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Abstract

The formation and development of a vortex generated by a wing with a NACA0012 airfoil
section in the presence of grid-generated turbulence was studied at Reynolds numbers 29000
in a water tunnel and 240000 in a wind tunnel. Flow visualization indicated that the free-
stream turbulence did not significantly affect the large-scale features of the vortex during
its formation, however, it resulted in an increase in the turbulence within the vortex as
well as an increase in the wandering motion of the vortex. Extensive single-point and
two-point, three-component hot-wire anemometry.measurements were conducted for the
no-grid case and four cases using two different grids. Time-averaged statistics were found
to be significantly influenced by wandering of the vortex position. Quantitative analysis of
vortex wandering showed a significant increase in its amplitude with increasing free-stream
turbulence. The radial profile of the circumferential velocity with respect to the wandering
vortex axis was reconstructed using two-point measurements. The rate of decay of the peak
circumferential velocity was found to increase with increasing free-stream turbulence, but
the radial location at which it occurred did not change significantly. Analysis of the velocity
signals indicated that the turbulent eddies from the wing’s wake and the grid turbulence

tend to wrap around the vortex core.
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Chapter 1

Introduction

1.1 'Wing-tip vortices

The vortex is one of the most easily recognizable fluid mechanical entities. Through-
out prehistory and history, the vortex has been a theme often repeated in artwork, legend,
philosophy and cosmogony around the world. In the early 1600s, French philosopher and
mathematician René Descartes employed vortices to explain the creation of the universe
and the movement of bodies within it. Although his theory was later disproved, its concep-
tualization serves as an example to show the historical significance of the vortex.

There are innumerable examples of vortices in fluid mechanics, spanning a wide
range of scales, ranging from hurricanes and tornadoes in atmospheric flows to microscopic
vortices generated by self-propelled microorganisms (Lugt (1983)). Vortices play a signifi-
cant role in a variety of engineering applications. An important application is the vortices
that form at the tips of finite-span lifting surfaces, such as wings and propellers, which are

used to generate lift and thrust.



As fluid flows past lifting surfaces, it typically accelerates over one side of the
surface, while it decelerates over the other, thus generating a pressure difference across the
surface. This pressure difference results in a force, which can be applied for lift or propulsion.
As the fluid on the two sides of the surface is connected around the tip, the pressure
difference must vanish at the tips, causing a spanwise pressure gradient, as illustrated in
Figure 1.1. Figure 1.2 illustrates how the spanwise pressure gradient generates a spanwise
component of velocity and a corresponding velocity gradient within a shear layer at the
trailing edge of the lifting surface. The shear layer extends up to the wing tip, where high
local shear causes it to roll up, as shown in Figure 1.3, and form a vortex. Commonly
referred to as trailing vortices or wing-tip vortices, such vortices would occur inevitably at
the edges of any lifting surface of finite span. Examples of wing-tip vortices can be found

behind aircraft wings, helicopter rotors and propellers.

1.2 Turbulence

Turbulence is commonly understood to be a highly disorganized fluid motion,
characterized by random velocity fluctuations in both time and space. Any laminar flow
would become unstable and lead to turbulence if the inertial forces acting on it would
increase sufficiently with respect to viscous forces. The ratio of inertial forces to viscous
forces is commonly represented by the Reynolds number, Re, of the fluid flow. Although the
exact definition of Re is dependent on the flow being studied, generally speaking, turbulence
can be expected at high Reynolds numbers.

Due to the disorganized motion, turbulence results in a significant increase in the



Figure 1.1: Sketch showing change in pressure difference across the span of a wing.

Figure 1.2: Sketch showing spanwise flow induced by changing pressure difference across
span.

Figure 1.3: Sketch showing roll-up of shear layer into trailing vortices.



mixing and diffusion of mass, momentum and energy. Such mixing can be both beneficial
and detrimental, as can be seen in the example of a boundary layer on an aircraft wing:
increased mixing causes diffusion of lower momentum boundary fluid away from the wing,
resulting in an increased velocity deficit at the wing trailing edge and hence increased skin
friction drag; at the same time, turbulence also mixes the faster free stream fluid with the
slower fluid near the wall, energizing the wing boundary layer and thereby delaying flow
separation and stall.

A turbulent flow is classified as being homogeneous if its statistically averaged
properties are independent of location. Isotropic is a turbulent flow whose statistical char-
acteristics are independent of orientation. Although homogeneous and isotropic turbulence
is rarely found in nature, this type of turbulence is commonly used as a paradigm to study
and understand many turbulent phenomena. One of the simplest ways to generate such a
flow in the laboratory is through the use of grids or other uniformly distributed flow ob-
structions in wind and water tunnels. The wakes of grid elements interact with each other,
eventually breaking down and generating turbulence, which, when considered in a frame

moving with the uniform mean flow speed, is nearly homogeneous and isotropic.

1.3 DMotivation and objectives

The trailing vortices developed behind aircraft have long been known to create a
hazard for other aircraft whose flight path might intersect them. Such an encounter results
in the intersecting aircraft experiencing large rolling or pitching moments. This becomes

a particularly dangerous situation when the aircraft is landing or taking off. Then, the



aircraft is close to both stall speed and the ground, while, at the same time, a trailing
vortex encounter is more likely to occur. The hazard caused by tip vortices is compounded
by their strong stability and slow decay rate, corresponding to long periods of time for the
flow disturbances to be reduced to safe levels.

Air traffic control regulations provide safe separation distances between aircraft
grouped by weight. These procedures have been developed through experience and provide
a safe environment for air travel. However, as the volume of civil aviation increases around
the world, there is an increased need for a corresponding increase in the frequency of arrivals
and departures at airports. There are two possible ways to increase this frequency: either by
increasing the number of runways at an airport or by decreasing the spacing between aircraft
arrivals or departures on the same runway. In the case of many airports, there is little or no
space to increase airport size and noise abatement considerations prevent expansion. Even
if expansion is possible, the trailing vortex hazard is not necessarily mitigated due to an
increase in the number of aircraft sharing the airspace. Therefore, increasing the frequency
of aircraft arrivals and departures is becoming a more necessary option. However, to do
this safely, our understanding of tip vortices must be significantly increased.

Additionally, current procedures have been developed to respond to the needs of
current aircraft. Development of heavier aircraft, such as the Airbus A380, or aircraft of
different configurations, such as the blended wing concept (Liebeck (2004)), will require
careful reassessment of safety requirements with regards to the vortex hazards that such
aircraft could introduce.

One factor that is known to increase the rate of decay of tip vortices is the existence



of atmospheric turbulence (Sarpkaya and Daly (1987)). Despite this knowledge, very few
experimental studies have been conducted to increase the understanding of the mechanisms
by which the rate of decay increases and the effect that increased turbulence levels have on
vortex formation.

The study of an isolated vortex in a turbulent stream may also contribute towards
understanding turbulence itself. The simultaneous existence of, and interactions among, co-
herent vortical structures has been observed in many studies of turbulence. These coherent
structures take the form of small scale vortices and have been attributed to the production
and dissipation of turbulence. Nevertheless, the interaction between the coherent structures
and surrounding small scale turbulence is not well understood. Despite the importance of
interaction of structures of different scales, there have been surprisingly few experimental
studies which isolate a single vortex and study its interaction with the surrounding tur-
bulent eddies (Bandyopadhyay et al. (1991), Heyes et al. (2004), Beninati and Marshall
(2005)). The dearth of experimental studies results in an insufficient experimental database
that can be used by turbulence modelers and computational fluid dynamicists (Marshall
and Beninati (2000)). As a result, a focused and thorough study of the interaction of an
isolated vortex and external turbulence will provide an extremely useful validation case for
other researchers.

The specific objectives of this thesis can be summarized as follows:

e Determine what effect, if any, the free stream turbulence has on the mechanism of

vortex formation at the wing

e Provide further insight into the phenomenon of vortex wandering



o Observe and document the effect of free stream turbulence on the fully formed vortex

e Document the distortion of the free-stream turbulence in the vicinity of the vortex

e Provide an extensive set of experimental data that can be used for the validation of

turbulence models and computational methods.



Chapter 2

Analytical background

2.1 Vorticity and circulation

As described by Saffman (1995), the relative velocity of two fluid particles sepa-

rated by an infinitesimal distance dx; can be expressed as
oU; = Sijéa:j + Q,‘j(;xj y (2.1)

where S;; is the rate of strain tensor, defined as

1 /oU;  ou;
% =3 (axj * ax) (22)

and €2;; is the rotation tensor, defined as

1



where the alternating tensor ;) is defined as

(

1 if the values of ¢, j, k are an even permutation of 1,2,3 (i.e., 1,2,3)

€ijk = § —1 if the values of 4, j, k are an odd permutation of 1,2,3 (i.e., 3,2,1) - (2.4)

0 if the values of ¢, j, k are not a permutation of 1,2,3 (i.e., 1,1,3)
\

and the vorticity vector 0 is defined as

oU;
Ox;

Qk = 5ijk (2.5)

The magnitude of the vorticity is equal to twice the angular velocity of the fluid particle;
for inertial reference frames, it is independent of the frame of reference (Lugt (1983)).

In an analogy to the concept of a streamline, a ¢

‘vorticity line” can be defined as
a line tangential to the local vorticity vector at all its points. For an inviscid fluid where
the fluid is barotropic (the density of the fluid depends on pressure alone) Saffman (1995)
demonstrates that if a vorticity line and a material line coincide at some time instant, they
will coincide at all times, in which case the vorticity line is said to move with the fluid. A
“vorticity tube” is defined as a surface formed by the vorticity lines passing through a closed
curve in space. An isolated vorticity tube surrounded by irrotational fluid is commonly

referred to as a “vortex tube” or simply vortex.

The strength of a vortex is defined as the circulation around a curve surrounding

I'= fUidsi = //QinidA , (2.6)

where ds; is an element of a closed curve in space enclosing the area A with unit normal

it, namely

n;. Therefore, the strength of the vortex is equal to the flux of vorticity through the closed

path, s;. Some texts (i.e. Bertin and Smith (1989)) define circulation as being negative



when defined as in Equation 2.6, whereas others (i.e. Saffman (1995)) define it as above.
Within this report, circulation is defined as in Equation 2.6, which results in positive vortex

circulation in the coordinate system used in this study.

2.2 Incompressible viscous flow

For the proposed research, the fluid can be approximated as Newtonian, either
having constant density or being incompressible and barotropic and under negligible body

forces. Under these conditions, conservation of mass and momentum can be expressed as

ou;
or;

0 (2.7)

and

oU OV _10P o, .
ot J&vj_ p Ox; Vamja:j’ '

where p and v are, respectively, the density and kinematic viscosity of the fluid.
Cylindrical coordinates are commonly used in vortex studies. Equations 2.7 and
2.8 can be written in cylindrical coordinates using x = z; as the direction tangential to the

3 as the

vortex axis, § = arctan(—xzy/w3) as the azimuthal direction and r = (122 + z3?%)
radial direction. The corresponding velocity components are U, Uy and U,. In cylindrical
coordinates, and under the assumptions that the vortex is axi-symmetric and its axis is

straight, the continuity and momentum equations can be written as (Lugt (1983))

8u, U, OU, _

8r+r+8x

0 (2.9)

and

or2 ' or

ou, . OU, . 8U, UZ 18P V(82Ur ] (Q) 8°U,
T

+ + —5—52—) , (2.10)



Or? or

T

Uy oUp OUs UgU,  (8%Uy 0 (Up\ , 0%
o U TV —”< T2 ) (2.11)

2 2
oU, oU, oU, 10P V(a Uz 0 (Uw) 8Uz) ‘ (2.12)

ot +Ur or Uz Ox :_55 Or? +E Ox?

-
The assumptions of axi-symmetry and straightness are valid approximations for fully formed,
steady vortices. However, Devenport et al. (1996) show that the vortex trajectory is curved
near the wing tip. Even so, at its maximum curvature closest to the wing, the vortex tra-
jectory deviates from the streamwise direction by typically 2°, so that the assumption of a
straight trajectory appears to be appropriate, at least over relatively short sections and for

vortices which are not drastically distorted by vortex wandering (described in Section 3.3).

By taking the curl of Equation 2.8, an equation for vorticity transport can be

found as
o), o0 oU; 029,
with
o
50, =0 (2.14)

found from Equation 2.7. These equations have the useful property that they do not ex-

plicitly contain pressure, which is very difficult to measure at a single point.

2.3 Model vortices

A vortex is commonly understood to be a swirling or rotational fluid flow. Al-

though the velocity field of a vortex is sometimes described as having closed streamlines,

11



this description is not always valid, such as in the case of a vortex advecting in a moving
fluid. In fact, an exact mathematical definition of a vortex is actually quite elusive, in no
small part due to the multitude of flows in which they exist.

The simplest analytical treatment of a straight vortex of infinite length is that of
the irrotational (or potential) vortex, which induces a velocity field with a circumferential
velocity given by

I

Up = 2.1
0= o (2.15)

where T', is the strength of the vortex, equal to the circulation around it. This field has
zero vorticity everywhere except at the vortex centre, where the vorticity is approximated
by a Dirac delta function: Q(r) =TI',d(r) (Saffman (1995)). Irrotational vortices are often
used in potential flow analysis to generate circulation.

One undesirable mathematical property of the irrotational vortex is that the ve-
locity tends to infinity on its axis. Another vortex model, called the Rankine vortex, is

free of this singularity. A Rankine vortex consists of both a “free”, irrotational part

I
Up=—— whenr>r, (2.16a)
27r
and a “forced”, rotational part
T
Ug = s—7 when 7 < 7 may - (2.16Db)
27rr9max

The Rankine vortex introduces the concept of a vortex “core” for r < rgmax in which the
velocity profile is linear. All vorticity in the Rankine vortex is concentrated in the core and
is uniformly distributed.

Through the solution of the Navier-Stokes equation, an additional vortex model

can be devised. By assuming an axi-symmetric, laminar flow, the vorticity transport

12



equation, Equation 2.13, can be simplified to

08, 0%,

=V
8t &L'j:rj

for which an exact solution can be found, following (Saffman (1995)), as

' _,.2
Oer/41/t

e = 4rvt ’

(2.17a)

which indicates a Gaussian distribution of vorticity. The radial profile of circumferential

velocity is

_ Iy —r2/4ut
Up = 5= (1 e ) . (2.17b)

This model is called the Lamb-Oseen vortex and may be used to model viscous vortex
diffusion, assuming that the vortex was a potential one at ¢ = 0. Saffman (1995) also
shows that the peak circumferential velocity and the radius at which it occurs can be found

as

0.716T,
Upmax = ——2 (2.18)

2776 max

Tomax = 2.24Vut.

This value for 79 max can then be used to create a form of Equation 2.17b in which the time

dependency is contained entirely within rgmay and Upmax so that

U max 79 max —1.2526(r/ 2
— 1 _ . r9max) . 2.1
Us=0716 + ( ¢ ) (2.19)

This form of Equation 2.17b is useful for representing the velocity field of a vortex using
known or assumed values of 79 max and Upmax. The potential, Rankine and Lamb-Oseen

vortices are compared in Figure 2.1, and the evolution of the Lamb-Oseen vortex in time

13



is illustrated in Figure 2.2. Comparing the Lamb-Oseen model to the other models, one
can see that, near the centre of the vortex (r/rgmax < 0.7 in Figure 2.2), the Lamb-Oseen
model can be observed to have a core region of nearly uniform velocity gradient, similar to
the Rankine vortex, whereas, far from the centre of the vortex (r/rgmax > 2 in Figure 2.2),
the velocity profile of the Lamb-Oseen model approaches that of the irrotational potential
vortex. These three vortex models provide the basis for numerous other models (Gerz et al.
(2002)) and are commonly used to further our understanding of vortex behaviour through

analytical studies or as boundary conditions for numerical studies.
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Figure 2.1: Comparison of potential, Rankine and Lamb-Oseen vortex models.
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Figure 2.2: Lamb-Oseen model of viscous vortex decay.
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2.4 Inviscid vortex flows

Helmholtz vortex laws

Lugt (1983) describes the derivation of two of the Helmholtz vortex laws, which
are based on the inviscid form of Equation 2.13 (v = 0) and the assumption that the fluid is
barotropic. The first law states that the strength of a vortex tube is unchanged with time.
This law can be found by integrating Equation 2.14 over a volume and applying Gauss’

theorem, giving

o0,
ox;

dV = fQandA =0 s (2.20)

which shows that the net flux of vorticity out of any closed surface is zero. When the closed
surface is a vorticity tube, this law demonstrates that the vorticity tube must be either a
closed loop or end in a boundary.

The second Helmholtz vortex law states that a fluid element without vorticity

cannot obtain vorticity at a later time. This follows from the inviscid form of Equation 2.13

DS, _ (dﬂz) 0 oU; (2.21)

Dt at ), 0z;’
where % is the material derivative and (%)U indicates a Lagrangian time derivative. Thus,
if €); is initially zero, there is no mechanism to provide a positive rate of change of vorticity
to the fluid element. Therefore, a necessary component for the production of vorticity is
the effect of viscosity. It should also be noted that both the magnitude and orientation of
an element’s vorticity can change due to vortex stretching. Saffman (1995) observes that

Equation 2.21 can also appear in the form

DSy (d9y
= ( — ) S (2.22)

16



which shows that the rate of change of the vorticity of a fluid element is related to the local
rate of strain tensor and not due to the local rotation tensor. Saffman (1995) also describes
a third Helmholtz vortex law, again assuming that the fluid is inviscid and barotropic, which
states that the fluid particles on the vorticity line at any time will remain on the vorticity

line for all subsequent times, indicating that the vorticity line moves with the fluid.

Kelvin’s theorem

Kelvin’s theorem states that, in inviscid flow, the circulation along a closed curve

travelling with the fluid remains constant in time

D d
Bk = (5F>a =0. (2.23)

Its proof (Lugt (1983)) is based on the inviscid form of the momentum Equation 2.8 (Euler’s

equation)

DU; _ 19P

e Rl 2.24
Dt pOx;’ (2.24)

combined with the expression

d D D DU;
il - 7 =" ds; = A AT, 92
(dtr>a DtF for %U ds f Di ds; —|—7{Uzdl}z (2.25)

and assuming that the fluid is barotropic.

2.5 Homogenous and Isotropic Turbulence

Tennekes and Lumley (1972) show that using Reynolds decomposition

A=A +a, (2.26)

17



where the random process A is considered to be the sum of the mean (A) and the fluctuations

a, the momentum equation for the mean velocity can be written as

; 19(P 2 (U; U
oW __19(P) (U _ Buu;) -
8(L’j P al'i 8:6j8l‘j 8xj

The final term on the right hand side represents the contribution of the Reynolds stress

tensor —p(u;u;) to momentum transport. Following a similar procedure, a balance equation

for the Reynolds stress tensor can be found as

9 (uium) 0 {uitim,)

ot

N Z\aYmy . 8<Uz> _ o a(Um> . a(uiujum)
+{Uj) dz; = <“Jum> —637]‘ (usug) oz Bz;

1 Op ' dp 0%y, . Pup,
7 (<“’”axi> * <“ awm>) T (<“’" axjaxj> * <“ pujo;)) - 2%

Further understanding of this equation can be found by introducing the turbulent

kinetic energy

k= % <uiuz) (2.29)

and setting ¢ = m in all terms of Equation 2.28, which leads to the form

% ) Bki _ o 8<U1> 16(’&]])) _ 18(u3uzuz> 82]{:
ot +< J> 6acj a <U,Z’U,J) aiL'j p 8:rj 2 8a:j + Vaxjawj

0% (uguy) 1 Ou;  Ouj\ [ Ou;  Ou
+v B2:01; _§V<(8_xj+ 3xi> (amj + 3x1>> . (2.30)

The physical significances of the terms on the right hand side in Equation 2.30 are described

by Tennekes and Lumley (1972) as follows:
o — (u;u;) %%Z represents the rate of production of k

Sup) represents the rate of work by pressure fluctuation gradients

s - Oz

=

. —%%&%ﬂ represents the turbulent diffusion of &

18



8% (uuj) 52k . . .
9 {uity)
* Vet and v 92,93, represent viscous diffusion of k

o %V<(g—:;‘ + %f) (g—% + %)> represents the rate of dissipation, €, of k

For homogeneous and isotropic turbulence, Equation 2.30 reduces to

% - ¢, (2.31)
indicating that there is no production of turbulence and therefore the turbulent kinetic
energy will decay with time.

An analogy for Equation 2.27 can be found for vorticity by performing Reynolds

decomposition

Q, = <Qz> + w; (2.32)
and substituting into Equation 2.13 to get

OUi)  ,0%(Q) _ Ofugws)  O{uiws)
0z; Ox;x; Oz Oz

= ()

(2.33)
Similarly, an analogy can be found for Equation 2.30 by introducing the concept of turbulent
enstrophy, (ww;), as a measure of intensity of fluctuations in rotation

03 (wiw;) U 8%— (wiwi) B() 10 (uwiws)

ot Ui =z, = ~ %) 50~ =37 oa,
82 (wiwi) 8w¢ aw,'
+ (wiwjsyj) + (wiwy) (Sig) + () (wisiz) + e <E)_a:] 8xj> , (2.34)

where s;; is the fluctuation component of the rate of strain tensor, S;;. The significances of
the terms on the right hand side of Equation 2.34 are described by Tennekes and Lumley

(1972) as:

o — (ujwj) %—%2 represents the production by the mean vorticity gradient
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1 8tuswiws
° EQL%%M represents the turbulent transport of the turbulent enstrophy

wiw;8;5) represents production by stretching due to turbulent strain
381

(wiwj) (Sij) represents production by stretching due to the mean strain

o () (w;isqj) represents production by stretching coupled with the mean vorticity

82 (wiwi)
Ox;0x;

7 represents molecular diffusion of turbulent enstrophy

v <g—‘;lg—il> represents viscous dissipation of turbulent enstrophy
J J
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Chapter 3

Literature review

The variety of engineering flows in which trailing vortices are significant is reflected
in the volume of research, both experimental and theoretical, that has been directed towards
them. Among the important research topics that have been associated with the trailing

vortex problem are the following:

The formation of the vortex and vortex roll-up

The velocity profiles of a fully formed vortex and the existence of axial velocity surplus

or deficit in the core of the vortex

e The phenomenon of vortex wandering

e Turbulence and instability in the vortex

The interaction between a vortex and turbulence

These topics of import form subsections within the current literature review.
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3.1 Vortex formation and roll-up

The process of vortex formation over the wing is highly dependent on the geometry
and flow conditions, which include Reynolds number, aspect ratio, planform shape, wing
loading, lift distribution, tip shape and wing boundary layer turbulence. Considering the
large number of influencing parameters, Donaldson and Bilanin (1975) observed that there
is no one vortex description which can be applied to all cases. Pressure variation along the
span of a finite wing induces a spanwise component of velocity over the surface of the wing.
At the tip, fluid from the pressure surface rolls up towards the suction surface, forming a
discrete vortex that is convected downstream, as illustrated in Figure 1.3. At the trailing
edge of the wing, the spanwise flow generates a spanwise shear layer, which is also convected
downstream. At the same time, the boundary layers on the two surfaces merge into a wake,
which has streamwise momentum deficit and coexists with the shear layer.

The formation process of a wing-tip vortex depends largely on the wing geometry.
Planform shape affects the distribution of pressure on the wing, and thus the spanwise flow.
Boundary layers on the wing contain turbulence and vorticity, which are encased in the
vortex during roll-up (Spalart (1998)). Depending on the shape of the wing-tip, roll-up of
the main vortex may include the merging of multiple smaller vortices forming from local
shear layers separating from sharp edges (Katz and Galdo (1989), Birch et al. (2003)).
Conversely, Green (1995) noted that, for rounded tips, the flow separates from the pressure
surface and reattaches on the suction surface by the mid-chord location. For sharp edged
(i.e., square) tips, multiple vortices have been observed through flow visualization (Katz and

Galdo (1989)), surface pressure measurements (McInerny et al. (1990)), and more recently
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by particle image velocimetry measurements (Birch et al. (2003)). Two large vortices were
found to form at the suction-tip and pressure tip interfaces with tertiary vortices forming
depending on the angle of attack and airfoil shape. Within one chord length of the wing,
these multiple vortices merged into a single tip vortex. Finally, additional co-rotating
vortices, generated by part-span flaps and other discontinuities, could merge with the main
vortex at some downstream distance from the tip (Jacquin et al. (2001)).

Downstream of the wing, the shear layer and the wing wake roll up in a spiral
around the vortex (Figure 1.3). This roll-up process continues until the shear layer vor-
ticity has been fully integrated into the vortex through turbulent and molecular diffusion
(Saffman (1995)). Phillips (1981) considered the vortex to be undergoing roll-up as long
as the wake spiral is distinct from the vortex core, with such a condition persisting several
wingspans downstream of the wing. However, other researchers, such as Shekarriz et al.
(1993), considered the roll-up process to be complete when the vortex reaches its maximum
circulation and found this to be the case at the trailing edge of the wing. Alternatively,
roll-up may be considered to be complete when the vortex core becomes axi-symmetric. Un-
der this definition, Ramaprian and Zheng (1997) found the roll-up process to be complete
within two chord lengths downstream of the wing. Using three-component laser-Doppler
velocimetry measurements and a fine measurement grid, Ramaprian and Zheng (1997) were
able to determine the mean vorticity vector and found that the vorticity in the wing wake
rapidly aligns itself azimuthally as the wake spirals around the vortex. This effect is differ-
ent from the hypothesis that the trailing vortex sheet is aligned with the streamwise flow

as it wraps itself around the core, a concept commonly used in lifting line methods.
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After leaving the wing, the vortex tends to shift towards the wing root, as the
wing wake rolls around the vortex. Devenport et al. (1996) found that the vortex initially
traveled toward the root with a trajectory proportional to the square root of the streamwise
distance and asymptotically approached a location that was further inboard than predicted
by the lifting line theory of Donaldson et al. (1974). A single, isolated vortex in a wind
tunnel will tend to have a different trajectory relative to the wing than that of a vortex
pair in the atmosphere, due to several effects. Most importantly, each vortex of the pair
will induce motion on the other, resulting in a downward (opposite to the direction of lift)
trajectory of the pair. Spalart (1998) discussed that the velocity of the trajectory is not
uniform, resulting in deformation of the vortex sheet trailing the wing. Additional effects on
the trajectory of a single vortex in a wind tunnel, which are not present in the atmosphere,

are caused by the tunnel walls which tend to straighten the trajectory.

3.2 Velocity field and circulation of a fully formed vortex

Several chord lengths downstream of the wing, the velocity profile of a wing-tip
vortex becomes nearly axi-symmetric. Within a region near the axis of the vortex, the fluid
is in approximately solid body rotation with a radial profile of circumferential velocity that
is nearly linear (Figure 2.1). This region is often referred to as the viscous core of the vortex;
it is sometimes identified as the region within the radial range r < 79 max, where rgmax is the
radius at which the maximum circumferential velocity occurs. Outside the viscous core, the
circumferential velocity profile resembles that of a potential vortex. Spalart (1998) identified

the minimum radius beyond which the velocity profile is approximately potential as 7y,
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fmax rjnv r

Figure 3.1: Sketch of a typical radial profile of the circumferential velocity of a wing-tip
vortex, defining rgmax and i,

and observed that the region r» < r;,, provides a more significant contribution towards
rolling moments on aircraft than the region r < rgmax, although rgmay has received more
attention in the literature than r;,,. A sketch of a typical circumferential velocity profile
of a wing-tip vortex is shown in Figure 3.1 identifying locations 7¢max and 7. For a
Lamb-Oseen vortex, riny & 2rgmax (Figure 2.1).

Phillips (1981) analyzed the formation of the velocity profile from the spiralling
shear layer shed from the wing and observed that the vortex becomes approximately self-
similar with three distinct regions, as illustrated in Figure 3.2. Inside the vortex, where
viscosity has merged the spiral shear layer into a continuous profile, the vortex can be
divided into three regions: Region I, which is approximately in solid body rotation and

which is dominated by viscous effects; Region II, in which the viscous effects are weaker,
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Figure 3.2: Illustration of Regions I, II and III in the vortex (adapted from Phillips (1981))

the velocity peaks, and in which the circulation grows approximately logarithmically with
radial distance (Hoffman and Joubert (1963)); and Region III, in which viscous diffusion
and turbulent diffusion have merged the spiralling shear layer, resulting in a circumferential
velocity profile dependent on the characteristics of the shear layer. Phillips (1981) found
that experimental data were approximately self-self similar in Regions I and II; however for
Region 111, the initial conditions strongly affected the spiral shear layer and the experimental
results did not follow any self-similarity. Outside the three regions, the velocity profile
was characterized by discontinuities caused by the un-merged spirals which were highly
dependent on the initial conditions at the wing.

Devenport et al. (1996) found that their experimentally measured spiral of axial
velocity deficit shed by the wing, referred to as the spiral wake, was self-similar at distances
greater than 5 chord lengths from the wing. They normalized the shape of the wake spiral

by the distance between the centreline of the two-dimensional portion of the wing wake
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and the centre of the vortex core. Their results also indicated that the velocity profiles
were self-similar when normalized by velocity and length scales determined from the two-
dimensional portion of the wing wake, reflecting the significance of the wing wake on the
vortex characteristics.

Within the vortex, in the initial stages of vortex formation, the pressure in the
vortex core gradually decreases along the vortex axis as the circumferential velocity in-
creases, generating a favourable axial pressure gradient which accelerates the core fluid in
the streamwise direction, possibly resulting in a “jet-like” core having an axial velocity sur-
plus (Devenport et al. (1996)). The analysis of Batchelor (1964) showed that the axial
velocity can be either jet-like or wake-like, depending on the balance between circulation
and dissipation of momentum due to losses. Further downstream, viscous actions deceler-
ate the flow, tending to convert the core to “wake-like”, having a velocity deficit relative to
the free-stream. Both wake-like and jet-like axial flows have been reported. For example,
Dacles-Mariani et al. (1995) reported a jet-like core at the trailing edge of their wing with a
maximum streamwise velocity 1.77 times the free stream velocity, whereas Ramaprian and
Zheng (1997) reported a wake-like core with a minimum 0.68.times the free stream velocity.
Anderson and Lawton (2003) used various tip geometries and angles of attack to generate
both types of axial flow. They found that, at higher angles of attack and with rounded
wing tips, jet-like flow was produced; however, at lower angles of attack and with square
wing tips, wake-like flow was produced. They suggested that the smaller core produced by
the rounded tips results in a higher vorticity density, contributing to jet-like low. Increased

losses caused by the formation of multiple vortices for a square wing tip resulted in a slightly
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larger vortex core and a wake-like flow.

3.3 Vortex wandering

A significant complication for every experimental study is the random transverse
motion of the vortex about its average path, referred to as vortex wandering or meandering.
These motions could introduce a large error on the measurement of single-point statistics
taken with a fixed probe near the axis of the vortex. Due to the large radial variation of the
velocity in the core, even a small sideways displacement of the vortex would result in a large
change in velocity at the measurement point, which would significantly affect time-averages.

This phenomenon has been observed in experimental studies for many years, but
no consensus concerning its cause has yet been reached. By analyzing the spectra of vortex
core position determined from smoke flow visualization, Corsiglia et al. (1973) and Baker
et al. (1974) have concluded that the motion is caused by wind tunnel turbulence. In
contrast, Green (1995) attributed the wandering to the ejection of packets of vorticity
from the core and suggested that point measurement techniques are not useful at distances
greater than one chord length from the wing. More recently, Gursul and Xie (1999) proposed
that the wandering was a result of interactions with secondary vortices (formed from the
shear layer during flow separation from the wing), which induce motion in the primary
vortex through Biot-Savart induction. Rokhsaz et al. (2000) also proposed that Biot-
Savart induction is involved in the vortex wandering process, but suggested that the vortex
induces its own motion when its trajectory is mildly perturbed. Other mechanisms which

have been proposed include interaction with tunnel walls and the interaction of multiple
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vortices which occur during vortex formation.

Using single component hot-wire anemometry to study the trailing vortex gener-
ated from the tip of a flat plate set at an angle of attack to the flow, Rokhsaz et al. (2000)
found that the growth rate of the wandering amplitude depends on the vortex strength
and that the amplitude grows with downstream distance. An increase in amplitude was
also found by Devenport et al. (1996) in their three-component hot-wire measurements
downstream of a NACAO0012 semi-span wing; however they report an inverse relationship
between circulation and wandering amplitude and suggest that this supports the source
of vortex wandering as being due to wind-tunnel unsteadiness. Additionally, Devenport
et al. (1996) used an analytical approach to determine the magnitude of vortex wandering
and to correct the effects of it on their point measurements. They found that there was
a significant effect of wandering only on the point statistics measured within the vortex
core, that the wandering occurred in a broad-band, low frequency range. Devenport et al.
(1996) also note that the wandering amplitude decreased with increasing vortex strength,
indicating that wandering was caused by some source external to the vortex, such as wind
tunnel unsteadiness.

A recent study by Heyes et al. (2004) used particle image velocimetry to study
a trailing vortex from a NACA0012 semi-span wing. They found excellent agreement be-
tween their results and the analytical correction of Devenport et al. (1996), observing that
the probability density function of vortex position was approximately Gaussian in appear-
ance, that measured velocity fluctuations within the core of the vortex were due entirely to

vortex wandering, and that the wandering decreases with increasing vortex strength. Heyes
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et al. (2004) noted that the latter observation contradicts the model for vortex wandering
proposed by Rokhsaz et al. (2000), which suggested that Biot-Savart interaction between
different streamwise segments of the vortex was the cause of vortex wandering.

In a detailed study using two-point measurements in the wake of a model aircraft,
Jacquin et al. (2001), examined vortex wandering and proposed that wind tunnel unsteadi-
ness is not a likely source of wandering. Instead, they proposed that vortex wandering is
caused by a combination of excitation of the vortex by free-stream turbulence, interactive
instabilities between the trailing vortex and other vortices in the flow, and vibration of the
vortex generator. Jacquin et al. (2001) also noted that the frequency range of vortex
wandering from the aircraft model appeared to be broadband, in agreement with observa-
tions made by Devenport et al. (1996). They also noted that the wandering perturbations
convected downstream at the free-stream velocity.

Beninati and Marshall (2005), using a vortex generator specifically designed to
minimize vortex wandering from wind tunnel unsteadiness and model vibration, focused
on the effects of free-stream turbulence on the vortex. Using spectral filtering of three-
component hot-wire measurements, they examined the frequency content of the fluctuating
velocity in the vortex core. Beninati and Marshall (2005) noted that the turbulence induced
bending waves in the vortex, which had wavelengths comparable to the wavelengths of
azimuthally aligned turbulent structures observed in the numerical simulations of Marshall
and Beninati (2005). Beninati and Marshall (2005) concluded that it is these structures
that induce bending waves into the vortex. In a fixed measurement plane, these bending

waves would be interpreted as vortex wandering. In a related numerical study, Takahashi
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et al. (2005) noted that the amplitude of the bending waves increased with the amplitude

of the free-stream turbulence.

3.4 Turbulence and instability within the vortex

One important question when considering decay of a vortex is the strength of diffu-
sion of vorticity due to turbulence in the vortex core. Spalart (1998) pointed out that there
are several types of turbulence which could become entrained into the vortex: turbulent
boundary layers on the wing, turbulence in separated wakes, turbulence produced by the
vortex circumferential velocity gradients, turbulence produced by the streamwise velocity
gradient, and free-stream turbulence. He also observed that these sources of turbulence have
scales differing from each other by orders of magnitude and noted that turbulent eddies of
vastly different scales would not likely interact with each other. Squire (1965) produced
one of the earliest attempts to model the effect of turbulence on the vortex. By assuming
an eddy viscosity proportional to the vortex circulation, he found simple solutions for the
diffusion of an isolated line vortex and the diffusion of a vortex in downwash.

The vortex core has received the most attention with regards to the effect of tur-
bulence. Using measurements within the vortex core during formation, Chow et al. (1994)
found that the turbulence is poorly represented using an isotropic eddy viscosity model.
Additionally, they found that the turbulence within the core rapidly relaminarizes. Brad-
shaw (1969) attributed the relaminarization to the high level of streamline curvature within
the vortex core, which acts in a stabilizing way, analogous to stable density stratification,

to impede radial motions and thus enhance turbulence decay. Cotel and Breidenthal (1999)
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modeled this process and found that the stability of the core flow is strong enough to prevent
even the smallest external perturbations from penetrating the core. The vortex core is also
stable to axi-symmetric instabilities as long as it satisfies the Rayleigh criterion (Saffman

(1995)), which indicates stability if

dr?
dr

>0. (3.1)
In general, velocity profiles of vortices far from the effects of solid boundaries and other
vortices would satisfy this criterion. Experimental evidence of a laminar core is provided
by the studies of Devenport et al. (1996) and Heyes et al. (2004), both of which observed
little or no measured velocity fluctuations within the vortex core.

Axial velocity gradients introduce a possible mechanism of turbulence production
within the core (Singh and Uberoi (1976)). The influence of axial velocity gradients on
the vortex are frequently studied using the stability analysis of a model vortex, called the

g-vortex, (Batchelor (1964)). Fabre and Jacquin (2004) simplify Batchelor’s vortex such

that

Uy x e | (3.2a)

Ug x gqfr (1 —6_T2) , (3.2b)

Where ¢ is a dimensionless swirl parameter which is proportional to the ratio of peak
tangential velocity to the maximum velocity excess or deficit. This vortex is essentially the
superposition of a Gaussian jet or wake and a Lamb-Oseen vortex.

Jacquin et al. (2003) provides a review of aircraft wake vortices and describes
three forms of instability that have been identified using the g-vortex as a model. The first

form are inviscid instabilities which tend to arise when ¢ < 1.5. These instabilities have
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been shown to result in the production of small-scale turbulence, which, however, decays
quickly due to the stabilizing influence of the vortex rotation. The second form are viscous
instabilities. These instabilities occur for roughly the same range of swirl parameter as the
inviscid instabilities; however their amplitude is much lower and therefore less likely to be as
important as the inviscid instabilities. The third form of instability is a viscous instability
which occurs at large Reynolds numbers and at higher swirl numbers than the inviscid
instability, which is further investigated by Fabre and Jacquin (2004). These instabilities
were found to affect only a very narrow region near the vortex axis.

Ragab and Sreedhar (1995) numerically simulated the effects of axial velocity
gradient using a g-vortex model. When the vortex was perturbed in an unstable helical
instability mode, they observed large-scale helical vortex sheets forming in the core which
broke up into filaments and were ejected from the core. Small scale turbulence was also
produced but relaminarized. High amplitude, random perturbations of the core did not
affect the vortex velocity profile.

These g-vortex studies observed, as described by Marshall and Beninati (2000),
that turbulence generated by axial velocity gradients tends to reduce this gradient through
turbulent diffusion, thus weakening further production of turbulence. This process also
tends to increase the swirl parameter, which further weakens turbulence production. In
summary, the production of turbulence by an axial velocity gradient is a self-destructing
mechanism.

Although production of turbulence within the vortex core appears to be unsustain-

able, Bandyopadhyay et al. (1991) determined using flow visualization that activity within
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the core is far from being passive. They report that the core frequently exchanges fluid
with the surroundings, partially relaminarizing it before ejecting it again. Bandyopadhyay
et al. (1991) also determined that the Rossby number (proportional to the ratio of the axial
velocity deficit and the maximum circumferential velocity) is a more significant controlling
parameter in core turbulence than the vortex Reynolds number (proportional to the ratio
of circulation and viscosity).

When the vortex is immersed in an external strain field, such as created when two
vortices are in close proximity, bending waves can be excited along the vortex (Saffman
(1995)). For trailing vortex pairs, these waves can be long-wave (Crow (1970)) or short-
wave (Tsai and Widnall (1976)) cooperative instabilities. In addition to the bending
waves, Pradeep and Hussain (2001) found that an external strain field could also excite

axi-symmetric instabilities within the vortex.

3.5 Interaction between a vortex and free-stream turbulence

When a vortex is immersed in free-stream turbulence, it is expected that the vortex
and the turbulence would interact with each other, so that the characteristics of both would
be altered. Using particle image velocimetry and two different turbulence producing grids,
Heyes et al. (2004) measured the influence of free-stream turbulence on a wing-tip vortex
downstream of a NACA0012 wing using particle image velocimetry. They observed little
change in the location of peak circumferential velocity, but a measurable effect on the peak
circumferential velocity. At each streamwise measurement plane, the peak circumferential

velocity was found to be reduced with increased free-stream turbulence; however the amount
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of decrease was similar at all streamwise locations implying that the rate of decrease in peak
circumferential velocity was unchanged with the additional turbulence. Heyes et al. (2004)
concluded that the influence of free-stream turbulence must therefore occur during vortex
formation.

Using flow visualization and cross-wire measurements, Bandyopadhyay et al. (1991)
examined the effect of different free-stream turbulence levels on a vortex generated using
two oppositely loaded airfoils joined at a central hub. They observed intermittent exchange
of core fluid with the turbulent free-stream, with the fluid drawn into the vortex core re-
laminarizing. Three characteristic wavelengths were identified and were associated with
the relaminarization process.

Several numerical studies of the interaction of a vortex and a turbulent free stream
have been performed, revealing unique insight into the three-dimensional nature of the
interaction. Melander and Hussain (1993) used direct numerical simulation (DNS) to
study the interaction between a vortex and small-scale isotropic velocity fluctuations. They
observed that small-scale non-coherent turbulence was organized by the vortex as the strain
imposed by the vortex stretched the eddies, increasing the magnitude of the azimuthal
component of vorticity. By azimuthally arranging the vorticity within the free-stream
eddies, pairing of eddies with similar sense of rotation occurred, resulting in the development
and growth of organized secondary structures arranged in spirals around the vortex.

The appearance of these structures are illustrated in Figure 3.3. Coherent struc-
tures of both positive and negative azimuthal vorticity were observed and the alignment

of each secondary structure spiral was found to depend on the sign of azimuthal vorticity
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Figure 3.3: Iso-vorticity surfaces from Marshall and Beninati (2005) showing sec-
ondary structures wrapping around the vortex. (Permission granted according to
http://www.cambridge.org/uk/information/rights/permission.htm)

within the structure. Melander and Hussain (1993) also investigated the influence of free-
stream fluctuation levels. They found that for low fluctuation levels the structures would
form, but decay with the free-stream turbulence, leaving the vortex nearly unaltered. For
high free-stream turbulence levels, the vortex was found to be destroyed by the free-stream
turbulent eddies. At moderate levels, turbulence was sustained in the secondary structures
and the vortex coexisted with these structures. At sufficiently high free-stream turbulence
levels, bending waves were induced in the vortex, which corrupted the axi-symmetry of the
secondary structures due to the reorientation of the vortex vorticity.

Sreedhar and Ragab (1994) also observed the development of azimuthally aligned

secondary structures in the large eddy simulation (LES) of a vortex that was unstable
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according to the Rayleigh criterion (Equation 3.1) immersed in an initially random pertur-
bation field. They found that the secondary structures interacted with the vortex core,
resulting in its destruction.

Using rapid distortion theory (RDT) of initially homogenous isotropic turbulence
interacting with a vortex, Miyazaki and Hunt (2000) found that the secondary structures
evolved rapidly, within two turns of the vortex.

In a study using LES to investigate the decay mechanisms of aircraft wakes in
homogenous and isotropic turbulence, Holzépfel et al. (2003) also observed the formation
of secondary vortical structures and attributed the vortex decay to the existence of these
structures. They proposed that rotational energy is transferred to the secondary structures
from the vortex during the stretching and formation of the secondary structures, noting
that once the secondary structures were fully formed vortex decay became minimal. For a
case with free-stream turbulence of root-mean-square velocity fluctuations of 24% the peak
circumferential velocity of the vortex, Holzéipfel et al. (2003) found that the vortex broke
down before the secondary structures could form

Extending the work of Melander and Hussain (1993), Takahashi et al. (2005) used
DNS to investigate the interaction between a Lamb-Oseen vortex and temporally evolved
homogeneous and isotropic turbulence. These authors also observed the formation of
secondary structures and the excitation of various bending modes in the vortex. They
found that the secondary structures were spaced irregularly in the axial direction, formed
at a radius of approximately twice the core radius and had a length of the same order as

the core radius. Like Holzépfel et al. (2003), Takahashi et al. (2005) found that the vortex
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vorticity decreased faster in the presence of free-stream turbulence and observed enhanced
energy dissipation in the vicinity of the secondary structures.

Marshall and Beninati (2000) suggested that secondary structures can also result
in additional turbulence being generated within the vortex core by bending and deforming
the vortex. This turbulence is consequently stripped from the core by the counter rotation
of the structures and reorganized into additional secondary structures. The net result is a
self-preserving mechanism for the structures. The flow visualization of Sarpkaya and Daly
(1987) demonstrated that bursting of the vortex is a primary form of vortex decay in cases
with large free-stream turbulence, which Marshall and Beninati (2000) cite as evidence of
the stripping of core fluid by the secondary structures.

This vorticity stripping mechanism is investigated by Marshall (1997) using an
idealized model consisting of counter-rotating vortex rings surrounding a columnar vortex.
The vorticity stripped from the columnar vortex was found to be dissipated by the vortex
rings. Direct numerical simulations performed by Marshall and Beninati (2005) of a vortex
immersed in temporally evolved turbulence found little evidence of stripping of core fluid
into the free stream, except for immediately before the break-up of the vortex in very high

free-stream turbulence conditions.
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Chapter 4

Experimental facilities,
instrumentation and measurement

procedures

4.1 Overview

This study utilized a variety of experimental techniques to study the interaction
of a wing-tip vortex and free-stream turbulence. Qualitative studies were performed of the
vortex formation utilizing dye injection flow visualization in a water tunnel and oil film flow
visualization and single-sensor hot-wire anemometry in a wind tunnel. Quantitative studies
were also performed in a wind tunnel with measurements of wing surface pressure and local
flow velocity measurements utilizing multi-sensor hot-wire probes.

This chapter first describes the experimental apparatus, separated into water tun-
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nel and wind tunnel experiments then the experimental procedure, followed by the analysis
and data reduction procedure. Finally, the experimental errors and uncertainty are dis-

cussed.

4.2 Experimental apparatus

4.2.1 Water tunnel experiments
Water tunnel

The water tunnel used in these experiments was the University of Ottawa’s closed
loop facility. The test section had glass sides and bottom with a free surface at the top
and dimensions of approximately 0.5m wide x 0.75m high x 4m long. Flow was driven
by a 0.3 m diameter axial flow pump capable of providing flow rates between 0.003 m3/s to
0.1875m3/s. At the inlet to the test section was a slot which could be used to insert flow
altering devices such as turbulence and shear generators. Details about this facility have

been presented by Dunn (1997).

Wing

The wing used in the water tunnel studies was a square-tipped, rectangular plan-
form, NACAO0012 airfoil with a chord, ¢ = 0.1778 m and a semi-span b = 0.2286m. The
wing was fabricated by rapid prototyping using a ZCorp Z400 three-dimensional printer,
which was capable of generating solid models using a plaster powder and binder. The
surface of the model was sanded smooth and was water-proofed using several coats of epoxy

resin. The wing was inserted in the flow through the free surface of the water tunnel and
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Figure 4.1: Sketch illustrating definition of turbulence grid mesh size, M.

was mounted on a carriage riding on rails, which allowed the position and angle of attack of
the wing to be changed. A boundary layer trip wire of 1 mm diameter was mounted on the
suction surface, 0.1c from the leading edge of the wing to induce transition to turbulence

in the boundary layer.

Turbulence grids

Two different turbulence-generating grids were used in the study. Both were per-
forated plates, with square openings punched out from 3.175 mm-thick aluminum plates
and had identical solidities, defined as the ratio of closed area to open area, equal to 0.44.
The first grid, which will be hereafter referred to as the small grid, had a mesh size, M
(defined in Figure 4.1) of 25.4 mm. The second grid, referred to hereafter as the large grid,

had M = 50.8 mm.
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Figure 4.2: Sketch of the open-circuit wind tunnel facility at the University of Ottawa.

4.2.2 Wind tunnel experiments

Wind tunnel

The wind tunnel used for this study was the University of Ottawa’s open-circuit
suction-type wind tunnel, shown schematically in Figure 4.2. Its main components are
described in the following subsections. Felt gaskets, designed to minimize wall vibrations,

were inserted at the joints between adjacent components.

Filter: The inlet of the tunnel was protected by a filter to prevent the ingestion of dust and
dirt that would reduce flow quality and could damage the measurement probes. The filter
consisted of AAF International 150-908-112 filter sheets, sandwiched in place between two

wire meshes consisting of 0.05mx 0.08 m rectangular grids to provide rigidity. Additional

rigidity was also provided to the filter by a layer of nylon window screen which was also
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held in place by the meshes.

Contraction: The wind tunnel contraction was made from welded aluminum and had
inlet dimensions of 2.6 m high x 1.8 m wide and outlet dimensions of 0.90 m high x 0.61m

wide resulting in a for a 7.6:1 contraction over a length of 2.7 m.

Upstream section: The upstream section was designed and installed by the author.
Originally intended to allow the installation of shear generators, this section could also be
fitted with test models and instrumentation. This section had a sealed outer shell made
from a steel frame and Plexiglas walls, with one of its side walls easily removable to allow
insertion of different devices. A simple rectangular duct, 0.90 m high x 0.61 m wide x 0.61m
long (inner dimensions) and made from wood reinforced with aluminum, was inserted in
the upstream section for this study. Threaded screws positioned on all four sides of the
outer frame allowed accurate alignment of the walls of this duct with the contraction and
the main test section.

This section was added part way through the study. Comparison of measurement
cases with and without upstream section in place verified that the vortex was unaffected by
the addition of the section. Within the remainder of the report, unless otherwise noted,

values are reported with the upstream section in place.

Turbulence grid slots: The wind tunnel was equipped with two slots to allow the inser-
tion of turbulence generating grids. The upstream slot was located between the contraction
and the upstream section, and the downstream slot was located between the upstream sec-

tion and the main test section. When grids were not in place, the empty spaces in the slots
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were filled with pieces of rubber cut to size.

Main test section: The main test section was constructed of wood reinforced by alu-
minum and was 3.66 m long with a rectangular cross section 0.90 m high and 0.61 m wide.
The test section floor and ceiling were covered with a smooth PVC sheet to minimize bound-
ary layer growth and flow disturbances. Two stainless steel rails, 0.016 m in diameter, were
mounted near the two corners on the floor of the test section, running the length of the
section; they were used to guide the traversing system carriage. Access to the test section
was provided by five removable circular windows, 0.28 m in diameter, and a 1.17mx 0.51m
rectangular access window. One of the circular windows was instrumented with a Pitot-
static tube and a hot-wire probe for measuring the wind tunnel velocity and a temperature
sensor was also mounted in the tunnel to allow monitoring of the flow temperature. The
instrumentation is described in detail in Section 4.3.3. A 0.64m x 0.28 m access hole was
located in the tunnel floor 0.86 m downstream of the contraction to allow insertion of the

wing (see description in the following).

Traversing system: The main test section was equipped with an automated two-axis
traversing system. The system consisted of an orthogonal combination of two Velmex Uni-
Slide MA /4000 low-profile linear positioning devices which were streamlined by rounding
their upstream sides and fairing their downstream edges. The vertical travel of the traverse
was 0.80 m and its horizontal travel was 0.47m. A Slo-Syn M06 1-LS-57S stepper motor
drove each axis with a positioning accuracy of 0.005mm/step. The stepper motors were

driven by a Velmex NF90 programmable motor controller, which was programmed by a PC
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Figure 4.3: Sketch showing the angular positioning device and probe holder.

computer via an RS-232-C COM port.

Anticipating a possible need to re-orient the four-wire probe to reduce errors due
to high relative flow angles, the author designed the two-axis angular positioning device
shown in Figure 4.3. This device was mounted on the motorized linear traverse and allowed
angular positioning of both pitch and yaw axis within the range +10° with an accuracy of
approximately 0.5°. Rotation was about a point 0.360 m upstream of the traverse, corre-
sponding to the location of the measurement volume of four-wire probe number one mounted
on the probe holder at the end of a 0.203 m long shaft. This device was in place, but kept
at an orientation of 0°, for all measurements in this study.

For two-probe measurements performed late in the study, a specialized probe
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Figure 4.4: Sketch showing dual probe holder.

holder was designed by the author to be mounted at the end of the device shown in Figure
4.3. This device, shown in Figure 4.4 was designed to allow accurate separation of probe
number two from probe number one. Springs were incorporated in the device to minimize
lead screw backlash by providing positive force on the threads. Utilizing a lead screw with a,
0.5 mm pitch, the manually operated traverse had a positioning accuracy of approximately
0.05mm. The probe holder was designed to allow a minimum probe separation of 7.1 mm,
which was the lowest possible value permitted by the probe body thicknesses. The maximum

probe spacing, set by the length of the lead screw, was 27.6 mm.

Diffuser: The test section expanded, at its downstream end, into a 3.33 m long wooden
diffuser with an expansion ratio of 2.74:1. The diffuser also provided a smooth transition

from the wind-tunnel’s rectangular test section to the circular fan housing.
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Fan: Flow was drawn through the tunnel by a nine bladed, 1.37 m diameter, axial flow
fan manufactured by Canadian Blower and Forge Co. Ltd. as a 54 C9 Type-S Adjustax.
The angle of the fan blades were set at 23°, optimized for a rotational velocity of 1170 rpm.
Immediately downstream of the fan was a row of stator blades, which reduced the angular
momentum of the flow.

The fan was driven by a 746 W (30 hp), 30 Hz electric motor through a belt. Al-
though the motor operated at a constant rotational velocity of 30 Hz, the rotational velocity
supplied to the belt could be controlled from 0 to 104 Hz (0 to 1000rpm) using a Regutron

II magnetic drive.

Wind tunnel flow properties: The wind tunnel was capable of producing flow velocities
up to about 30 m/s with the core of the tunnel at approximately uniform velocity within
1% of the centreline velocity. Boundary layer 99% thicknesses are estimated from the
measurements of Pilette (2000) as being 8% of the tunnel height, 0.9 m downstream of the
contraction (these measurements were performed before the addition of the upstream test
section and the wall boundary layers can be expected to be thicker in the current results).
Free-stream velocity fluctuations measured at a tunnel speed of 20m/s were found to be
nearly uniform across the test section at an rms level of about 0.2% of the free-stream
velocity , 0.61m downstream of the contraction. These velocity fluctuations increased
approximately linearly with streamwise distance to reach about 0.3% at the end of the test
section.

For reference, frequency spectra, Fy;(f), measured in the empty tunnel along the

wind-tunnel centreline are presented in Figure 4.5. The spectra can be integrated to show
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Figure 4.5: Frequency spectra of the flow velocity in the empty wind-tunnel, measured 1 m,
1.7m, 2.4m and 3.1 m downstream of the contraction.

that 50% of energy of the velocity fluctuations was contained within the range f < 10Hz and
45% of this energy was in the range 10Hz < f < 1kHz. Also evident in Figure 4.5 is that
velocity fluctuations with frequencies higher than 2kHz had a negligible amount of energy

and the spectra were contaminated by the electronic noise of the hot-wire anemometer .

Wing

In the wind tunnel studies, the tip vortex was generated by a NACA0012 profile
wing, machined from an aluminium block. The wing had a rectangular planform with a
semi-span b = 0.5207m and a chord ¢ = 0.1778 m. The wing tip was plane with sharp
edges. The wing was mounted 38.1 mm above the tunnel floor. Its root was attached to a

circular end plate with a diameter 0.318 m and sharpened edges to minimize the interaction
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with the wind tunnel boundary layer. The wing angle of attack could be changed using a
rotary table mounted beneath the wind tunnel with the axis of rotation passing through the
wing’s aerodynamic centre (1/4 chord point). The wing was mounted through the floor of
the wind tunnel such that its 1/4 chord point was along the centreline of the wind tunnel,
1.37 m downstream from the contraction. A boundary layer trip wire of diameter 0.58 mm
was attached at the 10% chord location on the suction surface to reduce sensitivity to initial
conditions for the different cases considered.

The wing was instrumented with pressure taps on the surface of the cylinder at
5 spanwise stations located 0.68b, 0.83b, 0.93b, 0.95b and 0.96b from the wing root. Each
spanwise station consisted of 18 taps, 0.36 mm in diameter at the wing surface, with their
chordwise locations indicated in Figure 4.6. Each tap was connected to pressure tubing
outside the tunnel through 0.81 mm diameter copper tubing imbedded in slots machined on

the surface of the wing and filled with adhesive to provide a smooth finish.

Turbulence grids

Two different turbulence generating grids were used in this study. Both grids were
of identical solidity (equal to 0.44) and mesh size, M, to the grids described above for the
water tunnel studies. The small grid had a mesh size, M (defined in Figure 4.1)of 25.4mm

whereas the large grid had M = 50.8 mm.

Probe calibrator

Directional calibration of the four-wire probes was performed in a calibration ap-

paratus designed by the author. The calibrator is motorized such that the pitch angle 8.4
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Figure 4.6: Sketch of the wing illustrating pressure tap locations.
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and roll angle ¢, between the axis of the probe and the axis of the nozzle could be adjusted
in the ranges —60° < 8.4 < +60° and 0 < ., < 360°. Both axes of rotation intersected
2.5 mm downstream from the centre of the nozzle exit plane and the position of the probe
with respect to the intersection of the axis could be confirmed using sight holes located in
the device.

The calibration apparatus is shown in Figure 4.7 with various components de-

scribed below identified on the drawing.

Nozzle: Controlled airflow was provided using an available nozzle unit (Dantec 55DH5),
equipped with four different nozzles having exit areas A,,, (corrected for boundary layer
displacement thicknesses) = 120,60,24 and 12mm?, respectively. Various flow velocity
ranges up to Mach 1 could be generated depending on the nozzle being used. For the
current study, only the 120 mm? nozzle was required, giving a maximum exit velocity of
approximately 35m/s. A 689kPa (100psi) compressed air line was used as an air source. It
was connected to the nozzle inlet through a pressure regulator/valve combination. Nozzle
exit velocity was controlled using the same valve. The flow could be heated using a resistance
heater mounted upstream of the nozzle inlet, although this capability was only used when

calibrating temperature probes.

Rotary tables: Angular position was adjusted using two rotary tables (Velmex B5990TS)
driven by stepper motors (Vexta PK245-01A A), which were controlled by a motor controller
(Velmex NF90) through two adapter cables provided by the manufacturer. Positioning

resolution with these rotary tables was nominally 0.01°, however, the positioning uncertainty
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was 0.05° because of backlash within the rotary tables.

Probe holder: The probe was clamped in place using a probe holder that could be
adjusted vertically using a rail with a square cross-section. Different probe holders were
manufactured to accommodate the different dimensions of the two four-wire probes used in

this study.

Temperature measurement: Nozzle exit temperature was monitored using a glass
probe thermistor (Sensor Scientific SP43A, 10kQ)) with a 5s time constant located near
the nozzle wall at the exit plane of the nozzle. A custom circuit shown in Figure 4.8 was
designed by the author to drive the thermistor and provide output amplification. The volt-
age output of the thermistor circuit was calibrated at different flow temperatures against a
second pre-calibrated thermistor. The circuit response could be represented by the equa-
tion The, = 7.6031E,,, + 2.9332, where T,,,, is the air temperature in °C and E,,, is the
thermistor circuit output voltage in Volts. Due to the self heating of the thermistor, this
equation became inaccurate for flow velocities lower than approximately 5m/s. Also, due
to thermal boundary layers in the nozzle, this calibration was invalid when the flow was

heated.

Velocity measurement: The nozzle output velocity Qpo, (in m/s) was determined from

the measured gauge pressure Py, (in Pa) in the nozzle plenum chamber as

1 2Pyien 0.5
= —2gH
Qnoz 1= ]noz/2800 ( P Gilnoz
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Figure 4.8: Circuit used to convert calibrator thermistor resistance to voltage output
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Figure 4.9: Circuit used to amplify pressure transducer output.

where Apo, was the nozzle exit area (in mm?), p (in kg/ m?3) was the air density determined
from the ideal gas law and H,,, = 0.085m was the height difference between the nozzle
exit and the plenum pressure tap.

The plenum gauge pressure was measured with a pressure transducer (Sensym ICT
SDX010IND4), which had a maximum reading of 2.5 kPa and was equipped with tempera-
ture compensation. A circuit, shown in Figure 4.9, was used to power the transducer and
provide output amplification. The circuit response, calibrated against a water manometer,
could be described by the equation Ppje, = 2305.10 (Eper, — E,) , where Ep,, was the cir-
cuit voltage output and E, was the output voltage measured at zero pressure difference,

determined at the beginning of each calibration run.
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Welder

The sensors of hot-wire probes are extremely fragile and occasionally break or burn
during probe handling or during a measurement. Hot-wire probe repairs were conducted
by the author using a welding apparatus designed by the author and shown in Figure 4.10.
The entire apparatus was located on a slate table to minimize vibrations due to outside
influences. A typical repair reoluired the wire to be initially held in place with the wire
holder. Using a stereoscopic microscope with magnification between 21x to 135x (XTS
model SB2U with 20x eyepieces and 1.5x objective lens), the probe was then positioned
so that the prong surface was in the correct position followed by positioning of an electrode
manufactured from silver wire sanded down to a fine tip. Accurate positioning of the
probe and electrode was provided by two commercial translation stages (Thor Labs XYZ
6.35mm), which were capable of 6.35 mm of travel and moved 250 um per rotation of the
lead screw. These translation stages were mounted on custom made dovetail slides to allow
initial positioning of the probe and electrode over a larger adjustment range. Angular
positioning was also made using the rotary accessory of the nozzle unit, converted for use in
the welder. Once the wire was pressed to the prong surface by the electrode, the quality of
the contact between the electrode, wire and probe prong was verified using the continuity
check feature of a multi-meter connected in parallel with the electrode and probe. If the
connection through the wire between the electrode and prong was poor (intermittent signal
from the continuity check), damage to the prong could occur. Once good contact had been
determined, welding energy was discharged through the electrode from a welding generator

(Dantec 55A12), capable of discharging up to 300 mJ of electric energy in 100, 200 or 400 us.
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Figure 4.10: Sketch of hot-wire probe welding apparatus.

The discharge of energy through the wire would partially melt the wire, fixing it to the probe
prong. It was found that setting the welder to discharge 100 mJ in 100 us worked well for
welding the single-sensor probe, while discharging 50mJ in 200 us proved to be the best

welding settings for the four-sensor probes used in this study.

4.3 Instrumentation

This section describes the instrumentation used for the experiments and contains

the following subsections corresponding to each type of experiment.

e dye injection flow visualization

e oil film flow visualization
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e wing surface pressure measurements

e hot-wire anemometry.

4.3.1 Dye injection flow visualization
Dye injection system

The dye injection system in the water tunnel studies consisted of containers of
different colored dye which were pressurized using a regulated compressed air line. Two
different dyes were used in this study, Congo red and gentian violet. The air pressure drove
the dye through tubing to dye injectors, which injected dye into the water tunnel at the
desired location. Dye injectors used in this study had orifice with diameters at most equal
to 1mm. Dyes were injected into the test section isokinetically by carefully adjusting the
air pressure in the dye collectors. Additional information about the dye injection system

has been presented by Dunn (1997).

Video camera

Flow visualization images were recorded at a rate of 30 frames/s using a digital
video camera (Sony DCR-VX1000) mounted on a tripod. Selected frames were then cap-
tured from the video using a PC running VideoMach software connected to the camera

through a FireWire card.
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4.3.2 Oil film flow visualization

Oil film flow visualizations were performed in the wind tunnel using a mixture
of light machining oil and graphite powder. The mixture ratio was adjusted using direct
experimentation to provide a balance between graphite deposit on the wing and free flowing
fluid. Images of each run were captured using a Nikon FE2 35 mm camera equipped with a

Nikkor 50 mm lens and ISO 300 film.

4.3.3 Wind tunnel instrumentation

The wind tunnel was instrumented to allow monitoring of the free-stream velocity
and temperature. To monitor the velocity, one of the circular windows in the wind tunnel
was equipped with a Pitot-static tube and a single-sensor hot-wire. This window, whose
centre was positioned 0.44 m above the wind tunnel floor, could be inserted at two different
wall openings. The first position, with the window centre 0.95 m downstream of the contrac-
tion, was used to monitor the free-stream velocity during an experiment run. The second
position, with the window centre 1.49 m downstream from the contraction, was used for in-
situ velocity calibration of the hot-wire probes. The Pitot-static tube had an outer diameter
of 4.76 mm and was positioned such that its tip was 95 mm away from the wind tunnel side
wall and 1.49m downstream of the contraction. The Pitot-static tube pressure difference
was converted to a voltage difference using a pressure transducer (Sensym ICT SDX01D4)
with a maximum reading of 6895Pa. The transducer was driven and amplified using the
circuit shown in Figure 4.11 and the output voltage was calibrated at the National Research

Council facilities. Its response (in Pa) was found to be Ppizor = 2305.10 (Epitot — E,) , where
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Figure 4.11: Wind tunnel pressure transducer circuit.

Epitet was the circuit output (in Volt) and E, was the output measured at zero pressure
difference, determined at the beginning of each measurement series.

A single-sensor hot-wire probe was added to the instrumented window after it was
discovered that a bias error was introduced in the Pitot-static tube response by the free-
stream turbulence. It was a single wire probe (Dantec 55P11) with a 1.25mm long, 5 um
diameter Platinum-Rhodium sensing wire. It was positioned such that the sensing wire was
vertically oriented, 89 mm away from the wind tunnel side wall and at the same downstream
position as the Pitot-static tube tip.

Wind tunnel temperature was monitored using a glass probe thermistor (Sensor
Scientific SP43A 10k(2) with a 5s time constant. The thermistor was positioned 0.44 m
from the wind tunnel floor, 50.8 mm away from the wind tunnel side wall opposite to the
instrumented window, and 0.95m downstream of the contraction. A custom-made circuit,
shown in Figure 4.12 was designed by the author to power the thermistor and provide

output amplification. The voltage output of the thermistor circuit was then calibrated
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Figure 4.12: Thermistor circuit used to measure the flow temperature in the wind tunnel..

against a mercury thermometer. The circuit response could be described by the expression
Too = 13.27T46 E; + 1.6825E,,; + 0.7649E12”t where T, was the air temperature in °C and
Et was the circuit output voltage in Volt. Due to self-heating, this calibration curve was

inaccurate for flow velocities lower than approximately 5m/s.

4.3.4 Wing surface pressure measurements

Pressure measurements were performed using the pressure transducer described
in the calibrator instrumentation section connected to the wing pressure taps using PVC
medical tubing with 0.46 mm ID. The wind tunnel velocity was monitored using the wind
tunnel Pitot-static tube. Voltage time series were recorded using the data acquisition system

(UEI PD2 MFS-8-300/16 PowerDAQ) described in more detail below.
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4.3.5 Hot-wire anemometry

The principal measurement technique used in this study was constant temperature
hot-wire anemometry. Operating principles of constant temperature hot-wire anemometry
are fully described by Tavoularis (2005) and will be described here only briefly. A typical
hot-wire probe consists of a very small sensing wire. This sensing wire is heated using an
anemometer circuit which contains a feedback component that adjusts the current through
the sensing wire to maintain a constant temperature. When the sensing wire is immersed in
a flowing fluid, it is cooled through convection. Monitoring the voltage required to maintain
a constant temperature in the sensing wire provides a measure of the convective cooling and
hence the local velocity of the fluid flow. Calibration of the probe against a known fluid
flow allows conversion of the measured voltage to velocity. Although single sensor hot-wire
probes are sensitive to flow direction changes, using arrangements of multiple sensors on a
single probe, all three velocity components can be determined.

Three different types of hot-wire experiments were performed. Single-sensor hot-
wire measurements were used to provide a qualitative description of the vortex formation.
Single-point four-wire probe measurements of the vortex were performed downstream of
the wing to obtain quantitative information about the vortex velocity. Finally, two-point
measurements were performed with two four-wire probes to determine the velocity profile
of the vortex in a frame of reference moving with the vortex. Each experiment used slightly
different instrumentation, which is schematically shown in Figures 4.13, 4.14 and 4.15 for
the single sensor, single four-wire probe and two four-wire probe measurements, respectively.

The instrumentation is described in more detail below.
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Figure 4.13: Diagram illustrating the connections of the instrumentation used for the single-
sensor hot-wire probe measurements.
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four-sensor hot-wire probe measurements.
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Probes

Three different hot-wire probes were used over the course of this investigation to
measure velocity at locations arranged in yz planes. An additional hot-wire probe was used

to monitor the wind tunnel free-stream velocity; this probe is described in Section 4.3.3.

Single-sensor hot-wire The single-sensor hot-wire probe used in this study was a Dan-
tec 56P11 probe. This probe was equipped with a single Platinum-coated Tungsten wire,
oriented perpendicular to the probe axis. Sensor dimensions were 5 um in diameter and
1.5mm in length. Prong resistance of the probe was 0.6 and the sensing wire had a

typical cold resistance of 3.31).

Four-sensor hot-wire probe 1 The main measurement probe used in this iﬁvestigation
was a four-sensor hot-wire probe. This probe was a custom-built Kovasnay-type probe with
dimensions as well as prong and sensor numbering illustrated in Figure 4.16. For Kovasnay-
type probes, the sensor wires are arranged into two orthogonal X-wire arrays with each
sensor inclined by an angle of approximately 45° to the oncoming flow. The wire angles
for this particular probe, indicated by «,, in Figure 4.16, were approximately 46° for all
sensors. Sensors were arranged to provide a measurement volume of 0.21 mm3. Sensor
wires were made from 2.5 yum Platinum-10%Rhodium wire welded onto the probe prongs
and had a length of approximately 0.66 mm.

Effective wire angles, aes¢, which reflect the probe’s response characteristics and

not the physical wire angle, were determined by probe calibration (described in Section

4.4.2). These angles varied depending on the individual sensor characteristics, however
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Figure 4.16: Sketch of four-sensor probe 1 (not to scale).
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they were found to be near 50° for all sensors. Lead resistance for each sensor was 7.8 Q)
and the cold resistance was found to be in the range of 32 to 352, with the actual values

varying from sensor to sensor following each probe repair.

Four-sensor hot-wire probe 2 The second four-sensor hot-wire probe used was only
employed in the two-point measurements. Although not very different from probe 1 in de-
sign, it had some differences from it and, for this reason, its dimensions and sensor labelling
are given separately in Figure 4.17. Exact physical dimensions of the prong arrangement are
not known for this probe, however the dimensions shown are believed to be accurate. The
slightly different prong arrangement resulted in a smaller sensing volume of approximately
0.11mm3, however, sensors 1 and 3 had wire angles of approximately 31° and sensors 2 and
4 had wire angles of approximately 46°. Sensor wires were Platinum-10%Rhodium, welded
onto the probe prongs, having a diameter of 2.5 um and approximate length between 0.5
and 0.7mm, depending on the sensor. Effective wire angles, a.s¢ were found to be ap-
proximately 40° for sensors 1 and 3 and approximately 50° for sensors 2 and 4. As will be
discussed in Section 4.4.2, this sensor arrangement caused a reduced measurement accep-
tance range in certain flow angles. The lead resistances of different sensors varied between
approximately 16 and 182 and the cold resistances were found to be near 14 for sensors
1 and 3 and close to 202 for sensors 2 and 4, with the actual values varying from sensor to

sensor and after each probe repair.
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Figure 4.17: Sketch of four-sensor probe 2 (not to scale).
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Probe leads

The single-sensor probe was positioned in a Dantec 55H20 probe holder. This
holder is equipped with a bnc connector and a coaxial cable with a length of 1m and a
resistance of 0.1 . Custom-built leads, 1 m in length and with a resistance of approximately
0.1, were used to connect the connectors that were attached to the two four-wire probes

and the bnc connectors on the coaxial cables that were connected to the anemometer circuits.

Coaxial cables

Early in the study, it was determined that the existing coaxial cables were a source
of electronic noise and anemometer drift. As a result, new cables were manufactured using
high quality components. Manufactured using Belden 8262 RG 58(c/u) 502 coaxial cable,
these cables were 5m in length and had Amphenol M23329/3-01/3-03 50 Q2 bnc connectors

on each end. Resistance of these cables was approximately 0.3 €.

Anemometers

Three different anemometer systems were used over the course of this study. A
Dantec Mini-CTA anemometer was used for single sensor hot-wire measurements, whereas

A.A. Labs AN-1003 anemometers were used for the multi-sensor hot-wire measurements.

Dantec Mini-CTA anemometer The Dantec 54T30 Mini-CTA anemometer was a com-
pact, single channel anemometer with a frequency response of 10 kHz and a 1:20 bridge ratio.
The anemometer was capable of operating sensors with a maximum operating resistance

of 20Q2. Output signal gain, offset and filter cutoff frequency could be adjusted using vari-

70



able resistors mounted on the anemometer board. The type of filter employed by this

anemometer could not be determined.

A.A. Labs AN-1003 #1 The principal anemometer used in this study was an AA Labs
AN-1003 anemometer with six channels, all with optional high frequency compensation
circuitry. This anemometer was capable of operating at both 1:1 and 1:10 bridge ratios
with maximum operating resistances of 99.9Q and 9.99 Q), respectively. Due to limitations
in the anemometer power supply, at 1:1 bridge ratios, only five channels could be operated.
The frequency response of the anemometer depended on the probes used, with an upper
cutoff frequency of up to 250 kHz achievable through adjustment of circuit capacitance and
inductance. The anemometer had output signal conditioning, in the form of adjustable
output gain and offset as well as an analogue filter of selectable cutoff frequency consisting
of two double-pole low-pass filters.

It was discovered early in the study, that the four-wire probes described above
caused the feedback circuit of the anemometer to oscillate due to their high impedance.
These oscillations could be harmful for the probe or anemometer and would contaminate
the data. After contacting A.A. Labs, it was determined that, by changing capacitor C31
on the anemometer circuit, the frequency response of the circuit could be altered to restore
circuit stability. Through trial and error, it was found that by replacing the existing 2.2 nF
capacitor with an 820 pF capacitor, the circuit oscillations were eliminated and a high

frequency response was maintained.
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A.A. Labs AN-1003 #2 For experiments utilizing two four-wire probes, a second
anemometer was required because the number of channels available in the first unit was
insufficient. A second AN-1003 anemometer was used, on loan from Carleton University,
to operate the second probe. The capabilities of this anemometer were virtually identical
to those of anemometer #1, however, anemometer #2 had 10 channels, only two of which
had the optional high frequency compensation circuitry.

The circuit oscillation problem that occurred with anemometer #1 was also evident
with the second anemometer with four-sensor probe #2. To avoid altering the circuitry of
the borrowed anembmeter, it was found through direct experimentation and consultation
with A.A. Labs that increasing the length of the cables to the probe through the addition of
a short length of unshielded wire sufficiently increased the circuit damping to eliminate the
oscillations. It was determined that a balance between oscillation reduction and frequency
response could be obtained using 0.5m long sections of wire on sensors 1 and 3 and 0.9m

long sections of wire for sensors 2 and 4.

Data acquisition

Two data acquisition cards were used over the course of this study, both of which
were installed on the PCI bus of a PC computer. For single-probe measurements, a UEI
PD2 MFS-8-300/16 PowerDAQ acquisition card was used. For experiments using two four-
wire probes, a second acquisition system was required to provide enough analogue input
channels. An IOtech DagBoard/2000 data acquisition system was used to provide the

additional channels.
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UEI data acquisition system A UEI PD2 MFS-8-300/16 PowerDAQ acquisition card
was used for the majority of measurements performed in this study. This card could perform
pseudo-simultaneous sampling of up to eight analogue input channels. It was capable of
performing analogue-to-digital conversion with a resolution of 16bits at up to 300 kHz for a
single channel or 37.5kHz for all eight channels. Input voltage ranges were user selectable
as either 0-5V, 0-10V, £5V or £10V. For this study, the majority of measurements were
performed using a 0-5V input range to maximize the resolution of the analogue-to-digital
conversion. The system had rms noise levels of 1-2 bits determined by measuring the rms

voltage fluctuations across a shorted input.

IOtech data acquisition system An IOtech DagBoard/2000 acquisition system was
used in the dual probe measurements to monitor the wind tunnel instrumentation. This
system was capable of performing analogue to digital conversions with 16bit resolution
for up to sixteen channels. Sampling rates of up to 200kHz were possible for a single
channel or 12.5kHz for all sixteen channels. Input voltage ranges were fixed at £10V. Al-
though it was possible for this card to operate with simultaneous sample-and-hold through
a DBK17 add-on card, this feature was disabled due to complications getting the simul-
taneous sample-and-hold to operate in LabVIEW. Because ounly reference signals from the
wind tunnel thermistor, Pitot-static tube and reference hot-wire were sampled with this

card, simultaneous measurements of the three channels were deemed unnecessary.
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PC running LabVIEW software

The control centre of the experiment was a PC computer. Both data acquisi-
tion systems were installed on this computer and communication with the traverse motor
controller was performed using the serial port. Each experiment was controlled using Lab-
VIEW software running G-code programs written by the author. The software automated

and coordinated each experiment in the following sequence.

1. Moving the probe(s) to the desired measurement location (read from an ASCII text

file).

2. Performing a 1s measurement of the input voltage from the wind tunnel instrumen-

tation and determining the wind tunnel temperature and velocity from the average.

3. Recording the wind tunnel temperature and velocity in ASCII format for later use.

4. Measuring the voltage output from the anemometers at specified sampling rates and

times through the data acquisition card.

5. Recording the data to a hard disk in binary format for later processing.

6. Repeating the process until all data had been acquired at all desired measurement

locations.

Software with similar capabilities were also written to control velocity and direc-

tional calibration.
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4.4 Data reduction technique

Although four-sensor hot-wire probes are theoretically capable of measuring the
three-dimensional velocity vector for flow angles within an acceptance cone of 40° from
the probe axis (Vukoslavcevic et al. (2004)), the actual acceptance cone is dependent
on the individual probe’s configuration. The computation of flow velocity from the four
sensor voltages can be achieved with the use of an iterative analytical solution of an over-
defined system of equations or, alternatively, with the use of a look-up table, constructed by
extensive calibration. The technique used in this study was the look-up table technique of
Wittmer et al. (1998), which will be summarized here. Other techniques available include
those of Dtbbeling et al. (1990) and Maciel and Gleyzes (2000).

The technique of Wittmer et al. (1998) was selected for several reasons. Early
in the study, a comparison of the techniques of Wittmer et al., Maciel and Gleyzes, and
Dobbeling et al. was performed. Although the technique of Débbeling et al had a theoreti-
cally larger acceptance cone (approximately 45°) than that of Wittmer et al. (approximately
30°), the processing time of the former technique was prohibitive, requiring almost 50 times
longer to process a single measurement position. The times to process the signals using the
Wittmer et al. and Maciel and Gleyzes techniques were comparable, however, the technique
of Wittmer et al. resulted in a slightly larger acceptance cone. In addition, the technique
of Wittmer et al. had been successfully used by Devenport et al. (1996) to study a similar
vortex to the one used in the current study. A comparison of different four-wire data re-
duction techniques by Lavoie and Pollard (2003) also demonstrated that the Wittmer et al.

technique provided accurate results in flows with low and moderate turbulence intensity.
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The data reduction technique of Wittmer et al. requires two separate calibra-
tions for the probe, a velocity calibration which changes over time as the sensors age and

accumulate dirt, and a directional calibration, which tends to be unaffected by time.

4.4.1 Velocity calibration

Velocity calibrations established the relationships between the bridge output from
each anemometer Ep,, where the index ¢ indicates the individual sensor, and the effective
cooling velocity Uess, measured by the corresponding sensor. The effective cooling velocity
is commonly defined as the equivalent flow velocity parallel to the probe axis that would
produce the same sensor cooling as the actual flow velocity.

Velocity calibrations were performed in the wind tunnel before and after each mea-
surement run. To perform the velocity calibration, the four-sensor probe was positioned with
its measurement volume within 10 mm of the tip of the Pitot-static tube. The anemometer
output voltage F,;, the velocity measured by the Pitot-static tube and the wind tunnel tem-
perature were recorded over thirty second intervals at nine different free-stream velocities.
The bridge output Ej, was determined from E,,; for each sensor as Ey, = Eq,/Gi — Eof s,
where G; is the channel conditioning gain and E,¢y; is the offset. The relationship between

Ey, and U,yy, was then determined using the modified King’s law (Tavoularis (2005)),

2

B2 N
Ty -1 AT Bl (4.1)

where A; and B; and n; are calibration constants, Ty, is the sensor temperature and T is
the free-stream temperature. Least squares curve fitting was performed using the MATLAB

function Isqcurvefit. A representative set of calibration results for all four sensors is shown
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Figure 4.18: Example of velocity calibration results for the four sensors of probe 1. Solid
lines indicate King’s Law curve fit.

in Figure 4.18.

4.4.2 Directional calibration

The second calibration required by the Wittmer et al. (1998) technique was the
directional calibration. This calibration established the relationship between the effective
velocities measured by the four sensors and the three velocity components and is most
dependent on the physical characteristics of the probe. Directional calibrations were per-
formed after each sensor repair using the directional calibrator described previously.

Directional calibrations were performed in the following multi-step sequence:
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1. velocity calibration

2. pitch alignment

3. velocity calibration

4. roll alignment

5. velocity calibration

6. determination of effective sensor angle
7. velocity calibration

8. final directional calibration

Velocity calibrations

Velocity calibrations were performed before each stage of the directional calibration
process to ensure that the velocity response of the probe was as accurate as possible. These
velocity calibrations were similar to those carried out in the wind tunnel with the only
difference that the nozzle plenum pressure was used to determine the flow velocity. The

response was represented by the modified King’s Law as described previously.

Pitch alignment

The first main step of the directional calibration was to align the probe axis and
the nozzle velocity direction. This process involved pitching the probe over a range from
—2.5° to +2.5° at 0.1° increments and, for each pitch angle, performing measurements over

a range of roll angles from —180° to +180° at 10° intervals. Once these measurements were
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complete, the standard deviations of the effective velocities measured for each pitch angle
and all roll angles considered were compared to each other and the pitch angle with the
smallest standard deviation was assumed to correspond to probe-flow alignment. The pitch

axis motor was then zeroed at that position.

Roll alignment

Alignment of the roll axis was then performed. First the probe was pitched by
43° to the nozzle axis, then measurements were performed over roll angles from —180° to
+180° at 1° increments. The effective velocities were then examined to identify the angles
at which each sensor produced a minimum effective velocity (at this velocity, the sensor was
assumed to be in the wake of the longest of the two supporting prongs). The roll axis motor
was then zeroed such that the minimum effective velocities for the four sensors occurred as

nearly as possible to roll angles of —180°, —90°, 0° and 90°.

Determination of effective sensor angles

Next, the effective sensor angle oy ¢ was determined for each sensor. This angle is
defined by Bradshaw (1975) and is used to simplify the analytical treatment of the response
of the sensors to different flow directions. For each sensor, the probe was first rolled and
pitched such that the selected sensor was approximately normal to the nozzle flow direction
and the pitch axis. Measurements were then performed for a pitch angle range of £5° from
the estimated normal orientation at 0.1° increments. The effective wire angle was then
estimated from the pitch angle at which the effective velocity measured by the sensor was

maximized.
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Final directional calibration

Once the probe was aligned with the nozzle flow, the directional calibration could
be performed. This calibration involved performing measurements at 721 combinations of
pitch and yaw angles over a range from —180° to +180° in roll and a range from —45° to
+45° in pitch.

In the technique of Wittmer et al., the four-wire probe is treated as two perpen-
dicular cross-wire probes, allowing one to estimate the three components of velocity Ug,,
Uy,, and U,, as U,,, Uy, and U,,, respectively. The subscripted p is used to denote a
Cartesian coordinate system whose origin is at the probe’s measurement volume with the
Uy, component of velocity along the axis of the probe. The orientation of Uy, and U,, was
determined by orientation of the probe during calibration and was typically selected such
that Uy, was parallel to wires 1 and 3 and U, was parallel to wires 2 and 4.

The purpose of the directional calibration was to determine the approximate ana-
lytical functions f1 (Uy./Qes Us./Qe), f2 (Uye/Qe,Us,/Qc) and f3 (Uy, /Qe; Us, /Qe), where
Q? = Uge + Ugi + Ufe. In essence, these functions define the corrections required to
determine the actual velocity components from the estimates Uy, Uy, and U,,.

The functions f1 (Uy,/Qe,U../Qec), f2(Uy./Qe,Us./Qe) and f3 (Uy, /Qe, Us. /Qe)
were determined as follows. At each calibration position, the estimated velocity components

were found using

_ GV U5, — CovCilyy,

v = 4.2
Vs C1D; — C3D; (4.2)
_ Cav iUy — CivCslUsyy, (43)
e C3D; — C1Ds '
L (Y D1, Ucpp D )
Us, = = -2y -2, 4.4
=3 (VB -G g et 49
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where

Ci =sin® (aesy,) i=1.4

Di = sin(aeffi)cos(aeffi) 1 =1.2

D; = —sin(aeff;)cos(aepy,) ©=3..4.

These equations were derived by treating the four-wire probe as two cross-wire probes. Note
that Wittmer et al. rotate the effective velocities to the sensor normal through U Ny I =
Uesy, sinoeyy,.

At each calibration position, the actual velocity components were determined from

the nozzle velocity Q.. and the calibrator pitch angle 6.4, and roll angle ¢,,; as

Uzp = Qnoz CoS (ecal) (45)
pr = Qnoz sin ((Pcal) sin (ecal) (46)
U, = Qnoz Sin (Ocar) €08 (©eyy) - (4.7)

The values of the three functions fi (Uy,/Qe,Us./Qe), f2 (Uy./Qe,Us. /Qe) and
J3(Uy./Qe, U, /Qe) at each calibration angle were then determined using

_ pr - Uye

fl (Uye/Qea Uze/Qe) - Qe (4-8)
U,

f2 (Uy,/Qer Us Qo) = UT (4.9)

f3 Uy /@, Usn /Q2) = Qp—éf—?f , (4.10)

where Q]% = Uﬁp + ng + Ufp.
At large flow angles, fi, fo and f3 were not single valued, and hence these points

had to be eliminated from the calibration data. The flow angles at which these functions
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Figure 4.19: Probe acceptance range for (a) probe 1 and (b) probe 2. Contours indicate
angle of flow velocity vector and probe axis in degrees.

become multi-valued form the limit of the acceptance range for this technique. Following

Wittmer et al., these points can be identified by a change in the sign of the Jacobian

O Uye [Qe) Oy [Qe)
A(Uy/Qp)  O(Uz/Qp)

AUz /Qc)  O(Use/Qe)
Uy/Qp)  O(U:/Qp)

although in practice it was found that a threshold near zero (typically -0.02) provided better

results, most likely due to the discretization of derivatives used to find the Jacobian.

The acceptance ranges for probes 1 and 2 are plotted in Figure 4.19. As can be
observed in Figure 4.19 probe 1 has an acceptance range of flow angles of at least 30°,
depending on the angle of the flow with respect to the probe. Due to its different prong
arrangement, probe 2 has the much more limited acceptance range of at least 22°, depending
on the angle of the flow with respect to the flow.

Typical results for f1, fa and f3 are plotted in Figure 4.20 for probe 1 and Figure
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4.21 for probe 2.

The method of Dobbeling et al. (1990) was also used in this study to replace data
points which fell outside the range of the Wittmer et al. technique. This method finds
the flow angle by comparing the values of Ugsy,/ (Ugf ut Uff nt Ue2f 5 TU e2f f4) for each
of the wires with those found during calibration as a function of flow pitch and yaw. By

determining the flow angle with the smallest error between the two values, the velocity

vector magnitude, pitch angle and yaw angle are determined.

4.4.3 Data reduction procedure

Four-sensor voltage time series acquired from the anemometer were reduced to
three-component velocity time series using the velocity calibration and the functions fi, f2

and f3 using the following procedure:

1. the effective velocity Uy, was determined for each sensor from the anemometer volt-

ages using King’s Law, Equation 4.1
2. Uesy, was transformed to Ugy . using Uy, = Ueyy, Sin gy,
3. Us., Uy,, and U,, were determined from the effective velocities using Equations 4.2-4.4

4. the value of the functions fi, fo and f3 at (U, /Qe, U,./Q.) were determined using a

third order polynomial interpolation scheme

5. Uz,, Uy,, and U, were then found using Equations 4.8-4.10 (the subscripted p in-
dicates the the Cartesian velocity components where the orientation of the axes is

dependent on the orientation of the probe during calibration).
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Figure 4.20: Example of probe 1 correction functions (a) fi, (b) f2 and (c) f3 determined
by directional calibration.
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Data values that resulted in (Uy, /Qe, U,. /Q.) combinations outside the acceptance
range were replaced using the technique of Débbeling et al. This step was performed to
minimize statistical biasing caused by the acceptance range. Typically, less than 0.5% of
the data fell outside the acceptance range and hence the effects of these values on statistical
properties were insignificant

Once the U, Uy, ; and Uy, time series had been determined, the coordinate system
was rotated such that the z-axis of the velocity vector was aligned with the time-averaged
vortex axis (the laboratory coordinate system is defined in Figure 5.1). The coordinate
system rotation was performed by first rotating the system by an angle 8.4 about z,
followed by by rotation by an angle amoq about the (rotated) y, and a final rotation about

the z-axis by Omoq- This rotation resulted in the folloWing expressions (Etkin and Reid

(1996))
Uz = Uz, c0s mod €08 Bod + Uy, €OS Qmod Sin Bpeg — Uz, SiD 0imoq
Uy = Ug,(sinOmod Sin 0tmod €08 Broq — €08 Omod Sin Broq) + (4.11)
Uy, (8in Omog SiN 0mod Sin Beq + €08 Omod €08 Bieq) + U 2p 510 O10d COS Omod
U. = Ug,(cosbmoq Sin ttmod €O Byoq + SiN Omod 8in Br0q) +

Uy, (08 Ormod SN 0imod 8N Bryog — SiN Omod €08 Biyoq) + Uz, €08 Omod €OS 0tmod

where Uy, Uy, and U,, are the velocity components measured by the probe before rotation
(whose orientation is determined by the orientation of the probe during calibration and the
orientation of the probe in the wind-tunnel during measurement). The angles tmod, Bmod

and Onoq were determined by inspection of the isocontours of the time-averaged velocity
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magnitude (Uzp +U§p)% on the measuring plane. The angles ayoa, Bmoq and Omod Were then
adjusted to yield isotachs that were as circular as possible, with 8,04 determined such that
Uy = 0 and U, =~ 0 in the vertical and horizontal directions respectively, thus correcting for
slight misalignment of the probe axis with respect to the vortex axis. Typical values of axis
rotations were |amod| ; |Bmoal < 5° and |fmed| < 10°, thus the measurement plane vertical
directions and horizontal directions were virtually identical to the y and z directions of the
rotated plane.

After coordinate system rotation, the results were normalized by the local free-
stream velocity U, on the corresponding measuring plane, which was higher by up to 5%

than the undisturbed free-stream velocity Un, because of blockage by the wing and its wake.

4.5 Measurement uncertainty

Quantifying the uncertainty in curve-fitting of calibration data and in converting
measured cooling velocities to Cartesian velocity components is not a trivial task. Following
Wittmer et al. (1998), uncertainties in the data reduction technique were estimated by
comparing the Cartesian velocity components measured by the probe to those calculated
from the calibration jet velocity and probe orientation. The error determined using this
technique for a sample calibration is presented as a contour map in Figure 4.22. As can
be seen in this figure, the maximum uncertainties were approximately AU, /Us, =~ 0.3%,
AUy/ Uso = 0.5% and AU, /Uy =~ 0.4%. Figure 4.22 also illustrates the effect of the
probe orientation on the error and demonstrates that the largest error occurred at large

flow angles.
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Figure 4.22: Contour maps illustrating the difference between the calibrator nozzle lelocity
and the velocity output from the data reduction procedure. Isocontours show (a) AU, /U,
(b) AU, /Us and (c) AU, /Us.
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The streamwise position uncertainty was AX/c =~ 3%. The uncertainty in relative
spatial position within a measurement plane due to the finite size of the probe was AY/c ~
AZ/c = 0.3%. The uncertainty in absolute spatial position (referenced to the wing), caused
by reinsertions of the probe in the wind tunnel, was AY,,/c ~ AZ,, /e~ AY /c ~ AZ/c ~ 1%
(see the Nomenclature for symbol definitions). Uncertainty in probe separation S due to

the pitch of the lead screw on the probe holder was AS ~ £0.05 mm.

4.5.1 Spatial resolution of four-sensor probe

The finite measurement volume of the four-sensor probe could result in errors
when measuring small-scale turbulent fluctuations. Using values of the integral, Taylor
and Kolmogorov length scales (Lg, A, and 7, respectively) calculated in Section 5.2, one
can estimate the ratios of these scales and the transverse length I, of one side of the
measurement volume as 30 < Ly /Iy, < 70, 6 < Az/lmy < 14 and 0.2 < 0/, < 0.5.

A comparison of the measurement volume dimensions to the integral length scale
indicates that the spatial resolution of the probe is more than sufficient for the measurement
of the large-scale motions. Bruun (1995) provides an estimate of the difference between the

actual streamwise normal stress u2, , and the value u2

% meas Measured by a sensor with length

Imy normal to the streamwise direction normal stress as

_ _ 12 \71
ugact = u%meas (1 - 1;’1;2) (412)
T

For 6 < A;/lmy < 14, this expression predicts that the Reynolds stress value would be

overestimated by between 0.3% and 2%. Concerning the temporal resolution of hot-wire

sensors, Bruun (Figure 2.28, Bruun (1995)) notes that, for a single sensor normal to the
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flow with a length in the range, 0.2 < 1/l,,, < 0.5 the spectral response of the probe would
be attenuated by more than 10% only for frequencies higher than 40 kHz, which is higher
that the sampling rates used in this study.

The previous estimates apply to single-sensor probes normal to the flow, whereas
the present multi-sensor probe design would require much more complicated error estimate
procedures. Bruun notes that the spectral attenuation for cross-wire probes is nearly iden-
tical to that of the single-sensor probe. Lekakis (1996) observed that, for cross-wire probes,
large spacing between sensors can result in over-estimation of the transverse velocity compo-
nent and an underestimation of the streamwise velocity component and recommend a ratio
of 1/l within the range 0.33 to 0.5. Moreover, Wyngaard (1969) analyzed the vorticity
output from a Kovasznay probe (which is different from the Kovasznay-type probe used in
the present study) and found that, to limit the attenuation of the vorticity spectra to 90%,
one should have 7/ly,, > 0.45 (Wyngaard (1969) uses the length of the sensing wire for this
ratio, which here has been approximated as v/2l,,,). Wallace and Foss (1995) note that
the model spectrum used in Wyngaard’s analysis did not accurately represent an actual
turbulent spectrum and recommended that 7/l,,, should not be less than 0.25 to 0.5 for
accurate measurement of vorticity. This range has also been cited by Lekakis (1996) for
accurate measurement of velocity gradients.

It therefore appears that the range 0.2 < 17/l;ny < 0.5 used in the present study is
close to the ranges identified for accurate measurement of turbulent flows. Although there
could be some residual error introduced in the cases with small 7, it has not been possible

to quantify it or devise a correction method.
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4.6 Probe interference

A concern when using hot-wire probes is the possibility of flow distortion. Using
flow visualization, Devenport et al. (1996) found that a four-wire probe with dimensions
nearly identical to those used in this study did not cause measurable disturbances within the
vortex core. The presently measured intensity of the streamwise velocity fluctuations in the
vortex core (Figure 4.23a) was much lower than that in Devenport et al.” s study at the same
streamwise position and wing angle of attack but at different Re. and aspect ratio (Figure
4.23c); this implies that probe-induced disturbances would be negligible in the present case
as well. The issue of possible probe disturbances was also addressed early in this study, when
measurements were taken with a larger four-wire probe, having a measurement volume with
dimensions 2.8 mmx2.8 mmx1.4mm . Representative results with this probe, presented in
Figure 4.23b, show significantly stronger velocity fluctuations at the centre of the vortex
than those measured with the smaller probe. It is believed that the stronger velocity
fluctuations with the larger probe are due to disturbances caused by the introduction of the
larger probe into the flow. As will be shown later in this report, the velocity fluctuations
at thé centre of the vortex in Figure 4.23a can be attributed to vortex wandering and are
therefore unlikely to be caused by probe disturbances.

Probe interference was of even greater concern for the two-probe measurements.
To determine whether or not addition of a second probe would have an adverse effect on
the measurements with the first probe, measurements of the vortex without turbulence
were performed in a yz plane 1.6 m from the wing trailing edge, both with and without the

second probe in place. No significant difference was observed when comparing the statistics
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Figure 4.23: Isocontours of the standard deviation of the streamwise velocity u/,/Uso,
10c from wing leading edge (a) measured by a four-wire probe with sensing dimensions
0.68mm x 0.68mmx 0.46 mm (b) measured by a four-wire probe with sensing dimensions
2.8mm x 2.8 mmx 1.4mm (c) results of Devenport et al. (1996). Contour lines are spaced
0.004 apart.

measured by probe 1 with and without probe 2 present.

Changing the separation of the two probes appeared to have a measurable effect.
When examining the results from measurements with probe 1 fixed in space and probe 2
at varying separations, some variation in the average flow angle was observed in probe 1.
This variation was typically less than 3° and is not believed to have a significant effect on
the results. It is unclear as to whether this flow angle variation was caused by changing
disturbance of the flow around the probe holder or was caused by minor changes in the

orientation of probe 1 occurring during the process of changing the probe separation.

4.7 Probe vibrations

During experiments performed with the two-probe holder shown in Figure 4.4, it

was discovered that the probes were vibrating at a frequency of 30 Hz, excited by the fan
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motor. This vibration was only observed when the two-probe holder was used and it is
attributed to the mass at the probe end of the probe holder. Moreover, the vibration was
only observed in velocity signals when the wind-tunnel motor was running decoupled from
the fan (i.e., the fan was not turning) and at free-stream velocities lower than approximately
2m/s, for which the velocity signal was very weak. In power spectra calculated for mea-

surement cases without grid turbulence, this vibration appeared as a spike in the spectra

at ‘30 Hz.
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Chapter 5

Experimental results

5.1 Experimental conditions

A sketch of the experimental setup is shown in Figure 5.1. It illustrates the co-
ordinate systems used, nomenclature and some of the important dimensions used in the
experiments. A wing-based, fixed Cartesian coordinate system X,Y,Z was defined such
that its origin coincided with the quarter-chord point of the wing at the tip. Then, the
downstream location of each measurement plane was specified by X. Moreover, a Carte-
sian/cylindrical coordinate system was defined on each measurement plane such that the
orientations of the three Cartesian axes, x,y, z remained the same for all planes but the
origin of the coordinate system was adjusted to coincide with the local time-averaged cen-
tre of the vortex. The Cartesian axes in these planes were rotated slightly so that the
x axis was coincident with the axis of the vortex (see Section 4.4.3). When two probes
were used in the experiments, the probe separation, S, was parallel to the Y-axis with both

measurement volumes located at the same X.
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Figure 5.1: Sketch of the experimental arrangement illustrating the coordinate system.

95



The two turbulence grids (small grid, M = 25.4 mm, and large grid, M = 50.8 mm)
could be inserted in slots at two different streamwise positions. The majority of the mea-
surements were performed with the grid located at X = —0.76 m. Measurements performed
with the turbulence grid in this position will be simply referred to as either large-grid or
small-grid test cases, depending on which grid was being used. In addition, some exper-
iments were performed with the turbulence grid at X = —1.37m. Experiments with the
grid in this position will be identified as either small-grid-upstream or large-grid-upstream,
test cases depending on which grid was used. An additional reference case was also studied
with no turbulence grid in place. This case will be identified as the no-grid case.

A large number of measurements were performed over an almost five-year period.
Experimental conditions were adjusted over time to meet different requirements and based
on cumulative experience. For this reason, the experimental conditions are described sepa-

rately for each set of experiments, as follows.

5.1.1 Qil film flow visualization

In a preliminary stage of the wind-tunnel investigation, oil film flow visualization
was used to investigate qualitatively the vortex formation process at a wing angle of attack
a = 8° and a free-stream velocity Uy = 20m/ s, corresponding to Re, = Usoc/v = 2.4x 10°,

Two cases were investigated, the no-grid case and the large-grid case.

5.1.2 Single-sensor hot-wire measurements

To provide further qualitative information and to help interpret the oil film flow

visualization, single-sensor hot-wire measurements were performed in the wind tunnel at
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an angle of attack @ = 8° and a free-stream velocity Uy, = 20m/s, corresponding to
Re. = 2.4 x 10°. Two cases were investigated, the no-grid case and the large-grid case.
Measurements were performed on transverse planes with X/c¢ = 0.0, 0.25, 0.40, 0.55, 0.65
and 0.75.

Additional measurements were performed at the same free-stream conditions to
examine the wing boundary layer and to identify any possible flow separation. For the
boundary layer measurements, single-sensor hot-wire measurements were performed in tra-
verses parallel to the Z-axis from less than 1 mm from the wing surface into the free-stream.
These boundary layer measurements were performed at streamwise locations at X/c = 0.55
for three spanwise stations, Y/b = —0.25, —0.50 and —0.75.

For all single-sensor hot-wire measurements, the sensing wire of the single-sensor
probe was aligned such that it was parallel with the span of the wing (i.e., parallel to the Y’
axis). The anemometer was operated at an overheat ratio of 1.8. The frequency response
of the probe was 10kHz and the signal was low-pass filtered at a 3-dB cutoff frequency of
5kHz. The analogue output of the anemometer was digitized at a rate of 10kHz. A time

history of 15s duration was recorded at each measurement location.

5.1.3 Dye injection flow visualization

To further investigate qualitative, three-dimensional aspects of the vortex forma-
tion, dye injection flow visualization was performed in the water tunnel at o = 5° and
Uso = 0.16 m/ s, corresponding to Re, = 2.9 x 10%. Three different free-stream conditions
were studied: the no-grid, small-grid and large-grid cases. In view of differences in wing

aspect ratio and Reynolds number between the water tunnel and wind tunnel experiments,
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the water tunnel results were used only for qualitative purposes, to assist in understanding

of the vortex formation process.

5.1.4 Wing surface pressure measurements

To provide quantitative information about the wing loading at each of the free-
stream conditions, surface pressure measurements were performed in the wind tunnel at
a = 5° and Uy = 20m/ s, corresponding to Re, = 2.4 x 10°. The effective angle of attack,
estimated using the general downwash blockage correction of Rae and Pope (1984), was
5.6°. These measurements were performed for the no-grid, small-grid and large-grid cases.
For each case, the pressure transducer signal was sampled at a rate of 400Hz over 30s. A

separate measurement was performed for each pressure tap.

5.1.5 Four-sensor hot-wire measurements

To investigate the streamwise development of the vortex and spiral wake, four-
sensor hot-wire measurements were performed to measure the velocity vector on transverse
measuring planes with X/c = 0.75, 1.75, 3.75, 5.75, 7.75 and 9.75, for the no-grid, small-
grid, small-grid-upstream, large-grid and large-grid-upstream cases. In all cases, o = 5° and
Uso = 20m/ s, corresponding to Re, = 2.4 x 10°. The effective angle of attack was estimated
to be 5.6°. All sensors were operated at an overheat ratio of 1.4 and an output signal gain
of 3. The probe frequency response of the senors was determined to be uniform up to at
least 40kHz and the analogue signals were low-pass filtered at a 3dB cutoff frequency of
8.2kHz. The analogue outputs of the anemometer were digitized simultaneously at a rate

of 20kHz with 15s long records acquired at each measurement location.
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Additional measurements were performed to further investigate the vortex core.
These measurements were performed with a high density of measurement points near the
time-averaged vortex centre. Conditions were identical to those described previously, with
the exceptions that measurements were only performed at X/c = 9.75 for the no-grid,

small-grid and large-grid cases and sample record lengths were increased to 60s.

5.1.6 Dual four-sensor hot-wire measurements

To provide information about the instantaneous spatial properties of the vortex,
measurements were performed using two four-wire probes simultaneously, providing two-
point, three-component velocity data. Measurements were performed in the wind tunnel at
a =5° and Uy = 20m/ s, corresponding to Re. = 2.4 x 10°. measurements were recorded
for streamwise measurement planes with X/c = 3.75, 5.75, 7.75 and 9.75 for the no-grid,
small-grid, and large-grid cases. The effective angle of attack was estimated to be 5.6°. The
anemometers were operated at an overheat ratio of 1.4 and an output signal gain of 6. The
probe frequency responses were determined to be at least 40 kHz and the analogue signals
were low-pass filtered at 14.0 kHz,

Each measurement was performed in two phases. In the first phase, the two probes
were separated in the y-direction by § = 7.1 mm and measurements were performed on each
measurement plane with higher density near the time-averaged vortex centre. The analogue
outputs of the eight anemometers were digitized simultaneously at a rate of 30 kHz with
15s long records acquired at each measurement location. Following these measurements,
probe 1 was positioned at the time averaged vortex centre and probe 2 was traversed away

from probe 1 and measurements were performed in the range 7.1mm < S < 27.6mm at
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0.5 mm increments. The analogue outputs of the anemometers were digitized at a rate of

30kHz with 180s long records acquired at each measurement location.

5.2 Grid turbulence characteristics

To characterize the free-stream conditions generated by each grid, three-component
velocity measurements of the grid turbulence were performed with four-sensor probe 1 at
Re. = 2.4 x 10° with the wing removed from the wind tunnel. Velocity measurements were
taken along the centreline of the wind tunnel at streamwise locations between X/c = —2.25
and X/c = 12.75 at intervals of lc for the small-grid-upstream, small-grid, large-grid-
upstream and large-grid cases.

Previous researchers have observed that the turbulent kinetic energy

k=

N~

(az+u—g+u—g) (5.1)

of grid turbulence decays as a power law according to

’(% —4 (——xg J_ng) B (5.2)
where A and n are constants, x, is the streamwise distance from the grid and zg, is a
“virtual origin” of the turbulence (Pope (2000)). Figure 5.2 shows the turbulent kinetic
energy measured for each of the grid cases plotted as a function of x4 — x4, normalized
by M and using zg,/M = 3. With this zy, value, the turbulence kinetic energy for all
cases was found to be described well by Equation 5.2, using n = 1.32 and A = 0.153.

This value for n is within the range of previous experimental values 1.15 < n < 1.45

cited by Pope (2000). Thus, the grid turbulence in the current measurements appears to
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Figure 5.2: Streamwise development of turbulent kinetic energy measured downstream of
the present grids with the wing removed from the wind tunnel. Solid line indicates power
law fit using Equation 5.2.

be consistent with previous grid turbulence measurements, which represent approximately
isotropic turbulence.

The streamwise decay of the normal Reynolds stresses u2 /U2, u_f// U2 and u2 /U2 is
presented in Figure 5.3a-c, respectively, as a function of (zg — xg,) /M. The stresses were
found to collapse for the four different cases with the decay well represented by a power law,
shown in Figure 5.3 as a solid line. Each normal stress was found to decay o (x4 — go)
with n = 1.33 for u2/U2, n = 1.31 for u_g/Ug and n = 1.35 for u2/U2. The observed
small differences among the decay exponents of the three normal Reynolds stresses could
be systematic in grid turbulence, as similar differences have been observed by Warhaft and
Lumley (1978); they could be, at least partially, attributed to the effective contraction along

the wind-tunnel test section caused by boundary layer growth and to the differences in the
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boundary layers along the horizontal and vertical walls because of the differences between
the height and the width of the wind tunnel test section.

The streamwise decay of the normal Reynolds stresses in Cartesian coordinates is
illustrated in Figures 5.4a-d. Comparison of the different cases indicates that the magnitude
of normal stresses in the region of interest (X/c > 1.75) was lowest for the small-grid-
upstream case and increased, in sequence, for the small-grid case, large-grid-upstream case
and large-grid case. For all cases, the streamwise normal stress u2/U2 was found to be
approximately 20% higher than both transverse Reynolds stresses &2/ U2 and u2/U2. This
is a well known result for grid turbulence. Comte-Bellot and Corrsin (1966) used a second
test section contraction downstream of the grid to improve the degree of isotropy of the
turbulence. In the current results, u_g/ U2 was found to be slightly larger than u2/U2. At
X/c=12.75, Eg/ U2 was approximately 10% larger than u2/U2. As discussed above, this
anisotropy could be explained by the geometry of the wind tunnel due to the differences in
the width and height of the test section.

The anisotropy of the grid turbulence was investigated further by examining the

components of the anisotropy tensor (Pope (2000))

wu; 1
azj = u;u; — 3% (5.3)

where 0;; is the Kronecker delta and the indices take values 1, 2 and 3, which correspond to
the axes x,y and z. By definition, all components of this tensor would be zero in perfectly
isotropic turbulence, whereas the sum a;; of the three diagonal components should vanish
under all circumstances.

The diagonal components of a;; are shown in Figure 5.5a-c. Values of a,;, are
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shown in Figure 5.5a and are near 0.05 for all cases, reiterating the observations from
Figure 5.4 that EZ has a higher contribution to k& than 1_[32; and u_g Figure 5.5¢, showing the
streamwise variation of a,,, indicates that u—g makes a somewhat lesser contribution to k
than u_?!, which, as discussed above, is most likely due to differences in the height and width
of the wind-tunnel test section. One observation that can be made from Figure 5.5a-c is
that the values of az,, ayy and a,, are comparable for all grid cases over the entire range of
X/c measured. This consistency confirms the self-similarity of the turbulence structures
in all cases considered.

The anisotropy tensor can also be used to quantify the deviation of the Reynolds

shear stresses from the isotropic value of zero. The components of the anisotropy tensor

corresponding to Ug iy, Uz, and Uyt; (agzy, ag, and ay,) are shown in Figure 5.6a-c, respec-
tively. These figures show that all cross-anisotropies were relatively small. The largest one
in magnitude was ay, (Figure 5.6c), which took values near 0.02, and appeared to increase
slightly with streamwise distance. The non-zero value of a,, suggests the existence of a
weak correlation between u, and u,, which is possibly connected to the inequality of u_f/ and
.

The magnitude of the turbulent length scales within the free-stream could play an
important role in the interaction between the turbulence and the vortex. Three scales in
particular were measured for each of the grid turbulence cases: a) the longitudinal integral
length scale, which characterizes the size of the larger turbulent eddies, b) the longitudinal
Taylor microscale, which has been associated with the spacing between regions with in-

tense dissipation activity (Tennekes (1968)), although other researchers find that this scale
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has no clear physical significance (Pope (2000)) and ¢) the Kolmogorov microscale, which
characterizes the smallest (dissipative) scales of turbulence.

The longitudinal integral length scale was determined as

U,

L,= o /Rm (r)dr (5.4)
where u!, = u—%o.s and Ry, () is the temporal autocorrelation of the streamwise velocity
component

) T
Realr) = 7 [ e @ ue 6= )t (5.5)
0

T is the length of the time history and 7, is the value of 7 where the autocorrelation crosses
zero for the first time (R, was calculated using the MATLAB function zcorr). The
measured integral length scales are plotted in Figure 5.7 for all four grid cases normalized
by M as a function of (xy — x4) /M, where x4, is identical to the value used in Figure
5.2. This figure shows good collapse of the data for the cases with the same value of M,
however when scaled in the manner shown in Figure 5.7, there is a clear difference between
the results for the two small-grid cases and those of the two large-grid cases. This result
suggests that the size of the integral length scale is not solely dependent on the grid mesh
size but also depends on the turbulence Reynolds number (see below).

‘In all cases, the integral length scale increases with streamwise distance. Power
law curve fits of the results (not shown in Figure 5.7 for clarity) indicate that L, grows
with streamwise distance at a rate o« (x4 — Zg)" where n = 0.3, 0.2, 0.2 and 0.3 for
the small-grid-upstream, small-grid, large-grid-upstream and large-grid cases respectively.
Comparatively, Tennekes and Lumley (1972) and Comte-Bellot and Corrsin (1971) note

that L,/M grows o< (x/M)%® and Sreenivasan et al. (1980) found that Ly/M o (z/M)%%.
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Figure 5.7: Streamwise development of L, /M as a function of (x4 — z4,) normalized by M
for each of the grid turbulence cases without the wing in the wind tunnel.

It is unclear why the growth rate of L, is smaller in the current results. It is also worth
noting that fitting the power law using z/M rather than (z, — z40) /M resulted in nearly
identical values of n (0.34, 0.24, 0.22 and 0.31 when scaling by /M instead of 0.33, 0.22,
0.20 and 0.26 when scaling by (z4 — z40) /M).

When plotted as a function of X/c, as in Figure 5.8, a slight increase in L, is
evident when the turbulence grid is in the upstream position. Due to data scatter, the
increase in length scale is difficult to quantify.

The longitudinal Taylor microscale was determined with the use of Taylor’s frozen

flow approximation as
1/2

2
Uz

2
(%)

Az = V2U, (5.6)

where the instantaneous temporal derivative of the streamwise velocity was estimated from
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Figure 5.8: Streamwise development of L, measured in each of the grid turbulence cases
without the wing in the wind tunnel.

the velocity time series by using a third order backward finite difference scheme.

The longitudinal Taylor microscale, normalized by M is plotted against (zg — z40) /M
in Figure 5.9. As with the integral length scale (Figure 5.7), the values do not collapse for
the two different grids. As streamwise distance increases, A, increases following a power
law as indicated by the curve fit shown in Figure 5.9. At small distance from the grid,
(zg — xgo) /M < 40, the growth was not well represented by the power law fit, possibly
indicating slower development of the self-similarity of the turbulence length scales when
compared to the self-similarity of the velocity scales. For (x4 — x40) /M > 40, A, increases
o (g — 40)""® which is close to the growth rate measured by Sreenivasan et al. (1980) who
found the Taylor microscale to grow o (x4 — xgo)0'5. The longitudinal Taylor microscale is

plotted in Figure 5.10 as a function of X/c.
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Figure 5.10: Streamwise development of A\, measured for each of the grid turbulence cases
without the wing in the wind tunnel.
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Figure 5.11: Streamwise development of Rey as a function of (x4 — zg0) /M

The Taylor microscale is commonly used to define the turbulence Reynolds number

/
A
Rey = “wy z (5.7)

where v is the kinematic viscosity. The streamwise evolutions of the turbulence Reynolds
number are shown in Figure 5.11 for all four grid cases as functions of (x4 — z40) /M. For
the range (xg — x40) /M > 10, Rey =~ 150 for the small-grid-upstream and small-grid cases
and Rey ~ 250 for the large-grid-upstream and large-grid cases.

The kinetic energy dissipation rate in the grid turbulence was estimated using

Taylor’s frozen flow approximation and assuming local isotropy of the turbulence, as

15v [ Buy, 2

—05 =
where Taylor’s frozen flow hypothesis states that, for u2 /U, < 1, 6% ~ — % (Pope

1
Ux
(2000)). The kinetic energy dissipation rate has been plotted in Figure 5.12 as a function
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Figure 5.12: ¢ normalized using M and U, as a function of (x4 — z4o) /M measured for
all grid turbulence cases. Symbols, calculated using Equation 5.8. Lines, calculated using

measured dk/dt.

of streamwise distance for all cases. It was found to decay rapidly for all cases, consistently
with homogeneous isotropic turbulence theory. Values of ¢ calculated using the streamwise
velocity gradient (Equation 5.8) in time, which are plotted as symbols in Figure 5.12,
were found to be in good agreement with those calculated using dk/dt calculated from
the Reynolds normal stresses, piotted as lines in Figure 5.12. Dissipation calculated using

Equation 5.8 decays o (z — mo)—2.40

which, when compared to the fitted values of Equation
5.2 (n = —1.32), indicates a slight discrepancy between the two methods of calculation,

possibly due to small errors introduced by fitting the data. Values of ¢ calculated using

Equation 5.8 are plotted against X/c in Figure 5.13.

Using the previously determined values of dissipation rate, the Kolmogorov mi-
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Figure 5.13: Streamwise development of ¢ measured in each of the grid turbulence cases
without the wing in the wind tunnel.

croscale 7, velocity scale u;, and time scale 7, were determined as (Pope (2000))

7= (fi)m (59)

Uy = (ve)t/4 (5.10)
= (5)1/2 . (5.11)

Difficulty in accurately determining dk/dt from the limited resolution of streamwise mea-
surement points resulted in increased scatter in ¢, hence the values of ¢ calculated using
Equation 5.8 were used for calculation of the Kolmogorov scales.

The Kolmogorov scales have been plotted, normalized by U, and M, as functions of
(g — x40) /M in Figure 5.14. Consistent with isotropic turbulence theory, n and 7, were
observed to increase with streamwise distance while u, was observed to decrease as the

turbulence decays and the kinetic energy of the smallest scales decreased. The Kolmogorov
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length scales, shown in Figure 5.14a, were found to be approximately 100 times smaller
than the integral length scales for the small-grid and small-grid-upstream cases, whereas
values of 1 determined for the higher Re) large-grid and large-grid upstream cases were
approximately 300 times smaller than the integral length scales. Similar decreases with
increased Re) were also observed for u, and 7, (Figures 5.14b and c, respectively).

The Kolmogorov scales have been plotted as functions of X/c in Figure 5.15.
The Kolmogorov length scales were found to be approximately two orders of magnitude
smaller than the integral length scales with the smallest scales observed for the large-
grid case. Comparing the estimated Kolmogorov length scale to the prong spacing of the
measurement probe, it can be observed that the prong spacing was approximately 2 to 5
times the Kolmogorov scale. The Kolmogorov velocity scale was found to be two orders of
magnitude smaller than the free-stream velocity and the Kolmogorov time scale was found
to be of the same order as the 1/ f., where f, is the cutoff frequency of the analogue low-pass
filter used during measurement.

The spectral distribution of turbulent kinetic energy in grid turbulence is com-

monly described by the wavenumber spectrum of U,

J S 2_;Fxx (5.12)
where
Fou(f) = 4 / ™ Ruw () cos (2nf7) dr (5.13)
0

is the frequency spectrum (calculated using the MATLAB function pwelch) and the wavenum-
ber spectrum is plotted against the streamwise wavenumber k, = 27 f/U, (where f is fre-

quency). The wavelength 1/k, is a measure of eddy size (Pope (2000)). Wavenumber
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and plotted against (x4 — z40) /M as measured for each of the grid turbulence cases without
the wing in the wind tunnel.
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spectra Egq (k5) are shown in Figure 5.16 scaled by the Kolmogorov scales. In this figure,
each successive streamwise location starting with X/c = 1.75 was shifted down by a decade
to increase the visibility of the figure. According to Kolmogorov’s hypothesis of universality
of the fine structure of turbulence at large Reynolds numbers, spectra scaled in this manner
should collapse at high wavenumbers. The present measurements seem to comply with this
hypothesis.

At sufficiently high Reynolds number, three distinct wavenumber ranges can be

identified in the one-dimensional energy spectra of isotropic turbulence (Pope (2000)):

e the energy containing range, characterized by relatively flat spectra; this is observed

at relatively low wavenumbers

e the inertial subrange, characterized by a slope of —5/3 in logarithmic axes; this is

observed at intermediate wavenumbers

e the viscous subrange, characterized by an increasing rate of decrease of E;; (k) with

increasing k,; this is observed at high wavenumbers

Physically, the energy containing range is described as the range of wavenumbers
containing large-scale energetic eddies, the inertial subrange is a range of eddies associated
with energy transfer from larger to smaller motions without any considerable loss of kinetic
energy and the viscous subrange is associated with the dissipation of the kinetic energy
at small scales due to viscosity. These three ranges are apparent in Figure 5.16 for all
measurement locations, and they correspond to k.n < 1073, 1073 < k;n < 107! and

ken 2 1071, respectively. A line of —5/3 slope has been drawn in Figure 5.16 to help
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identify the inertial subrange. The slope of this range appears to be less than —5/3 for all
results, which suggests that the turbulence Reynolds number Rey of the current experiments
(150 < Rey < 250, see Figure 5.11) is not sufficiently large for the —5/3 scaling to apply
(Ferchichi and Tavoularis (2000)). The slope in the current experiments was found to be
about —1.5, which is consistent with the value cited by Pope (2000) for Rey = 200.

For comparison with data presented later in this chapter, the frequency spectra
Fzz(f), which show the energy distribution of the fluctuations as a function of frequency
(inverse time scale), are presented in Figure 5.17a-d for the small-grid-upstream, small-grid,
large-grid-upstream and large-grid cases, respectively. The spectra in Figure 5.17 clearly

show the decay in energy with streamwise distance observed in Figure 5.2.

5.3 Single-sensor hot-wire measurements

To characterize the vortex formation process and identify possible effects of free-
stream turbulence, single-sensor hot-wire measurements were performed at the wing tip
and over the suction surface at o = 8° and Re, = 2.4 x 10° for both the no-grid and large-
grid cases. Single-sensor hot-wires with a sensor axis normal to the probe axis measure an
effective cooling velocity Uey, defined as the equivalent flow velocity parallel to the probe
axis that would produce the same sensor cooling as the actual flow velocity.

To examine the wing boundary layer and to identify any possible flow separation,
single-sensor hot-wire measurements were performed in traverses in the Z direction starting
at a distance, Z, and extending into the free-stream. The exact value of Z, was not

determined, as the measurements were conducted by first moving the probe as near to the
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wing as possible without co‘ntacting the wing with the probe, then traversing away from
the wing. It is believed, however, that Z, was less than 1 mm from the wing surface.

These boundary layer measurements were performed at X/c = 0.55 and at three
spanwise stations, Y/b = —0.75, —0.50 and —0.25. At the spanwise measurement locations
selected, the flow was expected to be sufficiently distant from the wing-tip vortex to be
approximately parallel to the measurement probe axis so that U,y =~ U, and u'ef ;R ul
(primes here denote standard deviations). Time averaged profiles of Uesf/Us for the no-
grid and large-grid cases are shown in Figure 5.18a and b, respectively, whereas profiles of
ul, f /Uso for the no-grid and large-grid cases are shown in Figure 5.18c and d, respectively.
In this figure, the X, Y, Z coordinate system has been rotated about the Y axis by « to
X, Y, Zy so that X, was aligned with the wing chord line.

In both cases, the boundary layer appeared to remain attached, however, in the
large-grid case, it was approximately 30% thicker and had peak rms fluctuation levels 30%
larger than the corresponding values in the no-grid case. The location of peak measured
ul, 1/ Uso was at the measurement location nearest to the surface of the wing for the no-grid
case and at approximately 30% of the boundary layer thickness for the large-grid case.

The flow in the vicinity of the wing-tip is expected to be strongly three-dimensional,
and the single-sensor probe should be unable to resolve the velocity magnitude and direction.
Nevertheless, by comparing single-sensor measurements downstream of the wing to three-
component velocity measurements, it has been found that the shapes of isocontours of the
rms effective cooling velocity ?ff/ Us measured at X/c = 4.75 with the single sensor probe

matched fairly well the isocontours of u2 measured by Devenport et al. (1996) with a four-
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Figure 5.18: Profiles of Usf/Us measured in the wing boundary layers for (a) the no-grid
case and (b) the large-grid case. Also shown are the corresponding profiles of 77/ Uso for
(c) the no-grid and (d) large-grid cases.
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Figure 5.19: Contours of (a) uzf ¢ measured with single-sensor probe and (b) u2 measured
by Devenport et al. (1996) at X/c = 4.75. Contour spacing 5 x 1073,

sensor probe, as shown in Figure 5.19. Therefore, it is believed that the distribution of
turbulent activity over the measurement plane can be determined, at least qualitatively, by
examining g, /Uso.

Isocontours of u;f f /Us are presented in Figure 5.20a and b for the no-grid and
large-grid cases, respectively. Both sets of contours presented maxima of u;f f /Ux at ap-
proximately the same locations. At X/c = 0.0, two local maxima (“peaks”) were evident,
one at the wing tip, labelled A in the figure, and another towards the suction surface near
the tip, labelled B in the same figure. A smaller peak, labelled C in Figure 5.20 was also

evident, appearing in the furthest downstream planes near the very tip of the wing.
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Figure 5.20: Contours of u;ff/Uoo measured at X/c = 0.0, 0.25, 0.40, 0.55, 0.65 and 0.75
for (a) no grid case and (b) large grid case.
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Figure 5.21: Peak u,;;/Uco locations for the no-grid (solid symbols) and large-grid (hollow
symbols) cases in wing-aligned coordinates. Peak A is indicated by squares, peak B is
indicated by upright triangles and peak C is indicated by inverted triangles.

The locations of the local peak values of u'ef 7 /Uso are indicated in Figure 5.21 for
both the no-grid and large-grid cases. In this figure, the X, Y, Z coordinate system has
been rotated about the Y axis by a to Xy, Ya,, Z so that X, was aligned with the wing
chord line. This figure clearly shows the similarities in peak location between the no-grid
and large-grid cases.

In downstream measurement planes, the location of peak A moved towards the
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suction surface, rolling over the tip’s edge somewhere between X/c = 0.4 and 0.55. Peak
B, remained close to the suction surface in downstream planes, moving away from the tip
until peak A rolled over to the suction surface, at which point is started to move towards
the tip again. Peak A was wider than peak B in all planes and contained higher values
of u’eff /Uso. At X/c = 0.75, the two peaks A and B appeared to have merged together.
Peak C remained close to the suction surface of the wing at the very tip until shed from
the trailing edge.

Although the locations of the characteristic peaks were unaltered by free-stream
turbulence, larger v/ I /Us values were recorded for the large grid case and the contours
of u;f f /Us were wider, appearing more diffuse. If the vortex position were steady, this
observation would indicate that free-stream turbulence increased the turbulence inside the
vortex during formation. However, in view of the steep local velocity gradients which could
result in large measured values of u’ef f /Us under even small-scale wandering, one needs

additional evidence before making such statement with any degree of confidence.

5.4 Oil film surface flow visualization

Oil film surface flow visualizations were performed on the suction surface of the
wing near the tip at o = 8° and Re, = 2.4 x 10% for the no-grid and large-grid cases.
Similar visualizations of the pressure surface revealed nothing of interest and limitations in
accessibility prevented photography of the tip surface; hence, photographs were only taken
of the suction surface flow visualizations. A representative image for the no-grid case is

shown in Figure 5.22a, with virtually identical patterns observed for the large-grid case,
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(a) boundary
layer trip

pressure tap arrays

Figure 5.22: Representative oil film flow visualization images for (a) no-grid and (b) large-
grid cases showing the oil-free regions corresponding to the signatures of vortices B and C
on the wing surface. Also indicated on the figure are the locations of the boundary layer
trip, pressure tap rows and coordinate system origin.

shown in Figure 5.22b. Two characteristic lines, labelled B and C are evident as oil-free
regions in Figure 5.22a-b, indicating high local wall shear stress. The position of lines B and
C observed in the oil film images correspond to the location of the peak u’ef s /Uso values

observed in the single wire measurements (Figure 5.21).

5.5 Dye injection flow visualization

To characterize the time dependent aspects of the vortex formation process, flow
visualization by dye injection was performed in the water tunnel at Re, = 2.9 x 10* and o =

5° for the no-grid, small-grid and large-grid cases. Despite differences in Reynolds number,

128



Figure 5.23: Sketch of multiple vortices observed during vortex formation.

aspect ratio and angle of attack between these experiments and the wind tunnel studies,
comparisons between patterns observed in the dye injection images and those inferred from
single wire measurements showed strong qualitative similarities. The dye injection flow
visualization revealed that, in the initial formation phase, one could identify three distinct
co-rotating vortices, illustrated in Figure 5.23, which correspond to the characteristic peaks
A, B and C in the contours of u/, £f /Uso shown in Figure 5.20. Vortex A developed along the
wing tip, as fluid from the pressure surface flowed around the tip edge. Vortex B developed
along the suction surface, as fluid from the tip surface rolled up around the other edge of the
tip. Finally, vortex C formed at the very tip of the trailing edge, as slow-moving fluid on the
pressure surface rolled towards the suction surface near the tip of the trailing edge. Other
experimental studies using flow visualization, velocity and pressure measurements (Katz
and Galdo (1989), Birch et al. (2003), Mclnerny et al. (1990)) have also identified the
formation of multiple vortices, the number and arrangement of which varied with wing-tip
geometry.

Based on observations of the rotation rate of the injected dye, vortices A and B
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appeared to be comparable in strength, however vortex A was initially more turbulent, as
evident from an increased rate of dye diffusion and increased fluctuation levels measured
by the single-sensor probe. At approximately X/c = 0.5, vortex A rolled over to the
suction surface and began to interact with vortex B. The interaction of the two vortices was
turbulent and could not Be observed in detail due to strong dye diffusion in both vortices.

All three vortices were noticeable in the three cases at different free-stream tur-
bulence levels, as shown in representative dye injection images in Figure 5.24 and Figure
5.25. When the grids were placed upstream of the wing, dye injection showed that the
formations and trajectories of both vortices A and B were unaffected. However, vortex B
appeared to be distorted by interactions with free-stream eddies. Moreover, free-stream
turbulence seemed to increase the turbulence within both vortices, as implied by increased
rates of dye diffusion. The influence of free-stream turbulence on vortex C can be observed
by comparing the images shown in Figure 5.25a for the no-grid case and Figure 5.25b for
the small-grid case. In the presence of free-stream turbulence, vortex C was clearly more

turbulent, as evidenced by more rapid dye diffusion.

5.6 Wing surface pressure

Measurements of wing surface pressure were performed to characterize the lift
distribution across the span of the wing. The static pressure difference, AP, between the
wing surface and the free-stream (as measured by the Pitot-static tube) was measured at
each of the wing pressure taps for the no-grid, small-grid and large-grid cases at a = 5°

and Re, = 2.4 x 10°. The time-averaged pressure difference was then integrated at each
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(b)

Figure 5.24: Dye injection images showing vortices A and B for the (a) no-grid and (b)
small-grid cases.
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(b)

Figure 5.25: Dye injection patterns showing vortices B and C for the (a) no-grid and (b)
small-grid cases.
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Figure 5.26: Variation of section lift coefficients calculated from surface pressure
measurements.

spanwise location to determine the local section lift coefficient as

N
A
CL= T Z (AP;) cos; Ay (5.14)
3PV %C

where AP; is the pressure difference measured by the transducer at pressure tap ¢ and is
assumed constant over a length Ax; which is adjusted to account for the spacing of the
pressure taps. The angle &, is the angle of the length Az; to the free-stream and the
constant A is equal to —1 for pressure taps on the suction surface and +1 for pressure taps
on the pressure surface. The resulting section lift coefficient at each spanwise location is
plotted in Figure 5.26 for the no-grid, small-grid and large-grid cases. Nearly identical lift

distributions were measured for the three cases.
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5.7 Location of time-averaged vortex axis

The average location of the intersection of the vortex axis with each measuring
plane was identified as the centre of a family of concentric circles fitted to isocontours of the
magnitude of the time averaged velocity (Ui —+ Ui)“ on the measuring plane. The locus
of the centre of the time average, which may be called the average vortex axis or average
vortex trajectory, is illustrated in Figure 5.27. It can be seen that, for all three free-stream
turbulence levels examined, the vortex moved inboard and upward from the tip of the wing.
Also apparent from Figure 5.27 is that the vortex trajectory was not significantly affected

by the introduction of free-stream turbulence.

5.8 Time-averaged streamwise velocity

The variations of the dimensionless mean streamwise velocity over the measure-
ment plane are presented as contours of U, /U, for each of the five free-stream conditions in
Figure 5.28 for the no-grid case, Figure 5.29 for the small-grid-upstream case, Figure 5.30
for the small-grid case, Figure 5.31 for the large-grid-upstream case and in Figure 5.32 for
the large-grid case. The results have been normalized by the local free-stream velocity U,
on the corresponding measuring plane, which was higher by up to 5% than the undisturbed
free-stream velocity U, because of blockage by the wing and its wake. Measurements at the
streamwise stations X/c = 1.75, 3.75, 5.75, 7.75 and 9.75 indicate the trends of streamwise
development for the different cases.

In all five figures, the wing wake can be identified as a thin region having a velocity

deficit. At X/c = 1.75, the isovelocity contours within the wake contain long, relatively
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Figure 5.27: Distances of vortex axis from a streamwise line passing through the wing’s
aerodynamic center in (a) the spanwise direction and (b) the direction of lift.
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Figure 5.28: Contours of U, /U, for each streamwise plane measured for the no-grid case.
Contour lines are spaced 0.01 apart, execept for X/c = 1.75 where they are spaced 0.02
apart to increase clarity. Contour colouring identical for all measurement planes.
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Figure 5.29: Contours of U,/U, for each streamwise plane measured for the small-grid-
upstream case. Contour lines are spaced 0.01 apart, execept for X/c = 1.75 where they
are spaced 0.02 apart to increase clarity. Contour colouring identical for all measurement
planes.
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Figure 5.30: Contours of U, /U, for each streamwise plane measured for the small-grid case.
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Figure 5.31: Contours of U,/U, for each streamwise plane measured for the large-grid-
upstream case. Contour lines are spaced 0.01 apart, execept for X/c = 1.75 where they
are spaced 0.02 apart to increase clarity. Contour colouring identical for all measurement
planes.
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Figure 5.32: Contours of U, /U, for each streamwise plane measured for the large-grid case.
Contour lines are spaced 0.01 apart, execept for X/c = 1.75 where they are spaced 0.02
apart to increase clarity. Contour colouring identical for all measurement planes.
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straight sections, but contour curvature increases with increasing downstream distance, as
the wake spirals around the vortex due to the velocity field induced by the latter. A nearly
axi-symmetric region of velocity deficit surrounding the time-averaged vortex axis, is evident
in all figures.

For a closer examination of the axial velocity variation near the time-averaged
vortex axis, the radial variations of the dimensionless mean streamwise velocity ﬁx/ U,
for each of the five free-stream conditions are shown in Figures 5.33-5.37. For clarity,
measurements within the spiral wake are indicated by solid squares, so that they can be
distinguished from measurements in the free stream.

The measurements in the no-grid case at X/c = 1.75 (Figure 5.33) show a local
maximum at the time-averaged vortex centre, roughly equal to the local free-stream velocity,
surrounded by an annular region with a velocity deficit. As the vortex develops downstream,
both the central maximum and the annular deficit decrease and the axial velocity profile
approaches a wake-like form. The local maximum at the time-averaged vortex centre is
also evident in the small-grid-upstream case at X/c = 1.75 (Figure 5.34). However, the
maximum is lower and decreases more rapidly than that observed for the no-grid case.

The measured profiles of U, /U, are presented for the small-grid case in Figure
5.35, the large-grid-upstream case in Figure 5.36 and the large-grid case in Figure 5.37. In
all these cases the velocity distributions appear wake-like. The three profiles were clearly
asymmetric near the vortex axis at X/c = 1.75, but their asymmetry decreased with in-
creasing downstream distance. Whereas the profiles in the small-grid case show very little

change in magnitude and radial scale as the downstream distance increases, those in the
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Figure 5.36: Radial variation of the mean streamwise velocity normalized by local free-
stream velocity U, /U, for the large-grid-upstream case. Solid squares indicate data points
located in the spiral wake.
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Figure 5.37: Radial variation of the mean streamwise velocity normalized by local free-
stream velocity U, /U, for the large-grid case. Solid squares indicate data points located
in the spiral wake.
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large-grid-upstream and large-grid cases show a decreasing deficit and an increasing radial

scale.

5.9 Time-averaged circumferential velocity

In the present study, the mean circumferential velocity is defined as
Up=U,cos0 —Uysinb , (5.15)

where the angle 6 is the circumferential coordinate of the probe in a Cartesian coordinate
system having the local time-averaged vortex centre as origin (Figure 5.27). Distributions of
Uy /U, in the measurement planes are presented as contours for each of the three free-stream
conditions in Figure 5.38 for the no-grid case, Figure 5.39 for the small-grid-upstream case,
Figure 5.40 for the small-grid case, Figure 5.41 for the large-grid-upstream case and Figure
5.42 for the large-grid case. The locus of minimum U, /U, in the spiral wake has been
indicated in each plot by a dashed line.

Near the vortex axis, Uy /U, appears to be nearly axi-symmetric, however, as r/c
increases, the asymmetry in circumferential velocity becomes more pronounced. Near the
wing, at X/c = 1.75, the outer isotachs resemble a mirrored letter C in shape, whereas,
further downstream, the contours evolve to include an arm of increased circumferential
velocity in the spiral wake region. This asymmetry is most likely caused by effects of the
spanwise velocity induced over the pressure and suction surfaces of the wing, the residual
of which is visible at X/c = 1.75. Downstream of the wing, this induced velocity evolves
through viscous effects into a shear layer, which appears as the arm of increased Uy/U, at

X/c=3.75 to 9.75. The shear layer largely coincides with the spiral wake, and both follow
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Figure 5.38: Contours of Ug/U, for each streamwise plane measured for the no-grid case.
Contour lines are spaced 0.05 apart and the contour colouring below 0.05 not shown.
Dashed line indicates the locus of the local minima of U, /U, in the spiral wake.
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Figure 5.39: Contours of Ug/U, for each streamwise plane measured for the small-grid-
upstream case. Contour lines are spaced 0.05 apart and the contour colouring below 0.05
not shown. Dashed line indicates the locus of the local minima of U, /U, in the spiral wake.
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Figure 5.40: Contours of Uy/U, for each streamwise plane measured for the small-grid
case. Contour lines are spaced 0.05 apart and the contour colouring below 0.05 not shown.
Dashed line indicates the locus of the local minima of U, /U, in the spiral wake.
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Figure 5.41: Contours of Uy/U, for each streamwise plane measured for the large-grid-
upstream case. Contour lines are spaced 0.05 apart and the contour colouring below 0.05
not shown. Dashed line indicates the locus of the local minima of U, /U, in the spiral wake.
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Figure 5.42: Contours of Ug/U, for each streamwise plane measured for the large-grid
case. Contour lines are spaced 0.05 apart and the contour colouring below 0.05 not shown.
Dashed line indicates the locus of the local minima, of Uz /U, in the spiral wake.
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the same trajectory, as illustrated by the dashed lines in Figures 5.38-5.42.

The axi-symmetric region of Uy /U, near the vortex axis is illustrated by the radial
profiles of Uy/U,, shown in Figures 5.43-5.47, respectively, for each of the five free-stream
conditions. The increasing scatter in Ug/U, as r/c increases beyond about 0.075 is at-
tributed to the shear layer observed in Figures 5.38-5.42. This scatter diminishes with
streamwise distance, which indicates a decrease in the mean shear, as the shear layer be-
comes integrated into the vortex. To clarify the contribution of measurements in the spiral
wake to the overall scatter, such measurements have been indicated by solid symbols in Fig-
ures 5.43-5.47. All profiles have a distinct peak with a value Upmax/Us,, located at a radial
distance Fgmax/c. Both the peak values and the peak locations have been identified in the
figures. Other than a decreasing amount of scatter in the data, the no-grid circumferential
velocity profile showed little change with streamwise distance (Figure 5.43). In contrast, the
peak in the small-grid and small-grid-upstream profiles decreased measurably and moved
to clearly larger radial positions (Figures 5.44-5.45). The same trends were demonstrated
in a much more dramatic way by the large-grid-upstream and large-grid profiles (Figures
5.46-5.47). For comparative purposes, the region encircled within the radius of the peak in
the mean circumferential velocity will be referred to as the apparent vortex core. The term
apparent is used to reflect the influence of vortex wandering on point statistics, which can
obscure the actual Ugmax and Tgmax of the vortex core by creating the illusion of an appar-
ent diffusion in the results. Correspondingly, the peak amplitude and radial position will
be referred to as the apparent core peak velocity and the apparent core radius, respectively.

The changes of the apparent core parameters U gmax /U, and Ty max/c with stream-
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Figure 5.43: Radial variation of the mean circumferential velocity normalized by local free-
stream velocity Uy /U, for the no-grid case. Solid squares indicate data points located in
the spiral wake.
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Figure 5.44: Radial variation of the mean circumferential velocity normalized by local free-
stream velocity Ug/U, for the small-grid-upstream case. Solid squares indicate data points
located in the spiral wake.
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stream velocity Ug/U, for the small-grid case. Solid squares indicate data points located
in the spiral wake.
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Figure 5.46: Radial variation of the mean circumferential velocity normalized by local free-
stream velocity Ug/U, for the large-grid-upstream case. Solid squares indicate data points

located in the spiral wake.
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Figure 5.47: Radial variation of the mean circumferential velocity normalized by local free-
stream velocity Uy /U, for the large-grid case. Solid squares indicate data points located
in the spiral wake.
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wise distance for the three free-stream conditions are illustrated in Figure 5.48a-b. In the
no-grid case, these parameters changed only very slightly, if at all, which indicates that the
corresponding profiles were essentially free of wandering effects. Vortex wandering would
appear as an apparent diffusion of these profiles, causing Ugmax to decay and Tgmax to grow,
with both effects intensified with increasing free-stream turbulence. The changes of both

parameters with streamwise distance could be well represented by fitted power laws as
ﬁ@max/Uo =A (X/C)_m (516)

Tomax/c = B (X/c)" (5.17)

with the coefficients and exponents summarized in Table 5.1.

| Case /A |[m [B [n |
small grid upstream | 0.36 | 0.15 | 0.04 | 0.04
small grid 0.35 | 0.18 | 0.04 | 0.06
large grid upstream | 0.38 | 0.43 | 0.04 | 0.39
large grid 0.32 | 0.48 [ 0.04 | 0.43

Table 5.1: Fitted power law coefficients.

Time-averaged radial profiles of the circumferential velocity are subjected to the
effects of vortex wandering, which become stronger with increasing free-stream turbulence.
This can be further illustrated by considering the change in the angular momentum of the
fluid contained in the apparent core. Away from the origin there is no source of exter-
nal torque that would increase this angular momentum, so one would expect that, if the
measured value represented well the corresponding value in the wandering vortex, it would
have to remain constant, or most likely decrease due to viscous actions. The apparent core

angular momentum, estimated using the fit of Phillips (1981), was found to be proportional
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Figure 5.49: Radial profiles of the mean circumferential velocity in normalized axes; the
solid line is a self-similar curve proposed by Phillips.

to 73 . Usmax and increased for the large-grid cases. These results clearly demonstrate an
increasing influence of vortex meandering on the circumferential velocity profiles.

The circumferential velocity profiles in the apparent cores of wing-tip vortices in
non-turbulent free streams are expected to develop in a self-similar fashion, if Uy and r
are normalized by the peak value Ugpax and the peak radius 7gyax, respectively (Phillips
(1981)). Figure 5.49 shows that this applies not only to the present no grid case but also
to profiles in cases of grid turbulence. In all cases, collapse of the data was fairly consistent
within the range r/Fymax < 1.2, but the scatter increased with increasing dimensionless
radius outside that range.

The data within the apparent vortex core were described fairly well by the curve
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fit proposed by Phillips (1981), who also noted that, for r/Fgmax % 1.2, the circumferential
velocity profile would not be self-similar, but its shape would depend on the conditions
occurring during vortex formation. It is interesting to note that the mean velocity profiles
for the turbulent free streams develop in self-similar fashions, despite the fact that they are
strongly influenced by vortex meandering and could, therefore, be quite different from the
corresponding instantaneous velocity profiles. It is not clear whether this would be the case
if the free stream had an arbitrary turbulence structure, as grid turbulence also develops

self-similarly.

5.10 Time-averaged circulation

In the present study, the mean time-averaged circulation was found by interpolat-
ing Up/U, to a circular mesh with linearly spaced nodes in both the r/c and # directions
centred on the time-averaged vortex axis. Circulation as a function of radial distance was

then estimated from
2
I'(r)= / Uy (r)rdd (5.18)
0

where the integration was performed numerically. Radial profiles of T'/U,c are presented at
X/e=1.75,3.75,5.75,7.75 and 9.75 in Figure 5.50 for each of the five free-stream conditions.

The radial profiles of circulation in the no-grid case, shown in Figure 5.50a, change
only slightly as the vortex develops downstream. Within the vortex core, the circulation
remains essentially unchanged, whereas, at larger radii, there is a small but measurable
increase in circulation with increasing streamwise distance. Most likely this can be at-

tributed to the observation that vorticity from the spiral shear layer is gradually being
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wrapped around the vortex and becomes drawn into the region of integration as the vortex
evolves downstream.

For the cases with grid turbulence, the circulation is noticeably lower than for the
no-grid case over the entire radial range considered, which is somewhat surprising consid-
ering the similarity of the lift distributions shown in Figure 5.26. The small-grid-upstream
case, shown in Figure 5.50b, reflects similar behaviour as that of the no-grid case at large
radii. Near the time-averaged vortex centre, there is a decrease in circulation with in-
creasing streamwise distance. This decrease in circulation is also evident in the other grid
turbulence cases and reflects the diffusion of the apparent vortex core discussed above. At
large radii, the small-grid case and large-grid upstream cases, Figure 5.50c and Figure 5.50d,
respectively, show an initial increase in circulation, followed by a decrease as streamwise
distance increases. The large-grid case, Figure 5.50e , indicates a decrease in circulation
over all radii. Although the radial profiles of Uy are strongly influenced by wandering,
this influence decreases as r increases (Devenport et al. (1996)), hence the decrease in T’

observed for the grid cases at large r is expected to be minimally affected by wandering.

5.11 Time-averaged turbulent kinetic energy and Reynolds

stresses

The time-averaged turbulent kinetic energy and Reynolds stresses were found to
be strongly affected by vortex wandering. For this reason, these results are not presented
in detail and discussed in the main part of the thesis. However, because the distributions

of the turbulent kinetic energy and Reynolds stresses would be of value as a reference to
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both numerical modelers and experimentalists, they are presented in Appendix A. A brief
summary of the main observations based on these results is as follows.

Three-dimensional plots of the distributions of the turbulent kinetic energy, k/U2,
and Reynolds normal stresses, Eg/ U2, u_g,/ U2 and u2/U2, on transverse planes demonstrate
that the wing wake can be identified as a thin region in which the velocity fluctuations
were greater than the free-stream level. The fluctuations in the wing wake were observed
to decrease with streamwise distance. The amplitude of velocity fluctuations for the two
large-grid cases essentially reached the free-stream level at X/c = 9.75.

Peaks of k, u_%, u_f/ and EZ' considerably greater than values observed in the free-
stream and the spiral wake were observed at the time-averaged vortex axis. These peaks
could be entirely attributed to vortex wandering. The relationship between the amplitudes
and distributions of the peaks and the wandering amplitude is discussed in Appendix A.

Due to the spiralling nature of the wake, Reynolds shear stresses calculated using
a Cartesian coordinate system do not have much physical relevance within the spiral wake
and therefore are not presented in this document. However the Reynolds shear stresses
Ugly /U2, Tpu; /U2 and Uyu, /U2 measured near the vortex axis during the high-resolution
core-centred measurements at X/c = 9.75 are presented in Appendix A. As with the

Reynolds normal stresses, the shapes of the distributions of the Reynolds shear stresses

near the vortex axis are attributed to vortex wandering.
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5.12 Frequency spectra

Frequency spectra (previously defined in Equation 5.13 for the streamwise direc-
tion) of the three velocity components were measured at various locations along the line
z =~ 0 and at the streamwise locations X/c = 1.75, 5.75 and 9.75 at Re. = 2.4 x 10°. These
spectra are not easy to interpret as, besides conventional turbulence within the vortex, they
also contain the effects of wandering, especially near the time-averaged vortex axis. In
addition to low frequency energy caused by the vortex wandering, wandering will also act
to average the spectra spatially as the probe will be moving in time relative to the instan-
taneous vortex centre. Due to the influence of vortex wandering, features evident in the
frequency spectra that are observed for the no-grid case might be obscured in the corre-
sponding spectra for the small-grid and large-grid cases, even though the physical process
that causes these features could also exist for these cases. Due to this difficulty of inter-
pretation, only sample frequency spectra Fy, of U, are shown in this section. Frequency
spectra of U, and U, were also calculated and but are not shown for brevity. Although
the details of F; and F}, are slightly different from F,,, the interpretation of the spectra

is the same as described below for Fy,.

Spectra at X/c = 1.75: Sample frequency spectra Fy, of U, are shown in Figures
5.51, 5.52 and 5.53 for the no-grid, small-grid and large-grid cases, respectively. First, let
us examine the spectra at the locations furthest away from the time-averaged vortex axis,
within the range y/c < —0.15. In the no-grid case, the spectra was quite similar to that

measured for the empty wind-tunnel (Figure 4.5) and thus can be attributed mostly to
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fluctuations of the wind tunnel speed rather than turbulence or vortex wandering effects.
Correspondingly, the spectra for y/c < —0.15 in the two grid cases were comparable to
those in the corresponding grid turbulence without the wing (Figures 5.17b and d).

As the measurement location approached the time-averaged vortex axis, the spec-
tra changed dramatically. In the no-grid case, a large increase in energy for f > 1kHz, in-
cluding broad-band peaks near 3 kHz evident in the spectra at y/c = —0.10 and y/c = —0.07
were observed. This broadband peak has an appearance similar to those measured by De-
venport et al. (1996) and Miranda and Devenport (1998) who associated the peak with
dominant eddies in the spiral wake. Examination of Figures 5.28 and A.7 indicate that
the location y/c = —0.10 could also be within the spiral wake, which indicates that the
broadband peak observed in Figure 5.51 is probably also due to spiral wake eddies.

Within the range —0.10 < y/c < 0, there was also an order of magnitude increase
in energy within the range 0 < f < 100Hz for all three cases, most noticeably for the
small-grid and large-grid cases. In both cases, the spectra exhibited plateaux within the
range 0 < f < 100Hz,, followed by a power-law drop-off with an exponent of approximately
—2.1for f 2 100Hz. This region is most likely associated with energy contributions caused

by wandering of the wing tip vortex and is investigated in more detail in Section 6.2.2.

Spectra at X/c = 5.75: Sample frequency spectra F,, of U, are shown in Figures
5.54, 5.55 and 5.56 for the no-grid, small-grid and large-grid cases, respectively. Again, at
the measurement locations furthest from the time-averaged vortex axis, y/c < —0.25, the
power spectra for all three cases were comparable to those measured without the wing in

the tunnel (Figures 4.5, and 5.17b,d). As the time-averaged vortex axis is approached, the
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no-grid case spectra show increasing energy with decreasing radius for f > 1kHz until |y| <
Tomax, Where the energy in this range decreases. This could indicate the relaminarization
of turbulent eddies entrained in the vortex core during formation. A broadband peak
was also evident for |y| < Tgmax with the central frequency of the peak varying between
approximately 800 Hz and 1kHz. Within the vortex core, this peak is most likely associated
with an instability in the vortex as discussed by Singh and Uberoi (1976), Bandyopadhyay
et al. (1991), Jacquin et al. (2001) and others. Thorough examination of this instability is
beyond the scope of the current study and, as a result, is only briefly discussed in Section
7.2.

For y/c > —0.10, an increase of low frequency energy in the range 10 < f < 100 Hz
was evident, with the spectra in Figure 5.54 appearing to plateaux for 10 < f < 60Hz. This
plateaux is expected to be associated with vortex wandering and will be further addressed
in 6.2.2. As the time-averaged vortex centre was approached, the amount of energy in this
range increased and a roll-off with a slope of approximately —2.1 becomes evident. This
increase in low frequency energy was also evident at X/c = 5.75 in the small-grid and large-
grid cases for y/c > —0.13. For the small-grid case, the roll-off occurred for f > 100 Hz and
had a slope of approximately —2.8 whereas for the large-grid case, the roll-off occurred for

f 2 80Hz at a slope of approximately —2.4.

Spectra at X/c = 9.75: Sample frequency spectra Fy, of Uy are shown in Figures
5.57, 5.58 and 5.59 for the no-grid, small-grid and large-grid cases, respectively. The same
characteristics were evident at X/c = 9.75 as for X/c = 1.75 and X/c = 5.75, although the

details are slightly different. An increase in energy at f > 1kHz for —0.2 < y/c¢ < —0.04
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Figure 5.51: Frequency spectra Fy,(f) at various y/c locations along a line through the
time-averaged vortex centre for the no-grid case at X/c = 1.75.

was observed for the no-grid case, with a decrease in energy in this high frequency range
evident for |y| < rgmax indicating relaminarization of the core. A broadband peak, possibly
associated with instability in the vortex core, is evident for the no-grid case for y/c > —0.07
in Figure 5.57. This peak is centred between approximately 800 Hz and 1kHz . The low
frequency energy increase associated with vortex wandering occurred for f < 60Hz with a
slope of approximately —2.8 for both the no-grid and small-grid cases, and for f < 60Hz

with a slope of approximately —2.1 for the large-grid case.

5.13 Anisotropy tensor

To further investigate changes to the turbulent flow field surrounding the vortex,

each component of the anisotropy tensor was calculated using Equation 5.3 and the distri-
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Figure 5.52: Frequency spectra Fy,(f) at various y/c locations along a line through the
time-averaged vortex centre for the small-grid case at X/c = 1.75.
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Figure 5.53: Frequency spectra F,(f) at various y/c locations along a line through the
time-averaged vortex centre for the large-grid case at X/c = 1.75.
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Figure 5.54: Frequency spectra Fy,(f) at various y/c locations along a line through the
time-averaged vortex centre for the no-grid case at X/c = 5.75.

Figure 5.55: Frequency spectra Fy,(f) at various y/c locations along a line through the
time-averaged vortex centre for the small-grid case at X/c = 5.75.
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Figure 5.56: Frequency spectra Fy,(f) at various y/c locations along a line through the
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time-averaged vortex centre for the large-grid case at X/c = 5.75.

Figure 5.57: Frequency spectra Fy,(f) at various y/c locations along a line through the
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time-averaged vortex centre for the no-grid case at X/c = 9.75.
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Figure 5.58: Frequency spectra Fy,(f) at various y/c locations along a line through the
time-averaged vortex centre for the small-grid case at X/c = 9.75.

Figure 5.59: Frequency spectra F,,(f) at various y/c locations along a line through the
time-averaged vortex centre for the large-grid case at X/c = 9.75.
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bution of the component across the yz plane examined. The distribution of ay; for the
no-grid, small-grid and large-grid cases at X/c = 1.75, 5.75 and 9.75 is shown as isocon-
tours of ay, in Figure 5.60. Similar contour plots of ayy, a.;, azy, @z, and a,, are shown in
Figures 5.61-5.65, respectively. In these plots, the range —0.02 < a;; < 0.02, the approxi-
mate range of a;; measured in the grid turbulence with the wing removed, is left white to
show the regions of nearly isotropic fluctuations. For the no-grid case, components of a;;
measured outside the spiral wake and the vortex have little physical significance due to the
lack of turbulence in this region.

The distributions of a,; shown in Figure 5.60 are similar for all three cases at all
streamwise positions; they consist of an axi-symmetric region of negative az, at the time-
averaged vortex axis and a region of positive a;; at the edge of the spiral wake. Negative
values within the vortex core are consistent with the expected anisotropy caused by vortex
wandering, because within the vortex the radial gradients of U, and U, are higher than
that of U,. Hence, as the vortex position changes in time, the contribution of wandering

to uZ and u2 measured at a fixed point will be larger than the contribution to u2. The
region that is influenced strongly by vortex wandering grows with streamwise distance and
with free-stream turbulence intensity, indicating that the wandering amplitude and/or the
velocity deficit in the core grows with streamwise distance and with increasing free-stream
turbulence intensity. Similarly, the streamwise fluctuations within the spiral wake will be
higher at the edge of the spiral wake when compared to those in the transverse directions,

resulting in positive ay, values.

Both the small-grid and large-grid cases in the free-stream have slightly positive
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Figure 5.60: Distribution of az; for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid
case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c=9.75.
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Figure 5.61: Distribution of ay, for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid
case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c=9.75.
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Figure 5.62: Distribution of a,, for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid

case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c=9.75.
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Figure 5.63: Distribution of agy for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid
case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c = 9.75.
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Figure 5.64: Distribution of a,, for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid
case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c=9.75.
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Figure 5.65: Distribution of ay, for the (a) no-grid case at X/c = 1.75, (b) the small-grid
case at X/c = 1.75, (c) the large-grid case at X/c = 1.75, (d) the no-grid case at X/c = 5.75,
(e), the small-grid case at X/c = 5.75, (f) the large grid case at X/c = 5.75, (g) the no-grid
case at X/c = 9.75, (h), the small-grid case at X/c = 9.75 and (i) the large grid case at
X/c=9.75.
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values of a;, consistent of the values of a;, measured in the grid turbulence with the wing
removed (Figure 5.5). Therefore, the development of a region around the vortex where
azy ~ 0 suggests some reorganization of the free-stream turbulence.

The distribution of a,, shown in Figure 5.61 is very different from that observed for
a5 with all cases at all streamwise locations having similar patterns. This pattern is similar
to the cloverleaf distribution of u,u; observed in Figure A.31, with regions of positive a,,
roughly aligned with quadrants of negative yz and regions of negative a,, roughly aligned
with regions of positive yz with the definition of the pattern much less evident for the no-
grid case. In each region of positive and negative ayy, two peaks are evident; one peak was
located relatively far from the core, at r/c = 0.15,0.2 and 0.35 at X/c = 1.75, 5.75 and
9.75, respectively. The second peak was located along the z and y axes for the positive and
negative ay, respectively, at r/c ~ 0.03 for the no-grid case, r/c ~ 0.04 for the small-grid
case and r/c =~ 0.05 for the large-grid case at X/c = 1.75. This second peak is less evident
for the regions of negative ay, and moves radially outward with streamwise distance. The
peak values decreased with streamwise distance and increasing free-stream turbulence.

An almost identical pattern as that observed for ay, in Figure 5.61 was observed
for a,, in Figure 5.62, except in inverse, with regions of positive a,, occurring at locations
of negative ay, and vice versa.

In comparison with the a;;, ayy and a,, components of the anisotropy tensor,
the agy and a;, components appear much more disorganized with nearly isotropic values
everywhere except in the spiral wake. The arrangement of their isocontours is consistent

with the arrangement of the isocontours of Reynolds shear stresses in a two-dimensional
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wake ,with greater anisotropy values measured in the direction perpendicular to the wake
axis. As the wake diffuses with increasing streamwise distance and with increasing free-
stream turbulence, the anisotropy decreases.

The distribution of the a,, component of the anisotropy tensor is very similar to
those observed for ayy and a,, except that the pinwheel pattern has shifted in such a way
that regions of highest and lowest a,, occur in regions of near-zero ay, and a,,.

The arrangement of ayy, a,, and a,, is consistent with a reorganization of the
turbulence due to the wrapping of free-stream eddies around the vortex, as discussed in
Section 6.1. However, this interpretation appears to be inconsistent with the existence of
the pattern in the no-grid case, where there are no free-stream eddies to be re-organized.
Therefore, the distributions of a,,, a., and a,, could be results of contamination by vortex
wandering. Whether due to reorganization of turbulent eddies or due to vortex wandering,
the appearance of Figures 5.61, 5.62 and 5.65 indicates that the entire measurement plane
is affected.

To determine whether or not the patterns in Figures 5.61, 5.62 and 5.65 are due to
turbulence or contamination due to wandering, frequency spectra were calculated at specific

locations and the frequency distribution of a;; was calculated from

Fii(f)
Fu(f)

i (f) = (5.19)

The frequency spectra Fyy, Fyy and F,, and the frequency distributions of (., ¢,, and
¢,, are shown for the small-grid case at X/c = 9.75 without the wing in place and three
locations with the wing in place: (y, z) = (—0.29¢, 0.08¢) corresponding to a local maximum

of ayy and a minimum of a,., (y,z) = (0.13¢,0.33c) corresponding to a local maximum of
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Figure 5.66: (a) Frequency spectra Fy,, Fy, and F,, and (b) frequency distribution of {,,,
Cyy and C,, for the small-grid case without the wing at X/c = 9.75. Dashed line indicates
a constant value of 1/3.

a., and a minimum of ayy, (y,2) = (—0.05¢,0.00c) corresponding to the local maximum
of ayy near the time-averaged vortex axis. The four frequency spectra and corresponding
frequency distributions of (,,, ¢,, and (,, are shown in Figures 5.66-5.69 respectively.
The frequency spectra and frequency distributions of a, ayy and a,, without the
wing in place, Figure 5.66, shows that the high (,, values of the grid turbulence is due
to more energy at low frequency, f < 100Hz. Between f =~ 100Hz and f =~ 1000 Hz,
the energy appears to be approximately equally distributed between the three Cartesian
directions. At high frequencies, f > 1000 Hz, the fluctuations in the transverse directions
have more energy than fluctuations in the streamwise direction. With the wing in place,
there is an increase in energy at all frequencies. At (y, z) = (—0.29¢, 0.08¢) the frequency
spectra and anisotropy frequency distributions shown in Figure 5.67b indicate that the slight

decrease in (. around the vortex in Figure 5.60 is due to a greater increase in fluctuations
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Figure 5.67: (a) Frequency spectra Fy,, F,, and F,, and (b) frequency distribution of {,,,
Cyy and (,, for the small-grid case at X/c = 9.75 and (y, z) = (—0.29¢, 0.08c). Dashed line
indicates a constant value of 1/3.
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Figure 5.68: (a) Frequency spectra Fy,, Fy, and F,, and (b) frequency distribution of ¢,
Cyy and C,, for the small-grid case at X/c = 9.75 and (y, z) = (0.13c,0.33c). Dashed line
indicates a constant value of 1/3.
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Figure 5.69: (a) Frequency spectra Fy,, Fy, and F, and (b) frequency distribution of (.,
Cyy and (,, for the small-grid case at X/c = 9.75 and (y, z) = (—0.05¢,0.00c). Dashed line
indicates a constant value of 1/3.

in both U, and U, at frequencies f < 1000 Hz compared to U,. Positive values of Cyy and
negative values of (,, are due to a greater increase in fluctuations in U, when compared
to U, over the same frequency range. The results shown in Figure 5.68 show the same
behaviour as in Figure 5.67, except with the greatest increase in fluctuations occurring for
U, rather than Uy. Figure 5.69 indicates that the increase in (,,, at (y, z) = (—0.05¢, 0.00c)
is also due to a large increase in velocity fluctuations in the transverse directions relative to
the increase in fluctuations of U, for f < 1000 Hz.

Figures 5.66 to 5.69 indicate that what appears to be reorganization of turbulence
in Figures 5.61, 5.62 and 5.65 occurs at frequencies f < 1000 Hz. At this low frequency
range, the most likely source of the anisotropy is contamination due to vortex wandering.
Two interesting points arise from this analysis, the first is that vortex wandering affects

the entire measurement plane, indicating that the vortex moves almost as a solid body and
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that the wandering appears to have less influence over the measurements at frequencies

f > 1000 Hz.

5.14 Integral length scales

The integral length scale was defined by Equation 5.5, which makes use of Taylor’s
frozen flow approximation. However, this approximation is not valid in the spiralling flow
field in the proximity of the vortex, because the local eddies are not convected in the
streamwise direction. Instead, these eddies are, in the mean, convected at some inclined
direction with respect to the x axis, with this inclination increasing as rgmax is approached.

A more realistic length scale for the eddies in the proximity of the vortex can be defined as

To

/ Ryvge (7)dr | (5.20)

*

[

k]
Uy Uy

Ly =

x

where ﬁ; was the mean convection velocity of the eddies, determined by rotating the
(Uz, Uy, U) coordinate system at each measurement location to (U, U;,U ;) such that U;,
U, = 0 so that the z*-axis was aligned with the local mean flow direction.

Taylor’s approximation would be invalid near the vortex core due to the continual
change in the direction of the eddy convection at the measurement point caused by vortex
wandering. However, at measurement locations far enough away from the time-averaged
vortex axis, where the radial profiles of the velocity components change relatively slowly,
the effect of wandering on'the mean velocity direction would be reduced. As will be shown
in Section 6.3, the effect of vortex wandering on the measured Uy and hence the inclination
of the mean velocity vector may be neglected for r/c > 0.08 for the small grid case and

r/c > 0.15 for the large grid case. Therefore, at sufficiently large radii (i.e. larger than
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r/c = 0.15 for the large-grid case and larger than r/c = 0.08 for the small grid case), the
integral length scale calculated using Equation 5.20 is approximately correct. However,
considering the inaccuracy of the Taylor approximation in shear flows and the influence of
wandering on measurements, these results will only be used for comparative purposes.

The integral length scales calculated using Equation 5.20 are presented as radial
profiles in Figures 5.70-5.73 normalized by L, , the integral length scale determined in
the grid turbulence on the same streamwise cross-section. As expected, measurements in
the spiral wake are distinct from those in the vortex and appear as scatter; to distinguish
them from the rest, such measurements have been indicated by solid symbols in Figures
5.70-5.73. At X/c = 1.75, all four figures show an azimuthal ring of L%/L,, < 1 in the
range 0 < r/c < 0.3 with a minimum of approximately L%/L; = 0.5 centred at r/c =~ 0.1.
As streamwise distance increases, this azimuthal ring grows and moves radially outward to
encompass the radial range 0.1 < 7/c < 0.8 at X/c = 9.75. The location of minimum
L}/L,, also moves radially outward, reaching r/c = 0.2 for the small-grid-upstream and
small-grid cases and r/c = 0.3 for the large-grid-upstream and large-grid cases. Smaller
length scales of approximately L} /L, = 0.5 are also measured in the spiral wake.

The regions with smaller length scales could be traced to the wing boundary layer,
which is shed from the wing to form the spiral wake. Examination of the small-grid-upstream
and large-grid-upstream cases shows that, initially, the minimum integral length scales in
the wake were quite close to the minimum in the azimuthal ring. It is possible that the
azimuthal ring is the result of boundary layer fluid that has been entrained around the

vortex during formation. If this is the case, it is interesting to note that the L} /L,  values
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Figure 5.70: Radial variation of the integral length scale normalized by the integral length
scale measured at the same streamwise location without the wing in place L%/L,, , for the
small-grid-upstream case. Solid squares indicate data points located in the spiral wake.
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Figure 5.71: Radial variation of the integral length scale normalized by the integral length
scale measured at the same streamwise location without the wing in place L% /L, , for the
small-grid case. Solid squares indicate data points located in the spiral wake.
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Figure 5.72: Radial variation of the integral length scale normalized by the integral length
scale measured at the same streamwise location without the wing in place L} /L,,, for the
large-grid-upstream case. Solid squares indicate data points located in the spiral wake.
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Figure 5.73: Radial variation of the integral length scale normalized by the integral length
scale measured at the same streamwise location without the wing in place L%/L,_, for the
large-grid case. Solid squares indicate data points located in the spiral wake.
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at measurement locations within the spiral wake increase with X/c to reach approximately
the same values as those outside the wake at X/c = 9.75. In contrast, the minimum value of
L} /L, measured within the azimuthal ring remains relatively unchanged. This could be
an indication that the vortex is inhibiting the process by which the length scales within the
spiral wake grow or is deforming and reorienting them so that the streamwise length scale is
smaller. Using two-point measurements in the spiral wake, Miranda and Devenport (1998)
observed that the integral length scale in the transverse direction increased as the wake
spiralled closer to the vortex core. This suggests that the eddies were becoming re-oriented
in the azimuthal direction. A corresponding decrease in the streamwise integral length
scale could therefore be expected (as illustrated in Figure 6.10).

Near the time-averaged vortex axis, the time-series are dominated by vortex wan-
dering, which, by comparison to the turbulence in the spiral wake and the vortex core,
represents a large-scale motion (Heyes et al. (2004), Devenport et al. (1996)). Hence the
longer length scales near r/c = 0 are likely to be associated with this motion. Near the
axis, L}, /Ly, =~ 2 for the two small-grid cases, but L%/L, ~ 1 for the two large-grid cases.
Considering that L,, for the large-grid cases is approximately twice that of the small-grid
cases, this indicates that L} at r/c < 0.1 is approximately the same for all cases, and hence
the length scale of the wandering appears to be independent of the integral length scale of

the grid turbulence.
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5.15 Strain rate fluctuations

The rate of strain fluctuations form a second-order tensor s;;, defined as (Tennekes

and Lumley (1972))

5ij = 3 (&Cj + 3xz~> (5.21)

This tensor is related to the dissipation rate of turbulent kinetic energy through
g = 21/81'3'3';]' . (5.22)

Tennekes and Lumley (1972) also note that, at high Reynolds numbers, it is related to the
turbulent enstrophy as

Wil ~ QSijSij y (5.23)

This relationship shows the connection between fine-scale fluctuations of vorticity and
energy dissipation. Therefore, s;; can be used to describe the fine-scale dynamics of the
turbulence near the vortex. The full s;; tensor cannot be determined from the present
measurements. However, assuming local isotropy of the fine-scale turbulence, one may

estimate € as (Tennekes and Lumley (1972))

o N2
£~ 15,/(8%) . (5.24)

ox

Further employing Taylor’s frozen flow approximation, one may estimate the magnitude s

of the turbulent strain rate as

1 274 | (0ua\?|?
T

Jrt

As described in the previous section, when the flow is spiralling, the local eddies are not

convected in the streamwise direction and the frozen flow hypothesis is not valid. To

193



improve the estimate of the turbulent strain rate, the Cartesian coordinate system at each
measurement system was rotated such that the z-axis was aligned with the mean direction

of eddy convection (as described in the previous section) and the turbulent strain rate was

. 274 [ fau\?]?
o 222 '(W) \ , (5.26)
€T

where * indicates a value calculated in the rotated frame. Again, considering the inaccuracy

estimated as

of the Taylor approximation in shear flows and the influence of wandering on measurements,
these results will only be used for comparative purposes.

The turbulent strain rate calculated in this manner is presented as radial profiles
in Figures 5.74-5.77 with s* normalized by s,, the magnitude of the turbulent strain rate
measured in the grid turbulence with the wing removed at the same streamwise cross-
section. Results are presented for each of the four grid turbulence cases. To clarify the
contribution of measurements in the spiral wake to the overall scatter, such measurement
locations have been indicated by solid symbols in Figures 5.74-5.77.

Figures 5.74-5.77 indicate that s*/s, was much higher both within the spiral wake
and near the time-averaged vortex axis. As the vortex develops downstream, s*/s, in
the spiral wake decays to free-stream levels, however near the time-averaged vortex axis s*
remains over three times higher than the free-stream value for all X/c. For the small-grid
and small-grid-upstream cases, Figures 5.75 and 5.74, respectively, the higher s*/s, occurs
in an azimuthal ring with a peak in the range r/c = 0.05 to 0.1. As will be shown later, this
is just outside the vortex core as Tgmax =~ 0.04 for all cases. For the small-grid-upstream

case at X/c = 1.75, this peak value within the azimuthal ring was s*/s, ~ 6, however, for
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Figure 5.74: Radial variation of the turbulent strain rate s* for the small-grid-upstream
case. normalized by the turbulent strain rate measured at the same streamwise location
without the wing in place, s,. Solid squares indicate data points located in the spiral wake.
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Figure 5.75: Radial variation of the turbulent strain rate s* for the small-grid case. nor-
malized by the turbulent strain rate measured at the same streamwise location without the
wing in place, s,. Solid squares indicate data points located in the spiral wake.
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Figure 5.76: Radial variation of the turbulent strain rate s* for the large-grid-upstream
case. normalized by the turbulent strain rate measured at the same streamwise location
without the wing in place, s,. Solid squares indicate data points located in the spiral wake.
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Figure 5.77: Radial variation of the turbulent strain rate s* for the large-grid case. nor-
malized by the turbulent strain rate measured at the same streamwise location without the
wing in place, s,. Solid squares indicate data points located in the spiral wake.
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X/c = 3.75 to 9.75 the peak decreased to s*/s, = 5. The peak value of s*/s, within the
azimuthal ring for the small-grid case was slightly lower, with a peak value of s*/s, ~ 4 at
X /e =1.75, remaining at s*/s, ~ 4 up to X/c = 9.75.

An azimuthal ring of high € was observed by Melander and Hussain (1993) in their
DNS simulations; they found that it was uncorrelated with the presence of azimuthally
oriented coherent structures of high enstrophy at the same radius, but offered no expla-
nation for the higher dissipation surrounding the vortex core. Analytically investigating
the dissipation in spiral shear layers wrapping around a vortex, Kawahara (2005) observed
increased dissipation of kinetic energy ( %m as opposed to %W) both in the shear layers
and in an azimuthal ring around the vortex where the time-averaged velocity gradients (and
hence the time-averaged strain rate) are highest.

In general, for the large-grid and large-grid upstream cases, Figures 5.77 and 5.76,
respectively, the peak s*/s, occurs at the time-averaged vortex centre, with peak values
s*/s, = 4 for the large-grid-upstream case and s*/s, =~ 3 for the large-grid case. Some
evidence of an azimuthal ring is evident in Figure 5.76 for the large-grid-upstream case
at X/c = 1.75 and X/c = 3.75. In fact, it is quite possible that s*/s, is highest in
azimuthal rings for the large-grid and large-grid-upstream cases as well but this organization
is obscured by vortex wandering. Vortex wandering, which tends to smoothen spatially the
time-averaged statistics, is significantly higher for the two large-grid cases than for the two-
small-grid cases. This implies that in the large-grid cases, due to wandering, the peak value
s* /s, would be reduced and the azimuthal ring could appear at smaller radii, compared to

the small-grid cases, thus obscuring the formation of an azimuthal ring.
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Chapter 6

Analysis

6.1 Bandpass filtered Reynolds normal stresses

Filtering of the velocity signals has been used by previous vortex investigators to
separate the velocity fluctuations within different frequency bands. Devenport et al. (1996)
used high-pass filtering to show that there was little high frequency energy in the vortex core,
relative to the innermost spirals of the spiral wake which surround the core, thus supporting
the hypothesis that the core flow was laminar. Beninati and Marshall (2005) investigated
the energy content in the low-frequency range below a cut-off frequency by integrating the
power spectra up to this cut-off frequency and used these results to demonstrate that the
motion of the vortex was induced by secondary, azimuthally-aligned coherent structures. In
the following, we will use bandpass filtering to determine the contributions of fluctuations
within different frequency ranges to the Reynolds normal stresses.

To calculate the filtered normal stresses, the time series of Uy, Uy and U, were first

bandpass filtered at the desired range of frequencies using a 6th order bandpass Butterworth

200



filter twice, first in a forward pass and then in reverse to ensure that the filtered signals
had zero phase shift. After the filtering was performed, the bandpass Reynolds stresses were
calculated from the filtered data. The frequency bands considered were the ranges 0-500 Hz,
500-1000 Hz, 1000-1500 Hz, 1500-2000 Hz, 2000-2500 Hz, 2500-3000 Hz, 3000-4000 Hz, 4000-
5000 Hz, 5000-6000 Hz, 6000-7000 Hz and 7000-8200 Hz. As examples, the Reynolds normal
stresses in the frequency ranges 0-500 Hz, 1000-1500 Hz and 7000-8200 Hz are presented as
contours of u2/U2, Eg/ U2 and «2/U? (the”is used to indicate a bandpass filtered average)
in Figures 6.1, 6.2, 6.3 for the no-grid, small-grid and large-grid cases at X /c=5.75 and in

Figures 6.4, 6.5 and 6.6 for the no-grid, small-grid and large-grid cases at X/c = 9.75.

Normal stresses in the 0-500 Hz frequency range

For all cases shown in Figures 6.la-c to 6.6a-c, the largest stresses in the fre-
quency range 0-500 Hz occur for ;g/ U2 and @/ U2 on the time-averaged vortex axis, with
the isocontours appearing oval shaped as observed in Figures A.26 and A.27. These pat-
terns of isocontours can be directly attributed to vortex wandering, which, as discussed in
the previous section, predominantly affects the low frequency range of transverse motions.
Consistent with the observations of Section A.3, the streamwise stresses due to wandering
are much smaller than the transverse stresses. For the no-grid case, the streamwise stress
is too small to appear in the contour scale used. For the small-grid and large-grid cases,
the streamwise stresses are evident, appearing at the time-averaged vortex axis and are

axisymmetric, consistent with vortex wandering.
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Figure 6.1: Band-pass filtered Reynolds stresses for the no-grid case at X Jc=5.75. (a)
u2/U2 in range 0-500 Hz, (b) 2/U2 in range 0-500 Hz, (c) 2/U2 in range 0-500 Hz, (d)
u2/U2 in range 1.0-1.5kHz, (e) u2/U2 in range 1.0-1.5 kHz, (f) u2/U2 in range 1.0-1.5 kHz,
(g) u%/UO2 in range 7-8.2kHz, (h) u2/U2 in range 7-8.2kHz and (i) u2/U2 in range 7-8.2 kHz.
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Flgure 6.2: Band-pass filtered Reynolds stresses for the small—grld case at X/c=5.75. (a)

/U2 in range 0-500 Hz, (b) u2/U2 in range 0-500 Hz, (c) u2/U2 in range 0-500Hz, (d)
u2/U2 in range 1.0-1.5 kHz, (e) u2/U2 in range 1.0-1.5kHz, (f) 1/1,5/U2 in range 1.0-1.5 kHz,
(8) x/Ug in range 7-8.2kHz, (h) uz/U2 in range 7-8.2 kHz and (i) u2/U2 in range 7-8.2 kHz.
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Flgure 6.3: Band-pass filtered Reynolds stresses for the large—grld case at X / c=5.75. (a)
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(g) w3/U2 in range 7-8.2kHz, (h) u2/UZ in range 7-8.2kHz and (i) u2/U2 in range 7-8.2 kHz.
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Figure 6.5: Band-pass filtered Reynolds stresses for the small-grid case at X /c=9.75. (a)
u2/U? in range 0-500Hz, (b) u2/UZ in range 0-500Hz, (c) u2/U? in range 0-500 Hz, (d)
u2 /U2 in range 1.0-1.5kHz, (e) u2/U?2 in range 1.0-1.5kHz, (£) u2/UZ in range 1.0-1.5 kHz,
(8) u2/UZ in range 7-8.2kHz, (h) u2/U2 in range 7-8.2 kHz and (i) u2/U? in range 7-8.2 kHz.
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Figure 6.6: Band-pass filtered Reynolds stresses for the large-grid case at X/c=9.75. (a)
uz/U2 in range 0-500 Hz, (b) u2/U2 in range 0-500 Hz, (c) u2/U2 in range 0-500 Hz, (d)
u2/U2 in range 1.0-1.5kHz, (e) uz/U2 in range 1.0-1.5kHz, (f) 11J2/U2 in range 1.0-1.5 kHz,
(g) u2/U2 in range 7-8.2kHz, (h) uQ/U2 in range 7-8.2kHz and (i) u2/U2 in range 7-8.2 kHz.
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Normal stresses in 1.0-1.5kHz frequency range

For the no-grid case at X/c = 5.75 and X/c = 9.75 in the frequency range 1.0-
1.5kHz (Figures 6.1d-f and 6.4d-f), the wandering influence is still apparent on the time-
averaged axis, however the Reynolds stresses in the spiral wake are of comparable magnitude
with increasing magnitude in the stresses as the spiral approaches the core. The spiral wake
is clearly evident in the contours of all three normal stresses (Figures 6.1d-f and 6.4d-f).
Each of the transverse stresses have two peaks in the radial range 0.1 < r/c < 0.2; the peaks
Qf Zl%/ U2 occurred near the y axis and those of ;g/ U2 near the z axis with the peak on the
innermost portion of the spiral slightly weaker. It is interesting to note that, except in the
range 0.1 < r/c < 0.2, 1:2/ U2 and u/g/ U2 have comparable magnitudes in the spiral wake,
whereas on the innermost spirals the organization of the transverse stresses suggests that
fluctuations in the radial direction are more important than in the azimuthal direction. As
streamwise distance increases from X/¢ = 5.75 to 9.75, the contours appear more diffuse
and the magnitude of the Reynolds stresses decreases.

For the small-grid case at X/c = 5.75 and X/c = 9.75 in the frequency range 1.0-
1.5kHz (Figures 6.2d-f and 6.5d-f), the magnitude of the wandering influence is reduced on
the time-averaged vortex axis. High transverse Reynolds normal stresses are now evident
in the radial range 0.1 < /¢ < 0.3, with the uA%/ U2 occurring for /¢ < 0.2. The contours
of the transverse stresses ;2/ U? and @/ U2 have a double-peak appearance, similar to the
one observed for the no-grid case, however, they spread over a much larger area. As with
the no-grid case, as streamwise distance increases from X/c = 5.75 to X/c = 9.75, the

contours appear more diffuse and the magnitude of the Reynolds stresses decreases.
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For the large-grid case at X/c = 5.75 and X/¢ = 9.75 in the frequency range
1.0-1.5kHz (Figures 6.3d-f and 6.6d-f), the peak Reynolds normal stresses occur on the
time-averaged vortex axis, as observed for the lower frequency band. However, the u/g/ U?
and {é/ U2 stresses are of comparable magnitude in the free-stream and have an ovoid
appearance organized in such a way as the fluctuations in the radial direction are higher
than in the tangential direction. Again, as streamwise distance increases, the magnitude of

the Reynolds normal stresses decreases and the contours appear more diffuse.

Normal stresses in 7-8.2kHz frequency range

For the no-grid case at X/c = 5.75 and X/c = 9.75 in the frequency range 7-8.2 kHz
(Figures 6.1g-i and 6.4g-i), the Reynolds stresses within the vortex core (r/c < 0.04) are
much smaller than in the surrounding fluid, consistent with the observations of Devenport
et al. (1996). The distribution of the stresses is similar to that observed in the 1.0-1.5kHz
frequency range, however the highest streamwise normal stresses now occur in an azimuthal
ring; it is worth noting that a similar ring was also observed in the high-pass filtered results
of Devenport et al. (1996). Also, for X/c = 9.75, as the wake spirals closer to the vortex
there is an increase in normal stresses.

For the small-grid case at X/c = 5.75 and X/c = 9.75 in the frequency range
7-8.2kHz (Figures 6.2g-1 and 6.5g-1) the distribution of Reynolds normal stresses are con-
centrated in an azimuthal ring around the vortex core and the spiral wake is no longer
evident in the contours of uA%/ U2. As with the previous bandpass range, two peaks are
evident along the ¥y = 0 and z = 0 axis when the transverse normal stress is in the radial

direction.
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As with the small grid cases, the large-grid case at X/c = 5.75 and X/c = 9.75 in
the frequency range 7-8.2kHz (Figures 6.3g-i and 6.6g-i) show a concentration of Reynolds
normal stresses near the time-averaged vortex axis. However the stresses are not arranged
in an azimuthal ring, as the peak values are located on the time-avearged vortex axis.
Similar to the observations made for the small-grid case, the region in which the Reynolds
stresses are greater than those in the free-stream appears to be smaller than in the 1.0-
1.5kHz frequency range, suggesting that the presence of the vortex intensifies the small
scale eddies.

To investigate the azimuthal ring at high frequency pass-bands further, profiles
along the line z = 0 were examined. These profiles for the no-grid and small-grid cases
at X/c = 9.75 (where the azimuthal ring is prominant) are shown in Figures 6.7 and 6.8
respectively for 62/ U2, u/g/ U2 and @/ U2. Along the z = 0 axis, @/UO2 is the Reynolds
stress in the radial direction and &2/ U? is the Reynolds stress in the circumferential direc-
tion. Figures 6.7a-b show that as the frequency pass-band increases, the peak streamwise
and radial stresses moves towards the centre of the vortex. At small frequency pass-bands,
the peak circumferential stress (Figure 6.7¢c) is at approximately the same radial location as
the radial and streamwise stresses, however, at higher pass-bands the peak stress is radially
further away from the vortex axis. Similar behaviour was also observed in the small grid
case (Figure 6.5a-c).

This distribution of stresses in the azimuthal ring appears to be consistent with
the wrapping of the spiral wake around the vortex, as discussed by Devenport et al. (1996)

and Miranda and Devenport (1998). As the wake becomes wrapped around the vortex, it
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Figure 6.7: Reynolds normal stresses, (a) uA%/Uf, (b) 1/Lg/Uo2 and (c) @/Ug in selected
pass-bands along the z = 0 axis for the no-grid case at X/c = 9.75.
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undergoes stretching, which becomes stronger as the core is approached. This stretching
process can be illustrated using a simple model consisting of a Lamb-Oseen vortex placed at
(y,z) = (0,0) and a series of points placed along the line 2 = const at a time t,, at locations
corresponding to the near wake of the wing. During a small time increment ¢, the induced
velocity field of the vortex would displace each point on the y, z plane by a distance Uydt
along the local circumferential direction. By time-integration, one may identify the location
of each point at different times. The results of this integration for two selected times ¢; and
2t1are illustrated in Figure 6.9, in which the core radius g max of the vortex is denoted by
a circle. This figure illustrates that the distance between each neighbouring pair of points
increases (i.e., the line connecting these points is stretched) with time and that the greatest
stretching occurs in the innermost spiral, where 0Uy/Or was the highest. Similar behaviour
is also observed when modeling the roll-up of a trailing vortex sheet using point vortices
(Heyes et al. (2003)). Note that this stretching is primarily in the azimuthal direction as
the distance traveled by the points in the streamwise direction will be Uy, At and remain
the same for all points.

A similar process could be expected to occur in the presence of free-stream tur-
bulence, whereby the free-stream eddies become wrapped around the vortex. Stretching
would tend to increase the azimuthal scale of the eddies and to decrease the radial and
streamwise scales, which thus become smaller towards the vortex core where the stretching
is highest, as sketched in Figure 6.10. As these eddies get convected past the probe, their
turbulent kinetic energy would appear to shift to higher frequencies, due to their smaller

scale.
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Figure 6.9: Illustration of stretching undergone by wake due to the vortex.

Figure 6.10: Sketch illustrating the influence of stretching on a free-stream eddy.
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This eddy stretching has been observed in the numerical simulations of Miyazaki
and Hunt (2000), Holzépfel et al. (2003), Takahashi et al. (2005) and Marshall and Beninati
(2005) and has been linked to the formation of secondary coherent structures through merger
of eddies with like-signed azimuthal vorticity. Marshall and Beninati (2005) describes the
appearance of the secondary structures as vortex loops, with the legs of the loop aligned
in the azimuthal direction. The radial component of Reynolds stresses was found to be
enhanced relative to the other two directions through velocity induced by the pairing of the
legs of these loops. This description is consistent with present observations based on Figures
6.7 and 6.8, which show that the component of Reynolds stress in the radial direction has
the greatest magnitude, compared to the streamwise and azimuthal directions.

Marshall and Beninati (2005) also estimate that the typical core size of these co-
herent structures is approximately 0.77rgmax. For the conditions of the present experiment,
this would correspond to approximately 0.03¢c. Assuming that the structures are convected
by the velocity U,, one would expect that the frequency of the most energetic fluctuations
would be near 4kHz, which is consistent with the approximate frequency range for which
the azimuthal ring becomes prominent for the small-grid case (3-4 kHz in Figure 6.8). In
the spiral wake, the most energetic eddies for the no-grid case would have a scale compara-
ble to the wake width, which from Figure 5.28 can be estimated to be approximately 0.2¢
for X/c = 9.75 and thus corresponding to a frequency of 0.2kHz. This frequency value is
consistent with the ring being evident at lower frequencies for the no-grid case (at 1-2kHz
in Figure 6.7). As the eddies are increasingly stretched azimuthally, their radial scales will

further decrease and hence the frequency range at which these eddies are most dominant
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will increase as well. This is consistent with the radially inward movement of the peak in
the Reynolds stresses at higher frequency pass-bands in both Figures 6.7 and 6.8.
Although the arrangement of the Reynolds stresses into azimuthal rings was not
evident for the large-grid case, it does not necessarily mean that this same reorganization
did not occur in this case. Due to the large amplitude of vortex wandering (see Section
6.2), even when the probe is at the time-averaged vortex core, it spends more time mea-
suring outside the core than inside. Hence, the stresses at (y,z) = (0,0) could contain

contributions from a very large region around the vortex.

6.2 Quantifying vortex wandering

6.2.1 Wandering amplitude

Vortex wandering was found to be significant in the grid cases. In order to achieve
a correct interpretation of the vortex properties it is necessary to quantify the vortex wan-

dering and to assess its effects on the measurements.

Method of Devenport et al.

Devenport et al. (1996) used an iterative technique, detailed in Appendix B, to
recover the corrected velocity profile, U, (r), from the time-averaged velocity profile, Ug(r).
This technique assumes that the joint probability distribution of vortex position in the y
and z directions is bi-normal and therefore described by the standard deviations, o, and o,
of the distributions in the y and z direction respectively. These two values are estimates

of the amplitudes of wandering in the y and z directions.
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Application of Devenport et al.’s technique to the current measurements for the no-
grid case (results shown in Figure 6.11) showed that the effect of wandering was essentially
negligible for this case (compare Figure 5.43 to Figure 6.11a) with very little development of
the velocity profile in the streamwise direction such that rgmax = 0.04c and Upmax = 0.4U,
for all streamwise cases except at X/c = 9.75. At X/c = 9.75 the peak circumferential
velocity was Upmax = 0.37U, at rgmax = 0.04c. The corrected small-grid velocity profiles
(Figure 6.11b) showed little change in rgmax = 0.04c with streamwise distance whereas
Up max decreased from 0.35U, at X/c = 1.75 to 0.31U, at X/c = 9.75.

The rms wandering amplitudes o, and o, determined while correcting the profiles
are shown in Figure 6.12. The wandering amplitude was found to grow with streamwise
distance for both the no-grid and small-grid cases with the wandering amplitude of the
no-grid case remaining lower than 0.006¢ (1 mm), which is consistent with the previous
observation of essentially negligible effect of wandering.

When attempting to apply Devenport et al.’s correction to the large-grid cases,
it was found that after one or two iterations, the corrected series fits became unrealistic,
containing oscillations and values of Upmax near U, (see Figure 6.11c). It was discovered
that the most likely source of this inconsistency was a limitation in the correction (the
minimum realizable radial position of the series fit in Equation B.3). As the assumed
wandering amplitude iterated to large amplitudes for the large-grid cases, the minimum
radius at which the corrected profile could be accurately predicted exceeded the radial
location of peak circumferential velocity, which introduced an ambiguity in the location of

this peak. Because the location of the peak affects the magnitude of the velocity gradients

216



0.4

S
> 0.2 ]
! Xe=1.79
"' ,,,,,, oo MC - 375 b
:" Xle=5.75
______ L R X/C = 775 ]
0. LT Xe=9.75
0 0.1 020
¥/c rie

Figure 6.11: Radial profiles of circumferential velocity corrected for wanderng using the
method of Devenport et al. (1996) for (a) the no-grid (b) small-grid and (c) large-grid

ric

LI LN AN (L S S Sy R N B B S R s

——— no grid
——a—— small grid
——a—— large grid

cases.
0.08 e 0.08 -~
() ; (b)
0.06f 0.06f
© [ | o I
o 0.04:_ 1 o 0.04:-
0.02F 0.02}
04~ O

Figure 6.12: Wandering amplitudes (a) o,/c and (b) o,/c
technique of Devenport et al.

217

determined using the correction




in the vortex core, there is a corresponding ambiguity in the determination of the estimated
contribution of wandering to the Reynolds stresses, which is used to correct the assumed

wandering amplitude.

Zero-crossing technique

Because Devenport et al.’s technique was found to result in improbable velocity
profiles for large amplitudes of vortex wandering, it is possible that the technique also
could contain undetected errors for corrections required for smaller amplitudes of wander-
ing. Another complication arising from using Devenport et al.’s correction technique is
the possibility of turbulence within the vortex core, which, in Devenport’s correction, is as-
sumed to have a negligible contribution to u_g, u_g, Uy, U, compared to the influence of vortex
wandering. However, in the strong free-stream turbulence cases under consideration, there
is a possibility of non-negligible contributions of turbulence to the Reynolds stresses within
the core. The existence of these additional contributions could result in over-correction of
the profiles. Finally, Spalart (1998) suggests that the correction could include errors intro-
duced by the assumption of a binormal probability distribution of vortex position. In light
of these statements, it was felt that if a different technique could be developed to quantify
the vortex wandering, greater confidence could be provided in the correction of Devenport
et al. (1996).

Consider a laminar vortex with its axis intersecting the measuring plane at position
(v, 2v) and a probe located at position (yp, zp) and measuring velocity components Uy, and
Uy on this plane, as shown in Figure 6.13.

It can be observed that, as the vortex wanders in y and z, there could be instances
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Figure 6.13: Sketch defining vortex position in the yz plane (y,, 2,), probe position in the
yz plane (yp, zp) and the velocity components induced by the vortex at the probe position
Uyv, Uy as the vortex wanders in time.

at which the measurement probe is on the axis of the vortex, such that (4, 2y) = (Yp, 2p)-
At these instances, the measured transverse velocity components must vanish, i.e., Uy, =
Uw = 0. By quantifying the instances when Uy, = U,, = 0 for a yz plane of (yp,zp)
measurement positions, an estimate of the joint probability distribution function of (y,, z)
can be determined, such that the probability of the vortex axis being at position (y, z) in
the measurement plane is proportional to the number of simultaneous zero crossings for
Uy and U,. The “width” of the joint probability density function can then be used as a
measure of the vortex wandering amplitude.

In practice, this approach is contaminated by two complications. First, the velocity
components measured by the probe are with respect to the laboratory frame, whereas the
velocity induced by the vortex is considered to be in a frame attached to the wandering

axis. This effect would be negligible if the transverse velocity of the vortex axis were very
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small compared to the local induced velocity. Second, if there were turbulence in the vortex
core, it would cause fluctuations of the local velocity, which would introduce zero crossings
at locations different from the vortex axis. Because there is no way to determine accurately
the contributions of these two effects on the velocity measurements, the best one can do is
to estimate the uncertainty that they would introduce to the determination of the vortex
axis location.

It seems reasonable to assume that, in a strongly turbulent free-stream, the wan-
dering of the vortex would be largely attributed to convection by the free-stream eddies.
As the vortex resists deformation, its wandering velocity would likely be significantly lower
than the local transverse velocity fluctuation in the free stream (in the absence of the vor-
tex). Therefore, the amplitude of free-stream fluctuations may be considered as an upper
bound for the amplitude of wandering velocity. For the purposes of estimating uncertainty,
we consider as upper bound the value 211,;/, which is larger in magnitude than the free-
stream fluctuations 95% of the time. The amplitude of turbulent fluctuations in the vortex
core is even more challenging to estimate. It is known that internal turbulence production
within the vortex core is small (Devenport et al. (1996)), and that the stabilizing effects
of rotation would tend to eliminate turbulence within the vortex (Bradshaw (1969)). On
the other hand, it is possible that the “beating about” of the vortex by the free stream
turbulence and induction by nearby turbulent eddies might result in velocity fluctuations
in the core, which may make a contribution to the local velocity measurement before they
get eliminated by rotation. Again, it seems that a reasonable estimate of the upper limit of

such motions would be 2u;. In the worst case, velocity fluctuations caused by both effects
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would have an amplitude of approximately 2.8%.

As an illustration of the uncertainty evaluation process, consider the large-grid
case at X/c = 9.75, for which the free-stream had u’y ~ 0.025U,. Then, the upper bound
of the velocity fluctuation uncertainty would be 2.8% ~ 0.07U,. Assuming that the radial
gradients of circumferential velocity in the vortex core for the turbulent fre(;—stream cases are
not very different from that in the no-grid case, one may estimate the radial gradient of the
circumferential velocity near the axis as %%2 ~ 0.1U,/ mm (see Figure 6.11a for example).
Then, one could infer that the previously estimated velocity uncertainty would introduce an
uncertainty in the determination of the vortex axis location equal to 2.8u'y / (%]7") ~ 0.7mm.
This uncertainty is significantly smaller than the estimated amplitude of the wandering
motion, to be discussed in following sections. The actual uncertainty is expected to be
significantly smaller than this value, which is considered to be an upper bound.

A different problem in this axis determination process arises when the probe is
far away from the vortex axis, so that the measured velocity is essentially grid-generated
turbulence. Then, the amplitude of the velocity fluctuations becomes of the order of u; and
zero-crossings that are unrelated to the passage of the vortex axes would be encountered.
To remove a part of the turbulent fluctuations from the measured time series, while leav-
ing wandering contributions unaffected, the time series was first digitally low-pass filtered
before the zero-crossing count was conducted. The filter used was a double-pass fifth order
Butterworth filter with a cut-off frequency of 500 Hz with guidance in selecting the cut-off
frequency provided by visual inspection of the filtered time series. Moreover, the probabil-

ity that a zero-crossing represented vortex axis passage and not free-stream turbulence was
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increased significantly by applying the following condition on the streamwise velocity U.
Time-averaged velocity profiles, such as those shown in Figures 5.33 to 5.37 indicate that,
in general, U, decreases with r. For example, in the no-grid case at X /¢ = 9.75, for which
the effect of wandering on the profile is expected to be small within the core, U, < 0.98U,
for r/c < 0.08. The condition for accepting a zero-crossing as representing passage of the

vortex axis was selected as U, < 0.97U,. The value of this threshold was initially selected

!

using 1 —wu,,

and then adjusted by trial and error as not to reject an excessive number of axis

passages. It was found that, if the threshold were too low, for example if U, <

~

0.90U,, the
maximum number of axis passages captured fell to around 0.05% of the time-series length
and confidence could not be provided that the instances captured were not outliers. If the
threshold was increased, the number of zero-crossings observed at large radii (e.g., r/c = 0.2
for the large-grid case at X/c = 9.75) would increase at rates greater than that for smaller
radii (e.g., /¢ < 0.2 for the large-grid case at X/c = 9.75).

Finally, to account for the spatial resolution of the probe, a zero-crossing was
defined as an instance in the time series where |Uy| and |U,| were < 0.05U,. Using %%Q ~
0.1U,/ mm this equates to a spatial range of 0.5 mm, which is approximately the width of
the probe measurement volume, therefore when |U,| and |U,| < 0.05U, the vortex axis is
assumed to be within the probe measurement volume.

As an example of this analysis, Figure 6.14 shows isocontours of zero-crossings for
the no-grid, small-grid and large-grid cases at X/c = 9.75. Zero-crossing counts were used
to estimate the probability density function (PDF) of the instantaneous vortex axis position

relative to its time-averaged position. Such PDFs along the z = 0 and y = 0 axes, deter-
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mined from zero-crossings counted from data points within a range of 0.01c of each axis,
are presented in Figure 6.15. This figure clearly shows that, in all cases, the time-averaged
vortex axis position has the maximum probability of being also the instantaneous axis po-
sition. It also illustrates a dramatic increase of axis wandering with increasing free-stream
turbulence. The good agreement of Gaussian curve fits with the measurements, also shown
in Figure 6.15, is strong evidence that vortex wandering is approximately Gaussian in all
directions. This observation extends Devenport et al. (1996)’s assumption for vortex wan-
dering in low-turbulence free streams to the case of free-streams with isotropic turbulence.
The wandering amplitude for each measurement case can be confidently represented by the
standard deviation o of the distance between the instantaneous and time-averaged vortex
axis positions, as determined by the zero-crossing method, and conveniently estimated from
the fitted Gaussian curves. To illustrate the soundness of this approach, it is noted that the
high-resolution measurements for the no-grid case at X/c = 9.75 gave o ~ 0.8 mm, which
was not too far from the value 0.6 mm, estimated using Devenport et al.’s-technique. The
difference between these two values is within the expected uncertainties of the zero-crossing
technique and the probe positioning system and smaller than the spatial resolution of the
hot-wire probe.

As an example of the effect of conditioning we can examine the large-grid case at
X/c=9.75. Far away from the core, at (y,2) = (—0.15¢, —0.15¢), the filtering was found
to decrease the accepted zero-crossings by 1.56% of the time series length, and the threshold
of Uy < 0.97U, decreased the accepted zero crossings by a further 7.5% of the time series

length. On the time-averaged vortex axis, filtering decreased the accepted zero-crossings
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Figure 6.14: Isocontours of zero-crossing count as a percentage of time series length for the
(a) no-grid, (b) small-grid and (c) large-grid cases (X/c = 9.75). Contour spacing 5% for
the no-grid case and 0.2% for the small-grid and large-grid cases.

by less than 0.1% of the time series length, while the U, threshold decreased the accepted
data points by only 0.5% of the time-series length.

The dependence of the wandering amplitude o on streamwise distance for the
three cases is presented in Figure 6.16. In this figure, g, and o, were estimated from
fitted Gaussian curves to probability distributions such as shown in Figure 6.15 from data
points along the z = 0 and y = 0 axes respectively. Due to the dependence of quality
of the Gaussian curve fit on the density of measurement points, only data sets with high
measurement point density near the time-averaged vortex axis provided dependable results.
Hence, the analysis could only be performed on the no-grid, small-grid and large-grid cases
at X/c = 3.75, 5.75, 7.75 and 9.75.

Some confidence in the zero-crossing technique can be provided when comparing
the wandering amplitude for the small-grid case in Figure 6.16 to the wandering amplitude
of the small-grid case calculated using the technique of Devenport et al. (1996) shown

in Figure 6.12. For example, using the zero crossing count, o, was found to be 2.6 mm,
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Figure 6.15: Probability density functions of vortex axis position relative to its time average
in the (a) y and (b) z directions at X/c = 9.75 for the no-grid, small-grid and large-grid
cases.

3.1mm, 3.1mm and 3.6 mm with increasing X/c, whereas the corresponding values from
the technique of Devenport et al. (1996) were 2.6 mm, 3.2mm, 3.5mm and 3.5mm. This
agreement is well within the expected error for the zero-crossing technique.

Figure 6.16 reveals a slight anisotropy of oy and o, for the large-grid and no-grid
cases. This isotropy is more closely examined in Figure 6.17 which shows the streamwise
development of o, /o, for the three-cases shown in 6.16.

For the measurement cases with lower measurement point resolution, and shorter
measurement lengths, data scatter reduced the confidence in the Gaussian curve-fits. To
reduce the restriction on data point acceptance, the technique was modified. Examining
Figure 6.13, it can be observed that, when the vortex crosses the horizontal axis of the
probe (yp = y»), Uz = 0. Similarly, when 2, = z,, Uy, = 0. Therefore, by counting the

zero-crossings of U, along the y-axis, an estimate of the probability distribution of vortex
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Figure 6.16: Estimated wandering amplitude in (a) y and (b) z directions using simultaneous
zero-crossings. Error bars represent estimated uncertainty in identifying the instances when
the probe and vortex centre are coincident due to internal turbulence and convective velocity
of the vortex.
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Figure 6.17: Streamwise development of o, /0, determined using simultaneous zero-crossing
technique.

position in the y direction can be obtained with a similar estimate possible along the z-
axis. An order of magnitude increase in detected zero-crossings was observed using the
new criterion.

The dependence of the wandering amplitude o on streamwise distance for all mea-
surement cases is presented in Figure 6.18. In this figure, profiles along the y- (Figure
6.18a) and z- (Figure 6.18b) axes were examined separately for zero-crossings in U, and U,
respectively, and the corresponding o, and o, were estimated from fitted Gaussian curves.
Comparison of Figure 6.18 to Figure 6.16 shows that values of oy and o, determined using
the zero-crossings for only one component of velocity compare well with the corresponding

results determined from the simultaneous zero-crossing of both velocity components.
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Figure 6.18: Estimated wandering amplitudes in (a) y and (b) z directions as determined by
zero crossings of (a) U, and (b) Uy. Error bars represent estimated uncertainty in identifying
the instances when the probe and vortex centre are coincident due to internal turbulence
and convective velocity of the vortex.

228



1.4

| L B

u f

1.2 ° . . A

" - 4 g O s u
E 1k A A @_:
o ! A & <>:
R no grid ]
0.8FA small grid O .

O large grid ]

| A small grid upstream 1

0.6 ; ]
(8 | lagegriduppream ]

0 2 4 6 8 10

Xle
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zero crossings of U, and Uy, respectively.

Comparison with plume dispersion

Vortex wandering in a turbulent stream has some macroscopic analogy with the
turbulent dispersion of the plume of a passive scalar, emitted continuously by a point source.
Nevertheless, there are some fundamental differences between the two systems: the plume
does not affect the flow and poses no resistance to its dispersion, whereas the vortex is a
coherent entity, inducing a velocity field in its surroundings and requiring an external torque
for its strength and direction to be changed. Even so, the analogy becomes more apparent
when examining the analytical treatment of dispersion of a passive scalar in homogeneous
isotropic turbulence. Typically, this treatment models the trajectory of a single particle
fluid from a point or line source using Lagrangian statistics to model the turbulence. The
concentration of the passive scalar after a specified time is then determined as a probability
distribution of the possible locations of the particle at that time. The analogy to vortex

wandering arises if one models the vortex as an idealized line vortex being emitted from
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the tip of the wing. If the vortex line is modeled as consisting of many points (“nodes”),
separated by sufficient distances for each node to move approximately independently of each
other (i.e., neglecting Biot-Savart induction), they can be treated in the same manner as
the particles of a passive scalar with no molecular diffusivity. As ¢t — oo, the probability
distribution of vortex position will therefore be analogous to the long-time distribution of
passive scalar concentration.

The concentration of a passive scalar emitted from a point source located along
the z-axis in homogeneous isotropic turbulence with negligible molecular diffusivity can be

approximated as (Csanady (1973))

C(.’E,y, Z) ~ m exp (“M> ’ (61)

- 4ty dyrz

where v is the eddy diffusivity and 7 is the mass flow rate of the passive scalar at the
point source. The resulting radial distribution of concentration is therefore a Gaussian
distribution with standard deviation 2\/m . The difficulty with using Equation 6.1 is
the determination of the eddy diffusivity. Although there are approximations which can be
applied to homogeneous isotropic turbulence, these approximations are based on a constant
integral length scale, which is not consistent with the characteristic turbulent decay of grid
turbulence.

Dispersion of a passive scalar from a line source in decaying homogeneous turbu-
lence has been examined by Shlien and Corrsin (1974) experimentally and by Anand and
Pope (1985) theoretically, using a Langevin-type formulation. Although the dispersion of
a passive scalar from a line source has a different concentration distribution than disper-

sion from a point source, the width of the plume should remain the same. The analytical
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solution for the concentration of a passive scalar from emitted from a line source in homo-

geneous isotropic turbulence with negligible molecular diffusivity is (Roberts and Webster

(2002))

- 2
where 7, is the mass flow rate of the passive scalar per unit span of the line source.
The concentration distribution in y is again a Gaussian distribution of standard deviation
ZW . It therefore seems reasonable to approximate the radius of the plume from a
point source using the width of the wake from a line source.

Using the normalized curves fit of Anand and Pope (1985) and scaled experimen-
tal results of Shlien and Corrsin (1974) for the dispersion of heat from a heated wire in
decaying grid turbulence as a function of streamwise distance from the source, the expected
dispersion of a passive scalar emitted from X/c¢ = 0 was estimated for each measurement
case using the corresponding grid turbulence statistics measured without the wing in place.
Additionally, molecular diffusion was neglected so that only the effects of turbulent disper-
sion are highlighted. The standard deviation of the passive scalar dispersion is compared to
the estimated wandering standard deviation of the scaled results of both Anand and Pope,
Figure 6.20a, and Shlien and Corrsin, Figure 6.20b.

Although there are some slight differences between the model of Anand and Pope
and the scaled measurements of Shlien and Corrsin, both show comparable amplitudes of
dispersion with streamwise distance and both are significantly higher than the estimated
wandering shown in Figure 6.18. This implies that the vortex is not transported as a passive

scalar. One possible explanation for this difference is that the vortex is far from passive as
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Figure 6.20: Estimated diffusion of a passive scalar using the model of (a) Anand and Pope
(1985) and scaled fit of (b) Shlien and Corrsin (1974) for each free-stream turbulence case.
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it actively reorganizes and alters the structure of the surrounding turbulence, which in turn

reduces the effectiveness of the turbulent transport on the vortex.

6.2.2 Frequency characteristics of vortex motion

Temporal characteristics of the vortex wandering were examined using frequency
spectra of Uy, and U, on the time-averaged vortex axis, where the contribution of wandering
to the total fluctuation energy is the greatest. Sample spectra, measured at (y, z) = (0Oc, Oc)
for the no-grid, small-grid and large-grid cases at X/c = 3.75, 5.75, 7.75 and 9.75 are shown
in Figure 6.21. In general, the frequency spectra of Uy, and U, are very similar on and near
the time-averaged vortex axis, but their differences increase with increasing radial position.
The peak at 30 Hz for the no-grid case is associated with vibration of the probe due to wind
tunnel vibrations, as described in Section 4.7.

The variation of power spectra in this flow is difficult to associate with particular

causes because they contain contributions from several sources, including:

e vortex wandering, which is expected to act at relatively low frequencies; its relative
contribution to the frequency spectra depends on both the local instantaneous velocity

gradient, as well as the wavelength, amplitude and path of the vortex wandering

e free-stream turbulence, which is expected to act at relatively high frequencies; fre-
quency spectra within the vortex would be different from those in the free-stream,

but should approach them as radius increases

e turbulence in the spiral wake, which contains energetic eddies with length scales of

the order of the wake width
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e possible instabilities within the vortex core, which would likely express themselves as

peaks at characteristic frequencies (Jacquin et al. (2003))

To confuse matters more, the wandering will act to spatially average the spectra,
because, as the vortex wanders in space, the probe would measure energy contributions
from a range of locations in the flow. For this reason, it is possible that spectra measured
with a fixed probe could contain contributions from patterns that dominate different parts
of the flow, including the vortex core, the spiral wake, and the free-stream. Even so, vortex
wandering effects are expected to be prevalent in spectra measured in the vortex core.

The frequency spectra at (y, z) = (Oc,0c), shown in Figure 6.21, are significantly
different for the three cases considered. The no-grid case (Figure 6.21a) has the highest
energy level at frequencies lower than 1Hz, followed by a plateau in the range from 1
to 100Hz. Between 100 and 400 Hz, these spectra show a roll-off with constant slope,
followed by another plateau in the range from 400 to 1000 Hz. At frequencies above 1 kHz,
the energy decreases at a continuously increasing rate. A spike of energy is observed at
about 1kHz, which is found to grow with increasing streamwise distance. This spike was
previously observed in Section 5.12, and is believed to be associated with an instability in
the vortex core, evident for the no-grid case only (similar peaks have been observed and
associated with instability by, for example, Singh and Uberoi (1976) and Bandyopadhyay
et al. (1991)).

Frequency spectra for the small-grid case (Figure 6.21b) show a relatively flat
region for f < 100Hz, followed by a roll-off of constant slope in the range 100Hz < f <

300Hz. At f =~ 300Hz, there is a “kink” in the spectra, followed by a roll-off of increasing
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Figure 6.21: Frequency spectra of U, (black) and U, (grey) at (y, z) = (0.0¢,0.0c) for (a)
no-grid, (b) small-grid and (c) large-grid cases at X/c = 3.75, 5.75, 7.75 and 9.75. Each
measurement location downstream of X/c = 3.75 has been shifted down by a decade to
increase clarity. Axes for (a), (b) and (c) are identical.
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slope with increasing frequency. Frequency spectra for the large-grid case (Figure 6.21b)
appear generally similar to the small-grid case, with the kink appearing at f ~ 1.2kHz.
Also evident in the large-grid case is a broadband peak centred at f =~ 40 Hz.

Comparing the spectra in the three cases, one may readily observe that they all
display a plateau in the low frequency range (f < 100 Hz), followed by a roll-off of constant
slope up to some frequency where there is a kink in the spectra. It is believed that this
plateau and roll-off are the signature of vortex wandering. If the wandering and turbulence
were independent, the fluctuations of the two effects would result in spectra which have the
general appearance as illustrated in Figure 6.22. The actual slope of the roll-off is slightly
different for each of the cases, however, this is attributed to differences in the relative
contribution of wandering to the velocity signal.

In order to investigate the possible connection between the broad-band peak ob-
served for the large-grid case and the dominant wavelengths of vortex wandering the cross-

spectrum (Bendat and Piersol (2000)) of Uy, and U, was examined

Gya(f) =2 /_ ~ Ry, (r) exp (—i2n fr) dr (6.3)
where
1 T
Ry, (1) = 7 /0 uy (t)u, (t+7)de (6.4)

is the corresponding cross-correlation function. Cross-spectra were calculated using MAT-
LAB’s cpsd function for the same conditions as those for the power spectra in Figure 6.21
and their magnitudes are shown in Figure 6.23 in semi-log scales. Because wandering af-
fects both components of velocity simqltaneously, the cross-spectra are expected to show

more prominently the frequency range of wandering than power spectra would. Figure 6.23
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indicates that a broad-band peak in frequency exists for all cases between about 30 and
50Hz. The peak frequency f, in this range was identified using a 40 order polynomial
fit (where the polynomial was defined as A (log(f)) + B(log(f))?+... etc.) and is plotted in
Figure 6.24. Even taking into consideration that the uncertainty of this procedure would
be significant, one may conclude from this figure that the peak frequency decreases with
streamwise distance and that differences in peak frequencies for the three cases are not very
large.

Although the peak evident in the cross-spectra of U, and U, is clearly the result
of vortex wandering, its frequency is not necessarily equal to the dominant frequency of
wandering. This can be illustrated by the following example. Assume, for simplicity, that

the wandering consists of a sinusoidal wave-like motion at a specific frequency f,, and an
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Figure 6.24: Peak frequency in the 30 to 60 Hz range identified from cross-spectra of U,
and U, at (y,z) = (0c, Oc).

amplitude that is greater than the radius g max of maximum circumferential velocity. Then,
as the vortex would oscillate across the position of the probe, the dominant frequency of
velocity fluctuations measured by the probe would be effectively 2f,,, because of the change
in sign of OUy/Or at romax. If the wandering amplitude were sufficient for the probe to
move across the entire core, the frequency of fluctuations measured by the probe would be
effectively 4f,, because dUy/Or would change sign twice across the vortex core. Hence,
when the amplitude of wandering is relatively large, the influence of the wandering on
the measurements could be expected to bias the measured frequency peaks towards higher
frequencies.

The previous point was investigated further using a simple model of vortex wan-
dering. The objective of this simple analysis was to determine if the peak observed in

the frequency spectra of velocity could be due to biasing to higher frequencies caused by
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the process described above. By modelling the change in vortex position (yy, 2,) due to

wandering as a Langevin process (Pope (2000)), one may estimate future positions as

a2A 1/2
o+ A0 =3, (0~ 3, () 2 + (2;L t) (1 (65)
and
o2 1/2
U+ ) = 20 ()~ 2 (O 0 + (2 T“) £0) (6.6)

where £ (t) is a Gaussian random variable with unity standard deviation and 77, is the
Lagrangian integral time-scale of the vortex wandering; wandering motions in the y and z
directions are assumed to be uncorrelated and to have rms amplitudes o, and o, respec-
tively. In Equations 6.5 and 6.6, the second and third terms represent, respectively, the
relaxation of the motion towards the original position due to the time-dependence and the
random diffusion of the particle away from the original position. The frequency spectrum
of y» (the spectrum of z, was identical to it), is shown in Figure 6.25. To determine the
corresponding velocity spectrum, the velocity induced at (y,z) = (0,0) by a Lamb-Oseen
vortex at (y,z) = (yu (t), 2y (t)) was estimated. The Lamb-Oseen vortex parameters were
set as Upmax = 0.2U, and Tomax = 0.007m, which are approximately equal to the corre-
sponding large-grid case values. The wandering was assumed to have oy = 0, = 0.01m
and T, = 0.014s and, following Section 6.2.1, the vortex convection velocity was assumed
to be negligible. Using these conditions, the frequency spectrum of vortex position shown
in Figure 6.25a was found to result in the frequency spectrum of velocity at (y,z) = (0,0)
shown in Figure 6.25b. Examination of Figure 6.25b indicates that the velocity spectrum
is qualitatively similar to the position spectrum and bears no evidence of a peak forming at

higher frequencies. This process was repeated for a variety of different values of Tgmax/0y
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Figure 6.25: Frequency spectrum of (a) y position of model vortex position and (b) y
component of velocity induced at (y, z) = (0,0) due to a Lamb-Oseen vortex with position
described by (a).

and Upmax for the same y, and z, series and, although there were differences in the mag-
nitudes and roll-offs of the resulting velocity spectra, no peaks at higher frequencies were
observed. Hence, the peaks observed in Figure 6.23 appear to be caused by some quasi-
periodic activity associated with wandering and are not an artifact of the transformation
of power spectra from a spatial frame to a velocity frame. The most likely reason for this
is that, as the vortex wanders in the y and z directions, the probe does not cross 7gmax
frequently enough to have statistical significance, hence biasing to higher frequencies was
unnoticable.

Also evident for the no-grid case (Figure 6.23a) is a peak at a frequency near
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7Hz. This peak increases in energy with streamwise distance, such that, at X/c = 9.75,
it contains more energy than the peak between 30 and 50Hz. Also evident is significant
energy for f < 2Hz. These observations seem to indicate that for the no-grid case there
are multiple sources of the wandering, each of which may have a different range of dominant
frequencies. Although these sources may also be present in the grid-turbulence cases, their
effects are not visible in the spectra, which are dominated by the main source of wandering,
namely the grid turbulence.

The peak frequency f, observed in the cross-spectra can be combined with an
appropriate convection velocity to provide an estimate of the characteristic wavelength of
vortex wandering. Choosing U, as the convection velocity, one may estimate this wavelength
as U,/ fp. The streamwise development of this parameter for all cases are shown in Figure
6.26. Due to the relatively low sampling rate and short time-series length (compared
to the two-probe data set used to calculate the spectra in Figure 6.21), there is significant
uncertainty in fp, which introduces appreciable data scatter. The wavelength U,/ f, appears
to grow with streamwise distance for all the grid cases, whereas the no-grid case wavelength
remains relatively constant for X/c¢ > 3.75. Although the two small-grid cases have smaller
starting values of U,/ fp, at X/c = 9.75 all grid cases have comparable U,/f,. It is also
interesting to note that U,/ f, is an order of magnitude larger than the longitudinal integral
length scale of the free-stream grid turbulence measured without the wing (Figure 5.8).
Moreover, U,/ f, grows at a faster rate than the wandering amplitude (Figure 6.18) and is
one to two orders of magnitude greater than it. A comparison of these three length scales

is provided in Figure 6.27.
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Figure 6.26: Streamwise development of U,/ fp.

Although the wavelength of wandering appears to be much larger than the grid
turbulence length scales, the timescale 1/f, is compared to the “eddy turnover time” (or
“eddy lifetime”) 7p = L/} in Figure 6.28. This figure indicates, with considerable
scatter, that the timescale of wandering decreases at the same rate as the eddy turnover

time, with 1/f, being approximately 0.47g.

6.3 Reconstruction of the circumferential velocity profile in

the wandering frame

6.3.1 Overview

The vortex wandering analysis has demonstrated that, as the free-stream turbu-

lence increases, so too does the amplitude of vortex wandering. When wandering becomes
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intense, time-averaged profiles of the velocity and other properties measured by a fixed
probe would deviate significantly from corresponding properties of the vortex that would
be measured by a probe following the vortex axis in its motion. The objective of this section
is to reconstruct radial profiles of vortex properties in a frame of reference that is attached
to the wandering vortex axis.

To determine the average velocity at different radial positions in a frame éf ref-
erence wandering with the vortex, two four-sensor hot-wire probes were used. The probes
were separated in the y direction by a spacing S, which could be varied between 7.1 mm
and 27.6mm. In the following discussion, subscripts 1 and 2 will denote the probe used.
Measurements were performed at Re, = 2.4 x 10° and o = 5° at X/c = 3.75, 5.75, 7.75 and
9.75, for the no-grid, small-grid and large-grid cases. First the two probes were separated by
S =7.1 mm and measurements were taken in a yz plane, around the time-averaged vortex
axis estimated from previous single-point measurements. These data were then analyzed to
determine a more exact location of the time-averaged vortex axis as well as the orientation
of each probe with respect to this axis. Probe 1 was then fixed on the time-averaged vortex
axis and probe 2 was traversed such that its distance from probe 1 spanned the range from
S =7.1mm to 27.6 mm at 0.5 mm increments.

To determine the velocity at a given radial position from the instantaneous vortex
axis, the measurements of each probe were sorted upon a condition applied to the measure-
ments of the other probe. The challenge in this procedure was to identify the locations of
the two probes relative to the vortex axis. As an initial step, only parts of the time series

were considered by requiring that the vortex axis would intersect the line joining the two
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probe measurement volumes. These instances can be identified by Uy ~ 0, as illustrated
in Figure 6.29 (where Uy, and U, are the components of velocity induced by the vortex
in the y and z directions, respectively, as introduced in Figure 6.13). Note that a stricter
condition would be Uy; = Uy ~ 0. In a laminar vortex, this additional restriction would
be unnecessary because the probes are separated along the y axis. However, in a turbulent
vortex, non-zero radial velocity could be measured by one probe when the other one reads
a zero radial component. To explore whether applying the stricter condition would affect
the results, the reconstruction was repeated with the stricter condition as well, but the only
difference between this and the simpler condition was that the latter produced a slightly
smoother profile due to the inclusion of more data points. The threshold below which a
transverse velocity was considered to be negligible was set at 0.03U,, which corresponds to
an uncertainty of 0.3 mm in locating the vortex axis in the no-grid case. Thus, the data
set considered only included cases with —0.03U, < Uy1 < 0.03U,. Then, the instantaneous
circumferential velocity in the vortex could be determined from Uy = |U,1| and Ups = |U,2].

The next step in the analysis was to determine the radial location of each of
the probes. To do this, the joint probability density functions (JPDF) of U,; and U,s,
conditioned on Uy; ~ 0, were used to investigate the relationship between the circumferential
velocities measured by the two probes. Figure 6.30 shows examples of these JPDF for the
no-grid, small-grid and large-grid cases at X/¢ = 9.75 with S = 7.1 mm. JPDF isocontours
follow a distinct pattern, which can be attributed to the velocity induced by the vortex
at different positions with respect to the probe locations. Different regions of this JPDF

pattern identify distinct regimes of the instantaneous locations of the probes with respect
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Figure 6.29: Sketch illustrating the relationship between velocity components induced by

the vortex (Uyy, Uyy) and the velocity components measured by the two probes. When Uy,
or Uy2 = 0, Uzl = Ugl and UZQ = Ugg.

to the vortex axis, as illustrated in Figure 6.31 with the regimes defined in Figure 6.32.
The full pattern is not evident in the no-grid JPDF because the wandering amplitude
was too small for probe 1 to travel outside the vortex core. As the wandering amplitude
increased, however, the probes measured velocities at increasingly larger distances from the
instantaneous vortex axis and hence the pattern becomes evident for the small-grid case
and even more pronounced for the large-grid case, for which the wandering amplitude was
sufficiently large for the entire vortex to wandered past both probes.

As probe spacing increases, the pattern of the JPDF isocontours changes slightly
from that shown in Figure 6.31, because, as the probe spacing increases, the probability of
both probes being within the vortex core at the same time decreases. Instead, there is a
new regime that is apparent when both probes are on either side of the core. In addition,
the possible U,; and U, combinations change. For example, when probe 1 is at the location

of maximum U,,, or probe 2 is at the location of minimum U,,, the velocity measured by
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Figure 6.30: Joint probability density functions of U,; and U, conditioned on Uy = 0 for
the (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75 and with § = 7.1 mm.
Darker shading indicates higher probability. Isocontours logorithmically spaced to highlight
low-probability events.
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Figure 6.31: Sketch illustrating locations of different regimes on JPDF of U; and U, which
have been conditioned such that Uy; ~ 0 for small values of S.
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Figure 6.32: Sketch defining different regimes of probe position for small values of S.
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the other probe will decrease with increasing S. Hence, the pattern of isocontours depends
on the ratio of S to the vortex core radius. Examples of JPDF isocontours for the probe
spacing of S = 19.6 mm are shown in Figure 6.33 for the no-grid, small-grid and large-grid
cases at X/c = 9.75. As with Figure 6.30, a distinct pattern is evident, however, the pattern
of the JPDF contours is slightly different from the one shown in Figure 6.31. Nevertheless,
different regimes can still be identified as illustrated in Figure 6.34 with the regimes defined
in Figure 6.35. Thus, by careful examination of these JPDF plots, the relationship between

the probe position and the vortex circumferential velocity can be estimated.

6.3.2 Outer Profile Reconstruction

The outer portions of the radial profiles of the circumferential velocity were re-
constructed as follows. First, instances at which U,; ~ U,; ~ 0 were identified. These
instances occurred when the axis of the vortex passed through probe 1 and correspond to
the line U,1 = 0 on the JPDF of U,; and U,» with the condition Uy; ~ 0 (indicated by a
dashed line in Figures 6.30 and 6.33). In other words, the values of U2 intersecting the line
U,1 = 0 are the values of U,» measured when probe 1 is on the instantaneous vortex axis.
Thus, the cross-sectional profile of the JPDF along this line is assumed to approximately
represent the probability density function (PDF) of the circumferential velocity at a radial
distance from the instantaneous vortex axis that is equal to the probe spacing. The average
value of U2, determined from the PDF, should therefore be Uy (r = S) where ~indicates
the average value in the wandering frame. The cross-sectional profiles at U,; = 0 of the
JPDF's shown in Figure 6.30 are shown in Figure 6.36a-c. For the no-grid and small-grid

cases, the profiles appear to be Gaussian. Note that due to the large wandering amplitude
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Figure 6.33: Joint probability density functions of U,; and U3 conditioned on Uy; = 0 for
the (a) no-grid, (b) small-grid and (c) large-grid cases at X/c¢ = 9.75 and S = 19.6 mm.
Darker greyscales indicate higher probability. Isocontours logorithmically spaced to high-
light low-probability events.
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Figure 6.34: Sketch illustrating locations of different regimes on JPDFs of U,; and U,q
which have been conditioned such that Uy; ~ 0 at large values of S.

251



probe 1 in vortex
U,= core

both probes
outside core,

e e N VX | probe 1 closest
z to core

both probes

outside core,
U=0 probe 2 closest
to core

U=0 probe 2 in vortex
z core

both probes on

S — i i — — either side of
Ul 0 core

Figure 6.35: Sketch defining different regimes of probe positions for large values of S.

252



@ ] E®»

i_probe lin
| free-stream

[ probe 1 in
- vortex core

Probability

072

U,/U, U,/U,

Figure 6.36: Cross-sections at U, = 0 of JPDFs measured at X/c = 9.75 and S = 7.1 mm
for (a) no-grid, (b) small-grid and (c) large-grid cases.

for the large-grid case, averaging the PDF results in an inaccurate estimate of Uy due to a
large number of measurement instances when probe 1 and probe 2 were in the free-stream
(compare Figure 6.30c to Figure 6.31). Therefore, for the large-grid case, the appropriate
peak value (identified as illustrated in Figure 6.36) was selected.

By determining Up for different values of S, the average radial profile of the vor-
tex circumferential velocity, relative to the vortex axis, was reconstructed for the range
7.1mm < r < 27.6mm. As an example of the reconstruction, the portions of the radial
profiles determined using this technique for the no-grid, small-grid and large-grid cases at
X/c = 9.75 are indicated by solid symbols in Figure 6.37 for all three cases. Also indicated
in Figure 6.37 are the corresponding time-averaged profiles U,2(S), indicated by hollow
symbols. The noticeably increased scatter in the large-grid case is due to a decrease in the

population of instances at which probe 1 coincided with the vortex axis.
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Figure 6.37: Comparison of Up (S) to U2 (S) in the range 7.1mm < S < 27.6mm for the
no-grid, small-grid and large-grid cases at X/c = 9.75.
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6.3.3 Inner profile reconstruction

The method described above could not reconstruct the circumferential velocity in
the inner vortex core, because the probe separation could not be reduced below 7.1 mm. To
reconstruct the inner portion of the velocity profile, the most probable combinations of U,
and U,z were combined with the reconstructed outer profile and the probe spacing to find
Ua (r1) = Up (7).

The procedure started by determining U, = f (U,1) using the following procedure.
First, the JPDF of U, and U3 conditioned by U,; ~ 0 was determined at S = 14.1 mm.
At 40 discrete values of U,; > 0, the probability density of U, was determined by taking
slices of the JPDF at U,;. For each discrete value of U,; the value of U,s corresponding
with peak probability was determined using quadratic interpolation.

Then, for each of the 40 discrete values of U,1, the corresponding radial position r;
at which U,; was measured was determined. To do this, the outer portion of the velocity
profile (previously determined) was fitted with a fourth order polynomial to determine
rg = g (U,2). Thus, from U,y = f(U,1), the radial position of probe 2 corresponding to
the measured value of U,; could be determined from r2 = ¢ (f (U,1)). Knowing the probe
spacing, S, meant that the value of r; at which U,; was measured could be found from
r1 =g (f(Un)) —S. Hence U, (r1) = Uy (r) could be found from the discrete values of
Uz.

Examples of the resulting reconstruction are shown in Figure 6.38 for the no-grid
and small-grid cases at X/¢ = 9.75 with the inner profile reconstruction shown as open

symbols and the outer profile reconstruction by closed symbols.
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Figure 6.38: Comparison of the outer to inner portions of the reconstructed velocity profile
for the no-grid and small-grid cases at X/c = 9.75.

Unfortunately, the applicability of this method was limited, since identifying U,2 =
f (U.1) became impossible as U,; increased and the distinction between measurement in-
stances when probe 1 was within the vortex core and the instances when it was outside the
core became increasingly difficult. For the large-grid case this occurred at very small values
of U, and hence this method could not be applied. This problem is illustrated in Figure
6.39, which examines slices of the JPDF shown in Figure 6.30c along axes representing
U = 0.0U, (Figure 6.39a), 0.035U, (Figure 6.39b) and 0.07U, (Figure 6.39c). In Figure
6.39a, two peaks are clearly evident, corresponding to probe 1 being in the free-stream and
probe 1 being in the vortex core. As U, increases, the peak corresponding to the probe
being within the vortex core becomes increasingly obscured by the free-stream values. At

U1 = 0.07U,, the peak corresponding to probe 1 being within the core is no longer evident.
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Figure 6.39: Slices of JPDF of U,; and U3 (conditioned on Uy; ~ 0) measured for the
large-grid at X/c = 9.75 and S = 7.1mm. Slices along (a) U,; = 0.0, (b) U,; = 0.035U,
and (c) U,; = 0.07U, are shown.

As U,; approached the peak circumferential velocity, this problem also became
evident for the no-grid and small-grid cases as well. Hence, the reconstruction of the inner
profile was limited to U,; < 0.25U, for the no-grid case and U,; < 0.22 for the small-grid
case. Within this range, the results were found to be insensitive to S. This insensitivity

is illustrated in Figure 6.40.

6.3.4 Completing the profile

The value of peak circumferential velocity Ugmax and the radial location rgmayx at
which it occurs are characteristic velocity and spatial scales of a vortex and their temporal
evolutions are representative of changes in the vortex velocity profile. Unfortunately, these
scales cannot be determined with certainty from the previous method, as it appears from
Figure 6.37 that rgmax was either very close to or slightly less than the minimum probe
spacing. Therefore, it is necessary to reconstruct the full velocity profile. For the no-grid

and small-grid cases, for which the inner portions of the profiles was reconstructed, the
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Figure 6.40: Comparison of inner profile reconstructed using different probe spacings for
(a) no-grid case and (b) small-grid case at X/c = 9.75.

missing portions were estimated by interpolating the corresponding circulation profiles. By
assuming the velocity profiles to be axi-symmetric, the circulation profiles in a wandering
frame were estimated from

T(r) = 2rrUg (r). (6.7)

Examples of the resulting circulation profiles are shown in Figure 6.41a for the
no-grid and small-grid cases at X/c = 9.75. It is obvious by looking at the reconstructed
parts of these profiles that the missing portions are monotonically increasing with radius
at a nearly constant rate. Interpolation was performed using a fourth order polynomial fit,
determined using the four nearest points of the outer and the four nearest points of the inner
portions of the reconstructed profile. The resulting fit is shown as a solid line in Figure
6.41a. Then, the corresponding missing portions of the radial profiles of circumferential
velocity were determined by inverting Equation 6.7, as shown in Figure 6.41Db .

To reconstruct the inner portion of the velocity profile for the large-grid case, the
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Figure 6.41: Example of curve fit used to connect the inner and outer portions of the
reconstructed profiles of (a) I and the corresponding profiles of (b) Uy for the no-grid and

small-grid cases at x/c = 9.75.

following empirical expression describing the velocity profile (Phillips (1981))

4 6
) +0.2747( r ) } TOmax g max < 0.92
T9 max r

T0 max

)2 — 1.0467 <
(6.82)

T max

Yo _ [1.772(

6 max

(6.8b)

. - [ln< ) + 1] e 0.92 <7/rgmax < 1.2
U@max r

79 max
was used instead of interpolation. Phillips (1981) demonstrates that the inner portion

(r < 1.2rgmax) of a fully formed vortex is self-similar and described by a combination

of the log-log law of Hoffman and Joubert (1963) (Equation 6.8b) and a polynomial fit
that has been structured using appropriately selected boundary conditions (Equation 6.8a).
Therefore, by appropriately scaling Phillips’ curve to match the reconstructed outer portion

of the previously determined profiles, an estimate of Tymayx and [79 max can be obtained.

It was found that it was easier to match Phillips’ expression to the experimental

results by using f(r) to estimate ﬁgmax and Uy (r) to estimate Tymax. This process of
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matching the profiles is illustrated in Figure 6.42a-d for the large grid case at X/c =
9.75. Figure 6.42a compares the experimentally determined large-grid r (r) profile to three
Phillips circulation profiles calculated using an assumed value of 7y yax and three different
values of (79 max- 1t was discovered that small changes in [79 max Cause large changes in the
comparison between the Phillips profiles and the experimental profiles. Comparatively, as
illustrated in Figure 6.42c, the comparison between the Phillips profile and the experimental
profile was found to be relatively insensitive to the selected value of Tgmax. As Figure 6.42c
shows, the T (r) from Phillips’ profile is relatively insensitive to the precise value of 79 max.
Therefore, it was found that it was possible to find a value of [79 max Which provided a good
match between Phillips profile and the experimental profile with the matching of the curves
insensitive of the selection of rgmax. Hence, it is estimated that Upmax could be found by
direct experimentation to within an accuracy of 40.002U,. Once [79 max Was determined
using the radial profiles of circulation, the value of rgmax was estimated by determining
the best match of the circumferential velocity profile. Estimated accuracy of the process to
determine 7g max was 0.3 mm.

The reconstructed velocity profiles in the yz plane for the no-grid, small-grid and
large-grid cases at X/c = 3.75, 5.75, 7.75 and 9.75 are shown in Figure 6.43. The recon-
structed profiles of the no-grid case were found to be quite similar to the time-averaged
profiles with little change with streamwise distance. At X/c = 3.75, the profile exhibits a
distinctly different appearance, with an inflection point appearing near 7gmax. Although
it is possible that this inflection indicates some uncertainty in the reconstruction, careful

examination of Figure 6.11a reveals a similar inflection in the profile corrected using the
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Figure 6.42: Radial profiles of (a),(c) I'/U,c and (b),(d) Up/U, comparing the results of the
outer profile reconstruction to the Phillips profile with (a),(b) constant 7. and varying
Ugmax and (c),(d) varying 7pmax and constant Upmax.
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correction of Devenport et al. (1996). In addition, a similar inflection was also observed at
X/c = 4.75 by Devenport et al. (1996), who attribute it to remnants of vorticity from the
formation of the vortex from multiple vortices at the tip of the wing (similar vortices were
also observed in the current study). The reconstructed small-grid case compares well with
the profiles corrected using Devenport’s method (Figure 6.11b), which also showed little
change in Tgmax = 0.04c while Upmax decreased from 0.35U, at X/c = 1.75 to 0.31U, at
X/ec = 9.75. The streamwise evolution of the large-grid case in Figure 6.43 also shows a
decrease in Upmax with streamwise distance while little corresponding change in rgmax can
be detected.

The streamwise developments of 7§ .y and (79 max are shown in Figures 6.44a and
b respectively. It is interesting to note that there appears to be no significant systematic
dependence of 7gmax On either streamwise distance or free stream turbulence level, although
there are appreciable uncertainty and scatter. In contrast, there is a noticeable decrease
of ﬁgmax both with increasing streamwise distance and increasing free-stream turbulence.

The streamwise evolution of l~]9 max mMay be represented by the fitted power law
Upmax/Us = A(X/c)™" (6.9)

with the coefficients for each case given in Table 6.1.

l Case | A { n I
no grid 0.4 0.04
small grid | 0.4 | 0.1
large grid | 0.4 | 0.3

Table 6.1: Fitted power law coefficients for reconstructed velocity profiles.
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6.3.5 Vortex bending

The velocity profiles reconstructed by using the method described above were
based on the assumption that the instantaneous vortex axis is always perpendicular to the
yz plane, which was determined from average data. However, it is obvious that vortex wan-
dering also changes temporally the orientation of this axis. As illustrated by the simulations
of Marshall and Beninati (2005), the instantaneous angle between the vortex line and the
yz plane might not necessary be negligible at high free-stream turbulence intensities. If the
orientation of the vortex line with respect to the yz plane fluctuated sufficiently, it would
introduce an apparent diffusion into Up (r) in a manner similar to that of transverse motion
due to vortex wandering. Hence, it is necessary to determine whether the radial profile of
the vortex in its actual cross-sectional plane would be significantly different from the recon-
structed profile in the yz plane and, if this was found to be true, to estimate appropriate
corrections. This was done as follows.

First, following the reconstruction technique described above, probe 1 is always
assumed to be located on the instantaneous vortex axis. Then, pitch and yaw angles were
defined for the vortex axis with respect to the z-axis. The vortex pitch angle 1, was defined
as the projected angle of the vortex axis on the zy plane, as illustrated in Figure 6.45. In
this figure, the position of probe 1 and probe 2 are also defined as (y1, 21) and (yg, 22). The
vortex yaw angle ¢, was defined as the projected angle of the vortex axis on the xz plane,
as illustrated in Figure 6.46. In this section, the subscript x indicates values associated
with the cross-sectional plane of the vortex.

The influence of vortex bending by v, and ¢, angles on the velocity measured
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Figure 6.45: Sketch illustrating the definition of vortex pitch, ¥y

Figure 6.46: Sketch illustrating the definition of vortex yaw, Py
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by probe 2 is illustrated in Figure 6.47. The difference between the instantaneous radial
position of probe 2 (equal to the probe spacing S) in the yz plane and the instantaneous
radial position of probe 2 in the vortex cross-sectional plane depends on the magnitude of
¥, In the reconstruction, it was assumed that U,2 (S = r2) ~ U,2 (ry). As the amplitude of
bending increases, however this assumption would become invalid. Also, the circumferential
velocity in the vortex cross-sectional plane, when projected on the yz plane, would be
reduced due to the magnitude of ¢,. However, if the bending angle is known, a correction

can be determined from Figure 6.47 as

r2
= 6.10
Tx COS’QZJX ( a‘)
U,
= 11
Ugy (:osd)x (6.11a)

where ro is the radial position of probe 2 with respect to the instantaneous vortex centre
in the yz plane, ry is the radial position of the probe with respect to the instantaneous
vortex axis in the vortex cross-sectional plane, Up, is the circumferential velocity in the
yz plane and U,s is the corresponding component of velocity projected on the yz plane in
the z direction and measured by probe 2. Therefore, if the average bending angle can be
estimated, the conditionally averaged profiles can be corrected accordingly.

To estimate the average bending angle, the wandering motion was modeled as a
sinusoidal wave in the zy plane with wavelength and amplitude equal to values estimated in
Sections 6.2.2 and 6.2.1, respectively. It was also assumed that the average pitch and yaw
angles are approximately equal, namely that {/}_X R ?q;x. The assumption of equal pitch and
yaw average angles appears to be reasonable due to the approximately isotropic natures of

both the free-stream turbulence and the vortex wandering.
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Figure 6.47: Sketch illustrating effect of (a) ¢

, and (b) ¢, on reconstruction of instantaneous
velocity profiles.

To estimate the amplitude of the average sinusoidal wave, the standard deviation
o of the wandering amplitude (Section 6.2.1) was used. Here o was taken to be the average
value of o, and o,. the values of o used in this analysis have been presented in Table 6.2.

The average wavelength A of the sine wave was estimated from the peak frequency
fp of wandering as determined from cross-spectra measured on the time-averaged vortex
axis as described in Section 6.2.2 and U, as the convection velocity of the vortex past the
probe. The resulting values for the wavelength are also presented in Table 6.2. With the
values for o and A given in Table 6.2, the average value of the angle arctan (|y| /x) for the
sine wave y = osin (2rx/\) was estimated numerically.

The resulting estimates of bending angles are presented in Table 6.3.

As can be observed in Table 6.3, the estimates of the average angle between the

vortex and the probe indicate that this angle was less than 4° in all cases. Thus, according
to the corrections of Equations 6.10, the corresponding uncertainty in the r» and (79 values

of the reconstructed circumferential velocity profiles was quite small, as indicated in Table

268



no grid small grid large grid
| X/c|o[m] | fp[He] [ A[m][o[m] | fp [A[m]]|ofm] | fp[He | [m]

3.75 | 0.0010 | 51 0.39 | 0.0026 | 57 | 0.35 | 0.0064 | 44 0.46
5.75 | 0.0014 | 38 0.53 | 0.0031 |39 0.51 | 0.0080 |37 0.55
7.75 | 0.0013 | 38 0.53 | 0.0031 | 35| 0.57 | 0.0098 | 36 0.56
9.75 | 0.0012 | 38 0.53 |0.0034|26|0.75 |0.010 |33 0.61

Table 6.2: Table of values used to estimate vortex pitch and yaw angles

| no grid | small grid | large grid |

| X/c | ¢, or ¢, I Ar | AUy | Ex or ax | Ar I AUy l Ex or EX | Ar | AUy I
3.75 | 0.6° 0.01% | 0.01% | 1.7° 0.05% | 0.05% | 3.2° 0.2% | 0.2%
5.75 1 0.6° 0.01% | 0.01% | 1.4° 0.03% | 0.03% | 3.4° 0.2% | 0.2%
7.75 | 0.6° 0.01% | 0.01% | 1.2° 0.02% | 0.02% | 4.0° 0.2% | 0.2%
9.75 | 0.5° 0.01% | 0.01% | 1.0° 0.01% | 0.01% | 3.8° 0.2% | 0.2%

Table 6.3: Estimated vortex pitch and yaw angles and corresponding estimated uncertainty
in r and Uy

6.3 and therefore negligible. Consequently, there was no need to apply any corrections to

the results.

6.3.6 Comparison of reconstructed and time-averaged velocity profiles

Having reconstructed the average velocity profile in a wandering frame, and esti-
mated the wandering amplitude, it is possible to compare it to the time-averaged profile
on a fixed frame. This was done by enforcing a transverse motion of the reconstructed
profile in a manner that is statistically described by the experimentally determined JPDFs
of vortex position (Figure 6.14) and determining the resulting velocity components induced
by the vortex at discrete locations in the yz plane. The vortex motion was simulated using
a number generator which generated normally distributed random numbers. Two series of

random values were generated with standard deviations o, and o, to represent the vortex
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position y, and z, for each measurement case. Discrete positions were selected along the y
axis at which to calculate point statistics to represent the probe positions (yp, zp). For each
instance of the series, the Uy, and U,, velocity components were found from interpolation

of the Uy profile using

rp = ((wp — ) + (2 - zv)2)0'5 (6.12)
6, = arctan Gj{y—;) (6.13)
Uyo = —Up () sin (6,) (6.14)

U = Up (rp) cos () . (6.15)

Point statistics were then calculated from the series of Uy, and U,, for comparison with
the time averaged statistics along the line z = 0. Mean values of U, are compared in
Figure 6.48, second moments of Uy are compared in Figure 6.49, second moments of U, are
compared in Figure 6.50, skewnesses of U, are compared in Figure 6.51 and kurtoses are

compared in Figure 6.52.
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Figure 6.48: Comparison of U, /U, determined from measurements (hollow symbols) with
values calculated using reconstructed velocity profile and measured wandering amplitude
(solid symbols) for (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75.
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Figure 6.49: Comparison of u_g/ U2 determined from measurements (hollow symbols) with

values calculated using reconstructed velocity profile and measured wandering amplitude
(solid symbols) for (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75.

0.3 r———r——r T T B VT LGNS B BLEL L BLELELEL A
r (2) 1 [® Al 11© ]
[ : iy I

N?'Oz? - - .- E ] - ]
S) P 1
rs Py :
0.01} i F i H .
[-] 4

0T 005 0 003 OT 0.1 -0.05 0 005 01 -01-0.05 0 0.05 01

ylc yle

yie

Figure 6.50: Comparison of u2/U2 determined from measurements (hollow symbols) with
values calculated using reconstructed velocity profile and measured wandering amplitude
(solid symbols) for (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75.
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Figure 6.51: Comparison of u—g /@3/2 determined from measurements (hollow symbols) with

values calculated using reconstructed velocity profile and measured wandering amplitude
(solid symbols) for (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75.
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Figure 6.52: Comparison of u_g/u_§2 determined from measurements (hollow symbols) with
values calculated using reconstructed velocity profile and measured wandering amplitude
(solid symbols) for (a) no-grid, (b) small-grid and (c) large-grid cases at X/c = 9.75.

Excellent comparisons were observed for the first and second moments, providing
confidence in both the zero-crossing technique used to determine the vortex wandering am-
plitude and in the accuracy of the reconstructed profiles. Although the third and fourth
moments show increasing differences between the time-averaged measurements and the re-
constructed results, both variations have comparable orders of magnitude and shapes. As
well as providing confidence in the analysis techniques developed, the comparisons provided
by Figures 6.48 to 6.52 reinforce the observations of Devenport et al. (1996) and Heyes

et al. (2004) that the time-averaged statistics near the vortex core are dominated by the

influence of vortex wandering.

6.3.7 Time dependence of the reconstructed profile

The reconstructed profiles of [79(7‘) shown in Figure 6.43 were determined using the
average or most probable values of U,3(S). These profiles showed a measurable decrease
in [79 max With increasing free-stream turbulence, however it is possible that, if the velocity

profile were time dependent, there could be instances when the velocity profile of the small-
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grid and large-grid cases would be comparable to the one in the no-grid case. To investigate
this possibility, the outer profile was reconstructed as described in Section 6.3.2, except
that, instead of selecting the average or most probable value of U,(S) when U, = 0,
the maximum value was selected. To avoid contamination of the results by outliers, the
maximum was determined using a set of conditions. To minimize the inclusion of instances
at which probe 1.was within the free-stream, only values of U3 (S) greater than the value
with the peak probability were considered. For the large-grid case, for which two peaks are
evident, this peak was the one associated with probe 1 being in the core. The value selected
as the maximum was the value below which U, (S) has a 99% probability of occurring when
U,1 = 0. This value was determined by examining the probability distribution of values
greater than the peak value associated with probe 1 being within the vortex core and
selecting the value at 99%, which, following Section 6.3.2, allows the estimation of a radial
profile from U,5999) (5) = (79(99%) (r =.5). The resulting profiles are shown in Figure 6.53
for the no-grid (Figure 6.53a), small-grid (Figure 6.53b) and large-grid (Figure 6.53c) cases
at X/c=3.75, 5.75, 7.75 and 9.75.

Figure 6.53 indicates that it is unlikely that the small-grid and large-grid cases
have instantaneous circumferential velocity profiles that match the no-grid profile at the
same streamwise position. This indicates that the decay observed in Figure 6.43 is not due
to averaging of an unsteady velocity profile.

The possible unsteadiness of the velocity profile was investigated further by ex-
amining the difference [79(99%) (r) — Ug (r). This difference is shown normalized by w, in

Figure 6.54, where u),, is the rms of transverse velocity fluctuations measured at the same
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Figure 6.53: Radial profiles of [79(99%) at X/c = 3.75, 5.75, 7.75 and 9.75 for (a) no-grid,
(b) small-grid and (c) large-grid cases.
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streamwise position with the wing removed from the tunnel.

For the no-grid case, Figure 6.54a, the value of u,, was an order of magnitude
smaller than [79(99%) (r) — Up (r). A streamwise decrease of (79(99%) (r) — Uy (r) was evident,
indicating a decay of the velocity fluctuations with streamwise distance. At X/c = 3.75
and 5.75, the spiral wake appeared as a region with a higher level of unsteadiness for
r/c > 0.9 and 1.2, respectively, and was not evident for X/c = 7.75 and 9.75. There is
also an increase in [79(99%) (r) — Up () with decreasing r. This increase could be evidence
of some residual effect of wandering on the reconstruction process, however, observing that
the value of ((79(99%) (r) — Uy (r)) Jul,, at r/c < 0.05 decreases with streamwise distance,
wandering does not appear to be a likely source. Thus, it appears that the increase in
(79(99%) (r)—Uy (r) is due to unsteadiness. However, it is unclear whether this unsteadiness is
due to large-scale unsteadiness in the vortex core or due to small-scale turbulent fluctuations.

The small-grid case unsteadiness, shown in Figure 6.54b, appears to be nearly
self-similar because the profiles of (79(99%) (r) — Uy (r) approximately collapse when scaled
by u.,. Similar to the no-grid case, the values of ([79(99%) (r) — Ug (r)) /ul,, increases
as r decreases with values of ([79(99%) (r) — Us (r)) /u,, = 4 at r/c = 0.04 and values
of (ﬁg(gg%) (r) — Uy (r)) Ju,, = 3 at /c = 0.15 (except at X/c = 3.75, where it is ~
2.2). Noting that homogeneous and isotropic turbulence has velocity fluctuations which
are Gaussian, a 99% range of values is in the range 2.6u},, which is indicated in Figure
6.54 as a dashed line. For r/c > 0.1, the values of [79(99%) (r) — Uy (r) were within 0.4u’,, of
this value, indicating that the fluctuations in this range are due to free-stream turbulence.

For /c < 0.1 the increase could indicate an increase in turbulent fluctuations or large-scale
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Figure 6.54: Radial profiles of (ﬁg(gg%) - (79) Jul, at X/c = 3.75, 5.75, 7.75 and 9.75 for
(a) no-grid, (b) small-grid and (c) large-grid cases. Dashed line indicates a value of 2.6.
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distortions of the vortex core.

Nearly identical behaviour was observed for the large-grid case (Figure 6.54c) at
X/c=3.75. At X/c = 5.75, the profile is similar for r/c < 0.1, however the unsteadiness
increases with increasing r for r/c > 0.1. At X/c = 7.75, this increase occurs for 7 /c > 0.08.
At X/c = 9.75, ([70(99%) (r) — Up (r)) /ul,, was between 4 and 5, with higher values at
larger radii. This increase in unsteadiﬁess is not associated with the spiral wake, as can be
observed by comparing it to that in the no-grid case wake (for which the wake appears at

r/c > 0.09 at X/c = 3.75 and r/c > 1.2 at X/c = 5.75). Instead, it is probable that the

increase in unsteadiness is due to some other source.
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Chapter 7

Discussion

7.1 Effect of free-stream turbulence on vortex formation

The flow visualization and single sensor hot-wire results indicate that free-stream
turbulence did not introduce any apparent qualitative change in the vortex formation
process, although it affected the initial turbulence level in the vortex core and resulted
in increased distortion and meandering of the formed vortices. The negligible effect of free-
stream turbulence on the loading of the wing is demonstrated by the fact that the section
lift coefficient ¢y, showed a negligible variation with increasing free-stream turbulence level
(Section 5.6).

Within the range of the reconstruction of velocity profiles (X/c = 3.75 to 9.75),
the g max values show that the small-grid and large-grid cases had approximately the same
core radius, however the uncertainty in determining 79 max (within 10%) prevents one from
making a definitive statement concerning the effect of free-stream turbulence on the initial

radius of the vortex core. Within the same streamwise range, [79 max for the small-grid case
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and large-grid case are lower than no-grid case (by approximately 20% and 40% respec-
tively). If the decay of U max WeTe linear, extrapolating the Upmax values to X /e =0
would indicate that the small-grid case (79 max Would be approximately 12% lower than the
no-grid case and the large-grid case 24% lower at the approximate location of vortex for-
mation, which could be interpreted as the formation of an initially weaker vortex core for
the grid cases. However, if the decay is modeled using the power law shown in Figure 6.44,
[79 max for all three cases converges at X/c = 0.75, the trailing edge of the wing, which would
indicate an initially similar value of Upmax for all three cases. Support for this possibilty
can be found in the streamwise development of Fgmax and Ugmax (Figures 5.48a and b).
For all measurement cases, these quantities appear to converge to the no-grid case values
at small X/c. It therefore appears that the effect of free-stream turbulence on the initial

radial profile of circumferential velocity profile is small.

7.2 Streamwise velocity within the vortex core

An issue of interest is to determine whether, for the different free-stream conditions,
the time-averaged streamwise velocity in the vortex core is jet-like or wake-like, namely
whether the peak streamwise velocity Up in the core is greater or smaller than U, (Chow
et al. (1997), Devenport et al. (1996), Anderson and Lawton (2003)). The measurements
in the no-grid and small-grid upstream case at X/c = 1.75 (Figures 5.33 and 5.34) appear
to conform with neither of these patterns. Instead, the axial velocity profile has a local
maximum at the vortex center, roughly equal to the local free-stream velocity, surrounded

by an annular region with a velocity deficit. As the vortex develops downstream, both the
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central maximum and the annular deficit decrease and the axial velocity profile approaches
a wake-like form. Considering that lateral vortex motion would generally tend to smoothen
the time-averaged velocity profile, one may not assert the degree, if any, by which the
observed changes in the mean profile are caused by vortex wandering or whether they are
the result of changes in the instantaneous profiles.

To illuminate this issue, a simple model was created by introducing a random
transverse motion of the velocity profile indicated by a solid line in Figure 5.33 for X/c =
1.75, which is an approximation of the measured mean profile. Time series representing
the instantaneous displacements in the y and z directions of the vortex axis from the fixed
origin with zero means and standard deviations o, and o,, respectively, were generated
using a Gaussian random number generator. A series of points along a radial line were
chosen to represent locations of the fixed measuring probe, and a time series of the velocity
U, at each point was formed by selecting appropriate values from the velocity profile of
the randomly moving vortex. Mean values U, were calculated from the series for different
values of 0, = 0, = o, which correspond to the amplitudes of wandering motion. The
results for 0 = 0.005¢(= 1mm) and ¢ = 0.017¢(= 3mm) are presented in Figure 5.33
for X/c = 5.75 and 9.75, respectively as dashed lines. Despite its crudeness, this model
reproduces fairly well the profiles measured at X/c = 5.75 and 9.75 for the no-grid case. In
other words, the shapes of the mean profiles measured downstream are approximately the
same as the mean profiles that would be observed by a fixed probe, if a vortex with a fixed
instantaneous profile equal to the mean profile at X/c = 1.75 were set in Gaussian-type

vortex wandering. Note that the rms amplitudes of wandering estimated at each location
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are actually conservative, because they are based on the assumption that the profile at
X/c = 1.75 is not itself subjected to wandering. However these values are significantly
larger than predicted using the correction techniques of both Devenport et al. (1996) and
the current study, which implies that either the correction is inaccurate or the streamwise
development shown in Figures 5.33 and 5.34 is due to effects other than vortex wandering.
Due to the agreement of the current wandering estimate and that of Devenport et al. (1996),
it appears more likely that the development is due to effects other than vortex wandering,
such as viscous or turbulent diffusion.

An annular profile, such as measured for the no-grid case at X/c = 1.75, can be
expected to produce instability within the vortex core (Marshall and Beninati (2000), Fabre
and Jacquin (2004)). Indeed, there is a peak evident in the no-grid case power spectra
within the vortex core (Figures 5.54, 5.57 and 6.21a). Such peaks are commonly associated
with vortex instabilities (Singh and Uberoi (1976), Bandyopadhyay (1990), Jacquin et al.
(2003)). Turbulence produced by these instabilities will act to decrease the streamwise
velocity gradients within the core through momentum transport, which could explain the
decrease in U, with streamwise distance observed in Figure 5.33 and evolution of the radial
profile of U, towards a more Gaussian form.

For the turbulent free-stream cases, for which vortex wandering was found to be
much stronger than that in the no-grid case, one would anticipate that instantaneous radial
profiles of the streamwise velocity could be even more different in shape from the mean
profiles measured by a fixed probe. It is thus clear that vortex wandering could possibly

obscure the measurement of an annular velocity profile by smoothening velocity differences,
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reducing peak values and spreading the profile radially, in a process that could be termed
as apparent radial diffusion. It appears at least possible that the annular profile could also
exist for the grid cases immediately following vortex formation as slight annularity was
observed in the small-grid-upstream case at X/c = 1.75.

Considering that for the grid turbulence cases a greater amount of turbulence was
observed within the vortex during flow visualization of the vortex formation and within the
boundary layers in the single-sensor hot-wire measurements, it appears likely that there is
a higher level of turbulence entrained into the core from both the boundary layers and the
free stream during vortex formation. Therefore, it is likely that there will be increased
turbulent diffusion of streamwise momentum in these cases, which, in turn, would rapidly
reduce any annularity of the streamwise velocity profile. This would tend to result in a
rapid evolution in time towards the more Gaussian shape observed in the radial profile of
streamwise velocity for the grid cases and could explain the differences observed between
the no-grid and grid cases. Thus, differences in the observed time-averaged profiles of U,
for different free-stream conditions could be due partly to differences in the instantaneous

profiles and partly to differences in wandering effects.

7.3 Effect of free-stream turbulence on the spiral wake

An increase in free-stream turbulence appeared to increase the rate of diffusion
of the streamwise momentum within the spiral wake, as observed in Figures 5.28 to 5.32.
This was expressed as both an increase in the wake width and a corresponding decrease

in velocity deficit. Moreover, increasing free-stream turbulence resulted in a decrease in
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the curvature of the wake, which may be interpreted as a reduction in the strength of the
velocity field induced by the vortex. This reduction in wake curvature is not an artefact of
the measuring procedure, as it cannot be attributed to vortex wandering.

Within the shear layer, isotachs of circumferential velocity across the spiral wake
arc oriented at an angle to the wake (Figures 5.38 to 5.42), indicating that the wake is
undergoing both stretching and shearing, in agreement with discussion by Devenport et al.
(1996) and Miranda and Devenport (1998). For all five free-stream conditions, the angles
between the velocity contours and the wake trajectory are comparable, which indicates that
the relative strength of stretching compared to skewing remains unaffected by free-stream
turbulence. However, also apparent in Figures 5.38 to 5.42 is a decrease in the density of the
isotachs of Uy along the wake with increasing free-stream turbulence, indicating a decrease
in the magnitude of rates of both stretching and shearing in the wake with increased free-
stream turbulence. Stretching along the length of the spiral tends to increase the azimuthal
vorticity component, whereas shearing tends to produce additional turbulence in the wake.
As these effects appear to weaken with increasing free-stream turbulence, one would expect
that the influence of the wake on the vortex would also weaken.

Lateral spreading of the shear layer shed from the wing was observed, which would
decrease the rates of shearing in the wake and appeared to be caused by an increase in tur-
bulent diffusion. Such increases in diffusion occur both with increasing streamwise distance
and increasing free-stream turbulence. Phillips (1981) describes the process of the innermost
spirals of the shear layer merging together through viscous diffusion to form the vortex core.

This process, combined with an increased rate of diffusion due to more intense free-stream
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turbulence, provides a mechanism for an increase in the vortex core radius at distances far
downstream of the wing, where the vortex roll-up is complete, however no such increase

was observed in the streamwise distance examined in this study.

7.4 Vortex wandering

Measurements of time-averaged Reynolds stresses (Section 5.11) were found to be
strongly contaminated by vortex wandering, with the greatest effect appearing as very high
local Reynolds stresses near the time-averaged vortex axis. Examination of the ayy, a.,
and a,, component of the anisotropy tensor in Section 5.13 indicated that wandering of the
vortex contaminated the entire measurement region. Therefore, caution must be exercised
when analyzing time-averaged turbulence statistics in the presence of wandering.

A novel analysis was performed in Section 6.2.1 to quantify the amplitude of vortex
wandering by determining the joint probability density function (JPDF) of vortex position
in y and 2 using the zero-crossings of U, and U,. It was found that, for the isotropic grid
turbulence, the vortex position on the yz plane could be described by a bi-normal distri-
bution with roughly circular organization of the JPDF isocontours of probability around
the time-averaged axis of the vortex, indicating that there is little preferential bias in the
wandering direction. Devenport et al. (1996) also assumed a bi-normal distribution and
found that there was a measurable correlation between the y and z directions. For the grid
cases, no such correlation could be observed in the JPDFs. For the no-grid case, however,
because of the relatively coarse spacing of the measurement grid and the relatively low

amplitude of wandering, the effectiveness of the zero-crossing technique was reduced and,
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therefore, the existence of a correlation between y and z directions of wandering observed
by Devenport et al. could not be established.

The results of the wandering analysis do not appear to support the hypothesis that
the wandering of an isolated vortex in free-stream turbulence is the result of an instability
excited by the turbulent eddies. Such types of motion are incompatible with the observed bi-
normal JPDF of vortex position, which indicates that the vortex motion is random rather
than organized, as would be the case if it were the result of either sinusoidal or helical
instabilities. For example, for a helical instability, the greatest number of zero-crossings
would occur in a ring around the mean vortex axis, which would trace the path of the
instantaneous vortex axis, whereas, for a sinusoidal (bending wave) instability, the greatest
number of zero-crossings would occur at the peaks of the sine wave. Rossow (1999) notes
that an isolated vortex undergoing a bending wave instability will tend to rotate about its
own axis and for such behaviour the greatest number of zero-crossings would occur at the
time-averaged vortex axis, however, the general appearance of the JPDF of vortex position
would be closer to a “Mexican hat” shape than a Gaussian shape, with increased probability
at the edge of the range of motion.

The amplitude of vortex wandering was found to be well described using the stan-
dard deviations o, and o, of the bi-normal distribution in the y and z directions. The
wandering amplitude was found to increase both with streamwise distance and increased
free-stream turbulence. A weak directional dependence was observed in the wandering, as
oy was found to be slightly larger than o,, particularly for the large-grid case. However,

close examination of the Reynolds normal stresses ug and u_g shows that the grid-generated
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turbulence itself was not perfectly isotropic, with Eg being slightly larger than u_g, possibly
due to the difference in width and height of the wind tunnel. Consistency of the anisotropy
between the Reynolds normal stresses and the wandering amplitude also supports the ob-
servation that wandering is the result of transport due to free-stream eddies.

This study confirms what other researchers (Devenport et al. (1996), Rokhsaz
et al. (2000), Baker et al. (1974)) have observed, that the wandering amplitude grows with
streamwise distance. The wandering was found to have the largest amplitude when the
vortex was weakest, which indicates that the wandering was not self-induced. Of interest is
a comparison of the sensitivity of vortex wandering to the turbulence kinetic energy and that
to its length scale. As discussed in Section 6.2.1, the wandering amplitude is higher for the
large-grid case with the grid in the downstream position when compared to corresponding
case with the grid in the upstream position (the uncertainty for the small-grid and small-grid
upstream cases prevents one from conducting a meaningful comparison between these two
cases). It is reminded that, as the grid turbulence evolves downstream, its kinetic energy
decays, whereas its integral length scale grows. Thus, the present observations indicate that
the wandering amplitude depends in a stronger fashion on the turbulent kinetic energy than
the turbulence length scale.

The wavelengths exhibited by the vortex wandering were estimated in Section
6.2.2 using frequency spectra of velocity on the time-averaged vortex axis. It was observed
that the spectral content of vortex wandering was wideband and appeared predominantly
as a plateau in the spectra for f < 100Hz. Despite this broad range of frequencies, closer

examination of the frequency contribution using cross-spectra revealed the existence of a

286



dominant wandering frequency f,, which was near 80 Hz at X/c = 1.75 and decreased with
streamwise distance to approximately 30Hz at X/c = 9.75. This decrease in frequency
implies a growth in the wavelength of the wandering with streamwise distance (Figure
6.26). The wavelength U,/f, was not found to be comparable in magnitude with the
integral length scale. The timescale 1/f, corresponding to the peak frequency has been
compared to the “eddy turnover time” (or “eddy lifetime”) 7 = L,/u, in Figure 6.28.
This figure indicates that the timescale of wandering decreases at the same rate as the eddy
turnover time, with 1/ f,, being approximately 0.47 g, which further supports the observation

that wandering is the result of transport due to free-stream eddies.

7.5 Effect of free-stream turbulence on the vortex

Using a novel analysis of two-point three-component velocity measurements, the
average circumferential velocity profile in the wandering frame was reconstructed in Section
6.3. A noticeable impact of free-stream turbulence was measured, with an increase in free-
stream turbulence causing an increase in the rate decay of the peak circumferential velocity
l~/'g max Of the reconstructed velocity profile. Interestingly, the radial location 7 max at which
(79 max Occurs did not show a corresponding increase, indicating a loss of angular momentum
within the vortex core. Evidence in a reduction of circumferential velocity with increasing
free-stream turbulence can also be found in the observed noticeable decrease in the curvature
of the spiral wake with increasing free-stream turbulence, which may be interpreted as a
reduction in the strength of the velocity field induced by the vortex.

Several possible mechanisms can be proposed to explain the mechanism leading to
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this loss of circumferential velocity:

e Turbulent diffusion due to entrainment of free-stream or boundary layer turbulence

during vortex formation.

e Entrainment and diffusion of the vortex vorticity at the edge of the core by free-stream

eddies, leading to transport of vorticity away from the vortex core.

e A vortex stripping mechanism, as suggested by Marshall and Beninati (2000). Ac-
cording to this hypothesis, secondary turbulent structures, which originate in grid
turbulence, are wrapped around the vortex and gradually strip away parts of the core
and its vorticity. Vortical fluid which is stripped from the core becomes wrapped
around the vortex, such that its vorticity is re-oriented towards the azimuthal direc-
tion, thus adding to the strength of the coherent structures but reducing the circulation

as measured on the transverse plane.

o Holzspfel et al. (2003) suggest that it is the formation of these secondary structures
that causes the reduction in core vorticity. According to this description, angular
momentum is transferred from the core to the secondary structures as the latter wrap
around the core. As the vortex stretches the secondary structures, work is performed
by the vortex core on the structures, resulting in an increase of the rotational energy

of the structures and a loss of the rotational energy of the vortex.

e Simulations (i.e. Holzépfel et al. (2003)) have also observed that, under conditions
with high free-stream turbulence, the vortex is rapidly deformed and broken up by

the free-stream eddies.
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Saffman (1995) describes that a Lamb-Oseen vortex undergoing viscous decay has
a core radius 7gmax which grows proportionately to (l/t)l/ 2. This prediction can be extended
to a turbulent vortex to infer that the vortex core radius would roughly grow as (vt)",
where v; is some eddy viscosity. The presently reconstructed velocity profiles show no
evidence that 7p max grows downstream. This lack of growth seems to imply that the vortex
strength decay observed in the current study is due to a mechanism other than turbulent
diffusion. Another possibility could be that the diffusion is competing with some other
mechanism which counteracts the core growth.

The time-averaged radial profiles of circulation (Figure 5.50) also provide some
information about the vortex decay. Near the vortex core, the time-averaged velocity used
to calculate I' was strongly influenced by wandering. However, as shown in Figure 6.37,
the reconstructed velocity profiles match the time-averaged velocity profiles for the range
r/c 2 0.14 (for the large-grid case at X/c = 9.75 , the profiles were found to match at
smaller radii for all other cases), hence the radial profiles of T' should also be unaffected by
wandering for this range.

The time-averaged radial profiles of circulation show that, for the grid turbulence
cases, after an initial period of circulation increase (vortex formation and roll-up), there is
a decrease in circulation at large radial distances. This decrease appears to occur over the
entire range of measured radii, which is inconsistent with the diffusion of vorticity away
from the vortex core, but could indicate a net reduction of axial vorticity. One possible
explanation for the net loss of axial vorticity is the reorientation of vorticity vectors into the

azimuthal direction, through stretching induced by the vortex. Alternately, the turbulent
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eddies could cause previously “organized” vorticity to become “disorganized” resulting in
a reduction of axial vorticity. Thus, the behaviour of the radial profiles of circulation are
consistent both with vortical fluid being stripped from the core and reorganized and the
transfer of angular momentum from the core due to stretching of the azimuthal structures.

Holzéipfel et al. (2003) observed that after an initial period of decay, the vortex
circulation remained relatively constant with time. They attribute this to an initial loss
of vortex rotational energy during the formatibn of the secondary structures. Once the
structures were fully formed, there was no more transfer of angular momentum to the
structures and hence the decay in circulation ceases. Examination of Figure 6.44 shows
that the rate of decay of Upmax decreases with X/¢, which could indicate that the vortex
is approaching a steady state. Heyes et al. (2004) also found that, at far downstream
distances, the rate of decay of Ugmax was small and similar to their no-grid case. This
behaviour could indicate that the initial decay of Upmax is due to the formation of secondary
structures and, once formed, Upmax could remain approximately constant. An alternate
explanation, however, that the turbulent kinetic energy of the grid turbulence itself is
decaying and that, as the turbulence decays, its influence on Ugmax could be reduced.

It is important to note that the reconstructed velocity profiles produced in this
study are only averages. Examination of the JPDFs of Figures 6.30 and 6.33 indicate
that there is actually a range of U,y values that are measured when probe 1 is at the
instantaneous vortex axis. Although this U, variation could be due to uncertainty in the
reconstruction technique, it is highly probable that the velocity profile in the wandering

frame is unsteady, particularly because the streamwise evolution of the profile is due to
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turbulent effects. Hence, it is possible that the instantaneous field of the vortex is not
precisely axi-symmetric. Non-axisymmetry may introduce instability and a mechanism for
the detrainment of the core fluid into the free-stream.

The reconstructed velocity profiles were examined to obtain an estimate of un-
steadiness in the profile in Section 6.3.7. These results indicated that, for the small-grid and
large-grid cases, there was increasing unsteadiness as 7 decreased towards Tgmax. This un-
steadiness approximately scaled with the transverse velocity fluctuations of the free-stream
turbulence measured with the wing removed at the same streamwise position. The sim-
ulations of Holzéipfel et al. (2003) indicate that secondary structures which wrap around
the vortex can deform (bend) the vortex core and both stretch and squeeze the vortex.
Thus the unsteadiness observed in the reconstructed profile could be due to large-scale de-
formation of the vortex by these secondary structures. If this is the case, the scaling of
the unsteadiness by the transverse velocity fluctuations of the free-stream turbulence would
indicate that velocity scales of the structures also scale with the velocity fluctuations of the
free-stream turbulence.

Unfortunately, it was not possible with the current results to quantify turbulence
and unsteadiness within the vortex core. However, some information can be found in
the similarity between time-averaged Reynolds stresses and the reconstructed apparent
Reynolds stresses caused by vortex wandering (Section 6.3.6). The similarity between the
measured and reconstructed results indicate that any turbulence within the vortex core is
relatively weak when compared to the apparent Reynolds stresses caused by wandering,

which is consistent with the observations of Heyes et al. (2004). However, considering the
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magnitude of the vortex wandering, and the nature of the measurements, turbulence within
the core cannot be ruled out. Only measurements of the temporal evolution of the vortex

field in the wandering frame could resolve this issue.

7.6 Influence of the vortex on free-stream turbulence

In studies investigating the spiral wake, it has been found that, as the wake spirals
to smaller radii, there are increased rates of stretching and skewing (Miranda and Devenport
(1998), Devenport et al. (1996), Phillips (1981)). Simulations have also shown that, for
a vortex in turbulence, the free-stream eddies become organized into azimuthal coherent
structures (Marshall and Beninati (2005), Takahashi et al. (2005), Holzépfel et al. (2003),
Melander and Hussain (1993)). These studies clearly demonstrate that the vortex actively
affects an initially isotropic free-stream turbulence, reorganizing it through shearing and
straining to an anisotropic and inhomogeneous form.

Measurements presented in Section 5.14 revealed the existence of an azimuthal
ring of integral length scales with a value equal to approximately half the integral length
scale of the free-stream turbulence, which was found to grow with streamwise distance.
Miranda and Devenport (1998) measured the transverse integral length scale in the spiral
wake and found an increase in the transverse integral length scale along the spiral near the
core when compared with measurements in a location where the wake had not yet begun to
spiral around the vortex. This behaviour was attributed to the increased rate of stretching
near the vortex and therefore a similar increase in transverse integral length scale could be

expected in the free-stream eddies as they stretched and reoriented azimuthally. Coinciding
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with this increase in transverse integral length scale, would be a corresponding decrease in
streamwise integral length scale due to mass conservation which would explain the decrease
in streamwise integral length scale (compared to the grid turbulence with the wing removed)
observed in Figures 5.70 to 5.73. The radial extent of this reorientation on the integral
length scale was found to grow from r < 67gmax at X/c = 1.75 to a range to encompassing
7 < 2579 max Dy X/c = 9.75.

Closer to the vortex core within the range g max <

~

r < 679 max, bandpass filtering
performed in Section 6.1 revealed the existence of an azimuthal ring of high Reynolds stress
at high frequencies, evident for both the no-grid and small-grid cases. This azimuthal ring
had peak stresses at approximately 2.579max, which is near the radius of 27gmax cited by
Takahashi et al. (2005) at which secondary structures occur. The radial location of the peak
was found to move inwards towards the vortex core as pass-band frequency was increased.
This behaviour is consistent with the wrapping of the secondary structures around the core.
As they do so, their streamwise length scale will decrease at each successive spiral.

At radii near 279 max, & ring of enhanced turbulent strain rate was observed for
the small-grid and small-grid-upstream cases in Section 5.15. Although the exact value
was obscured by the effects of vortex wandering, the turbulent strain rate was several times
greater than in the free-stream. As the eddies were stretched and wrapped around the vor-
tex, their azimuthal vorticity would increase, resulting in higher overall enstrophy around
the vortex core. Tennekes and Lumley (1972) show that at high Reynolds numbers, assum-
ing approximately isotropic behaviour at small scales, enstrophy is related to dissipation

through the action of viscosity and the turbulent strain rate. Both Takahashi et al. (2005)
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and Melander and Hussain (1993) observed local regions of enhanced dissipation near the
vortex core and found that these regions coexisted at the same radial range as the secondary
structures, however Melander and Hussain (1993) could not statistically link the dissipation
to the structures. However the higher dissipation of turbulent kinetic energy in this region
could be due to stretching imposed by the vortex on small scale turbulent eddies causing
them to stretch to increasingly smaller scales where they would be dissipated by viscosity.

For the large-grid and large-grid upstream cases, the highest Reynolds stresses in
the bandpass filtered results and the location of peak turbulent strain rate occurred at the
time-averaged vortex axis. However, at the high wandering amplitudes observed for the
large-grid and large-grid-upstream cases, even at the time-averaged vortex axis the probe
spends more time measuring velocity at radial locations outside the vortex core compared as
opposed to inside the vortex core. As a result, for these cases, evidence of the organization
of Reynolds stresses and turbulent strain rate into azimuthal rings was obscured by the
wandering. Hence, little information about the organization of the turbulence by the

vortex could be obtained for these cases.
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Chapter 8

Conclusions and recommendations

for future studies

The objective of this study was to observe and document the effects of free-stream
turbulence on wing-tip vortex formation and streamwise development near the wing. Al-
though recent simulations have provided some interesting insight into the interaction be-
tween a vortex and a turbulent free stream, there have been very few experimental studies
which have attempted to measure this interaction, mainly because of difficulties arising from
the unsteady wandering of the vortex. The present study has overcome these difficulties
through the development of an analysis technique which can quantify the vortex wandering
and by using simultaneous measurements of the velocity in magnitude and direction at two
points combined with a specialized analysis procedure to reconstruct the velocity profile of
the vortex in the wandering frame of reference. These results were combined with high

quality time-averaged measurements and flow visualizations to provide a thorough overview
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of the vortex formation and development in the presence of free-stream turbulence.

Dye-injection flow visualization, combined with single-sensor hot-wire measure-
ments and oil-film flow visualization revealed that the wing-tip vortex formed from three
distinct co-rotating vortices whose positions were unaffected by free-stream turbulence.
Moreover, flow visualization indicated that free-stream turbulence increased the turbulence
within these vortices and the wandering amplitude.

Four-sensor hot-wire measurements of the velocity vector were performed in several
cross-sectional planes downstream of the wing. It was observed that free-stream turbu-
lence did not seem to introduce any measurable change in the mean trajectory of the vortex.
The radial profile of the mean axial velocity had an axi-symmetric off-axis minimum in the
no-grid case close to the wing, which developed towards a wake-like shape with increasing
streamwise distance. All cases with grid turbulence in the free stream had wake-like mean
axial profiles, which were found to be affected significantly by vortex wandering. The shear
layer shed from the wing was found to both stretch and shear the wing wake. Increased
free-stream turbulence resulted in reduced stretching and shearing, although the relative
strengths of stretching and shearing remained in proportion. Time-averaged Reynolds
stresses and circumferential velocity profiles near the mean vortex axis were found to be
strongly affected by vortex wandering. Integral length scales were found to be approxi-
mately half of the integral length scale of the grid turbulence in an azimuthal ring around
the vortex, with the ring radius growing with streamwise distance. At smaller radii, the
turbulent strain rate was found to be significantly higher compared to the turbulent strain

rate measured in the grid turbulence without the wing in place. Bandpass filtering of
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the Reynolds normal stresses indicated the presence of a ring of high Reynolds stresses
around the vortex in high frequency pass-bands. The location of this ring was consistent
with the location of the formation of azimuthally-aligned secondary structures observed in
simulations by other authors.

Time-series analysis indicated that increasing the free-stream turbulence resulted
in increased amplitude of vortex wandering. The vortex wandering was found to be well
represented by a bi-normal distribution of vortex position. Combined with observat[ions
made from power spectra, these results indicated that the vortex wandering was caused by
convective transport due to large-scale free-stream eddies.

Two point measurements were used to reconstruct the instantaneous velocity pro-
file. Increasing free-stream turbulence was found to increase the rate of decay of the vortex
peak circumferential velocity profile while not significantly affecting the radial location at
which the peak occurs. These results, combined with time-averaged radial profiles of vortex
circulation, indicate a net loss of axial vorticity and support the decay mechanisms proposed
by other researchers who suggest that the vortex decay is due to three-dimensional effects
such as vorticity stripping by secondary coherent structures which form azimuthally around
the vortex (Marshall and Beninati (2000)) or to loss of angular momentum caused by the
formation of these structures (Holzépfel et al. (2003)).

The following recommendations for further work on the interaction between a

vortex and free-stream turbulence can be made.

1. Flow visualization should be performed downstream of the wing to study the interac-

tion between the turbulence and the vortex. In particular, this will provide insight
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into the stretching of turbulent eddies around the vortex and will indicate whether

there is any exchange of fluid between the vortex core and the free-stream.

. Additional information could be provided on the instantaneous vortex core by repeat-
ing the two-probe measurements with probes that have been constructed in such a
way as to decrease the minimum probe spacing. Alternately, performing experiments
on a larger vortex will improve the spatial resolution of measurements in the core of

the vortex.

. Measurements could be taken with a PIV system, preferably time-resolved PIV. This
measurement technique will verify the reconstruction technique and provide informa-
tion about possible unsteadiness of the vortex velocity profile. In addition, measure-
ments could be made in a plane including the streamwise axis to study the relationship

between the vortex, the free-stream turbulence and secondary structures.

. Introduction of shear into the free-stream will minimize the decay of the free-stream
turbulence, as well as introducing vorticity into the flow. Minimizing the turbulent
decay will indicate whether the observed decay of peak circumferential velocity is due
to an event that occurs shortly after formation, such as the formation of secondary

structures, or is due to a continual process such as vorticity stripping.
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Appendix A

Time-averaged turbulent kinetic

energy and Reynolds stresses

A.1 Time-averaged turbulent kinetic energy

The variations of measured velocity fluctuations are presented as three-dimensional
contour plots of k/U2 for each of the five free-stream conditions at X /e =1.75,3.75,5.75,7.75
and 9.75 in Figures A.1-A.5. These measurements were performed at a = 5° and Re, =
2.4 x 10°. In all figures, the wing wake can be identified as a thin region in which k/ U2 was
greater than the free-stream level. Peaks of k/ U2 considerably greater than the free-stream
value characterized the time-averaged centre of the vortex. In all cases, single axi-symmetric
peaks were observed, except for the no-grid case at X/c = 1.75, where two peaks were evi-
dent.

Close to the wing, at X/c = 1.75, the magnitude of k/U? in the spiral wake was
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approximately the same for all cases. As the vortex developed downstream, the magnitude
decreased monotonically with a more substantial decrease becoming evident as the free-
stream turbulence intensity increased. At the last measuring station, X/c = 9.75, and with
high levels of free-stream turbulence, the difference between the intensities of fluctuations
in the spiral wake and the free stream was not very pronounced.

At the time-averaged centre of the vortex, the peak in k/U2 was much greater in
magnitude for the turbulent cases than for the no-grid case. The radial dimension of the
peak increased monotonically with both free-stream turbulence intensity and streamwise
distance. However, the streamwise trends of the magnitude of the measured peak k/U2
varied depending on the free-stream conditions. Figure A.6 illustrates these trends for all
five cases. The peak k/U2 value for the no-grid case, initially at 0.027, rapidly decreased
by an order of magnitude between X/c = 1.75 and X/c = 3.75, then gradually increased.
The peak k/U? of the small-grid-upstream and small-grid cases did not initially decrease
as observed for the no-grid case, but instead gradually increased with streamwise distance
from their values at X/c = 1.75. An initial increase in peak k/U2 was also evident in
the large-grid-upstream case between X/c = 1.75 and X/c¢ = 3.75, however, downstream
of X/c = 3.75, the peak value decreased with X/c. Although the initial increase was not
evident for the large-grid case, as X/c increased from X/c = 1.75, the peak magnitude k/U?2
decreased at the same rate as observed for the large-grid-upstream case for X/c > 3.75.

The trends observed in Figure A.6 can be explained almost entirely by considering
the combination of vortex wandering and the variation of Uy in the vortex. As shown in

Section 6.2, the amplitude of vortex wandering increased with X/c and also with increasing
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Figure A.1: Contours of k/U2 at X/c = 1.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.2: Contours of k/U2 at X/c = 3.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.3: Contours of k/U2 at X/c = 5.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.6: Maximum k/U2 measured for each of the measurement cases.
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free-stream turbulence. The rms wandering amplitude was smaller than the core radius
for the small-grid and small-grid-upstream cases and greater than the core radius for the
large-grid and large-grid-upstream cases. Thus, the increases in maximum k/ U2 with X/c
for the small-grid and small-grid-upstream cases were caused by the increase in wandering
amplitude with X/c, because at (y, z) = 0 the probe was within the vortex core, where the
velocity gradient is highest, for most of the measurement time. However, for the large-grid
and large-grid-upstream cases, the probe was outside the vortex core, where the velocity
gradient is smaller, for the majority of the measurement time. Hence, the decrease with X /c
observed for the large-grid case and large-grid-upstream cases was caused by an increase
in the time that the probe was outside the core due to increased wandering amplitude.
For the no-grid case, the rapid decrease in peak k/U2 from X/c = 1.75 to X/c = 3.75 is
possibly caused by decay of turbulence entrained within the vortex core during formation.
Downstream of X/c¢ = 3.75, the maximum k/U?2 increases as the wandering amplitude

increases.

A.2 Time-averaged Reynolds normal stresses in the stream-

wise direction

The variations of the measured streamwise normal stress u2 normalized by U2 are
shown in three dimensional contour form in Figures A.7-A.11 for X/c = 1.75, 3.75, 5.75,
7.75 and 9.75 at Re, = 2.4 x 10% and o = 5°. Similarities can be observed in these figures
when they are compared to the turbulent kinetic energy distributions presented above, most

notably high fluctuations in the spiral wake and a local peak at (z,y) = (0,0).
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The spiral wake is evident in Figures A.7-A.11 as a thin region of u_i/ U2 values
slightly higher than those in the free-stream. The thickness of the spiral wake increased with
both increasing free-stream turbulence and streamwise distance. As streamwise distance
increased, there was a noticeable decrease in magnitude of u2 /U2 values in the wake, with
the rate of decrease varying between the different cases. By X/c = 9.75 in the large grid
case, the magnitude of u_g/ U? within the spiral wake was only slightly higher than the
magnitude in the free-stream.

With the exception of measurements at X/c = 1.75, the highest u2 /U2 values were
measured at the time-averaged vortex centre, appearing as a dominant peak in Figures A.7-
A.11. As both streamwise distance and free-stream turbulence intensity increased, this
peak became broader. The magnitude of the peak is given in Figure A.12 as a function
of streamwise distance for all five cases. Higher magnitudes of u2/U? were measured with
increasing free-stream turbulence and for all cases the peak values of u2/U2 decreased with
streamwise distance.

The streamwise behaviour of the peak values of u2/U2 shown in Figure A.12 can
possibly be explained by considering the effects of vortex wandering in combination with the
decay of both the radial gradient of the streamwise velocity and of the turbulence within
the vortex core. As shown in Section 6.2, the amplitude of vortex wandering increased
with X/c and also with increasing free-stream turbulence. At large wandering amplitudes,
the probe spends more time measuring outside the vortex core, where the radial gradient
of U, is expected to be small. Hence, as the amplitude increases, the peak u_%/ U2 values

can be expected to decrease. The rate of decrease of peak u2/U2 could also be affected by
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spaced 0.0002 apart.
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Figure A.13: Contours of u2/U2 measured near the time-averaged vortex axis for the (a)
no-grid, (b) small-grid and (c) large-grid cases.

a streamwise decrease in the radial gradient of U, as the axial velocity deficit in the vortex
core decreases. Finally, the trends of Figure A.12 could also contain some actual reduction
of the local turbulence stress, however quantifying this effect is impossible because of the
strong effect of vortex wandering.

The arrangement of the measured u2/U2 values near the time-averaged vortex
centre is more closely examined in Figure A.13, which shows isocontours of u2 /U2 measured
in the high resolution, core-centred measurements for the no-grid, small-grid and large-grid
cases at X/c = 9.75. Axi-symmetry of the u2/U2 isocontours was observed for the two
grid cases, however u_%/ U2 measurements for the no-grid case revealed multiple peaks. The
largest peak was at the time-averaged vortex centre with two evident secondary peaks, which
were located asymmetrically at the same radial distance. Although the exact source of the
peaks is not known, it is possible that they are caused by an increase in measurement error
due to the large flow angles at this location since the peaks are approximately coincident

with U@ max:
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A.3 Time-averaged Reynolds normal stresses in the trans-

verse directions

The measured transverse normal stresses u_g and u_g, normalized by Ug, are shown
as three-dimensional isocontours in Figures A.14-A.18 and Figures A.19-A.23, respectively,
for X/c = 1.75, 3.75, 5.75, 7.75 and 9.75 at Re, = 2.4 x 10° and o = 5°. Similarities can
be observed when comparing the corresponding figures of these stresses as well those of the
turbulent kinetic energy and the streamwise normal stress distributions shown in Figures
A.1-A5 and Figures A.7-A.11. In particular, the spiral wake is evident as a thin region of
u_g/ U2 and u2/U? values slightly higher than those in the free-stream and the highest values
of &g/ U2 and u2/ U2 were measured at the time-averaged vortex centre. The streamwise
development of u_z/ U2 and u2/U2 is also similar to that of u2/U2. With increasing free-
stream turbulence and streamwise distance, the spiral wake thickens and there is decreasing
difference between the magnitude of transverse normal stresses in the wake and in the free
stream. At X/c = 9.75 in the large-grid case, the spiral wake is only scarcely evident.

As streamwise distance and free-stream turbulence intensity increase, the peaks
of Eg/ U2 and u2/U2 evident at the time-averaged vortex centre in Figures A.14-A.18 and
Figures A.19-A.23 broaden. However, the isocontours of u_z%/ U2 and u2/U2 are not axi-
symmetric but have ovoid shapes near the time-averaged vortex centre with the long axis of
the oval aligned in the direction of the stress. Further away from the time-averaged vortex
centre, tails are evident in the isocontours, causing them to appear more S-shaped.

At the time averaged centre of the vortex, the peak values of u_g/ U2 and u2/U2

were much greater in magnitude for the turbulent cases than for the no grid case. The peak
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Figure A.14: Contours of u_f// U2 at X/c = 1.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.15: Contours of u_g,/ U2 at X/c = 3.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.16: Contours of u_g/ U2 at X/c = 5.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.17: Contours of u_g/ U2 at X/c = 7.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.18: Contours of Eg/ U2 at X/c = 9.75 for each measurement case. Contours are
spaced 0.0002 apart.

330



0.03 vd AN

5
S
g
(=]
a

large grid

Figure A.19: Contours of u2/U2 at X/c = 1.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.20: Contours of u2/U2 at X/c = 3.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.21: Contours of u2/U2 at X/c = 5.75 for each measurement case. Contours are
spaced 0.0002 apart.
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Figure A.22: Contours of u2/U2 at X/c = 7.75 for each measurement case. Contours are
spaced 0.0002 apart.

334



Figure A.23: Contours of u2/U2 at X/c = 9.75 for each measurement case. Contours are
spaced 0.0002 apart.
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magnitude changed non-monotonically in the same manner that was observed for k/U2 in
Figure A.6. Figures A.24 and A.25 illustrate the changing peak magnitude of u_g/ U2 and
-u_g/ U2 respectively for each of the cases. The peak u_g/ U2 and u2/ U2 values measured for
the no grid case were initially comparable to the turbulent cases, but rapidly decreased
by an order of magnitude between X/c = 1.75 and X/c = 3.75, then increased gradually
downstream. Peak u_?zl /U2 and u2 /U2 values for the small grid upstream and small grid cases
do not show any initial decrease in u_g/ U2 and u2/UZ2, but instead gradually increased with
streamwise distance. Peak u2/U?2 and u2/U2 values initially increased between X/c = 1.75
and X /¢ = 3.75, then decreased downstream. Although the initial increase in peak u_z/ U2
and u2/U?2 values was not evident for the large-grid case, the magnitkude decreased with
streamwise distance at the same rate as for the large-grid-downstream case.

When compared to the magnitude of the peak u2/U2 stresses plotted in Figure
A.12, the peaks of u_g/ U2 and u_g/ U2 have significantly larger magnitudes, indicating that
the similarity between the evolutions of k/U2, u_g/ U2 and u2/U?2 is due to the greater
contribution to £ from the transverse normal stresses. When comparing Figure A.24 to
Figure A.25, it is evident that the measured peak values of {Ig'/ U2 were slightly larger than
those of z—tg/ U?2. Noting that the trends in peak k can be almost entirely explained by vortex
wandering, the similarity in the trends between the peak values of k/U2, u_?// U2 and u2/U2
with X/c is also consistent with wandering. Since the greatest contribution to k& due to
vortex wandering is due to radial gradients of Uy, which are larger than the radial gradients
of Uy. It therefore appears logical to expect that, in a Cartesian coordinate system, the

wandering would result in the greatest effect on the the U, and U, time signals. Slight
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Figure A.24: Maximum u_f// U2 measured for each of the measurement cases.
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Figure A.25: Maximum u2/U2 measured for each of the measurement cases.
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Figure A.26: Contours of u_f// U2 measured near the time-averaged vortex centre at X/c =
9.75 for the (a) no-grid, (b) small-grid and (c) large-grid cases.
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Figure A.27: Contours of u2/U2 measured near the time-averaged vortex centre at X/c =
9.75 for the (a) no-grid, (b) small-grid and (c) large-grid cases.

anisotropy was also observed in the vortex wandering direction, which would cause a slight
difference between the peak values of u_g/ U2 and u2/U2.

The peak transverse normal Reynolds stresses are more closely examined in Figure
A.26 for 1_[5/ U2 and Figure A.27 for u2/U2. These figures show isocontours of u_f// U2 and
u_g/ U2 measured during the core-centred measurements for the no grid, small grid and large
grid cases at X/c = 9.75. In these figures, the oval shape of the isocontours is clearly
visible. Similar isocontours were presented by Devenport et al. (1996), who attributed

these patterns to vortex wandering.
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Figure A.28: Sketch of isocontours of (a) U, and (b) U, within an idealized vortex. Negative
contours have been indicated by dashed lines.

As shown in Section 6.2, the vortex wandering causes the vortex position to be
randomly distributed in the yz plane. The probability distribution of vortex position in this
plane was found to be well approximated by a bi-normal probability distribution centred at
(y,z) = (0,0). It is this property that results in the pattern of contours shown in Figures
A.26 and A.27 when combined with the distribution of U, and U, in the vortex, as shown in
Figure A.28. The smallest velocity gradients are near the maximum and minimum U, and
U, values, where the velocity peaks. Hence, as the vortex wanders in the y and z directions,
the smallest contribution of wandering to u_g/ U2 and u2/U? will be near the locations of
maximum and minimum Uy and U,, which are along the z and y axes, respectively. The
result is an oblong distribution of u_?// U2 and u2/U2 with increased wandering resulting in

a more diffuse appearance of the isocontours.
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Figure A.29: Contours of Uzt /U2 measured near the time-averaged vortex centre at X/c =
9.75 for the (a) no-grid, (b) small-grid and (c) large-grid cases.

A.4 Time-averaged Reynolds shear stresses

The previous sections presented the measured Reynolds normal stresses and iden-
tified two regions of interest, the spiral wake and the region near the time-averaged vortex
axis. Due to the spiralling nature of the wake, Reynolds stresses calculated using a Carte-
sian coordinate system do not have much physical relevance within the spiral wake and
therefore are not presented here.

The Reynolds shear stresses, Uztly /U2, TUzu;/U2 and Uyu, /U2 measured near the
vortex axis during the high-resolution core-centred measurements at X/c = 9.75 are pre-
sented as isocontours in Figure A.29a-c respectively for the no-grid, small-grid and large-grid
cases at Re, = 2.4 x 10° and o = 5°.

Isocontours of Uz, /U2 measured for the small-grid case and large-grid case, shown
in Figure A.29, have distinctly similar patterns with two kidney shaped positive and negative
regions with the positive region occurring for z < 0 and the negative region occurring for

z > 0. Larger peak values of Uzt /U, 2 were measured for the small-grid case when compared
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Figure A.30: Contours of 7zu; /U2 measured near the time-averaged vortex centre at X/c =
9.75 for the (a) no-grid, (b) small-grid and (c) large-grid cases.

to the large-grid case. The smallest values of @;u, /U2 were measured for the no-grid case
and no distinct pattern can be observed in the isocontours.

The isocontours of U, /U2, shown in Figure A.30, show slightly different patterns
for each case. The no-grid case shows what appears to be a ring pattern of positive gty /U2
in the region y < 0 and negative %, /U2 in the region y > 0, with the peak values occurring
very close to the time-average vortex centre. The small-grid case shows two anti-symmetric
large kidney shaped areas of positive and negative stress in the ¥ < 0 and y > 0 regions,
respectively. Within the curve of the kidney shape lie two regions with opposite signs of
Uy, /U2 near the time-averaged vortex centre. These smaller regions are also evident for
the large-grid case with equivalent peak values, however, the larger kidney shapes are not
evident.

Cloverleaf patterns of wyu,/UZ2 are evident for all cases in Figure A.31. These
patterns have regions of negative uyu; /U2 in quadrants where yz < 0 and regions of positive
Uyt /U, 2 in quadrants where yz > 0. N early identical patterns were measured by Devenport

et al. (1996) and Heyes et al. (2004), who determine that the source of the patterns is vortex
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Figure A.31: Contours of Tyu;/U2 measured near the time-averaged vortex centre at X /e =
9.75 for the (a) no-grid, (b) small-grid and (c) large-grid cases.

wandering. The magnitudes of the peak Tyu,/U? values were approximately the same for
both the large-grid and the no-grid cases, however, significantly larger values were measured
for the small-grid case.

The cloverleaf distribution of %yu,;/U? observed in Figure A.31 can be entirely
attributed to vortex wandering. As shown in Section 6.2, vortex wandering causes the
vortex position to change randomly in the yz plane. The probability distribution of vortex
position in this plane was found to be approximated by a bi-normal probability distribution
centred on (y,z) = (0,0). It is this property that results in the pattern of contours shown
in Figure A.31 when combined with the distribution of Uy and U, in the vortex, as shown
in Figure A.28. Assuming that the vortex is in its position of greatest probability, namely
at (y,z) = (0,0), we can examine the influence of movement of the vortex in different
directions. Considering first the quadrant in which y < 0 and z > 0, we see that, near
T6 max, movement of the vortex in the positive y direction will cause an increase in Uy and a
decrease in U,, thus producing a negative correlation of Uy and U,. Movement of the vortex

in the negative y direction will result in increasing U, and decreasing Uy, thus producing
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negative correlation. Vortex movement in the negative z direction results in decreasing U,
and increasing U,, while the opposite occurs for movement of the vortex in the negative z
direction. Therefore, in the quadrant where y < 0 and z > 0, all vortex movement will
result in negative Uyt values near rgmax. Repeating this exercise for the other quadrants,
one would find a positive correlation of Uy and U, in quadrants where yz > 0 and negative
correlation of Uy and U, in quadrants where yz < 0. The combination of correlations in
all quadrants produces the cloverleaf pattern observed in Figure A.31. As the wandering

amplitude increases, this pattern would appear less distinct.
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Appendix B

Wandering correction of Devenport

et al. (1996)

Devenport et al. (1996) corrected single-point measurements for the effects of vor-
tex wandering by using an iterative technique to recover the velocity profile in the wandering
frame from time averaged measurements. First, they fitted measurements of the streamwise
and circumferential velocity components along the y = 0 axis with families of curves in the
form of a series based on the Lamb-Oseen vortex, given as

n
Upm (0, 2) = Z %’ [1 — exp (_c—f)} . (B.1)
i=1 i
In these series fits, D; and c; are coefficients determined through a least-squares curve fit of
the corresponding time-averaged velocity profile. Then, they assumed that the probability
distribution of vortex position was binormal with parameters oy and o, equal to the rms

wandering amplitudes in the y and z directions and a correlation coefficient e between the
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two variables, namely

1 -1 22 42 2eyz
P,(y,z) = exp[———(———-l———— ] . B.2
v (¥:2) 2o,0, (1 — e2)1/? 2(1-€e?) \oZ o2 oyo, (B2

Note that c; represents a radial scale and, to avoid complex results, one must enforce

¢ > [20% (1—e2)]'? | (B.3)

which presents a constraint in the series fit of Equations B.1. Using initial guess values for
oy and o, the corrected profiles for these initial values were determined as
2

Upe (1) = 2:;5’;— [1 — exp ("a’; )J , (B.4)

1

where

1 1/2
a? ==c - 012/ —o24 = [(202 + 202 - 12)2 - 160202 (1- 62) + 80?2102-2] (B.5)

and

Bi = D; (20} + a?) / [(202 + a?) (202 + a?) — 4e20202]/* . (B.6)

Once the corrected profiles were determined, the Reynolds stresses u2 , w2 and W Uy, at
Ye? TZC Y2ze

y =0 and z = 0 caused by wandering of the vortex velocity profile Uy, of amplitude o, and

o, and were calculated as, for example,

Uy, (0,0) = /c: /Z Py (y,2) Uye (0 — 4,0 — 2) Upe (0 — 3, 0 — 2) dydz—Uye (0,0) Uy, (0, 0)

(B.7)
where Uy, and U, are the corrected Cartesian velocity components determined from Uge;
similar expressions were used to calculate u_zc and u2,. The Reynolds stresses calculated

using Equation B.7 were compared to the measured Reynolds stresses at (y, z) = (0, 0) and
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new values of oy, 0, from

2 .2 5 2 2 _ 2 9 2
Tynew — Uyolduzmeas/UZC and Oynew = aZOlduymeas/uyc

with a new e calculated by requiring that the principal axes of the stresses be the same as
those of wandering. This process was repeated until the differences between u_gc, u_gc, UylUz,
and _u_;‘;, EZ, Tyt , respectively, decreased to an acceptable level, (i.e., |oynew — Tyold| /Tyold <
0.1% and similarly for the other parameters). This iterative procedure resulted in corrected

velocity profile of Uy, (), wandering amplitudes oy, o, and correlation e.
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