2.7 shows the steady pressure distribution at o = 2.5°. At this

angle of attack, a separated zone exists at the foot of the shock and in the

Unwersity of Glasgow
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trailing edpe region. Pressure levels are very well predicted on the lower side
of the aerofoil, and in the supersonic and the frailing edge regions on the
upper side. Al: turbulence models fail to predict the correct shock position.
The Menter SST turbulence model predicts closest the location of the shock
in comparisou with measurements but pressure levels are much too high at
the foot of the shock, showing an under-estimation of the size of the separated
ares Jocated in this region. The Spalart-Allmaras turbulence model computes

the most aft position of the shock[12).

Exp#. -2 2,.51"-M = 0,73 ..-u.r..u ..............................
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Figure 2.7: Steady pressure distribution at M=0.73 and o = 2.5°
(12]

In Figure 2.8, the temporal evolution of the shock location is plotted at
the angle of attack of 4.5° aud 5°. Coneerning the ASM model, two angles

of aftack 4.5° and 5° are presealed because the behaviour of this model ar 5°
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15 different in comparison with the other models. At 5° {and higher values),
the oscillating movement of the shock is not perfectly sinusoidal because of
the dillerent separated areas. On the other hand, at an augle of altack equal
to 4.5° {and lower values) the movement is sinusoidal as computed with
the other turbuleuce models. All models predict approximately the same
frequency for the buffei phenomenon around 78 Hz and the mean location of

the shock is about x/c=-04.
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Figure 2.8: Temporal evolution of the shock location [12]

Figure 2.9 represents the mean pressure fluctuations. This figure shows
that the computations carried out with the ASM model at Lhe angle of at-
tack equad to 4.5° is in very good agreement with experimental measurements

performed at an angle of attack equal to 3.5°. One must note that exper-
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iments showed that the buffet phenomenon first appeared at an angle of
attack equal to 3.25% and the main frequency of the phenomenon was abont

70 Hz whatever the angle of attack.

® Expa. R =0.73- ¢ = 3.0°
l * Expe.M=0.73-u=35°
0000 f—— ASM
2 i~ — — — ASM - wall functians
Spalart-ASmaras
emrre—ee - W@ BST

Figure 2.9: Mean pressure fluctuations, computational results at
o =45 and experimental results at o = 3° and 3.5 [12]

2.2 Computational set-up for test cases

2.2.1 Test Case 1- BGK No.1 Aerofoil

Computations werc performed using the pmb3DD code developed al University

of Glasgow which solves the three dimensional compressible RANS equations
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for multi-domain structured meshes. Further discussion of the code and
turbulence models implemented is given in Appendix B. This solver is based
on coll-centred {inite vohune discretization. Several turbulence models can be
implemented in the pmb3D solver. The parameters used in the computations

are summarised in Table 2.1.

T Steady Unsteady Turbulence
parameters parameters models
Steady Explicit CFL: 0.4 S5ST
computations
Explicit steps: k-w
1000 i
lmplicit CFL: 20
Implicit step: 3000 Baseline
Convergence:1x1078
| Unsteady Explicit CFL: 0.4 | Final time: 600 kw
| computations
Fxplicit steps: 100 | No. of steps: 6000 | SST
Implicit CFL: 20 dt: 0.1 Baseline
Implicil step: 100 | Tolerance: 0.01
Convergence:1x10~% | Pseudo step: 50

Table 2.1: Nuwmerical parameters used for test case 1

Three grid levels were employed in the computations, a coarse, fine and
finer grid, sec THgures 2.10, 2.11 and 2.12 respectively, The computational

domain was extended fromm 11 chord lengths upstream to 10 chord lengths
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downstrear of the leading edge of the acrofoil. Table 2.2 lists details of finite

volume grids used. All dimensions have been non-dimensionalized using the

acrofoil chord, c.
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Total number

Minimum and

Minimum and

Wall distance |

of nodes maximum X | maximum y | of the first
coordinates coordimates node
Coarse grid 14, 760 -10/11 -10/10 5x107°
Fine grid 57, 316 -10/11 -10/10 5x10~°
Finer grid 208, 380 -10/11 -10/10 5x10~°

Table 2.2: Details of the finite volume grids used for test case 1

0.5

-0.5

\ I R T2

Figure 2.10: BGK No.1 aerofoil - coarse grid
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Figure 2.11: BGK No.1 aerofoil - fine grid

2.2.2 Test Case 2 - OAT15A Aerofoil

Computations were conducted using the pmb3D code developed at University
of Glasgow. Only the two equation Baseline turbulence model was used for
both steady and unsteady computations for this test case. Table 2.3 lists
other CFD parameters given to the solver for this test case.

Two grid levels were employed in the computations, a coarse and fine
grid, see Figures 2.13, and 2.14 respectively. The computational domain was
extended from 54 chord lengths upstream to 60 chord lengths downstream of
the leading edge of the aerofoil. Table 2.4 lists detail of finite volume grids

used for this test case. All dimensions have been non-dimensionalized using
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Figure 2.12: BGK No.1 aerofoil - finer grid

the aerofoil chord, c.

Grid points were clustered towards the aerofoil surfaces because of the
large flow gradients that are expected in the boundary layer. Also, more
points were allocated on the upper surface than on the lower surface because
of the formation of shock that should occur on the upper surface. This
aerofoil is truncated at the trailing edge hence a lot of points were clustered

at the trailing edge in order to resolve the trailing edge boundary layer.
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Steaay Unsteady Turbulence

parameters parameters ' models
Steady Explicit CFL: 0.4 Bascline
computations

Explicit steps:

1000

Implicit CFL: 20

Implicit step: 4000

Convergence: 1x1078
Unsteady Explicit CFL: 0.4 | Final time: 200 Baseline
computations ;

i Explicit steps: 500 | No. of steps: 2000

Iinplicit CFT: 20 de: 0.1

Tmaplicit step: 2000 | Tolerance: 0.01

Convergence:1x10 ® Pseudo step: 100

Table 2.3: Numerical parameters used for test case 2

Total numbecer | Minimum and | Minimum and | Wall distance
of nodes maximum x| maximmum  y | of the first
coordi:nates coordimates node
Coarse grid 32, 948 -54/61 -55/55 1x10~°
| Fine grid 129, 300 -54/61 -55/55 - 1x1078

Table 2.4: Details of the finite volume grids used for test case 2

University of Glasgow
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Figure 2.13: OAT15A aerofoil - coarse grid
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Figure 2.14: OAT15A aerofoil - Fine grid

Unwersity of Glasgow

;‘\/Sr' 7/1 €sts



Chapter 3

Validation and discussion of

computational results

3.1 BGK No.1 Aerofoil

3.1.1 Shock/boundary layer flow field

'Lhe freestream conditions used by Lee in his experiments were simnlated
in the computations '33,34,35,37". The freestream Mach number was held
coustant at 0.71, the Reynolds mumber at 20x10% and the angle of attack
varied from —0.316° to 6.97°. At o = ~0.316°, the flow on both surfaces was
found to be sub-critical using the Baseline turbulence model and the coarse
grid (see I'igure 3.1). This finding is in agrecement to Lee’s experimental
results. A sub-critical flow is a flow withont a shock forming. Streamlines

indicate that the flow is fully attached on both surfaces (see Figure 3.1).
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Figure 3.1: Pressure contours and streamlines plot at M = 0.71,
Re=20x10° and o = —0.316°

At a = 1.396°, a weak shock forms but the flow still remains fully at-

tached, see Figures 3.2.

Figure 3.2: Pressure contours and streamlines plot at M = (.71,
Re=20x10° and o = 1.396°

A stronger shock is noticeable when « is increased to 3.017°. Figure
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3.3 shows pressure contours and streamlines plot at a = 3.017°. There is a
thickening of the boundary layer after the now strengthened shock. Results
indicate that the shock is strong enough to induce a small separation bubble
at the foot of the shock, however there is still no evidence of trailing edge
separation. This result is inconsistent with experimental findings by Lee[37],

where the flow remains attached on both surfaces.

x/c

Figure 3.3: Pressure contours and streamlines plot at M = 0.71,
Re=20x10° and a = 3.017°

Increasing o to 4.905° results in the formation of a stronger shock which
causes the flow to separate and then reattach to form a separation bubble.
The separation bubble has now increased in size. Trailing edge separation is

also formed, see Figures 3.4 and 3.5. This result is in disagreement with Lee’s
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findings, which showed no trailing edge separation at this angle of attack.

0.7 08
x/c

Figure 3.4: Pressure contours and streamlines plot at M = 0.71,
Re=20x10° and a = 4.905°

When « is increased to 6.97°, the flow becomes fully separated. This
is consistent with Lee’s findings. Also the structure of the shock has now
changed from a normal shock to an oblique shock, see Figure 3.6.

Turbulence models play a significant role in the validation of computa-
tional results. Figure 3.7 shows that prediction of the shock position varies
depending on the turbulence model employed. It can be seen that the Base-
line and SST models give the best shock locations at high angles of attack.
However, at low angles of attack there are only small differences in the pre-

diction of the shock location. All the turbulence models accurately predicted
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Figure 3.5: Mach number contours and velocity vector plots at
M =0.71, Re=20x10° and o = 4.905°

Figure 3.6: Mach number contours and velocity vector plot at
M =0.71, Re=20x10° and a = 6.970°
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the relationship between shock location and angle of attack, a downstrcam
movement of the shock as angle of attack incrcases until a critical angle of
attack 18 reached when then there is an upsirean movement., However, (his

critical angle of attack depends on the twrbulence model used.
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Figure 3.7: Shock location related to angle of attack for the differ-
ent turbulence models

The prediction of separation repions is also heavily dependent on the
turbulence models employed. Consider Figure 3.8, which shows that at angles
of attack of —0.316° and 1.395° all the turbulence models predicted a fully
attached flow on the upper surface of the aerofoil. This is in agreement with
experimental results.

Discrepancies in the separation regions begin to appear when o is in-
creased to 3.017° (see Figurce 3.9). Both the Baseline and SST models pre-
dicted & very small separation bubble at the foot of the shock, inconsistent

with experimental findings by Lee. The k-w model gives the besl agreement
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a=-0.316° a=1.396°
Figure 3.8: Attached flows at two different angles of attacks

with experimental results.

Figure 3.9: Attached and separated flow at a=3.017°

Differences in the separation regions are also noticeable when a is in-
creased to 4.905°, see Figure 3.10. The k-w model gives the best agreement
with experimental results. Both the Baseline and SST models over-predicted
the separation bubble and in addition predicted a trailing edge separation.
The k-w model predicted separation further downstream than experimental
findings and the other two models.

When the angle of attack is increased to 6.970° Lee observed total sepa-

raton at around x/c=0.4. Here the SST and Baseline models give the closest
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Figure 3.10: Attached and separated flow at a=4.905°

agreement to Lee’s results (see Figure 3.11).
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Figure 3.11: Attached and separated flow at a=6.970°

An investigation of different boundary layer properties might explain why
the regions of separation vary with turbulence models. Figure 3.12 shows the

turbulence Reynolds number profile for «=4.905° before the shock, where,

2
Reg 2%
JLE
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here k is the turbulent kinetic energy, € is the dissipation rate of k and u is
the coefficient of molecular viscosity. It can be seen that the k-w model has a
thicker boundary layer than the SST and Baseline. The more turbulent flow

before the shock for the k-w model is responsible for the delayed separation.

0.01

0.008

0.008

0.007 F

0.006

> 0.009

0.004

0.003

0.002

0.001

Figure 3.12: Turbulence Reynolds number profiles before the shock
(x/c=0.35) for different turbulent models, alpha = 4.905°, M = 0.71
and Re = 20x10°

The Baseline and SST models have a thicker and more turbulent bound-
ary layer after the shock (see Figure 3.13). This is because the centre of
the separation bubble for the Baseline and SST is located at the x/c=0.57
vicinity where as x/c=0.57 is at the start of the separation bubble for the
k-w model. There is a thicker boundary layer at the centre of the separation
bubble than at the start.
The difference in convergence levels of the steady solution helps to give an

understanding into why the different turbulence models produce different
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Figure 3.13: Turbulence Reynolds number profiles after the shock
(x/c=0.6) for different turbulent models, alpha = 4.905°, M = 0.71
and Re = 20x10°

separation regions and to an extent give an indication of which models will
produce a buffet flow field at the various angles of attack when an unsteady
calculation is ran. Figure 3.14 shows the convergence levels at a=-0.316° for
the three models. Attached flow was predicted for all turbulence models at
this angle of attack and hence good convergence levels are deduced from the
plots.

The residual plots for a@ = 3.017° reveals small fluctuations in both the
mean and turbulent residuals for the Baseline and SST models (see Figure
3.15). These fluctuations occur because there is an emergence of a separation
bubble for these models. Fluctuations are of higher magnitude for the Base-
line model than for the SST hence the Baseline model has a larger separation

region. However, the k-w model has reached a good convergence level and as

University of Glasgow 95 MSc Thesis



Transonic Buffet Results

log residual

log residual

1 ! i
1000 2000 000 4000 5000 9 1000 2001

@ 1 1

nerations olﬂlﬁm o o
(a) Baseline s (b) SST

iog residual

. L | . 1 N
1000 2000 W00 400 5000
iterations
(¢) K-w

Figure 3.14: Residual plots for alpha = —0.316°, M = 0.71 and
Re = 20x10°

a result there is an attached flow field.

The residual plots for o = 4.905° show fluctuations in both the mean and
turbulent residuals for the Baseline and SST models, however fluctuations
only occur in the turbulent residual for the k-w model (see Figure 3.16).
The convergence levels are poor for all models indicating the occurence of

separation for all models. One should expect larger regions of separation for
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Figure 3.15: Residual plots for a = 3.017°, M=0.71 and Re = 20z10°

the SST and Baseline models.

The residual plots for o« = 6.970° follow the same trend as for a = 4.905°.
However the fluctuations are of higher magnitude for all models. The fluc-
tuations are of greater magnitude for the Baseline models than for the SST
model (see Figure 3.17).

The residual plots for the steady solutions have established that the Base-
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Figure 3.16: Residual plots for alpha = 4.905°, M = 0.71 and Re =
20x10°

line and SST models are most likely to produce a buffet flow field and that
buffet will occur between o = 3.017° and a = 4.905°.

A validation of steady surface pressure was also carried out. Figure 3.18
shows that the agreement between experimental and computational results
is relatively very good for an angle of attack of —0.316°, this is because there

is no evidence of large pressure gradient in the flow field. The ripples on the
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Figure 3.17: Residual plots for alpha = 6.970° M = 0.71 and Re =
20x10°

computational surface plots are due to the fact that the geometry published
for this aerofoil isn't very smooth.

Figure 3.19 shows the surface pressures for an angle of attack of 1.396° .
At this angle of attack there is a formation of a shock on the upper surface and
all turbulence models fail to correctly predict the position of the shock. All

turbulence models slightly over-predict the pressure plateau in the supersonic
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Figure 3.18: Steady surface pressure plots on the upper surface of
the BGK No.1 aerofoil at a=-0.316°
region. However, there is a relatively good agreement in the trailing edge
pressures, this is because all turbulence models predicted attached flow at
the trailing edge.

Figure 3.20 shows the surface pressures for an angle of attack of 4.905° .
At this angle of attack there is a formation of a stronger shock on the upper
surface and all turbulence models fail to correctly predict the position of the
shock. The strength of the shock is reasonably predicted by all models. The
k-w model predicts the trailing edge pressure better than the other models,
this is because only the k-w model predicted an attached flow at the trailing
edge as observed in experiments and the other models predicted separated

flows.
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Figure 3.19: Steady surface pressure plots on the upper surface of
the BGK No.1 aerofoil at a=1.396°

3.1.2 Unsteady mechanism of buffet

Unsteady computations for the BGK No.1 aerofoil were done for three angles
of attack using the Baseline turbulence model, at 3.017°, 4.905° and 6.970°.
All other computational parameters were kept constant and the influence of
angle of attack was investigated. The variation of lift coefficient with time
can be used to indicate the differences in the flow field as the angle of attack
is increased. Figure 3.21 shows the variation of lift coefficient with time as
the flow passes over the aerofoil quarter chord position. At 3.017° there is a
steady decay of lift at that point as time increases and this eventually comes
to a constant value. However at a=4.905° and 6.970°, the lift coefficient

oscillates almost at constant amplitude. It can be concluded that at the two
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Figure 3.20: Steady surface pressure plots on the upper surface of
the BGK No.1 aerofoil at a=4.905°

latter angles of attack there is an unsteady flow field, whilst the flow at 3.017°
is steady.

It can also be concluded that the level of unsteadiness is of a higher
magnitude for o = 6.970° than for a = 4.905°. This result is consistent with
the experimental results of Lee.

The unsteady mechanism of buffet can be understood by considering
the behaviour of the shock movement. The variation of shock strength and
boundary layer thickness can be used to explain the driving-mechanism be-
hind the self-sustained shock movement. Figure 3.22 shows the shock move-
ment on the upper surface of the aerofoil at angle of attack of 4.905° . This
figure shows an upstream and downstream shock movement as time changes.

The frequency of shock oscillation is under-predicted; Lee found the fre-
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Figure 3.21: Lift coefficient plots using the Baseline model for
various angles of attack using the coarse grid, M = 0.71 and
Re = 20x10°

quency of oscillation to be around 75 Hz in his experiments whilst the compu-
tational shock oscillation is only around 60 Hz. This frequency was calculated
by taking the reciprocal of the time the shock takes to complete a full cycle
of movement. The magnitude of shock movement on the upper surface of
the aerofoil is over-predicted using the Baseline turbulence model. Lee found
the magnitude of shock movement to be around x/c = 0.05.

Figure 3.23 shows the changes in shock height as the shock moves both
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Figure 3.22: Shock movement with the Baseline model

upstream and downstream on the aerofoil. The shock height is defined as the
maximum distance of the shock normal to the aerofoil surface. The shock
height is also a way of representing the shock strength, a stronger shock will
have a higher shock height. It can be seen that the shock strength increases
as the shock moves downstream of the aerofoil. This should be expected
because the shock naturally increases speed as it moves downstream due to
the curvature of the aerofoil. The higher speeds lead to a stronger shock.
The reverse occurs for an upstream movement of the shock. Figure 3.24
shows the changes in trailing edge displacement thickness as the shock moves

either upstream or downstream of the aerofoil. The trailing edge displace-
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Figure 3.23: One cycle of shock movement at a«=4.905°, Baseline
and coarse grid

ment thickness, ¢* was calculated using the following relationship:

where p and U are density and velocity respectively, p. and U, are density
and velocity at the edge of the boundary layer respectively.

During the upstream movement the displacement thickness at the trailing
edge increases. The communication between the shock strength and the
trailing edge displacement thickness and the coupling between the shock
movement and the changes in the trailing edge pressure is responsible for the

self-sustained shock movement.
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Figure 3.24: One cycle of shock movement at a=4.905°, Baseline
and coarse grid

The close relation between shock location and the boundary layer thick-
ness at the trailing edge and the separation bubble is illustrated in Figure
3.25. It can be seen that the most forward shock location corresponds closely
to a state in time where the boundary layer at the trailing edge and the bub-
ble reaches maximum thickness, while the most aft location of the shock is

associated to a nearly attached boundary layer at the trailing edge or the

bubble.
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Figure 3.25: Variations in shock movement, shock height and
boundary layer thickness through time for a«=4.905°

A validation of the unsteady pressure coefficient, Cp was also carried out.

Cp was calculated using the following equation:

Cp=Cp, +Cp

where Cp, is the steady surface pressure coefficient and Cp is the fluctuating
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pressure coefficient.

Figure 3.26 shows the unsteady pressure coefficients at dillerent probe
points along the upper surface, experimental results are on the left and the
computational results using the Basclince model are on the right. These probe
points correspond o the location of the transducers discussed in section 2.1.1.
Lee detected large pressure oscillations al transducer I; presswre fluctuations
were quite uniform inside the separation bubhle and pressure fluctuations
were quite small downstream of the bubble. Computational results show
large pressure oscillations at transducers I, J and K. This indicates a stronger
shock was predicted computationally. The magnitude of the computational
pressure fuctuations are relatively large compared to the experimental pres-
sures downstream of the bubble; this may be because a trailing edpe separa-
tion was predicted by the Baseline model whilst Lee observed attached flow

in his experiments.
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{igure 3.26: Experimental unsteady pressiires compared with com-
putational unsteady pressures using the Baseline model, a = 4.905°,
M =0.71 and Re=20x10°

Mgure 3.27 presents a closer look at the experimental and computational

nnsteady pressure coefficients at transducers 1 and J. It can be clearly seen
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that the pressure fluctuations arc larger computationally than experimen-

tally, indicating that a more unsteady flow was predicted by the Baseline

model.
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Figure 3.27: A closer comparison between experimental and coin-

putational insteady pressures nsing the Baseline, model oo = 4.905°,
M =071 and Re=20x10°

Figure 3.28 shows the variations of pressure spectra at various prabe
locations for the bascline model using the coarse grid. The probe locations
on the aerofoil upper surface wlere the spectra are computed arc showit in
section 2.1.1., A single dominant frequency al arcund 60 Hz can he seen
al all probe locations, this dominant frequency is duc to the discrete shock
movement. This frequency is consistent with the frequency calculated in
Figure 3.22. Note that a linear scale is used here only (o demonstrate the
dominant frequency and if’s corresponding pressure peak, as this frequency
and pressure peaks are due to the unsteady shock oscillations, The pressure

at this dominant frequency is considerably higher for the probes immediately

after the shock location. PProbe KK is located very close to the bubble and
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trailing edge separation interaction zone hence have higher pressures than
probe T which is located at the trailing edge separation, further away from
the interaction zone. Also visible on this plot are the harmonics for the

dominant frequency.
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Figure 3.28: Variations of pressure spectra at various probe lo-
cations at M = 0.71, Re=20x10° and « = 4.905° using the Baseline
model and coarse grid.

One should note that all the results so far were obtained using the coarse

grid.
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3.1.3 Grid and time step refinement
Steady flow field

The influence of grid refinement on the steady solution was also investigated.
Figures 3.29 and 3.30 show that the surface pressures are independent of
grid resolution. Only the Baseline model was used in this investigation. This
clearly indicates that the three grids generated are of good quality for steady
flows. However, the very fine grid does show some oscillatory behaviour
which may suggest that the steady flow field may be grid dependent. This
oscillatory behaviour may be due to the fact that the geometry published for
the aerofoil is not very smooth. This can only be proven by doing further

grid refinement studies.

. | ) " | 1 4 | 3 y 1 4 L s " 1 L " " n
085 025 0.5 0.75 1
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Figure 3.29: Effects of grids on surface pressures at o = —0.316°
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Figure 3.30: Effects of grids on surface pressure at o = 1.396°

Unsteady flow field

Next, all the computational parameters were kept constant and the effect of
turbulence models on the computational results was investigated at an angle
of attack of 4.905°. The coarse grid was used in this part of the study. Figure
3.31 shows the lift coefficient plots for three different turbulence models. The
results of the unsteady computations are heavily dependent on turbulence
models employed. Both the k-w and SST models produced a steady flow

field. Only the Baseline model produced an unsteady result.
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Figure 3.31: Lift coefficient plots using the Baseline model for
various angles of attack using the coarse grid, M = 0.71 and
Re = 20x10°

A time step refinement study was carried out using the coarse grid and
the Baseline model. Figure 3.32 shows results obtained using two different
time steps. A time step of 0.5 gives a steady result and a time step of 0.1
gives an unsteady result. The refinement study also revealed unsteady results
for all time steps < 0.1.

Figure 3.33 revealed that both the frequency of oscillation and magni-

tude of shock movement is independent of the time step. The slight phase
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Figure 3.32: Lift coefficient plots using time steps of 0.1 and 0.5

difference in the lift is maybe due to slight difference in the steady solution
upon entering the unsteady calculation.

The pressure intensity plots for different time steps can be seen in Fig-
ure 3.34. The shock position is correctly predicted for both time steps, the
shock position is located at the maximum in the pressure intensity. It can
be seen however that there is a difference in the prediction of the peak pres-
sure intensity; computational results show a higher pressure intensity peak
than experimental results. This higher pressure intensity peak may be due
to a stronger shock and larger separation regions. Also notice that the ex-
perimental pressure intensity is almost constant at the trailing edge but it

gradually increases in the computational results for both time steps; this is
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Figure 3.33: Lift coefficient plots using time steps of 0.1 and 0.02

because Lee observed attached flow at the trailing edge but calculations with

the Baseline model give a separated flow.

- Baseline, Coarse grid
: = = lime step = 0.02
w— time step = 0.1
---- experimental
04r
g 0.3} L
-
.
g \
.
X .
L )
aoz 3
[\
.
-
-
)
01} B>
T LU
- "‘\\‘ "":,.,.,unununun.uunnuuno -----
%.2 03 04 05 086 07 08 09
xe

Figure 3.34: Pressure intensity plots using time steps of 0.1 and

0.02

A grid refinement study revealed that the characteristics of the shock
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movement are heavily dependent on the grids employed. Figure 3.35 shows
the shock movement for the three different grids used in this study. All
the grid levels predicted the upstream and downstream shock movement
that is expected, however the frequency of the shock oscillation decreases
as the density of grid increases. Furthermore, a clear trend could not be seen
between the magnitude of the shock movement and the grid density. The fine
grid predicted larger shock movement than both the other grids. This may
suggest that the magnitude of shock movement increases with grid density
until a critical number of grid points is reached and then there is decrease in
shock movement when grid points exceed this critical number of grid points.

However, finer grids are needed in order to confirm this hypothesis.

Grid refinement: Baseline

981 coarse: 110q=60.10 Hz, shock mov=0.1532 —
fine: freq=53.90 Hz, shock mov=0.1916 —t
finer. freq=47 44 Hz, shock mov=0.1339 - finer

054+

&

H
04}
1500 1550 1600 1650 1700 1780 1800 1850
reduced time

Figure 3.35: Shock movement using the three different grids at
a = 4.905°

The temporal behaviour of the separation regions using the coarse and

fine grids can be seen in Figures 3.36, 3.37 and Figures 3.39, 3.40. Figures
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3.36 and 3.39 show an increase in the separation regions during the upstream
movement of the shock and decrease during the downstream movement of
the shock as illustrated in Figures 3.37 and 3.40. However, the fine grid
seems to produce larger separation regions than the coarse grid. Both grids
generate an interaction between the separation bubble and the trailing edge

separation, hence producing an unsteady flow field.

£=5850 | t=5870

Figure 3.36: Temporal variation in separation regions during an
upstream shock movement at o = 4.905° using the Baseline model
and the coarse grid.

Figure 3.38 shows the variations of pressure spectra at various probe lo-
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o r

t=5930

Figure 3.37: Temporal variation in separation regions during a
downstream shock movement at o = 4.905° using the Baseline model
and the coarse grid.

cations for the Baseline model using the fine grid. This figure shows some
significant differences from the pressure spectra for the coarse grid. A domi-
nant frequency can now be seen at around 53 Hz at all probe locations. Only
probe G is located before the shock and hence has lower pressures than the
other probes. The fine grid produces a larger range of shock movement and
a larger interaction zone than the coarse grid, this explains the higher levels

in the pressure peaks for both probes I and K.
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Figure 3.38: Pressure spectra plots at different probe locations for
a = 4.905° using the Baseline model and the fine grid

Another significant result obtained from the grid refinement study is the
change in the flow field for the SST turbulence model as the grid point
density is increased. However a further grid refinement study is needed to
fully justify this hypothsis. The SST model produced a steady flow field
with the coarse grid but produced unsteady results when the grid becomes
finer. Figure 3.41 shows the shock movement for both the SST and Baseline
models with time. The results were obtained using the fine grid. There is
only a slight difference in the frequency of shock oscillation but a significant
difference in the magnitude of shock movement. The magnitude of shock
movement using the SST model is closer to Lee’s experimental results than
that of the Baseline model.

Figure 3.42 shows the variations of pressure spectra at various probe loca-
tions for the SST model using the fine grid. This figure shows some significant

differences from the spectra for the baseline model. A dominant frequency
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Figure 3.39: Temporal variation in separation regions during an
upstream shock movement at a = 4.905° using the Baseline model
and the fine grid.

can now be seen at around 56 Hz. Both probes G and I are located before
the shock hence have very low pressure peaks.

The temporal behaviour of the separation regions using the SST model and
the fine grid can be seen in Figures 3.43 and 3.44. Similar to the Base-

line model this figure shows an increase in the separation regions during the
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t=5640 t=5660

Figure 3.40: Temporal variation in separation regions during a
downstream shock movement at o = 4.905° using the Baseline model
and the fine grid.

upstream movement of the shock and decrease during the downstream move-
ment of the shock. However, notice that the separation regions are much
smaller for the SST model than for the Baseline.

The frequency of shock oscillation is under-predicted for both models

using the finer grid. The magnitude of shock movement is still over-predicted
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Figure 3.41: Shock movement using the SST and the Baseline mod-
els with the fine grid at a = 4.905°
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Figure 3.42: Pressure spectra plots at different probe locations for
o = 4.905° using the SST model and the fine grid

by the Baseline model but under-predicted by the SST model, see Figure 3.45.
The behaviour of the shock movement using the fine grid was compared
with that of the finer grid, (see Figure 3.46) using the SST model. The fine

grid produced a larger shock movement than the finer grid; the frequency
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Figure 3.43: Temporal variation in separation regions during an
upstream shock movement at a = 4.905° using the SST model and
the fine grid.

of the shock oscillation decreases with grid point density. The results are
similar to those obtained using the Baseline model.

Shock height and trailing edge displacement thickness are also effected by
grid resolution. Figure 3.47 shows that the fine grid produced a larger range

of shock height than the other two grid levels. There is also larger shock
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t=1640 t=1660

Figure 3.44: Temporal variation in separation regions during a
downstream shock movement at o = 4.905° using the SST model
and the fine grid.

movement as discussed earlier.

The effect of grid resolution on the trailing edge displacement thickness
can also be seen in Figure 3.48. The fine grid generated the thickest boundary
layer.

The differences between the Baseline and the SST models can be further

Unwersity of Glasgow 125 MSec Thesis



Transonic Buffet Results
Shock movement: M=0.71, alpha=4.905 deg, finer grid

Baseline: freq=53.90 Hz, shock mov=0.1339

054f SST:freq=47.41 Hz, shock mov=00289,, .

~ * .
.
A}
.
.
A}
.
1
!
A
.
A}
A}
A
A
.
.

0.42} 3 ' ' s
‘ . \‘ ¢
‘. o' - ,'
oo 1550 1600 1850 1700 1750 1800 1850
reduced time
Figure 3.45: Shock movement using the SST and the Baseline mod-
els with the finer grid at a = 4.905°
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Figure 3.46: Shock movement using the SST model at o = 4.905°
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Figure 3.48: Trailing edge displacement thickness
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discussed by considering the shock height and trailing edge displacement
thickness plots using the fine grids. Figure 3.49 shows the shock strength
plots for both models. It can be clearly seen that the Baseline model produces

a larger range of shock height and also a larger range of shock movement.

M=0.71, alpha=4.905 deg, Finer grid

1.2

0.%.‘ 0.42 0.44 0.46 0.48 05 0.52 0.54

Figure 3.49: Shock height related to shock movement for the Base-
line and SST models at o = 4.905°

The trailing edge displacement thickness plots also revealed that the Base-
line model generates thicker trailing edge boundary layers than the SST
model, see Figure 3.50.

Figure 3.51 shows the effect of grid resolution on the pressure intensity,
using the Baseline model. Both the coarse and fine grids over-predicted
the pressure intensities. The fine grid gives a higher pressure peak than
the coarse grid. However, both grids gave a good prediction of the shock
position. Notice that the experimental results show a slight hump in the

pressure intensity after the shock, this hump is due to the separation bubble

University of Glasgow 128 MSc Thesis



Transonic Buffet Results

s TE displacement thickness, Fine grid

== up,SST

0.09f

0.08f

0.071

0.061

0.05

displacement thickness

0.041

0.03f

0. N L X L s
%.35 04 0.45 05 0.55 0.6

IIC“

Figure 3.50: Trailing edge displacement thickness related to shock
movement for the Baseline and SST models at a = 4.905°

after the shock. Both grids failed to predict this hump.

Figure 3.52 demonstrates another difference between the SST and the
Baseline model. The SST model failed to exactly predict the position of
the pressure peak, this is because the SST never predicted the correct shock
position in the steady computations. The Baseline model produced a higher
pressure peak than the SST, this may be because of the larger range of shock
strength and the larger shock movement. Also notice that the Baseline gave
higher pressure intensities towards the trailing edge than the SST, reason
being that the Baseline generated a thicker displacement thickness at the

trailing edge than the SST.
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Figure 3.51: Pressure intensities for the Baseline model using two
different grid levels at a = 4.905°
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Figure 3.52: Pressure intensities for the Baseline and SST models
using the fine grid at a = 4.905°
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3.1.4 Unsteadiness due to employed turbulence mod-

cls

A comparison of the turbulence Reynolds stresses may give an explanation
into why the 85T and the Baseline model gave an unsteady flow field whilst
the k-w didn’t. IMigures 3.53, 3.54 and 3.55 show the Reynolds turbulence
stresses at different positions on the upper surface for the different turbilence

models. These stresses were calenlated using the following relationships:

ou  Ov
Tay = MT '@ + %

_ o (don 200 280\ 2
Tow = HT 381’ 365 332 3{""

| _ 20w 40y 28w} 2
Tw =R T3, 38, T 38, ) 37"

There are clear differences in the behaviour of the turbulent stresses along
the upper surface of the acrofoil for the different turbulence models. These
figures show that the stress levels for the k-w model gradually decrease as the
shoclt is approached followed by an increase after the shock. For the Baseline
model, there is a gradual increase in the stresses as the shock is approached
but this is followed by a drastic increase after the shock. However the oppo-
site happens for the SST model, there being a pradual decrease in the stress
levels as the trailing edge is approached. This decrease in stress levels for
the SST model may be responsible for the smaller shock movement dicussed

earlier.
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Figure 3.53: Reynolds turbulence stress, 7., profiles along the up-
per surface for three different turbulence models, M=0.71 and
a=4.905°
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Figure 3.54: Reynolds turbulence stress, 7., profiles along the up-
per surface for three different turbulence models, M=0.71 and

a=4.905°
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Figure 3.55: Reynolds turbulence stress, 7, profiles along the up-
per surface for three different turbulence models, M=0.71 and

@=4.905°
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3.2 O0OATI15A Aerofoil

3.2.1 Unsteadiness due to change in angle of attack

Results obtained from test case 2 will be used to explain why buffet occurs
at a certain angle of attack but steady flow is observed at lower angles of
attack. A comparison of certain flow field properties will reveal the behaviour
of the separation region and also a significant change in some of the steady
flow field properties as the angle of attack is increased and hence leading to a
buffet flow field. The flow properties at two angles of attack will be looked at
in detail, 3° and 3.5°. There is a steady flow field at 3° and an unsteady flow
field at 3.5°, see Figure 3.56. This suggests that buffet occurs at an angle of
attack between 3° and 3.5%; this is consistent with experimental findings at

ONERA, where buffet first occurred at 3.25°.
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Figure 3.56: Lift coefficient plots at two different angles of attacks
for M = 0.73 and Re = 3x10°
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As the angle of attack increases, the shock becomes stronger. The stronger
shock leads to a larger separation region. At ¢ ~ 2.3°, there is a small sepa-
ration bubble present at the foot of the shock followed by a region of attached
flow, (see Figure 3.57). This result qualitatively is in good agreement. with

experimental findings.
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Figure 3.37: Streamlines indicating a separation bubble al a=25°

At a = 3% the shock becomes stronger, a larger sepayation bubble is
formed and there is also an emergence of trailing edge separalion (see Iigure
3.58).

At o = 3.5°, the shock continues to becore stronger, a larger separation
bubble is formed at the foot of the shock signalling a larger trailing edge sepa-
ration. However, the circulation from the bubble now reaches the cirenlation
from the trailing edge, (see Figure 3.59).

When « i3 increased further to 3.91° there are [ormations of larper sepa-

ration regions caused by the stronger shock. There ig more evidence of the

Unaversity of Gloagow 156 MSe Thesis



Transonic Buffet

Results

006 |
0a5f

ao4f

1r3IAG SCXR 3603 k0

Figure 3.58: Streamlines indicating a separation bubble and trail-

ing edge separation at a=3°
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Figure 3.59: Streamlines indicating a separation bubble, trailing
edge separation and an interaction region between the circulation

regions at «=3.5°
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two circulation regions interacting with each other, (in Figure 3.60).
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Figure 3.60: Streamlines indicating a separation bubble, trailing
edge separation and an interaction region between the circulation
regions at a=3.91°

It seems like the necessary condition for a buffet flow field is the com-
municabion between circulations of the separation bubble and that of the
trailing edge separation. The larger these sepavation regions are the heavier
the buffet intensity. At even larger angles of attack, these separation regiouns
merge to become one large separation region extending from the foot of the
shock to beyond the trailing odpe. For these, a heavier bullet lulensity is
observed.

Figure 3.61 compares the convergence of levels of angles of attack 3° and
3.5° using the coarse grid. Note that this convergence plot is only for the
sbeady part of the calculations, The maximum error in the caleulations of the

mean anid turbulence equations is used as an indicator of convergence. One
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cann notice that for the higher angle of attack there are larger fluctuations
in the errors of hoth the mean and turbulent properties than for the loweor
angle of attack. This maybe due to the larger separation region at the higher

angle of attack.
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Figure 3.61: Residual plots at two different angles of attack, M =
0.73 and Re = 3x10°

This difference in separation region gives rise to different levels of tur-
bulence flow properties. TFigures 3.62 and 3.63 demonsfrate that the level
of the average turbulence Roynolds number increases as the angle of attack
increases from 3° to 3.5°. One can also notice that the size of the separation
ubble also increases considerably in size. This increase in the size of the
separation region from 3° to 3.5° and the resulting risc in the average tur-

Q

bulence Reynolds number at 3.5° is cue to the interaction between the two
circulation regions. This finding is also true [or the trailing edge separation.

Figure 3.64 is a plov of the turbulence Reynolds number at different points
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015

0.05

Figure 3.62: Re; contours at the separation bubble, M = 0.73,
Re = 3x10° and 3°

on the upper surface. There is a gradual increase in the turbulence Reynolds
number as the distance away from the shock increases. However, there are
higher turbulence Reynolds numbers at an angle of attack of 3.5° than at 3°
within the separation regions.

Other useful properties to quantify the levels of turbulence in the steady
flow fields are the turbulence Reynolds shear and normal stresses. These
stresses arise due to the velocity fluctuations in a turbulent flow. Figures
3.65, 3.66 and 3.67 show plots of the Reynolds shear and normal stresses
along the upper surface of the aerofoil.

Figure 3.68 indicates the levels of turbulence Reynolds normal stresses
generated at the blunt trailing edge. In the figure, x0 is distance away from

the trailing edge. Again higher levels of normal stresses are generated in the
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Figure 3.63: Re; contours at the
Re = 3x10° and 3.5°

separation bubble, M =

0.73,
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Figure 3.64: Turbulent Reynolds number plot along the upper sur-
face for 3 and 3.5 deg.
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Figure 3.65: Turbulent Shear stress, 7., plots along the upper sur-
face for 3 and 3.5 deg.
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Figure 3.66: Turbulent x-normal stress, 7., plots along the upper
surface for 3 and 3.5 deg.
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Figure 3.67: Turbulent y-normal stress, 7,, plots along the upper
surface for 3 and 3.5 deg.

wake at 3.5°, indicating a more turbulent flow at that angle of attack.
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Figure 3.68: Normal stress profiles in the wake for two different
angles of attack, M = 0.73 and Re = 3x10°

The temporal behaviour of the separation regions at a=3° and a=3.91°
can be seen in Figures 3.69, 3.70 and Figures 3.71, 3.72. There isn’t any

change in the separation regions as time increases for a=3°. Both separation
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regions remain stationatry, preveating any interaction between the separation
bubble and the trailing edge separation and hence the flow field is steady (see
Figares 3.69 and 3.70). However at c=3.91°, there is a slight change in the
size and location of these separation regions caused by the shock movement.
Figure 3.71 shows a slight increase in hoth the separation bubble and the
trailing edge separation during the upstream movement of the shock and

Figure 3.72 shows a slighl decrease during the downstream movemeunt,

3.2.2 Unsteadiness due to grid refinement

Pressure intensities obtained using the two grid levels were compared with
computations done at ONERA. Figure 3.73 shows that the peak pressure
intensities are under-predicted on both grid levels for an angle of attack of 4.5
deg. However, this peak presswre intensity is greally improved by increasing
the grid point densify and the position of the peak pressure intensity over
the uppor surface is improved with the fine grid.

The reason for the higher peak pressures for the ONERA computations
can be clearly scen in Figure 3.74, the shock movement is for the coarse
grid, ONERA predicted a larger shock movement and hence higher pressure
peaks, Both grids gave a reasonable agreement in pressures before the shock
position.

There iz a large difference in the peak presswre intensities between the
two grids when the angle of attack is increased to 5° and 5.5° | Figures 3.75
and 3.76 respectively. The above obscrvation at an angle of attack of 4.5 deg

i also consistent for the two latter angles of attack.
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Figure 3.69: Temporal variation in separation regions during an
upstream shock movement at a = 3.0° using the Baseline model
and the coarse grid.

The temporal behaviour of the separation regions using the fine grid at
an angle of attack of 3.91°can be seen in Figures 3.77 and 3.78. This figure
shows a buffet flow field as there is an interaction between the bubble and
the trailing edge separation. However, the fine grid seems to produce larger

separation regions than the coarse grid (Figures 3.71 and 3.72) and hence
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Figure 3.70: Temporal variation in separation regions during a
downstream shock movement at o = 3.0° using the Baseline model
and the coarse grid.

the finer grid produces a higher buffet intensity.
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Figure 3.71: Temporal variation in separation regions during an
upstream shock movement at o =
and the coarse grid.

3.91° using the Baseline model
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t=4380 t=4398

Figure 3.72: Temporal variation in separation regions during a
downstream shock movement at o = 3.91° using the Baseline model
and the coarse grid.
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Figure 3.73: Pressure intensity plot along the upper surface at 4.5
deg.
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Figure 3.74: Shock movement at 4.5 deg.
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Figure 3.75: Pressure intensity plot along the upper surface at 5
deg.
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Figure 3.76: Pressure intensity plot along the upper surface at 5.5
deg.
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Figure 3.77: Temporal variation in separation regions during an
upstream shock movement at o = 3.91° using the Baseline model
and the fine grid.
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Figure 3.78: Temporal variation in separation regions during a
downstream shock movement at o = 3.91° using the Baseline model
and the fine grid.
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Chapter 4

Conclusion and Future Work

Both steady and unsteady characteristics of shock/boundary layer interac-
tion have been investigated for two supercritical aerofoils using & CED code
developed at Glasgow University.

Steady results obtained demonstrated the shock/boundary layer classifica-
tions observed by cxperimentalists. At low angles of attack a weak shock
with an altached boundary layer is [ormed. Tncreasing the angle of attack
causes the shock to increase in strength allowing the boundary layer to sep-
arate at the foot of the shock forming a separation bubble [ollowed by an
attached low and a trailing edge separation. At an increased angle of attack,
there is total separation at the foot of the shock caused by a higher shock
strength. The Baseline and SST models predicted the shock positions better
than the other two models. However, the k-w model gave better agreement
with the regions of separation observed in experiments.

An investigation into the different boundary propertics revealed that the k-

w model produced a more turbulent boundary layer before the shock. The
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motre turbulent flow is responsible for the delayed separation.

The difference in convergence levels of the steady solution was also used to
explain why tho different tubulence models produce different separation re-
gions. It was concluded that attached flows can be related to good levels of
convergence. Fluctuations tend to appear in both the mean and turbulent
residual plots for higher angles of attack. These [luctuations occur because
of emergence of separation regions.

Validation of the computational steady surface pressures showed a good
agreement with experimental resulls [or sub-critical flows. However, dis-
crepacies appear for super-critical Qows due to the emergence of adverse
pressure gradients and separation regions.

Bulfet was found o occur at higher angles of attack using the Baseline and
591 models. Qualitatively the results obtained using the above turbulence
moadels arc in good agreement with experimental results obfiained by Lee.
However, the [requency of shock oscillation was under-predicted by both
models. The Baseline model tends to over-predict the magnitude of shock
movement whereas the SST' model uder-predicted the magnitude of shock
movement.

Tt seemus like the necessary condition [or a buffet flow field is the interac-
tion between eirculation from the separation bubble and circulation from the
trailing edge separation. The larger these separation regions are the heavier
the buffct intensity. The communication between the shock strength and
the trailing edge displacement thickness, and the coupling between the shack
movement and the changes in the trailing edge pressures are responsible for

the self-sustained shock movement.
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A time step refinement study revealed that buffet occurs for time steps of
(.1 and below. Grid refinement studies revealed that the prediction of huflet
using the SST model is heavily dependent on the grid density; only the fine
and finer grids produced a buffet flow field. The [requency and magnitude
of shock movement are heavily depencent on the employed grids, the frc-
quency of shock oscillation decreases as the grid density increases. However
further grid refinements are needed for both test cases in order to fully uu-
derstand the effects of grid resolution on the buffet phenomenon. Another
future study could be a detailed investigation into the influence of turbu-
lence models on the buffet phenomenon. Both linear and non-linear models
may be implemented in this study. Finally another interesting study will be
to run calculations on three-dimensional grids and to compare and contrast

with the two-dimengional resnits.
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Summary of experimental work
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Aerofoil Section | References

Tests Parameters

Available Data____ |

o M—0.688,
Re—20 million

o Alpha—3.99,
4,95, 6.43, 6.94
and 9 deg

Power spectra of uor-
mal force

Steady stafe pressure
distribution

Pressure fluctua-
tion/isensity plots

Skin frietion plots
Normal force plots
Cross-correlation

buffet boundaries

BGK No.l 128,29
27,31

¢ M=0.71, Re=20
million

s Alpha=-0.316,
1.396, 3.017,
4.905 and 6.970
ceg

Power spectra of pres-
sure

Steady state pressure
distribution

Pressure fluctua-
tion/itensity plots

Pressure-tiine  histo-
ries plots

Cl v M plois
Normal force plots

Unsteady
distribution

pressure

Table 4.1: Summary of experimental work done on the BGK No.1 aerofoil
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| Aerofoil Section ; References | Tests Parameters

| Available Data

11.8% Joukowski

e Mach numbers e No periodic flow at 0
in transonic deg

range, alpha=0

deg

o M=0.85-0.89,
alpha=3 deg

o M—0.87-0.89,
alpha=6 deg

e Periodic flow at 3 deg

e Periodic fow at deg

Table 4.2: Summary of experimental work on the Joukouski aerofoil

Aerofoil Section

| Available Data

WTEA T

32

o Re=20 million
o M=0.612-0.792

s alpha=0.886,
2.505, 3.736 and
5.546 deg

o Normal force Huctua-
tion v Nift coeflicient:
plota

+ Power spectra of mor-
mal foree

o lift coefficient v M
plots

Table 4.3: Summary of experimental work done on the WTEA II aerofoil
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[ Aerofoil Section | References | Tests Parameters | Available Data
12% thick NACA 16 | 50
¢ Re=1.4 million, e classification of inter- |
M=0.7-0.86 and actions
: _ aipha=0 deg .
l _ o surface pressures
' e Re=1 million, o
} alpha=6.7 deg e ocxcitution spectra
L ,, |

Table 4.4: Suinmary of experimental work done on the 12% thick NACA 16
series aerofoil

A Aerofoil Seclion ‘ References I Tests Paramneters | Available Daia l
l NACA 0012

e Re=0.4-0.5 mil- » Periodic  flow  at
lion, M=0.82- M=0.82-0.84
0.84 and al !
pha=0 deg e Frequency v Mach ;
number

» M=0.84-0.87,
alpha==3 deg,

o« M=0.84-0.88,
alpha==6 deg

Table 4.5: Summary of experimental work done on the NACA 0012
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[ Aerofodl Section

References | Tests Paraiueters

Available Data

14% thick biconvex

’L

42

o M=(0.86-0.9 and

alpha=0 deg
e M=0.9 and al- |
pha=4 deg

e Periodic flow at both

cases

e Shock
with tine

s Irequency parameter

with mach number

dovelopient

e e e

Table 4.6: Summary of experimental work done en the 14% thick biconvex

aerofoil

| Aerofoil Section | References | Tests Parameters

Cast, 7/DOAL |70

| Available Data

e Re=2-30 million

o Transonic Mach
nunbers

e alpha=:05 deg

surface pressure plots
shock oscillation plots

trailinf edge boundary
layer thickness plots

shock strength

shock oscillation fre-
quency and amplitude
plots

Tahle 4.7: Summary of experimental work done on the Cast 7/DOA1 aerofoil
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[ Aerofoil Scetion | References

Tests Parameters

| Awvailable Data

NACA 631-012

e Laminar
o M=0.65 Lo 0.75

o Alpla=0 to 10
deg

sition v alpha
o {low regions

e shock wave amplitude
v alpha

e frequency

* Mean shock-wave po- jf

Table 4.8: Summary of experimental work done on the NACA (31-012

| Aerofoil Section | References

Tests Parameters

| Aveilable Data

18% circwlar arc

44

¢ M=0.76, Re=11
million

» Alpha=0 deg

e Gime historics of veloc-
ity, turbulent kinetic
cenergy and turbulent
shear stress

locations

e velocity and shear [;
plots at  different [

41

e M==0.72, 0.754
and 0.783

¢ Re=11 million

e Alpha=0 deg

¢ surface pressires
o skin friction plots

s Pressure-time  histo-
ries plobs

'Table 4.9: Summary of experimental work done on the 18% circular acr
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Numerical formulation and turbulence models

Numerical Formulation
Governing Equations

‘Lhe governing cquations represent the flow conservation laws and the fluid
property laws. The conservative form of the govering equations is a covenient
form of presenting the continuity, energy and momentum in computationsl
fluid dynamics codes. In a three-dimensional Cartesian coordinate system,

the non-dimensional form of the equation may he written as:

OW  9(F — F¥) n G — G¥) L f?(H — 1Y)
du Oy Az

=0 (4.1)

Here the vector W is thie vector of conserved flow variables and is some-
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times referred to as the solution vector. It can be written as:

[ 5

pu

]
e

o
pk ]

In the above g is the density, u, v and w are the compenents of velocity
given by the Cartesian velocity vector U = (w, v, w) . Finally E is the total
energy per unit mass. The flux vectors IF, G, and H consist of inviscid (*)

and viscous (¥) diffusive parts. These are written in full as
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o +p

PUW

Gi == ‘(77;2 + P (\-13)

pw \
pwn
H = AW
pu = p

\ wn )
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Gf/

il

2|~
)

HY —

T:l,'/'.‘

[ 0
Ty
Tyy

-
Ty

UTy |- VT +
[ 0
Tz
Tys

Trz

UTan + UTey + WTha + G/

)

Wiyz + Gy )

UTz + UTyz + WTys "l" q: )
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TE

Ju_2 (B By o
dr 3\ Bz Oy Bz
v 2 /0u Hv  Ow
5 s amrae)

w2 /8w Bv  Ow
Tuy =  =—ft (Zgzﬂ 3 (5'1‘ i b—jt;-l— E‘g‘)) (/1'5)

Tyy

= (02
W = T dy O
o ou Bw
fypy == _[u' "8"; '5;;)

ov  Ow

and the heat flux vector components arc written as

_ I por
e (v - DM, Pr oz
1 g or
g = —— . —_— 4.“
o (v — 1) MZ, Pr 8y (46)
oo o l__mor

(y — 1)M2, Pr 9z

Here 7 is the specific heat ratio, #7 is the laminar Prandtl number, T
i3 the static temperature and M, and He are the freestream Mach number

and Reynolds number, respectively. The various flow quantities are related

University of Glasgow 166 MSe Thesis



Transonic Buffet Appendix

to eaclt other by the perfect gas relations

H — 4%
o
1
= e—l--é(uz%—vg) (4.7)
p = (y—1)pe
p _ T
p MZ

The laminar viscosity g is cvaluated using Sutherland's law,

B (TN 14110 (4.8)
wo  \Ty T+110 '

where g is a reference viscosity at a relerence temperature 7o, These can be
taken as py = 1.7894x107° kg /(1) with Ty = 288.16 K. All quantities have

been non-dimensionalised as follows:

:E* y* t -‘l‘*
T == Y= 70 = T iie
Lt L L vy’
u* v W
U= o = LI
Ve Ve T
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e e 1] Ea
P P e
= pi . p= _;\/*2’ T = ;F*_’ ¢ == V*2

(4.9)

Reynolds-averaged form

The instantaneous variables in a turbulent flow can be decomposed into a
mean value and a fluctuating value. For example, density, pressure and

velocity components are decomnposed as:

p=p-p, P=P4+P, ==+ v="7+1, w=w+w.

One reason why we decompose the variables is that in most engineering
applications we are usually interested in the wmean flow values rather than
the time histories. Another reason is that a very fine grid will be needed in
order to resolve all the turbulent scales and will also require a fine regolution
in time. The Reynolds-averaged form of the Navier-Stokes ecquations are
identical to those presented eaclier, except for the stress tensor and heat Anx
vechor components shownt below. The variables should be considered as mean

flow quantities (superscripts arc dropped for clarity).
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O 2 /Pu Ov  Bw 2
Tpw = —(}f-‘f—}i.r) (2@ — § (a -+ E,jj!}"f' E)) +§,0k
ov 2/ 0u Ov Ow 2
Tyy = — (i + pr) (Q—y -3 (5: En E)) T Pk
Sw 20w v S 2
Toz = — (}L “i—}.f/;') (ZE — -3' (a '51}‘ - 8_2,')) - ﬁpk
du oOv
Tey = — (:U* + ;L"T) 3_(} I E
on  Ow
Tag = _(H'+ru'l1) __-;-}_5,;
Jv  Sw
Ty = — (it pir) v
(4.10)
L 1w myer
& = (v —1)MZ (P'r' + PJ‘-y) O
_ L fm o \OT
& = (v —1)MZ\Dr Pro) Oy
_ . b e NOT
= = (y—1M2Z \Pr Prp/) 8z
(4.11)

Curvilinear form
The model equations are written in curvilinear (€,17,¢) form to facilitate use on
curvilinear grids of arbitrary local orientation and density. A space transfor-

mation from the Cartesian co-ordinate system to the local coordinate system
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must then be introduced

£ = &(@,u.2)
n = n(r,y,z)
¢ — ((vy,2)
t = i

The Jacobian determinant of the transtormation is given hy

86, <)

J = 255
5(.-2:, Y, Z)

The equation 4.1 can then be written as

oW | o - i) oG -G ST - B
o c’i’E n 8 B

where

. W

W=7

1 ; i

e L(er o ge )

G = E,-r(mTHLn G -7, H)

Ny J_ . . 5

- L(CF e G

. 1 ) . ;

FU = j(fLF +$yG "l- é-ZI_I)

. 1, ;

Y = Sk + G+, H)

- l } o

H = S (GF +(,GY + (HY)

(4.13)
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T'he expressions for the inviseid fluxes can be sitaplified somewhat by defining

U = &Lutéuv+Guw
V = mu-bngv+ Gw (4.14)

W = (u+ CyU + G

The inviscid fluxes can then be written as

/ U \
pull + Ep
Fr= | oou + g
pwll +&:p
pUH

pV \

puV + 1D

6
|

oV + 1, (4.15)
PV A+ app
\  oVH
[ o
puW + (op

I = | oW+ (p
puW + Cp
\  oWH
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The derivative Lerms fouund in the viscous Auxes are evaluated using the chain

rule, for example

@ — 52%4_ ?Eucg}f
ox  U@E " oy T B

Steady State Solver

The Navier-Stokes equations are discretised using a cell-centred finite volume
approach. The computational domain is dividerd into a finite number of non-
overlapping control-volumes, and the governing equations are applied to each
cell in turn. Also, the Navier-Stokes cquations are re-written in a curvilinear
co-ordinate system which simplifies the formulation of the discretised terms
since body-conforming grids are adopted heve. The spatial discretisation of

equation 1.12 leads to a set of ordinary differential equations in time,

d : .
= (WigaVige) = —Riu (W) (4.16)

where W and R arc the vectors of cell congerved variables und residuals re-
spectively. The convective terms are discretised using Osher’s upwind scheme
for its robustuess, accuracy, and stability properties. MUSCL variable ex-
trapolation is used to provide second-order accuracy with the Van Albada
limiter to prevent spurious oscillations around shock waves. Boundary con-

ditions are set by using ghost cells on the exterior of the computational
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domain. In the farfield ghost cells are set at the freestreamn conditions. At
solid boundaries the no-slip condition is sct for viscous flows, or ghost values
are extrapolated from the interior {ensuring the normal component of the

velocity on the solid wall is zero) for Euler flow.

The integration in time of equation 4.16 to a steady-state solution is per-

formed using an implicit time-marching scheme by

W - W I
i,k gk 1 _
R T R (Wi (4.17)

where n - 1 denotes the time (n 1- 1) * Af. Equation 4.17 represents a system

of non-linear algebraic equations and to simplify the solution procedure, the

nll

flux residual Ry (W] J,k) is linearised in time as follows,

MRt 2
P At -+ O(AE%)

Rid.k (VVWH) e Rij,k (-an) +

= Ry (W?) 4 Al
W) IWi; Ot
'k n ny 6]-—{4 i,k
~ Ryji" (W )Téwi;A"Vm,k (4.18)
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where AWi i = Wit -+ Wy ", Bquationd.17 now becomes the fol-

lowing lincar system

[Vi,j,kl + IR jx

i = — 7.7'. n} 4. "
At BWi,.iJc] AW = —Riz (W) (4.19]

The complexity of a direct method to compute a linear systemn is of the
order of A3, which becomes prohibitive when the total number of equa-
tions A" becomes large. On the other hand, iterative techniques such as
Conjugate Gradient (CC) methods are capable of solving large systems of
equations more efficiently in terms of time and memory. CG methods find
an approximation to the solution of a linear system by minimising a suit-
able residual error function in a finite-dimensional space of potential solution
vectors. A Krylov subspace algorithm is used to solve the linear system.
The preconditioning strategy is based on a Block Incomplete Lower-Upper
(BILU) factorisation since it appears to be the most promising and has the
same sparsity pattern as the Jacobian matrix {(BILU{0)) - i.e. the spar-
sily pattern of the Lower and Upper matrices is defined with respect to the
sparsity of the unfactored matrix for simplicity. Furthermore the BILU(D)
factorisation is decoupled between blocks to improve parallel efliciency and
this approach docs not seetn to have a major impact on the effectiveness of
the preconditioner as the number of blocks increases.

Implicit schemes reguire particular treatment during the early stages of
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the iterative procedure. The vsual approach in starting the method is to take
a gmall CIFL numbaer and to increase it later on. Ilowever, it was found that
smoothing out the initial flow doing some explicil iterations, and then switch-
ing to the implicit algorithm was equally efficient. In the present method,
a specified mumber of forward Euler iterations are executed bhefore switching
o the implicit scheme.

The formulation leads to a Jacobian Matrix with a number of non-zero
entries per row. 'Lrying to reduce the number of non-zero entries would have
several advantages. First, the memory requirements are lowered. Second, the
resolution of the linear system by the GCG method is faster in terms of CP1J-
time since all the matrix-vector multiplications involved require less operation
counts. Finally, the lincar system is casier to solve since the approximate
Jacobian matrix is more diagonally dominant. The steady state solver for
the turbulent case is formulated and solved in an identical manner to that
described above for the mean flow. The eddy-viscasity is regarded calculated
from the latest values of & and w (for example) and is used to advance
the mean flow solution and then this new solntion is used to update the
turbulence solution, freesing the mean flow values. An approximate Jacobian
is used for the source term by only taking into account the contribution of
the dissipation terms Dy and D, i.e. no account of the production terms is

taken on the lelt hand side of the system.
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Unsteady State Solver

The formulation s described for the turbulent case. The laminar and inviscid
cases represent a simplification of this.
Following the pscndo-time formulation, the updated mean fow solution

is calculated by solving the steady statc probloms

_ 3witl —dwl , + wi} ) }
R, = —& 2&;. SIS Ry (Wi, &) =0 (4.20)
B — A+ Al e .
Qg — — 28 1 Qual Wi Glyp) = 0. (4.21)

Herve k,,. &, 1, and I, give the time level of the variables used in (he spa-
tial discretisation. Here the grid is moved rigidly but if grid deformation was
required then time varying areas would be required in the expression for the
real time derivative in equations 4.20 and 4.21. If k. =k — Ly == &y — 1 + 1
then the mean and twbulent quantitics are advanced in real time in a [ully
coupled manner. However, if by, — Iy =l = n—1 and & = n then the equa-
tions are advanced in sequence in real time, i.e. the mean {ow is updated
using frozen turbulence values and then the fuwbulent values are updated
using the latest mean [low solution. This has the advantage that the only
modification, when compaved with the laminar case, to the discretisation of
the mean fHow equations is the addition of the eddy viscosily from bhe previ-

ous time step. The turbulence model ouly influences the mean flow solution
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through the eddy viscosity and so any two equation model can be uscd with-
out modifying the mean flow solver. Hence, the implementation is simplified
by using a. sequenced solution in real time. Mowever, the uncoupling could
adversely effect the stability and accuracy of the real thme stepping, with the
likely consequence of limiting the size of the real time siep that can be used.

Equations {4.20) and (4.21) represent a coupled nonlinear system of equa-
tions. These can be solved by introducing an iteration through psewdo time

7 to the steady state, ag given by

':";'1’””'1 - w?}"l’m Bwhon — dwl - wiTh B ke .
' '» P W e — 0 (422)
A7 2A¢ ' " 7 )
ritlam+1 n+1,m e n n—1
9., . 3y — 4 + i

. [N o~ 1?1:1; "{;I\ = 0. 4-2
AT 2A¢ + Qi‘J (W?,J ) qt.J/ 0 f 3)

where the m —th pscudo-time iterate at the n-+ 1k real time step are denoted

mHLm and g1 vespectively. The iteration scheme used only effects the

by w
efficiency of the method and hence we can sequence the solution in pseudo
time without compromising accuracy. For example, using explicii time step-
ping we can caleulate w™™! using &,, = n+ 1,72 and & = -~ 1,m and
gt using l,, — n--1,m+1 and {, = n+1,m. For implicit time stepping
in pseudo time we can use Ky, = Ly =hL =n+1,m | land & =n+ 1,m.
In both of these cases the solution of the equations is deeoupled by freeszing
values but at convergence the real time stepping proceeds with no sequenc-

ing error. It is casy to rccover a solution which is sequenced in real time
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from this formulation by seiling &, = n throughout the calculation of the
psendo steady state. ''his facilitates a comparison of the curvent pseudo
time sequencing with the more common real time sequencing. In the code
the pseudo steady-state problems are solved using the implicit steady state

solver described in detail in section 4.
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Turbulence Models
The Spalart-Allmaras (8-A) Turbulence Model

The S-A model is a one-equation model. This medel is defined as [ollows:

Eddy Viscosity Function

vp=Dfy: (4.24)
where
A -~
e . X == 4
«{l)l //3 + C::] H X - Y (1\25)

Convective Transport Kguation of the Eddy Viscosity

D2 — 59+ L9 (0 4 9)98) < enlV5)] = cunf H (126)
where
S =S4 s fa fo=1- ﬁ (4.27)
and ] »

Closure Coefficients

o — 0.135, o =2/3, cp=0622 =041,
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oot = 2.762, Cus = 0.3, Cus — 2, cy = 7.1

Can = 2762, Copn =03, cus =2, ¢, =71 (4.28)
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The k-w Turbulence Model
The two-equation k-v model by Wilcox can be defined as follows:
Eddy Viscosity
pr = pkfw (4.29)
Turbulence Kinetic Energy
£+ VVk——l-V [(po +o*pur) VE| = Fo— G pkw  (4.30)
Pap TPV VE =V (ut+our) VA = P~ 5 phu .30)
Specific Dissipation Rate
Ow 1 ! 9
o + pV.Vw — P;V' [(p+oup)Vw] = E,— Bpw (4.31)
Closure Coeflicients
a=25/9 F=3/40, B =9/100, o=1/2, o*=1/2 (4.32)
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In the above relations the production terms of & and w, P, and F, respec-

tively, are
2
By = ppP — §,01’v'5'
-Pw = a'#-!')k

aud

P = {(vv +VVT) vV - -3— (V.V)?

S5 = VYV

(4.33)

(4.34)

——
_.,'..\
(V]
[shy§

j

(4.36)

The eyuations as shown above usc the same non-dimensional quantities as

i section 3.1.1, with the addition of

k" Re w* L e
¢ == e = T =
Uz un M

The Shear Stress Transpost (SST) Turbulence Model

The SST turbulence model of Menter is defined as follows:
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Eddy Viscosity

pkfw

or = ma [1; 2/ (aw)]’ a1 =081 (4.38)

in turbulent boundary layers the measdmum value of the eddy viscosity is
limited by forcing the turbulent shear stress to be bounded by the turbulent
kinetic energy times aq. This effect is achieved by using an auxiliary function
5 and an absolute value of the vorticity, 2. This auxilisry function is defined

as a function of the wall distance (y) as

- — 2
. vk 5004 )
Fy = tanh (umac [2 5.0005" p-y%]) (4.39)

Turbulence Kinetic Energy

The two transport equations of the model are defined below with a blending
function P for the model coetticients of the original w and ¢ model equations.
Tle transport equation are given by

— ;—_ ! e ——— . de* o = . A * 1.
P m + pV.Vk Rev [(p6 -~ o™ per) Vf’] Py — 5" phw (1.40)
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Specific Dissipation Ratc

p% + pV.Viw — %V- (e + owppr) V] = B — fpu®

P2 T (4.41)

%9,

+2(1— Fy)

Closure Coefficients

The function F) is designed to blend the model coefficients of the original
k — w model in boundary layer zones with the transformed & — ¢ model in
free-shear layer freestream zones, This function takes the value of one on
no-slip swfaces and near one over a large portion of the boundary layer, and
gaes to zero at the boundary layer edge. This anxiliary blending function,

Fy, is defined as

vk 500
I = tank 1 2 )
1 anh {mm (mﬂx [ 0. ngy’ py%

4
. 4paw2k T
s

where

C D, — max [‘Z z‘?’?,v;ng; 10_20J
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where C' Dy, stands for cross-dilfusion in the & — w model. The constants are

a =031, 9 =009, k=041 (4.43)

'T'he model coefficients 3, , 0%, and o,, denoted with the symbol ¢ are
defined by blending the coefficients of the original & — w model, denoted as

¢1, with those of the transformed % — ¢ model, denoted ¢s.

¢=F¢ - (1—Fy)¢y,

where

¢ = low, 0w, 8,7] (4.44)
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with the coefficients of the original models defined as

¢ Inner model coefficients

ay1 = 085, Tyl == 05, ,61 b 0-075.

Y1 = 5/8" — omrt// G — 0.553 (4.45)

s QOuter model coefiicients

ope = 1.0, 0wy — 0.856, By = 0.0828,

Yo = /8" — O—w252/\/,@? = 0.440 {4.46)
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