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Abstract

When an aircraft is operating in static or near static coolgtduring taxiing or take{

a vortex can form between the ground and the intake. Withnendiameters increas-
ing, intakes are moving non-dimensionally closer to thaigtband as a consequence
the likelihood of vortex formation during the aircraft opéng envelope is set to in-
crease. To date there is little quantitative knowledgeetoee a greater understanding
is required. This research is aimed at providing an extenguantitative parametric
study of vortex formation leading to advanced design rubesuture engines.

A 1/30" scale generic model intake was operated in the Cranfieldedsity 8 x 6’
wind tunnel to examine ground vortex formation under queescheadwind and cross-
wind conditions. Stereoscopic Particle Image Velocimatrg total pressure measure-
ments have been extensively taken to assess the externaitarrhl flowfields. For
the first time experiments with a rolling ground plane haverbgerformed to provide
insight into the formation and characteristics of groundiges during take-f.

As the velocity ratio reduces a characteristic trend istéistaed whereby the vortex is
initially weak, increases in strength to a local maximum esdtices to zero thereafter.
The operating points that generate the strongest vortex fiven configuration have
been determined and an empirical model has been developel gan predict the vor-
tex strength and fan face distortion for any configurationdér headwind conditions
a new vortex formation criterion has been established waisb includes contours of
vortex circulation. An a priori prediction of the vortex strgth under headwind con-
ditions has also been developed which considers the agpnopand intake induced
vorticity sources, the latter of which is determined engaily. Good agreement is
found between the model and the experimental dataset. Tivegrground plane ex-
periments demonstrate significant sensitivities illusigathat the correct conditions
must be simulated properly.
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CHAPTER 1

Introduction

The ever increasing demand for quieter and more ftiglient engines has lead to the
need for higher by-pass ratio turbofans. As a consequentésaingoing evolution in
turbofan configurations, intake diameters are larger thanleefore. For conventional
wing mounted engines, in particular, this increase has ntajesequences. When the
engine is operating in static or near static conditionsectoghe ground a strong vortex
can be observed between the intake and the solid surfacel(Rig The ingested vor-
tex is often invisible, however in humid conditions, duette high velocities within the
vortex core, the local flow temperature can decrease belewlélv point, promoting
condensation of the associated flowffeld

Figure 1.1: Visualization of an ingested ground vortex on a Rolls-Rag&211-524G0Peter
Thomas 2005

This so-called ground (or inlet) vortex can be a major probléVNith the advent of
large passenger jets in the 1950s ground vortices were lguthdntified as a prob-
lem because of its ability to ingest large objects into thgieef>° Low pressure in

the vortex core can impart an impulsive force onto objects #ne present on solid
surfaces. Subsequently objects and also particles andrétestred to as foreign ob-
jects) are lifted & the surface, entrained into the inlet flowfield and carrigd the

engine by the induced velocity field of the intake. The ingdgtarticles and debris
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can damage fan blades, erode compressor blades and sedégaade turbine cooling
performancé’.

However not only is the vortex responsible for foreign objagestion (FOD), but it
can also present a severe distortion of the associateckifitak-field®. This distorted
flow-field can have a major impact on the aircraft performasaeh as a reduction on
the stall and surge margins and therefore compromisingatetysof the aircratft.

With fan diameters becoming increasingly larger, fan vibrahas recently been iden-
tified as an additional major consequence of ground vortggstiont:®. The non-
uniform flow associated with the ground vortex entering thtake, introduces mo-
mentum loss and large velocity gradients, which can sigmfiy alter the local flow
angle seen by the fan blade. As a consequence local flow siepacan occur which
leads to large resonant forces potentially resulting i lzigcle fatigue.

1.1 Current Knowledge

It was previously identified that the key to the existencerougd vortices is the for-
mation of a stagnation point on the ground ahead of the intéddalight plané3. In
order for the aforementioned to exist, the capture strelentaust interact with the
ground surface. This has been recognized to fundamentaigrad on two key non-
dimensional parameters. The first of which is the non-dinoerad height of the intake,
H/D;, typically defined in the literature using the centrelineggheof the intakeH, and
the intake inner diameteD;. The second dimensionless parameter is the velocity ra-
tio, U;/U., which characterizes the contraction ratio of the suckeshsttube and is

a measure of the size of the streamtube upstream of the intdks is derived from
continuity considerations and is defined as being the invakecity, U;, divided by
the free-stream velocity)... In order for the streamtube of the intake to interact with
the ground plane the height-to-diameter raligD;, must be small and the contraction
ratio, U;/U.,, must be large.

Current design rules for the avoidance of ground vortex &irom relies on the vortgro-
vortex map in which a number of previous researchers havelated combinations
of H/D; andU;/U,, for both when vortices are observed and when no vortex activi
is identified. This lead to the establishment of two distiregions as a function of
ground clearance and velocity ratio; a region of vortex fation and no vortex forma-
tion (Fig. 1.2). At present this represents the most adwhdesigns rules for engine
installations and operations. However, this graphic gnemdication of what happens
to the quantitative vortex characteristics as the engiregaips in dierent regions of
the vortex formation zone (Fig. 1.2).

In terms of alleviating the phenomenon a number of methoalst, @nd present, have
been attempted with a number of patents being documéhited he majority of these
measures attempt to remove the stagnation point on the ggane which is recog-
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Figure 1.2: Velocity ratio against non-dimensional revealing a regidmortex formation

nized as being a fundamental to the formation of ground eesti Most mitigation
measures use a jet of air, extracted from the compressected on the region of vor-
tex formation on ground, at an aim of removing the FOD issu@révention system,
of this form, was even put into practice in the late 1950'sl aarly 1960’s, on the DC-
82925 However after reviewing the unscheduled removal of ergjihee to FOD, the
device was found to actually cause more problems by distgrjist as much debris
as the vortex itsetf.

Despite a number of flow control methods being developedgémeral consensus is
that ground vortex formation is unavoidable. With the cotrdesign trend of tur-
bofans, intakes are operating further to the left in Fig. ih.2hich the formation
envelope is considerably larger. As a consequence groutekvormation will occur
over a wider range of operating conditions and will potdhtiae sustained for longer
periods during the takeflophase. This significantly increases the number of vortex in-
gestion events that will occur over the lifespan of the eagivith limited quantitative
information available particularly at fierent height-to-diameter ratios, it is becoming
vitally important to further understand the severity of tloetex in diferent regions of
the vortex zone (Fig. 1.2).

1.2 Project Aims and Objectives

The present work primarily aims to provide quantitativeormfiation on the ground
vortex over a wide range of operating conditions, which esoéates the potential



4

Introduction

changes in turbofan installations. In achieving this aimlitoped that advanced design
rules can be established for future engine designs. A nuoidey objectives have
therefore been established to achieve this target:

[(e]

Design and build a test rig for taking quantitative measwents of the ground
vortex, at a representative intake Mach number, in the Grlahiflniversity 8x6’
wind tunnel.

Successfully apply the measurement technique of StawpasParticle Image
Velocimetry (SPIV) to the complex flowfield.

Conduct an extensive total pressure survey within trekentluct, for supporting
analysis, for the majority of SPIV configurations.

Quantify the #ect of the non-dimensional parameters of primary impoganc
(i.e. the non-dimensional height/D,), the intake yaw angle/) and the velocity
ratio (U;/U.,) in terms of vortex strength and fan face distortion.

Develop an empirical model that can predict the vortexattaristics for a given
configuration.

. Establish a more complex vortex formation map which caticete not only

when a vortex is expected to occur but also how detrimenisiekpected to be
for a given non-dimensional height and velocity ratio.

. Provide the vortex characteristics of primary importangth regards to fan vi-

bration (i.e. the vortex size, strength and intake distajtiand to understand
how these vary with intake configuration.

. Quantify and understand th&exct of a moving aircraft on the formation and

characteristics of the ground vortex using a rolling groytahe in the wind
tunnel. This should reveal additional features on the fdianamechanism as
well as indicating the expected characteristics and ififetof the vortex during
the take-@ phase.

Interpret the model results with respect to engine appbao.



CHAPTER 2

Literature Review

A concise review of published work relating to ground vortesmation is presented
in this chapter. The first part of the review discusses theriai for vortex formation

based on previous research. This is then followed by a dismu®f the formation

mechanisms that have been established to date, as well genkeation of ground
vortices under reverse thrust operation. The review alsludites CFD studies that
have been published in the public domain. The chapter cdeslby discussing the
attempted methods of removing or reducing the impact of mglauortex formation.

2.1 Criteria for Vortex Formation

Within the first published works on ground vortex formaticharacteristics, and be-
haviour, it was quickly identified that a necessary requaetior vortex formation is
the existence of a stagnation point on the ground gfan€his acts as a focal point
for vorticity upstream to be concentrated and stretchemltime intake. A prerequisite
for this stagnation point to exist is that the sucked stre@atas stlicient interaction
with the ground surface. The sucked (or capture) streanitsdéis defined as being a
streamtube of air which divides the airstream into an irakflow and an external flow
(Fig. 2.1). All flow inside the capture streamtube is ingdstghereas all air outside
this boundary travels downstream. The characteristidseo$ticked streamtube can be
estimated from conservation of mass:

oAU = pAU; (2.1.1)
As _p Yl
TR (2.1.2)

For an incompressible flow the area rattq,/A;, of the sucked streamtube is equal to
the operating velocity ratio:

=L -y (2.1.3)

A _ U
A Us
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Figure 2.1: lllustration of sucked streamtube of an intake far from theugd

Within the literature on ground vortex formation, the vetgpaatio, U*, is used to
define the sucked streamtube size at far field relative toritadé dimension. When
the approaching velocity).., is low (i.e. U* is large) the engine mass flow demand
increases and as a consequence the sucked streamtulde sipnereases to match this
demand.

T—» y Edge of sucked streamtube

—— = =~ o
~
- S
~
— ~
~
— N
[ N
N\
U - \
o - \
U
— i
e iDl
— —

— Ground plane

Ingested vortex
!

Figure 2.2: Schematic of the sucked streamtube interaction with thergt@lane

The primary parameters that dictate whether the captuearstube interacts with the
ground plane depends fundamentally on the height-to-demnatio,H/D;, of the in-
take (Fig. 2.2) and the velocity rati®&)* (which determines the size of the capture
streamtube at far field). High velocity ratios and low nomédnsional heights lead to
an interaction of the streamtube with the ground and thezefortex formation. The
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dependency of these two parameters on the formation of greartices was graphi-
cally illustrated by Liu et ai*, in which pairs ofH/D; andU* values were correlated
for cases with and without vortices. The vortex-vortex map reveals two regions; a
vortex formation region and a no vortex zone (Fig. 2.3). agbently, in a related
study, Shin et &P constructed a vortex formation map based around Liu et a¥s r
sults but also included data from full scale engine visadilns and other researchers.
The established threshold has also been indicated in F3g.I2 addition, Nakayama
and Jone¥ presented a criterion based on previous research (Eq.)2Th# is also
included in Fig. 2.3. All three datasets show excellent egrent, however they all
appear to be based on roughly the same data.

Ui H
o4 () -17 2.1.4
o (Di) (2.1.4)

Nakayama and Jon&spresented quantitative total pressure measurements atetwo
locity ratios under headwind conditions with both data p®imeing included in Fig.
2.3. Their results contradicted all the aforementionedsholds with the data sug-
gesting that a vortex can form at lower than previously reggbrelocity ratios (Fig.
2.3). At this point it should be noted that both the formatoierions established by
Liu et al*! and Shin et & were based purely on crosswind configurations and were
determined from visualizations only and as stated abovdothumdary presented by
Nakayama and Jones appears to be based primarily on the sgéane d

[ ] Shin etal
O Brix
30 A N &K
» Glenny
(&3 Motycka
4 Liu etal
25 Liu et al boundary
— === Brix boundary ( = 90°)
— — — - Brix boundary ¢ =0°)
20 0 — Shin et al boundary
= - N &K boundary
8 9 -

15

u/u

10

Figure 2.3: Correlation of velocity ratio and non-dimensional heighmbinations revealing
a region of vortex formation and no-vortex formation (fillegmbols represents a data point in
which no vortex is seen, and unfilled symbols are points irctvRbrtices are observed)

More recently Brix et #l presented a vortex formation map with a criterion being
established for both headwind and crosswind configuratiBogh have been approx-
imately extracted and included in Fig. 2.3. Within Brix esélwork quantitative
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measurements were taken within the intake duct using amgthaot-wire. However it

is unknown whether this criterion was based on visualizatior quantitative results.
Nonetheless there is a considerablffedence between the established boundary un-
der crosswind conditionsy(= 90°) and the previously mentioned vortex avoidance
thresholds. This discrepancy can be put down to tfemint methods used to detect
a vortex, as well as potentiallyftierent operating conditions (such as boundary layer
thickness). However, surprisingly the minimum velocityioaequired to generate a
vortex under headwind conditions is higher in comparisocrt@swind. No explana-
tion was provided by the author for this observation. A nundieossibilities could
explain this finding such asftierent sucked streamtube characteristics between head-
wind and crosswind configurations, the crosswind vortexdsignificantly stronger
and therefore easier to detect, or that the unsteadinemgex lunder headwind condi-
tions, thereby rendering it's presencdidult to determine.

A recent computational study by Jermy and®examined the sensitivities offiiérent
upstream conditions on the formation boundary under heatlaonditions. Within
this research dierent upstream velocity gradients and approaching boyndger
thicknesses were examined. The authors found that 'no rdide vortex’ formed
when the upstream shear reduced below a certain thredhbldwever as will be dis-
cussed below, previous experiments have shown that vextareform under quiescent
conditions, in which there is no upstream shear or vortisgyrce at all. In terms of
the approaching boundary layer thicknegsresults showed that asincreased the
vortex formation threshold was found to redéte

The above findings lead to an important point in terms of thgeoled sensitivities
in the formation boundary. The velocity ratio defined by Jeand Ho** and within
all previous literature uses the velocity ratio based onftbe-stream velocityJ...
However Eq. 2.1.3 derived above inherently assumes a amifetocity profile within
the sucked streamtube. If there is an approaching bounalgey present in the capture
streamtube the velocity profile is therefore clearly nofamn, and will consequently
have an #&ect on the sucked streamtube size. In order to ingest the sasge flow,
the sucked streamtube area must increase. As a conseqteEneelocity ratio U*) at
which the streamtube liftstbthe surface will be lower, as observed by Jermy ané*Ho
Strictly, since the velocity ratio is a measure of the suckegamtube contraction ratio
the area weighted average veloclty,, within the sucked streamtube should be used in
the definition of the velocity ratio. Using this definitionahlid give the same velocity
ratio for any approaching boundary layer thickness. Thisigeved to be one of the
reasons for the discrepancies in the observed formationdaries. However since
the size of the sucked streamtube is generally not knowsgitficult to determine the
U.., and is why all published literature uses the free-streaocitg.

In addition to the necessary condition that the sucked rii@ae interacts with the

*The other main reason for the discrepancies in the formdt@amdary is the methods used to
detect the vortex. As stated above primarily flow visual@atechniques have been used, however
implementing such methods tend to only identify the str@bgertices. Hence weaker vortices that
form just before the vortex is blown-away tend not to be idet
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ground plane (thereby forming a stagnation point) all staditate that there must be a
vorticity source for the vortex. Within the earliest repattstudies a commonly quoted
condition was the existence of ambient vorticity in the fafan approaching ground
boundary layet. However, as will be discussed in the following sectiondis by

de Siervi et al® and Brix et af have revealed that vorticity can be introduced into the
flowfield even with no approaching ambient vorticity source.

2.2 Mechanisms of Ground Vortex Formation

Research to date has identified two formation mechanisme.fiigt is applicable to
an intake under quiescent (no-wind) and headwind conditaord the second relates
to an intake in crosswind conditions. The two mechanismé$us@amentally dierent
because of the contrasting dominant vorticity sourcesHervortex. Consequently,
comparatively diferent behavioural features and characteristics are odxsenth each
respective mechanism which are described below.

2.2.1 Headwind Mechanism

This mechanism is applicable to an intake with its axis palr&d the flow direction.
Many researchers have identified that it is the intensificatif ambient vorticity that
causes concentrated vortices to form. However it was natthetwork of de Sievri
et al*® that proved this theory by conducting extensive water tufioe visualization
studies using the hydrogen bubble techniquetddent approaching vorticity sources
and orientations were introduced upstream of the intakieidittg a boundary layer,
and clockwise and counter clockwise shear profiles (Fig). atAvas shown that the
direction, deformation and convection of the ambient volirges associated with the
dominant vorticity source dictate the rotation and numierastices seen at the fan
face. This was also verified using potential flow theory inebhihe primary irrota-
tional potential flow is superimposed linearly with a weakahflow. Selected mate-
rial lines were tracked as they approached the intake andefoemation of the vortex
lines, where found to agree with the experimental obseymatiThe flow topology for
the diferent boundary layer profiles are discussed below.

Vortex lines are defined as being a line in the fluid whose tangeverywhere parallel
to the local vorticity vectot. Hence for a boundary layer type profile (Fig. 2.4a) the
vortex lines associated with this flowfield, far upstreamhs intake, are parallel to
the ground and perpendicular to the flow direction (Fig. R.Ba the vortex lines are
convected by the mean flow and approach the intake they atetstd and deformed
as illustrated in Fig. 2.5 due to the influence of the inductalkie flowfield. As a result
two counter-rotating vortices are ingested symmetrigaliyced about the intake axis
(Fig. 2.5). The rotation of each respective vortex is diyegetermined by the rotation
of the leg of the vortex line it is associated with (Fig. 2.5a)
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In contrast, for the shear profiles the pattern is quiteedent. With a negativév/ox
velocity gradient upstream (Fig. 2.4b) the vortex linesstraight and perpendicular
to the ground surface (Fig. 2.5b). As they approach the @tthe high velocities
associated with the intake flowfield stretches the vortexniats resulting in only a
single ground vortex being ingested (Fig. 2.5b). The rotatf the vortex is dictated
by the corresponding rotation of the dominant vortex linpstteam of the intake.
Hence with a negativdv/dx dominant velocity gradient upstream, the vortex rotates
in the intake duct such that it has negativgvorticity (Fig. 2.5b). The converse is
true for the positivév/dx dominant velocity gradient upstream (Fig. 2.5c¢) where the
ingested vortex rotates with positiug. In addition to the experiments potential flow
calculations were performed to verify the experimentaleobations and to determine
the behaviour of the upper legs of the ingested vortex lifd® results showed that
the all the lower legs were concentrated at the stagnatiom whereas the upper legs
fanned out over the top of the intake, with no concentrateind observed.

The experiments and theories put forward by De Siervi wesumental in the under-
standing on the fundamental mechanisms of vortex formatitmwever these studies
were purely qualitative in nature and no quantitative infation of the vortex was pro-
vided. In order to determine the scale of the problem, distorand vortex strength
measurements need to be taken.

As a follow on to de Siervi et al’® research, Shin et &l performed experiments to
guantitatively verify the potential flow calculations. Agagivedv/dx velocity gradient
was introduced upstream of the intake (Fig. 2.4b) and hot-wieasurements were
taken inside the intake for a single configuration. The tsdnfirmed the theory that
the orientation and rotational sense of the ambient vértaadex lines determines the
number and rotation of the vortex within the intake. In aidait a first measure of the
vortex strength was given forld/D = 1.13 andU;/U,, = 22:

r ~
WP

However, it was not until the work of Bré that significant measurements of the
ground vortex were taken. Quantitative data was taken engid intake duct using
two rotating hot-wires. The technique enabled quantiatneasurements to be taken
within the intake duct without averaging. The results waragreement with the above
observations, with some new findings also being reportedhaps the most significant
of which was the formation of two contra-rotating vorticesler quiescent conditions
(U* = o), which had never been previously reported. Although nantjtegive mea-
surements were presented under such conditions the \®wtieee observed to rotate
in the opposite sense to that in headwind conditions. Brial®also demonstrated
quantitatively under headwind conditions that the vogicetate in accordance with
the quiescent mode if the velocity ratio exceeds a certagstiold. In the following
section these flow modes are discussed in more detail.

-2 (2.2.1)
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2.2.1.1 Formation Modes

Under quiescent (no-wind) conditions the engine inducesxa@arnal flowfield to the
intake that emanates from all directions in the near viginithe induced velocities
immediately adjacent to the ground interact with the s@igenerating vorticity. This
'induced’ vorticity is the source for the vortex and by deiiom this formation mech-
anism requires no ambient vorticity. Brix notes that undemnnd conditions it is
the flow behind and between the intake and the ground thatrédes. As a conse-
qguence the vortex lines associated with this dominant flessaretched and deformed
as shown in Fig. 2.6. This situation is very similar to thedwimd mode (Fig. 2.5a)
except the source of vorticity is associated with flow apphirag from the opposite
direction and is a direct consequence of the intake inducediéld rather than the
approaching flow. As a consequence the vortices within ttekénduct rotate in the
opposite direction to that under headwind conditions, asvehin Fig. 2.7a. Since
the formation mechanism is largely the same in comparisdresmwind conditions,
the vortices generated under quiescent conditions cangaeded as a flow mode of
the headwind mechanism. This finding, by Brix et al, was pubalsed on flow vi-
sualization studies and no quantitative measurements e reported under such
conditions to date.

Two ingested
contra-rotating
vortices

Intake flowfield
induced vortex lines

Figure 2.6: Vortex formation under quiescent conditions

Related to the current work Murphy etfahave quantitatively verified the findings of
Brix. Using Stereoscopic Particle Image Velocimetry (SPthe flow under quiescent
conditions was quantitatively studied and two contratitavortices were found to
form in accord with the flow topology presented in Fig. 2.6 wdwer the flowfield was
observed to be highly unsteady and often only a single damiv@tex was observed.
For the first time quantitative measurements under qui¢soewlitions were presented
which included fully averaged total pressure distortioraswements at the fan face.
The vortices generated under quiescent conditions werenadxs to be weak but not
insignificant.

In addition to the above findings, Brix et®atjuantitatively demonstrated that even
under headwind conditions (i.dJ* # ), if the velocity ratio is large enough the
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(a) No-wind mode (b) Transition phase (c) Headwind mode

Figure 2.7: Flow modes observed under headwind conditions (diagrates Bfix et af)

vortices will rotate in agreement with the quiescent modiiwithe intake duct. This
was shown for a configuration in which the intake heidttD;, was equal to 1 and
the velocity ratio wadJ* = 33. In contrast, at a velocity ratio of 12 the vortices were
found to rotate in the expected fashion for the headwind aueicim (i.e. in accord with
the flow topology presented in Fig. 2.5a and Fig. 2.7c). Boted that in between
this rotation switch there existed a transitional phase hirctvthe influence from the
approaching (Fig. 2.5a) and induced vorticity sources.(Rd) are approximately
equal and opposite (Fig. 2.7) leading to an instability ie Wortex pair. The exact
velocity ratio at which this occurred was not given in Brixadt.

2.2.1.2 Additional Observations

Before the works of de Siervi and Brix an intriguing study wasvided by Bissenger
and Braurf in which contrasting observations are reported in comparis the above
findings. Similar to de Siervi et #l, hydrogen bubble visualization was implemented
within a water tunnel but with a considerably smaller intakameter,D;, of 16mm
constructed from a copper tube. A range of intake configomatiwere investigated
including a single inlet close to the ground as well as two msyatnically placed inlets
with no ground plane to examine the influence of the approgchoundary layer.

For the single intake configuration, at low velocity ratiosem no ground vortex was
present two vortices were ingested into the intake ancettalbwnstream (Fig. 2.8a).
This flow structure has never been reported by any otherndsera. As the intake
velocity and hence velocity ratio increased a vortex systppeared which comprised
of a single ground vortex, a trailing vortex and a number olugid based streamwise
vortices (Fig. 2.8b). Bissenger and Braun found that altives were non-stationary
and often the ground vortex would appear on the other sidbeofritake with a re-
versed sense of rotation (with the trailing vortex also rewg its position and rota-
tional sense). Often the vortex system was observed to lweak and then reform
sporadically without any changes in the test conditions.

As stated above, the observations of Bissenger and Brawmslightly diferent to
previously mentioned experiments. It should be noted thafpstream velocity profile
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Flow direction

(a) Low velocity ratios

Single ground vortex Single trailing vortex

vortices along ground
Flow direction

(b) High velocity ratios
Figure 2.8: Flow topology observed by Bissenger and Braunder headwind conditions for

(a) two trailing vortices (b) A complex vortex system inviolg a single ground and trailing
vortex, plus vortices on the ground
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was prescribed in the tests. It is therefore expected tkatdtex lines associated with
the boundary layer type profile would dominate, and giveratiw/e, one would expect
two contra-rotating vortices to be observed. A potentiason for the prevalence of
only a single vortex could be due to a slightly asymmetric field or small non-
uniformities inherent in the tunnel flow. In addition the hgden bubble generator
was placed just upstream of the intake and spanned acrossstteection which may
have influenced the flowfield topology. The highly unsteadwfileld observed by
Bissenger and Braun may be due to the flow quality in the watendl. However
the non-dimensional heights investigated were considefailyer compared to other
researchers and ranged from 1.5 td-3 ;). Many workers note that higher ground
clearances result in a considerably more unsteady vortesviieur®-°6.

Flow direction

Flow direction
—
Symmetry line Symmetry line

——
‘Random motion’
Bubble generator = Bubble generator

SIDE VIEW SIDE VIEW

(a) Low velocity ratios (b) Intermediate velocity ratios

Intake-to-intake
Single trailing vortex

vortex
\ from each intake

Symmetry plane

/

Flow direction

(c) High velocity ratios

Figure 2.9: Formation of the intake vortex system for a twin inlet confgjion as observed
by Bissenger and Bradn

Tests were also conducted with two intakes one above the witieno ground plane
(Fig. 2.9). For this configuration the presence of the sedotadke introduces a sym-
metry plane that acts as an inviscid ground, hence the irduehthe approaching
boundary layer vorticity source can be examined. BisseagdrBraurt observed at
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low velocity ratios a region of random motion’ formed be®vethe two intakes (Fig.
2.9a). This region extended from the hydrogen bubble gémeand as the velocity
ratio increased the random motion’ extended into the twakas (Fig. 2.9b). With
a further increase in the velocity ratio a vortex system apge which comprised of
an intake-to-intake vortex, and a single trailing vorteonfireach respective inlet (Fig.
2.9c). The authors therefore concluded that the approgdidiandary layer is not vital
for vortex formation. However it is clear from the diagrantegented in Bissenger
and Braurf that the presence of the hydrogen bubble generator is inting a source
of vorticity into the flowfield which is seen by the presencetu$ random motion’
region.

2.2.2 Crosswind Mechanism

In this section the relevant past research relating to thedtion of ground vortices
under crosswind conditions is discussed. This sectionvislelil into two parts; the
formation mechanism and the quantification of the vortexatteristics.

2.2.2.1 The Formation Mechanism

Within the works of de Siervi et & studies were also conducted to examine the ef-
fect of different approaching vorticity sources under pure crosswamdlitions ¢ =
90r). The experiments under this configuration were aimed &nhtgthe theory of the
intensification of ambient vortex lines upstream of theketto non-zero yaw angles.
The experiments gave rise to an additional vortex formati@echanism applicable to
intakes in significant crosswinds.

Two trailing
vortices

Single trailing
vortex

Single ground ¢
vortex

(a) Highh/D, or low U* (b) Low h/Dy or highU*

Figure 2.10: Flowfield topology under crosswind conditions (a) two cartotating vortices
and (b) a single trailing vortex, ground vortex system
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The influence of positive and negative/dx velocity gradients (Fig. 2.4b-c) were
examined upstream of the intake with its axis 90 degreesadldlv direction. From
the results under headwind conditions it was expected tltiiaage in the sense of
rotation of the ambient vortex lines would lead to a changlérotation of the vortex
(Fig. 2.5). However, the behaviour of the vortex was obsgteebe quite dierent
to that in headwind. It was found that for a left to right crit®s, the ground vortex
always had positivey, vorticity within the intake duct; changing the upstreanatiuin
of the vortex lines therefore lead to no change in the vorteation, suggesting an
additional mechanism was at play.

Separation line over
intake surface

Intake outer :

surface 0 Edge of sucked
1 streamtube
\

U, ! \

e \

Trailing vortex

PLAN VIEW

Figure 2.11: Plan view of flowfield under crosswind conditions with a grdwortex showing
the separation line over the intake surface (diagram afiar & af°)

This prompted further study in which an irrotational flow trpam of an intake at 90
degrees to the flow direction was examined. The experimentsated the formation
of a single ground vortex accompanied by a trailing vort@ixtee leeward edge of the
intake (Fig. 2.10b). The size of the trailing vortex was afed to be approximately
that of the intake outer diametd®, The presence of the trailing vortex was postulated
to be due to a variation in the circulation around the intakes was argued by consid-
ering the variation in the circulation atfterent axial stations along the outer surface
of the intake. Several diameters from the lip the flow aroumal ibtake is roughly
two-dimensional, in which the local flow velocity is of theder ofU,,, hence the lo-
cal circulation around the intake should scale WithD*°. In contrast, the circulation
around the intake close to the lip is expected to be propmtimU;D (whereU; is the
intake velocity), since at this location the induced intkevfield has a dominating
effect'®. This variation was qualitatively visualized by the skewitie separation line
over the top half of the intake surface (Fig. 2.11) which waer quantitatively veri-
fied using static pressure measurements over the intakesurface at dierent axial
stations!. Due to the diference in circulation, it was argued that there must berail
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vorticity between the two axial locations. de Siervi et’@lypothesized, which was
later verified by Shin et &%, that the circulation of the ground vortex is approximately
that of the trailing vortex. This hypothesis was based oritikery that the vortex lines
associated with the ground vortex and trailing vortex mast at infinity. However
Brix et al® took measurements of the ground and trailing vortices winditates that
the two are not equal with the trailing vortex being weaker.

Sucked streamtube

~

Sucked streamtube ~ .
2 trailing
__________ vortices AN Single trailing
\ vortex
\
I
S “ : : Single ground 1
. vortex :
(a) Highh/D, or low U* (b) Low h/D or highU*

Figure 2.12: Side view showing the flowfield topology under crosswind dtods with and
without the sucked streamtube interacting with the grouadep(figure after de Siervi etH)

The flow regimes as a function of contraction ratio were alquaged using flow vi-
sualization studies briefly by de Siet?iand in more detail by Shin et It was
observed at low velocity ratios, when the sucked streanmtalseno ground plane con-
tact and no ground vortex was observed, two contra-rotaiimtices trailed from the
leeward edge of the intake (Fig. 2.10a and 2.12a). As thecitgloatio was gradu-
ally increased, the two trailing vortices exhibited corsable lateral, as well as up
and down movement, with the lower vortex intermittentlyaatting to the ground.
As the velocity ratio was slightly increased the ground ertrailing vortex system
abruptly appeared (Fig. 2.10b). This intermittent attaehtibehaviour of the ground
vortex and also the abrupt nature to which the vortex atathéhe ground plane was
also observed by Brix et &and can also be seen in the full engine test visualizations
presented in Appendix A.

Given the finding that the orientation of the upstream antbierticity had no influ-
ence on the vortex rotation, the flowfield was further ingeed by examining the
influence of the ground boundary layer. de Siervi éf abnducted experiments us-
ing a twin inlet configuration, in which the ground plane iplexed by an inviscid
symmetry plane (Fig. 2.13). Flow visualization studiesead\the occurrence of a sin-
gle intake-to-intake vortex, with a single trailing vorteft each corresponding intake
(Fig. 2.13). It was observed that within the core of the ietéd-intake vortex there
was a continual convection of vorticity away from the symmpegtiane. To examine
the source of vorticity for the vortex, the transient forroatof the vortex was stud-
ied by de Siervi et &. With no approaching vorticity, the only source of vortycis
that associated with the boundary layer over the intakeasarf Flow visualizations
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Figure 2.13: Flow topology for a twin inlet configuratiorS{denotes the symmetry plane loca-
tion, A is the intake-to-intake ground vortex aBcighlights the two trailing vortices) (figure
after de Siervi et df)

showed that vorticity is shed from the intake during the ¢frant and a vortex forms
downstream of the inlets, strengthens and moves upstreanpdsition between the
intake once the steady state is achieved. The formationdtoake was quoted to be
approximately 18i/U.,. After the transient, de Siervi et*8lnoted that no further
convection of vorticity was observed into the core from thereunding fluid. It was

mooted that the convection of vorticity away from the synmpelane was balanced
by the production of vorticity due to stretching of the varfdaments within the core.

Shin et af® also provides similar arguments with regards to the trgiliartex.

However, there appears to be inconsistencies in the flovdetibscribed by de Siervi
et al'®and Shin et &P (as well as that in Waitz et &l). Firstly stretching of vortex lines
is not a production mechanism, it only maintains vorticitgttis already presettt If
there is no continual convection of vorticity into the cofdle vortex then ultimately
the vortex should dissipate with time which is clearly is tha case. It is clear from de
Siervi et al's experiments, however, that the source oficitytfor the vortex is from
the separated flow over the intake outer surface. It is tbezgfossible that vorticity is
shed from the intake during the transient and travels a sisiince downstream due
to the momentum imparted by the free-stream flow. At sometmlmwnstream of the
intake, a stagnation region exists which marks the edgeeo$ticked streamtube. At
this point the intake induced velocity field convects thetiedly back upstream to be
concentrated and stretched to form a ground vortex. Duhegteady state there must
be a continual convection of vorticity emanating from thiake outer surface and the
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ground plane that feeds the vortex. For the twin inlet coméigan, it is possible that
vorticity shed from the lower portion of the intake is contestback upstream along
the symmetry plane and enters the core of the vortex. Thisheaybetter and more
consistent description.

~ Ground vortex

(b) U* = 9.9

Figure 2.14: CFD simulations of the crosswind flowfield topology for a mitimensional
height of 0.25 K/D,) andM; = 0.58 at two diferent velocity ratio"3?

In terms of the trailing vortex topology, the diagrams preed in de Siervi et &P
(and also in related work$%9 depict the vortex emanatingfahe leeward edge of
the intake and travelling downstream through the suckessttube. However a flow
topology such as this seems unlikely since there must beyaatian point at the edge
of the capture surface that the trailing vortex must passujin. CFD simulations
by Zantopg?, however, reveals a slightly fierent flowfield topology which is more
complex but appears to be more believable. For a non-dimealksheight of 0.25
(h/Dy) and a velocity ratio J*) of 19.8, a single ground vortex forms between the
intake and the ground plane (Fig. 2.14a). However, at thiscity ratio there are
two trailing vortices one inside (denoted by near field) and one outside the sucked
streamtube (Fig. 2.14a). The nearfield trailing vortex soagated with the vorticity
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off the intake outer surface. This vorticity initially travelewnstream and once the
edge of the capture streamtube is reached, is convecteddaakds the intake. This
reverse flow forms the core flow of the trailing vortex. At tlaerge time, fresh vorticity
generated over the outer intake surface initially travelvrstream and as it does so
spirals around the core of the vortex. Once this vorticigchees the edge of the sucked
streamtube it enters the core of the vortex and is reingaestedhe intake. This can
be seen from the near field ribbon streamline patterns inZigla. The second vortex
is associated with the flow that travels over the outside ®ttpture streamtube. This
trailing vortex also collects vorticity from the outer ik@surface as well as from the
ground plane downstream of the intake (Fig. 2.14a) and apped®e weaker than the
'ingested’ trailing vortex. Interestingly, computatioasa lower velocity ratio of 9.9
reveal just a single trailing vortex that is not ingested ithte intake. This is plausible,
since at this velocity ratio, the extension of the suckeeastitube downstream of the
intake will be smaller therefore inhibiting the formatioham embedded trailing vortex
within the capture surface.

2.2.2.2 Quantitative Studies of the Crosswind Ground Vortg

Shin et af® perhaps provides some of the first quantitative measurenoétite vortex
system under crosswind conditions. The primary aim of theystvas to verify that
the strength of the ground vortex was equal and oppositesttrdiling vortex and also
to conduct a parametric study of the important non-dimeradiparameters (i.é-/D;
andU*). Measurements of the average inlet vortex strength wenelstied inside
the intake using three-hole and five-hole probes by rotatiegnlet through 360to
obtain full coverage of the flowfield. Data was also taken mwkto the intake in a
plane parallel to the ground using slanted hot-wire for carigon and were quoted to
be 75-80% of the strength within the intake duct. Measurgseithe trailing vortex
found, as hypothesized, that the strength was equal andsiepo the ground vortex.

In addition to verifying that the ground vortex is roughletstrength of the trailing vor-
tex, a limited parametric study offects of capture ratio and non-dimensional height
were given on the vortex strength and position within theket The ground clear-
ance was reduced at a fixed velocity ratio of #44/U..) from anH/D; of 2to 1. The
vortex strength was found to monotonically increase wittugng ground clearance
(Fig. 2.15). At the largest ground clearances the vorteengtth was initially sensi-
tive to changes in non-dimensional height. However for gtbalearances between
1 and 1.5 the increase was very moderate. Three contractims were examined
to investigate the influence on this parameter on the vottexgth at a fixed ground
clearance. The vortex strength was observed to decreabke aslocity ratio was de-
creased from 44 to 18 with no vortex being observed ait* @f 4. It is difficult to
interpret the results as only one data point has been takefiezetht velocity ratio
when a vortex forms. The presented reduction in vortex gtremay be due to the
choice of non-dimensionalization.

As mentioned above the most extensive quantitative studgti® has been conducted
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Figure 2.15: Effect of ground clearance and velocity ratio on the non-dinosa$ vortex
strength under crosswind conditions (data extracted froin & afP®)

by Brix et aP. In crosswind conditions Brix has quantified the strengtthefvortex
within the intake duct for a range of intake velocities vag/from 25 to 100ns* and
free-stream velocities varying from 2 ta@s. Within this work maximum tangential
velocities are presented for a range of configurations andasure of the vortex core
size is given. Brix found that as the velocity ratio redudegltortex strength increased
with the largest intake velocities producing the strongestex. This contradicts the
measurements taken by Shin et’afFig. 2.15). A limitation to Brix et al's work,
however, is that quantitative data has only been preseateddingle ground clearance
and only velocity measurements were taken.
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2.3 \Vortex Formation under Tailwind and Reverse Thrust
Operation

As well as vortex formation under headwind and crosswindld@ns, ground vortex
formation can also occur under tailwind and during revelsest operation. Both
situations are similar since in the latter case engine airiaedirected back upstream
toward the intake highlight planefectively producing a tailwind (Fig. 2.16). An
example picture of an ingested vortex under reverse thpetadion is shown in Fig.
2.17. In addition, a sequence of snapshots extracted froidem wf a C-17 aircraft
moving backwards under the influence of thrust reversaladjmer just prior to take-fb

is shown in Appendix A. The set of images illustrate the hygimsteady nature of the
vortex and its apparent strength despite the height at whentake is operating. Itis
also clear that the vortex is often seen to ingest into the abengine, which is known
to cause significantly greater operatingfidulties. Despite these issues, in general,
very little research has been conducted under such conglitichis is almost certainly
due to the dficulties in simulating such conditions within a wind tunnevigonment.

Approaching
headwind
——

Reverser stream

SIDE VIEW Ground plane

Figure 2.16: Reverse thrust operation introducing dfeetive tailwind to the intake
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Figure 2.17: Ground vortex ingestion under reverse thrust opera@ieith Blincow

The only known research to have have covered this aspectiexpdally has been
conducted by Motycka et 213435 This literature is also unique in that it is the only
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known work, with the exception of Nakayama and Johe® present distortion mea-
surements induced by ground vortex ingestion at the fan fdo#ycka et al conducted
scaled model experiments and analytical potential flowutatons to establish the
general behaviour and characteristics of ground vortexddion under tail-wind and
revere thrust operation. The results of the potential flolewations, which included
swirl effects, are summarized in the following points:

Intake centre line

Increasing tailwind K} I headwind

SIDE VIEW

Figure 2.18: Effect of wind direction and strength on the vortex location lwe ground plane
and its consequent ingestion location (after Motytka

1. Increasing the upstream ambient vorticity reduces theeitg ratio at which the
vortex blows away. This is consistent with the discussiaviged in§2.1.

2. As the tailwind increases the stafiddistance of the vortex foot from the high-
light plane increases. Consequently the vortex ingestioation changes with
the vortex moving closer to the engine axis (Fig. 2.18).

3. The blowaway velocity required to remove the stagnatiointpon the ground
plane is independent of wind direction except for yaw angktsveen 0 and 55

4. Decreasing the ground clearance of the intake increbseange of wind speeds
at which a vortex will form.

5. The region of possible vortex formation on the groundeases as the non-
dimensional height is increased (i.e. the unsteadinesguiscéed to be ampli-
fied).

6. The vortex core diameter under 23ailwind conditions withU* = 8.7 was
found to be approximately 3.1% of the intake outer diametanfshadowgraph
technique. In addition vortex core size was found to scath thie intake diam-
eter.

Experiments were performed utilizing d111" scale model to evaluate the influence
of reverser targeting (i.e. the direction in which the flowaslirected away from the
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intake), inlet height, headwind speed on ground vortex &irom during reverse thrust
operation. The main conclusions from this aspect of Motyekal's research are
highlighted in the following:

Ground plane

Diverged Full down

Figure 2.19: Reverser targeting pattern configurations investigatebgycka (after Moty-
cka3?)

e Two loss cores are identified. This indicates that the mashafor vortex for-
mation under reverse thrust operation is similar to thateaadwind, with the
dominant vorticity source being associated with the apghivey boundary layer
associated with the reverser jet stream.

¢ Localtotal pressure recovery within the core of the vortastypically observed
to be around 0.85R/P..).

e During constant reverser operation, as the headwind speeebises the distor-
tion increases and reaches a maximum at a specific velotityaad reduces
thereafter. This was attributed to a reduction in the irtiéoa between the re-
verser and ambient air streams.

¢ Reducing engine power reduced inlet distortion at all @es|s.
e Higher ground clearances resulted in significantly redueeels of distortion.

e The reverser jet configuration appeared fieet the blowaway velocity ratio.
With the jets directed vertically downwards (Fig. 2.19) tloetex was observed
at higher headwind speeds, in comparison to the reverségaoaation in which
the jet stream was directed sideways (Fig. 2.19).

In addition to the above MotycRa provides perhaps the only study in the public do-
main to include full scale measurements of ground vorteestign. The tests were
performed on the JTID engine installed on a B-52 flying tedtdmed at determin-
ing the peak distortion levels just prior to engine surgardureverse thrust operation.
Results indicated that ground vortex ingestion was the gmyroause of engine surges.
This is partly due to the high total pressure distortion celliby the vortex and most
importantly the vortex being ingested into the core of thgie®, as predicted from the
potential flow results.
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2.4 CFD Studies

Within the published literature there are relatively fewC§tudies on ground vortex
formation. However of these studies Karlsson and Ftfctipresent Large Eddy Sim-
ulations (LES) of the ground vortex which reveal very ingtieg phenomena. Com-
putations were performed under headwind conditions at fixednd clearance of 1
(H/D) at a velocity ratio of 10 with a Reynolds number based on timei diame-
ter, D;, of 55000. The results reveal a series of flow modes with tidwealysis of
the vortical structures shows the existence of a completex@ystem consisting of
multiple ground vortices, traces of horseshoe vorticemftbe ground, and stream-
wise vortices (aligned with the intake axis). In the firstatésed flow mode two weak
contra-rotating vortices are observed. At a later time aseédlow mode appears in
which a single dominant vortex prevails. This vortex is apmately aligned with
the intake axis, with a clockwise sense of rotation on theigdoplané. The authors
note that the vortex system and dynamics is similar to thetriteed in Bissenger and
Braurt. In a related piece of work conducted by Secareanuf tile LES data is
validated against LDA and two-dimensional PIV results &f flowfield at the same
operating conditions. Despite somdfdiulties with seeding, the results between the
datasets generally show good agreement illustrating ligaLES technique has cap-
tured the correct flow physics.

As part of a larger study into novel flow control methods, Yaet al’® present RANS
computations of ground vortex formation for a range of canfigions including a
single intake, side-by-side intakes for varying respecigsitions, and a full scale air-
craft model under headwind, tailwind and reverse thrustatpm. The results reveal
the formation of intake-to-intake vortices, as well as fage to intake vortices that
agree with general full-scale observations. However, edliits remain unvalidated
against experimental data. It is hoped that the data predé@mthis thesis will provide
a benchmark for CFD validation in the future.

In a study related to the current work, Refibgind subsequently Zantofghave stud-
ied ground vortex formation computationally. In the lattevestigation, significant
progress was made and a range of configurations were examigecompared with
the experimental results presented in this thesis. Cortipotawere performed under
headwind and crosswind conditions and the vortex strengltian face distortion was
compared with experiments. In general excellent agreemastfound and a compar-
ison between the experiments and computational resultesepted ir§8.3. With the
results being validated against experimental data andisigayood agreement, addi-
tional configurations were examined that could not be cotadlin the experiments.
As will be discussed i§8.3 full scale simulations were performed and highlighteat t
the distortion for the scaled model results wéegeted by an induced separation that
was not present for the higher Reynolds number case.

Twhen viewed from above, facing downstream
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2.5 Flow Control Methods

Attempted flow control methods at removing or reducing thraugd vortex date back
to when vortex formation was first identified as an operalit)aaard. The majority
of mitigation devices to date recognize that a fundameetgirement for vortex for-
mation is the existence of a ground stagnation point ahe#ttediighlight plane. This
stagnation point acts as focal point for ambient vorticipgtueam to be concentrated,
stretched and intensified, to form a ground vortex, as it gested into the intake.
Klein?® recognized this requirement and proposed a device whiettdia jet of air
directly onto the ground plane formation region to disturb stagnation point (Fig.
2.20). This contraption, known as the ’blow-away’ jet, wag mto commercial ser-
vice on the DC-8 aircraft in the late 1950's early 1968’'sHowever after review of
unscheduled engine removals due to FOD the blow-away jetaapd to cause just as
many problems as the vortex its€lf

z

T Intake outline

SIDEVIEW ~  TTrTTrTm T o T

Blowaway jet Vortaway jet

Figure 2.20: Schematic of two dferent concepts that have been invented for ground vortex
prevention

Despite this unsuccessful attempt a number of vortex ptewesystems have subse-
quently been proposét!4>1-54all of which implement a similar technique in slightly
contrasting forms. Vanfle&t, identifies the reverse flow behind and underneath the
intake between the ground plane as being the key ingredi¢hétformation of a stag-
nation point. A jet of air is directed aft underneath the ketantroducing an féective
headwind, to counteract this reverse flow (Fig. 2.20). Jotates that this 'vortaway’
jet has had no commercial interé&stMore recently related works by Smith and Dor-
ris®* and Funk et at* highlights the dificulties in implementing such counter measures
in practice as being the major reason behind the aforemmeditailures. Instead of a
constant stream of air, a pulsed, nacelle integrated, bipwystem is proposed which
demands less mass flow for operation. This study uses twondioreal Particle Im-
age Velocimetry (PIV) technique to demonstrate theativeness of dierent blowing
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configurations. The PIV results revealed a highly unsteady vortex, undesswind
conditions, and blowing was found to b&extive at disturbing the formation of the
vortex.

The latest attemptsfiered by Shmilovich, in which a series of related papers have
been publishet>3%2 considers the vortex unsteadiness as being an additianakc
for the lack of success in removing the ground vortex phemame Again a similar
concept is proposed which uses a jet of air to remove the atagrpoint, however this
so-called 'sprinkler-system’ implements a swivelling nlezconcept directed ahead of
the highlight plane onto the ground to disrupt the vortexrgt pcation that it may
form. CFD analysis was used to characterize fteaiveness for both an isolated
intake and full aircraft configuration. Simulations werenparily focused on vortex
formation under tailwind conditions, due to its reputationinitiating engine surge as
well as the increased likelihood of vortex formation undsestsconditions.

It should be noted that all of the above methods are motiviatexicumvent the in-
herent ability of the ground vortex to ingest foreign obgechll inventions and the
success thereof have been based on this specific conseqéentze as the author is
aware no research has been conducted to evaluatdtdotiveeness of such concepts
in reducing fan face distortion for example. Brix ef axplored a number of ground
vortex counter measures, including vortex generatordénsie intake. Extensive tests
were conducted using fins offtkring geometry, size and quantities with all being un-
successful. The only device reported to prevent vortex &ion was to place a barrier
between the lower inlet lip and the ground plane, which sghe approaching flow
and the flow underneath the inlet travelling toward the hgittiplane. This device
guarantees that the stagnation point does not form, howaseroted by the author,
the practicality of such an instrument is very limited.

2.6 Summary

The relevant literature relating to the formation of gromodices within intakes close
to the ground has been reviewed. The main findings withinipuswesearch are stated
below which is then followed by a summary of the deficiencies gaps within current
understanding and areas requiring further work.

2.6.1 Current Knowledge
1. Two fundamental requirements have been establisheldddotmation of ground

vortices; a ground plane stagnation point ahead of the@dakl a source of vor-
ticity.

As far as the author is aware this was the first known PIV stddy@und vortex ingestion. How-
ever the results were severely compromised by poor seedithgia significant quantitative data was
presented
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2. Current knowledge highlights the dependency of the rioredsional height and
velocity ratio on the formation of ground vortices.

3. Two vortex formation mechanisms have been establishedheadwind and
crosswind mechanisms.

4. The headwind formation mechanism relates the stret@mdgntensification of
the dominant source of ambient vorticity within the suckedantube upstream
of the intake. The relative orientation and direction daiees the number of
vortices observed and the respective rotations.

5. Under crosswind conditions the vortex system comprisastrong ground vor-
tex and a trailing vortexfd the leeward edge of the intake. The dominant vortic-
ity source for the vortex system is associated with the floer te outer intake
surface rather than the ground plane.

6. Vortex formation can also occur under quiescent conastproducing two contra-
vortices which rotate in the opposite sense to the headwidem

7. All prevention systems to date have been aimed at remdhengtagnation point
on the ground plane which has been identified by many resetarels a funda-
mental requirement.

2.6.2 Deficiencies in Current Understanding

1. The majority of work is based on flow visualization studies

2. Two dimensional Particle Image Velocimetry has been @manted on two dif-
ferent occasions and both reporffaiulties with seeding the flowfield.

3. No three component PIV measurements have been taken gfdbad vortex
flowfield.

4. There are some discrepancies in literature relatinggoahtex formation bound-
ary.

5. Although Brix®’ has provided significant quantitative measurements, ttzevezs
taken at a fixed height. Only Shin et®&lhas quantified thefiect of ground
clearance, however this was only under crosswind condition

6. The dfect of the approaching boundary layer has not been expetatheimves-
tigated. This aspect is important since a full-scale iniakgactice is immersed
in an atmospheric boundary layer, which is likely to influetice flowfield fea-
tures and characteristics. As a consequence it is of irntevasmderstand the
sensitivity of this parameter.
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7. Vortex strength measurements have only been taken oweited range of free-
stream velocities. To establish the characteristics ofitinex during take-f, it
isimportant to understand the behaviour of the vortex toldg/-away condition.

8. In addition to this, no research has been conducted usiitjray ground plane.
Implementing such a technique will provide a significantghsinto the ground
vortex formation characteristics for a moving aircraft.

9. There is no quantitative data of the ground vortex avkélahder quiescent con-
ditions.

10. There is very little measurements of the total pressis®rdion induced by
ground vortex formation. There are no distortion measurgmavailable under
both headwind and crosswind conditions over a wide rangeofigurations.
This is surprising since this parameter is important to thbity of the engine.

11. Finally, to date there has been no extensive parametrity ©f ground vor-
tex formation examining thefect of non-dimensional height, boundary layer
thickness, intake Mach number, velocity ratio and intake wagle using both
velocity and total pressure measurements.
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CHAPTER 3

Experiment Approach and Methodology

In this chapter the methods used to quantitatively meabkerfotmation of ground vor-
tices between the ground and a model intake are discussstitHé non-dimensional
groups that are expected to be of primary importance to thiexstrength and fan
face distortion are introduced. Attention is then givenite tlesign of the model rig,
the wind tunnel and the experimental techniques used tsiigate the flowfield. The
methods used to post-process the results are outlined aatigt in uncertainty analysis
of the results is presented.

3.1 Experiment Variables

This section derives the relevant non-dimensional groopshiat are important with
regards to the vortex strength)( This parameter is the primary descriptor used to
characterize the vortex and to establish the sensitivithefon-dimensional groups
discussed below. This is then followed by a discussion ofvdr@&ables and the tech-
niques applied to control them are discussed.

3.1.1 Dimensional Analysis

Dimensional analysis shows that the vortex strength is gmilgna function of the
Reynolds numbeRe&,,, the non-dimensional height of the intakgD,, the operating
velocity ratio,U; /U, the angle of the intake centreline relative to the flow dioetg

¥, the intake Mach numbeb;, based on the intake velocity; and the approach-
ing boundary layer thickness; /D, (Eq. 3.1.1). The variables are discussed in the
following sections.

h Ui wD| 0"
— —flRey, g, M, & 3.1.1
DU, { ® 5o oM D|} (3.1.1)
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3.1.2 Non-dimensional Vortex Strength

In this study the total average vortex strengﬁhi,s non-dimensionalized by the intake
velocity, U; and the intake highlight diametel,. Throughout this thesis the total
non-dimensional vortex strength of the vortex system iotohbyl™ (Eq. 3.1.2).

r

rr=—
DU;

(3.1.2)
It is expected that by non-dimensionalizing the circulaiio this form,I™* will remain
constant if the intake velocity);, or the intake diameteD,, is altered. The depen-
dency ofU; on the vortex characteristics will be investigated throughthis study
under various operating conditions (i.e. under quiesdeeadwind and crosswind
conditions).

3.1.3 Reynolds Number

The intake Reynolds number is defined using the conditiaidéthe intake duct. The
definition uses the intake velocity and inner intake diamgg. 3.1.3). The variation
in intake Reynolds has not been investigated by varyingrttake diameter. However
a discussion of this parameter is giver§m3.

_ piUiD;
Hi

Re (3.1.3)

3.1.4 Ground Clearance

In this thesis the ground clearance is defined as being thiealedistance from the
lowest point of the highlight plane to the grourdnormalized by the intake highlight
diameter,D, (Fig. 3.5a). This definition has been used because it is carynim-
plemented in industry. Typically within the literature ateanative definition is used
which is based on the centre-line height of the intakedivided by the inner intake
diameterD;. Both definitions are related via Eq. 3.1.4.

H (Di\(h D

D (Di)(DI) " 20, G149
This parameter is of key importance to this project. As exyga in the introduction,
due to current design trends of high-by-pass ratio turlsflae non-dimensional height
of the intake is reducing. One of the major consequences isa@eased probability
of ground vortex formation over a broader range of operatimgditions. As will be

discussed in the following chapter, th&eet of reducing the ground clearance has
received very little attention in the past. Hence one of thmary objectives within
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this project is to understand th&ect of varying the ground clearance on the vortex
characteristics.

3.1.5 \elocity Ratio

The velocity ratioU;/U.,, is derived from conservation of mass and is defined below
(for the definition of the symbols s¢@.1):

U _puhs
Uo pi A

This parameter, sometimes referred to as the streamtulieacton ratio, is equally
as important as the non-dimensional height of the intakee Aigher the contraction
ratio, for a giverh/D,, the larger the sucked streamtube will be and the more likely
will interact with the ground, thereby promoting vortexrdmation. In this thesis the
velocity ratio will be reduced primarily by increasing theé-stream speed,.,, until
the vortex disappears or until the tunnel spe¢d, cannot be increased any further.

(3.1.5)

3.1.6 Yaw Angle

The literature review has shown that the yaw angle of thekentzentreline relative
to the flow directiony, is a key parameter to the characteristics of vortex foromati
This parameter determines the primary vorticity sourcettiervortex, which in turn
determines the vortex strength and rotational sense wili@rntake duct. Due to the
set-up of the experimental rig, data can only be taken at yaglea between 0 and 90
These two extremities will be the primary focus in this tise3ihe former is important
from the point of view of an aircraft takeffp whereas the latter is important because
this is known to produce the strongest vortex and it alsoasgrts the design limit of
current intakes.

3.1.7 Intake Mach Number

The majority of experiments performed were conducted atpaesentative intake
Mach number to that of full scale engines. This is aihrof 0.58. Due to the dierent
ducting set-up within the tunnel working section betweenhtbadwind and crosswind
configurations the intake Mach number varied between O0ditc(bsswind) and 0.58
(for headwind). To establish the sensitivity of this paréendimited measurements
were taken at a lower intake Mach number of 0.43. Under qamsmonditions data
was also taken at asl; = 0.14.
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3.1.8 Approaching Boundary Layer Thickness

The full scale in-service intake is immersed in an atmosph®undary layer that is
an order of magnitude larger than the intake dimension. Amoapheric boundary
layer is not simulated in this thesis, however to establighgensitivity a number of
approaching boundary layer thicknesses have been inagstig As noted in the lit-
erature survey no previous workers have quantified the thatysof this parameter
experimentally. As discussed §2, the primary influence will be tofiect the average
velocity within the sucked streamtube, thereby alterirggstieamtube size at far-field
and therefore changing the velocity ratio at which the capstreamtube lifts of the
surface. The thickness is characterized using the displasethicknessg*, normal-
ized by the intake highlight diameteD;.

3.2 Intake Model

A schematic of the model is given in Fig. 3.1la. The intake issggnmetric and
cylindrical in shape of approximately 30" scale. The model did not include a central
hub or rotating fan. The lip geometry was modified relativa targe-scale intake and
consisted of elliptical elements with an axis ratio of 2. Tineer diameterD;, of the
model was equal to 0.4 with the ratio of outer to inner diametdd(D;) equal to 1.4
(Fig. 3.1a). The intake Reynolds number ranged from betWen 1.26x 10° based
on the inner diameter and average intake velocity. Due tdalweReynolds number
transition strips were placed on both the inside and outsiidiee intake lip to promote
transition and to avoid premature laminar separations @ip).

The intake is equipped with a total of 12 total pressure rakéspequi-spaced around
the circumference. With the pressure rakes installed, ritiat face of the pressure
probes were at a distance a7D; from the intake highlight plane (Fig. 3.1a) which is
at an equivalent location to the aerodynamic interfacegifanstallation of the total
pressure rakes inside the intake is shown in Fig. 3.1b. litiadd36 static pressure
ports are located equi-spaced around the circumferensileithe intake duct. All
ports are at a location of.®D; from the intake highlight plane (Fig. 3.1a). These
were used to determine the mass flow in the intake.

3.2.1 Intake Suction System

A full account of the intake suction system is given in Apperigl A short description
is given below. The intake mass-flow was provided by a largeiven tank situated
outside the tunnel which has a capacity of approximatelyn80A network of large
bore ducting, with a total length of approximately #) connects the vacuum tank to
a diffuser located immediately above the tunnel ceiling. THiisger brought the duct
diameter down to approximately that of the intake diameitkxible tubing connected
the difuser to either a sonic throat designed for an intake Mach euariv, of 0.43 or
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Figure 3.1: (a) Schematic of intake illustrating the model dimensiong @) Front view pic-
ture of intake model, with the total pressure rakes inglalle

a straight through duct section that enabled the maximuns fias of the suction sys-
tem to be achieved\; = 0.58) (see Appendix B). The sonic throat or straight through
duct itself was connected to a length of rigid ducting on \lftite intake model was
attached. The flow was controlled using a quick releaseethwatve installed near the
suction tank that was pneumatically driven. When a voltags supplied to the valve,
from the tunnel control room, the shutter released withipragimately 0.1s and air
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was sucked through the intake model into the8@hamber. The required steady mass
flow was achieved approximately one second after initiati@mun time of approxi-
mately 22 seconds was achieved at a constant maximum massffegyproximately
1.49kgst (M; = 0.58) until the tank was filled with air. The mass flow was morgt!

for the duration of the experiments using static pressurasesrements in the intake
and was found to be steady throughout. For the crosswindriexpets, due to the
slightly different ducting set-up within the tunnel working section (Bdc), a maxi-
mum mass flow of 1.4&gs* was achieved corresponding to an intake Mach number
of 0.55.

3.3 The8& x & Wind Tunnel

The experiments were conducted in the Cranfield University-dpeed wind tunnel
which has a 2.4n x 1.8 m working section. The tunnel is of conventional closed
circuit return type design. The speed in the working sectian be varied between
10 and 50mnst, however during some specific tests presented in this thesisinnel
was limited to an operational speed of é&*. Throughout the experiments the wind
velocity was measured using a pitot-static tube in the waylgection. Details of the
pressure transducers used to measure the velocity is givepgpendix G.

The intake model was supported via two ring mounts connectéde rigid section
of ducting which was attached to the intake model. The ringm®themselves were
connected to a variable height strut extension which edathie ground clearance of
the model to be varied. The variable height strut was comaecta primary strut that
was attached to the tunnel mounting plate above the ceilihg.mounting plate could
be rotated through 38@n steps of approximately’1For the headwind experiments the
mounting plate was orientated in-line with the flow direntishereas under crosswind
conditions the mounting plate was rotated through ninetyekes. As explained above,
for the crosswind configuration an extra ninety degree beasl uged in the ducting
set-up to enable the intake to be orientated att&@he flow direction.

The size of the boundary layer upstream of the intake wag@iéed using suction
slots (Fig. 3.2a) upstream of the intake. The primary boontigyer suction (BLS1)
is located just upstream of the working section approxitga26D; in distance from
intake highlight plane position. The secondary suction$B).consists of a perforated
plate approximately 1.&hin width and 0.2min length situated roughly I0) from the
intake (Fig. 3.2a). Combining theftrent suction options led to thredf@rent bound-
ary layer thickness configurations being investigated aedammarized in Table 3.1.
The boundary layer profiles and characteristics for eachaluspeed is presented in
Appendix C.1. Boundary layer measurements were also takéouwt the PIV seed-
ing rake in place (see Fig. 3.2a) to quantify its influence arelalso presented in
Appendix C.1.
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Figure 3.2: Tunnel configurations under (a) quiescent and headwindi@ratgsswind and (c)
rolling ground experiments
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Configuration

BLS1 BLS2 4/D; ¢°/D1 1/ny

X X 1.03 0.11 0.11
v X 045 0.07r 0.14
v v 0.12 0.03 0.15

Table 3.1: Approaching boundary layer configurations used in the expts (values repre-
sent the average across all tunnel speeds)

3.3.1 Tunnel Configurations

The wind tunnel has the capability of changing its floor analing ground plane
can be installed. Measurements of the ground vortex werentakder both head-
wind (§5), crosswind §7) configurations and also under headwind conditions with a
rolling road in operation§6). Hence there were threefiirent tunnel configurations
implemented and a picture of each set-up is given in Fig. Bl@asurements of the
ground vortex under quiescent (no-wind) conditions wekernausing the headwind
tunnel configuration (Fig. 3.2a). As will be discussed beltaw the headwind and
crosswind experiments the cameras for the PIV system westdd underneath the
tunnel floor and were directed through a circular perspearin®Vith the rolling road
installed the cameras could not be positioned underneatthabr, and so were placed
inside the tunnel working section (Fig. 3.2). A significaiffidulty was to ensure that
the cameras did not experience any vibrations from opey#tia rolling road and also
the tunnel at high speeds. Therefore for this configuratiencameras were bolted to
slotted pillars which were securely attached to the grourttithe tunnel ceiling. This
ensured that vibrations were kept to a minimum. During testsignificant problems
were encountered with this set-up. In addition, given timgesof streamtube contrac-
tion ratios tested with the tunnel in operation, the camaras associated mounting
system is expected to have had no notabfiedence on the ingested flow.

3.4 Measurement Techniques

This section describes the techniques used to acquire #rgitptive experimental data
of the ground vortex. Two measurement techniques are useddScopic Particle Im-
age Velocimetry (SPI1V) and total pressure measurementsfdllowing two sections
describe the techniques and the particular configuratised in the experiments.
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3.4.1 Stereoscopic Particle Image Velocimetry

Stereoscopic Particle Image Velocimetry (SPIV) is a ndndgive, global flowfield,
optical, quantitative flow visualization technique, whymiovides three components of
velocity (u,v,w) in a plane of interest. The technique is widely implementthin
fluid dynamics research and there is plenty of documentatioich gives a detailed
description of the method (see fRa et af! or Tropea et &P for example). A brief
outline of the technique is given which applies to two comgarPIV. Then the more
advanced method of SPIV is discussed.

Seeding is introduced into the flowfield, usually in the forfroib particles. The par-
ticles must have good light scattering qualities and musirball enough to faithfully
follow the flow. A high powered, double pulsed, laser is usetha set of optics,
typically in the form of a cylindrical lens, to diverge thes&x beam in one direction.
This creates a thin sheet of light which is directed in a negibinterest to illuminate
the particles. A camera is positioned at ninety degreesettight sheet and is focused
on the illuminated seeding particles. When triggered theera will take pictures of
the particles. To acquire one vector snapshot of the flowfiakllight sheet is pulsed
twice with the time between pulseat, defined by the user. The camera is synchro-
nized with the laser and takes a picture of the illuminatetiglas at each pulse. The
movement of the flowfield is given by theftBrence between the two particle pictures.

To determine the velocity field across the whole image, bamés are sub-divided
into small areas called interrogation regions or spots. gdrécle pattern in the same
region of both frames is compared to determine the instaotanvelocity within that

sub-region. This is performed using correlation technsgimewhich the spot from

the first frame is placed over the top of the equivalent sptthénsecond frame. The
region from the first image is then shifted in all possibleiposs and the intensities
of the overlapping pixels are compared. The shift that gixesbest comparison is
assumed to be the average displacement of the particlemlidt region. With the

time between the acquired frames being known the local nitest@ous velocity can
be determined. This technique is performed for all intestamn regions to give a
complete velocity vector map of the flowfield.

The above method gives the in-plane velocities of the gagicHowever, if there is
strong out-of-plane motion in the region of the interest tr@lparticles are not located
directly on the camera axis, large errors can be experietheedo perspective erréx;
This is because the 2D method is only capable of recordingrbjection of the veloc-
ity vector onto the plane of the light sheet. Therefore thieadtplane velocity is lost
and the in-plane velocities are alsBeated by this errdt. Stereoscopic Particle Image
Velocimetry (SPIV) circumvents this problem by using anidddal camera and is the
main advantage over the 2D method. Both cameras are usedagsumea common
region of interest and the velocities from each camera caedmnstructed to deter-
mine the out-of-plane velocity component. For this moreaaabed PIV technique,
commonly the cameras are placed at angles to the light sbeetdctical purposes
and also to enable a larger common area of interest as welirtionize lens aberra-
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Figure 3.3: Example application of SPIV to the ground vortex flowfield
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tions. This adds an additional problem because the magiwficgactor is no longer
constant across the measurement area, hence renderingetthdonm a means of cali-
bration. With low f-numbers having to be implemented to image small particlds w
a finite laser power, the depth of field is also too small to@shgood focus across the
whole image width. The back plane of the camera must thexdfertilted according
to the Scheimpflug condition to achieve focus across the evimage plane. This is
where the image, lens and the measurement plane all inténsiecommon liné&S,

With regards to measuring the ground vortex flowfield SPIVdgaatageous for three
reasons. Firstly the measurement technique is non-imgrwghich is vital for mea-

suring a very sensitive flow. Secondly the flowfield is obséreebe highly unsteady
hence with the ability of SPIV to take measurements withimédiarea simultane-
ously, enables the vortex movement to be captured withaupcomising the results.
Finally, significant out-of-plane velocities will be expamced, which therefore will

cause significant errors using the two component technique.

3.4.1.1 The SPIV System and Data Acquisition

For the experiments conducted in this thesis, a TSI steopos@1V system was used
to acquire the three-components of velocity on a plane. Tkeskstem consists of
two four-mega pixel, 12-bit cameras used primarily withr@énhfocal length Nikor
lens. The Scheimpflug condition was satisfied using speciallyemainera mounts
which allow the camera back plane to be rotated in two axesK&g B.5 for picture).
For the tests presented $d-5 & 7 the cameras were positioned underneath the wind
tunnel floor and were orientated-a#5° to the measurement plane with both operating
in partial scatter with respect to the laser. A New Wave S@@XIT Nd:Yag laser with

a wave length of 53amand pulse energy of 12@Jwas used. A 1.5nmthick light
sheet was generated using a combination of a sphericalqglamzave and a cylindrical
plano-convex lenses (Fig. 3.3a). For all tests the ligheshas orientated in a plane
parallel to the groundxty plane)(Fig. 3.3b-c). The light sheet height from the grqund
h., was fixed at 10nmor 0.083, /D, as shown in Figs. 3.4 and 3.5.

A TSI hyperstreaming system was used to acquire the imades system enables the
flow-field snapshots to be captured at the full frame rate efclmeras with a known
uniform time separation between each frame. The maximumefnate of the cameras
is 15Hz A single flowfield snapshot comprises of two images from ezaninera,
hence the resulting flowfield realizations were acquiredrateof 7.5Hz.

The flowfield was seeded using a Laskin-type seeder usingBh2lhexyl-Sebacat
(DEHS) oil which delivered a mean particle diameter gfr. The seeding rake was
placed upstream of the working section ahead of the windelinoundary layer suc-
tion slots (Fig. 3.2). Thefeect of the seeding rake position on the boundary layer
thickness and profile is quantified in Appendix C.1.

*105mmfocal length lens were used for the rolling ground plane exrpents presented i$6
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Figure 3.4: Measurement planes used in the experiments

3.4.1.2 PIV Post-Processing

The PIV images were post-processed using TSI Insight3Gvaodt version &.5.

It was found that the deformation grid, along with the FFToaithm, was the best
method to use for this flow-field. This processing technigas shosen after a number
of trails in which diferent processing permutations were tested for a range of con
figurations. The best method was identified by inspectinga pilot of the vorticity
distribution through the centre of the vortex. The methothwhe least noise in the
signature (i.e. the smoothest distribution) was deemed apwopriate. The general
procedure for the deformation grid algorithm is as follé¥y®n the first pass, an esti-
mate of the displacement field is computed using standardletion with no window
offsets. On the second pass, the displacement field is usetsa the windows to
improve the correlation peak and hence the signal to notge réhe third pass uses
the four neighbouring vectors to deform the grid in orderngpiove the number of
image pairs in regions of high velocity gradient. This wijjaén improve the signal
to noise ratio. This interrogation algorithm is a widely daved method for vortical
flows*. The method allows the procedure to be recursively impleéateso that a
multi-grid approach can be used to further increase theasigrnoise ratié°. A 64 x

64 interrogation spot was used initially with 50% overlaprtaximise the correlation
peak and ensure good sub-pixel accuracy in the displacesatmtate for the windows
off-sets. A pass validation was also implemented which indwdeange and median
filter to remove spurious vectors anck3 smoothing to remove any small scale noise
present. The final iteration used a 832 (with 50% overlap) spot area to improve the
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resolution. This resulted in a measurement resolutionmtally between 0.8-0.6hm
across all configurations.

3.4.2 Total Pressure Measurement System

The intake was fitted with four total pressure rakes, eachpe@ing nine total pressure
probes with a head diameter of Ivbn(Fig. 3.1b). Total pressure measurements were
taken at a location equivalent to a nominal aerodynamicfexte plane D; from the
highlight plane. A set of 36 equi-spaced static pressuresjaoe also positioned around
the inner circumference at an axial location in-line with thtal pressure measurement
plane.

Measurement point locations

Measurement point locatior

PIP, PIP,
0.99 0.99
0.98 0.94
0.98 0.89
D, 0.97 D, 0.84
0.96 0.80
0.96 0.75
0.95 0.70
Single
— Two ingested vortice ] ingested vortex
y Z PIV measurement plane PIV measurement plant
h ; % P h,/D, = 0.083 ” / UJU_= 18.3
--------- X 'I'/hL/D‘:O.OSS ---\'f'y'-f--- -

€Y (b)

Figure 3.5: Measurement point coverage within the intake duct for (egdwend and quiescent
conditions and (b) crosswind conditions

The intake static and total pressure measurements wene uakeg a set of 40 PX139-
005D4YV diterential pressure transducers. Each pressure transdagcarange of /—

5 psi with typical repeatability of 0.1% full-scale. The measuents were acquired
using Labview version 8.5. The analogue signal was condeaeligital using a Na-
tional Instruments PCI-6255 16-bit DAQ card. For each caméigon, an acquisition
time of 5 seconds was used with a sampling frequency oH&0® total of 432 mea-
surement points were obtained for each headwind configuraly rotating the model
around its axis (Fig. 3.5a). For the crosswind experimeA&s@easurement points
were taken inside the intake duct (Fig. 3.5b).

For the PX139-005D4V transducers measurements were megdeagainst the aver-
age static pressure in the tunnel contractipg,. A Furness FC-044 pressure trans-
ducer, which had a range of 1868mH,0, was also used to measure the reference pres-
sure against ambient conditiol&,,, The ambient pressure was recorded for each run
to determine the absolute pressure from each pressureti@ars The calibrations and
additional details of the pressure system is given withipémlix G.
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3.5 Test Matrix

The full test matrix for headwind, crosswind and rolling deexperiments is given in
tabular format in Appendix D. A summary of the configuratiomgestigated is pro-
vided below and the primary data points for the headwind anslswvind configurations
are also shown graphically in the vortex formation map in. Bg6. Both formation
mechanisms were investigated by varying the velocity r&tig the non-dimensional
height, h/D;, the approaching boundary layer thickne$gD, and the intake Mach
number,M;.

Datum configuration

20 u
A
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o A
O
"5 10f = A -7
D 2 -
8 - - - ﬁ
g e \ P
51 -7 n :
- - u
L~ Formation boundary
(from literature)

| | | | ]
9202 03 035 04 045
h/D

Figure 3.6: Primary data points investigated for both headwind (filgahsols) and crosswind
(unfilled symbols) configurations

Under headwind conditions measurements were taken at hieight-to-diameter ra-
tios (h/D;) of 0.40, 0.32 and 0.25 which are typical of possible highdsgratio engine
installations. The approaching wind speed ranged frorm$0 up to 50ms? typi-
cally in steps of &ms* (Fig. 3.6) or until the vortex disappeared. The impact of the
approaching ground boundary layer thicknesses, as dedaliiove, was examined by
controlling the boundary layer using suction slots upstred the wind tunnel work-
ing section. This resulted in threefidirent boundary layer configurations&fD, =
0.03, 0.07 and 0.11 which were examined at the two extremealimoansional heights

of 0.25 and 0.4H{/D,). All measurements were primarily taken at an intake Mach
number of 0.58, but limited measurements were also takefoatex M; of 0.43.

Under crosswind conditions two height-to-diameter ratvese examined equal to 0.25
and 0.4 /D). For this mechanism, the tunnel speeds investigated daingen 10 to
40 ms!. Higher speeds could not be examined due to tunnel limitatiorhe two
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extreme approaching boundary layer thicknessé$/&, = 0.03 and 0.11 were inves-
tigated under crosswind conditions. As for the headwindigomation measurements
were primarily taken at the intake Mach number of 0,%®wever additional data was
also taken at aiMl; = 0.43.

Rolling ground plane experiments were performed primaxilthe datum height con-
figuration fi/D, = 0.25), however a limited set of measurements was taken at the
higher ground clearance of 0.4. All measurements were takanM; = 0.58. Full
details of the configurations tested using the rolling gtbplane is given ir§6.

3.6 Vortex Characteristics Determination

This section describes the primary descriptors used toactexize the flowfield for
both the PIV velocity field measurements and the in-duct fossure measurements.

3.6.1 Velocity Measurements

A full description of the methods used, with examples, isegivn Appendix E, a
summary of which is provided below. Following the initiabgessing of the raw PIV
data to determine the three components of velocity, as itbescabove, each flowfield
snapshot was loaded into Tecplot 360 for further analysis.

The vortex core size, and Vatistas shape factog,were identified using the vorticity
disk method, wheren effectively represents the potential flowfield decay factohef t
vortex. The output of this method is a circumferentially ragged swirl velocity distri-
bution as a function of radial distanag,from the centre of the vortex. The method is
applied by first identifying the vortex centre location vitiecplot 360 using a macro
function. This was successfully achieved by locating th&imam out-of-plane vor-
ticity, w,. Although there are caveats with using vorticity for thiggase, due to its
low signal-to-noise ratiow, was preferred because it can discriminate between posi-
tive (anti-clockwise) and negative (clockwise) rotatirgytices. Other more advanced
vortex identification parameters such as the swirling gfterQ, and the eigenvalues
of the velocity gradient tensoi, 23, are less fiected by noise, but cannot distinguish
between vortices of éliering rotational sense. Nonetheless, worked very well for
this purpose. Using the vorticity therefore enables bositp@ and negative vortices
to be identified and for their respective characteristiost{sas circulation[" and core
size,r.) to be determined individually.

With the vortex centre identified, the data was linearlyriptéated onto a circular grid
with its centre positioned on the vorticity peak. The intdgtion process was also
performed in Tecplot 360 and the domain size was fixed foraifigurations with its
radius,rmax €qual to 0.5 4,/ri. The resolution of the circular zone was also constant

"The Mach number is slightly lower under crosswind condgidae to the dferent ducting set-up
within the tunnel working section. S&B for further details.
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for all configurations with each domain having 150 radial a6d circumferential grid
points. The &ect of the domain size and resolution is discussed in AppedAfter
the interpolation process, each circular zone for everiexanapshot, is then exported
from Tecplot 360 in ASCII file format and is loaded into Matlab07a to determine
the vortex characteristics.

F:wadA (3.6.1)

Following the method of Burley et 4lthe vorticity was integrated over circular areas
with increasing radial distance, from the centre of the vortex. However, because
of the complication of an additional vortex being presenthe integration area for
some configurations, only vorticity of the same sign as tlidahe vortex of interest
was integrated for all configurations (see Appendix E fotHer details). The total
individual vortex strength is obtained by integrating ity over the whole circular
domain (Eq. 3.6.1). The swirl velocity distribution is thehtained by dividing the
local circulation['; at each radial position by#2 (Eq. 3.6.2).

I

Vy= ——
o 2nr;

(3.6.2)
The radial position of peak swirl velocit¥, max gives the vortex core size,. Non-
dimensionalizing the swirl velocity distribution by theglevalue, and the radial dis-
tance by the vortex core size enables the Vatistas shaje, fadb be calculated using
a least squares fit of the velocity distribution (Eq. 3.633)

V9 _ 21/n

r l (3.6.3)

Vio.max (1 + r*2”)1/”

The vortex strengthl], core sizef. and Vatistas shape factar, was determined for
both positive and negative vortices (if both are presemtafidlowfield snapshots (i.e.
300). The total average strength of the vortex systéms determined by comput-
ing the average of all positive vortex strengths, and all negative vortex strengths,
I'-, over all 300 vortex snapshots and summing the absolute itndgs of both (Eq.
3.6.4).

=+ (3.6.4)

3.6.2 Total Pressure Measurements

The primary parameter used in conjunction with the totatpuee measurements was
the distortion cofficient, DCgo. This distortion descriptor is based on théelience
between the area weighted average fan face presByrand the worst average 60
sector total pressurdo, divided by the average dynamic head at the aerodynamic
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interface planeg; (Eq. 3.6.5}" (sometimes referred to as the fan face in the text of
this thesis).

DCep = —— 2 (3.6.5)

A full description of this descriptor is given in Appendix Rdhas well as other param-
eters that were also examined but not presented in the mdin te

3.7 Uncertainty Analysis

The uncertainties in the presented measurements compeagmmbination of sources
such as those due the model location, transducers, randors and the data acquisi-
tion system. Following the method of TayMy these elements have been assessed to
provide an estimate of the overall uncertainty for each mesmsent type. Full details

of the uncertainty analysis in given Appendix G.

The non-dimensional height was set with an uncertainty/&f = 0.25+ 3.6%. The
free-stream velocity ranged from 10 to 665! with a typical overall uncertainty of
1.1%. The intake velocity was found to be reasonably congti@oughout and was at
an average value of 198s?! + 2.4%. The velocity ratio ranged from to 3.9 and for
a typical median velocity ratio of 6.6 the uncertainty wa2.6%.

For the PIV velocity measurements an uncertainty band wasa&ted following the
analysis presented by Ral et af! based on syntheticimages (see Appendix G.3). The
analysis used an FFT correlation engine and a three poirdSeaupeak fit algorithm
which is relevant to this research. The correlation peakestisnated to be measured
to within + 0.06 pixels for each camera. Misalignment of the light shvei¢h the
calibration plate is expected to be the largest source of,ewith the centre of the
light sheet being, at worst 0.25mmoft centre. Using error estimates from Petracci
et aP® this is expected to result in a maximum error of 0.13 pixelse Total error is
expected to be no worse thar0.15 pixels. This equates to an in plane velocity error
of 1.61ms or a typical error of+ 3.2%. Since the half-angle between the cameras
was at 45, the out of plane velocity error is equal to the in-plane gftoBased on a
typical velocity uncertainty the vorticity uncertaintyestimated to be withia 1875

s~ which leads to an error in the circulation of approximatel§.3m?s?.

3.8 Summary

In this chapter the experiment variables that are of prinwayortance to the vortex
strength and fan face distortion have been identified armidsed. Subsequently the
model used and the experimental measurement techniquesiliize implemented to
examine these parameters have been described.
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CHAPTER 4

Quiescent Conditions

Vortex formation under quiescent (no-wind) conditions loa¢y recently been re-
portec® and there is little or no knowledge of its characteristicd bahaviour within
the public domain. As discussed §2 the formation mechanism is largely the same
as the headwind mechanism, however due to tffergint orientation of the dominant
vorticity source the rotation of the vortices is oppositéttat in headwind. Neverthe-
less, ground vortex formation under no-wirndi*(= o) conditions is regarded as being
a flow mode of the headwind mechanism. In this chapter, fofitbetime, quantita-
tive measurements of the no-wind ground vortex are predei@&ereoscopic Particle
Image Velocimetry (SPIV) measurements of the flowfield, exkto the intake and
parallel to the ground are presented, along with in-du@l gotessure measurements
for supporting analysis.

At the beginning of this chapter the principle features & tlowfield are discussed
under quiescent conditions. First the flowfield is comparél expectations and then
new observations are presented and discussed. This skntismthe main part of this

chapter. Subsequently, thext of ground clearancé(D,) and intake Mach number
(M;) are discussed with particular focus on the average vottergth and in-duct dis-

tortion. The results from this chapter provide a referemedlfe data presented in the
following chapter relating to the experiments performedemheadwind conditions,

which possesses the same formation mechanism.

4.1 Flow Topology

Under quiescent conditionsl(/U,, = o) a pair of contra-rotating vortices form ahead
of the intake highlight plane as illustrated in Fig. 4.1 whahows an example snapshot
of the in-planeu — v velocity vectors. This is in agreement with previous guatitie
measurements for this type of configurafi@md shows that the vortex topology is such
that the right hand vortex has negative vorticity (ewg. This is due to the flow being
dominated by the vorticity bound in the flowfield induced bg guction between the
intake and the ground (see Fig. 2.6). Fig. 4.1 shows thatdhees are not symmetric
relative to the intake axis and is expected to be a result allsssymmetries present
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in the intake flowfield.

0.4r

: PLAN VIEW )
W N
03 W 1 Intake
o 1 outline
0.2F 1 N .
. 1 wD Y,
01F W ' 10
- 1 N 7
D ok L - _Q'.. - _I 3
= N 0
0.1} :i\\\\ 3
: AR -7
SOOI -10
NS
0.2} ===
0.3}k A AT,
U* =g
N 1 1 1 1 1 ]
O'flC.G -0.4 -0.2 0 0.2 0.4 0.6

Figure 4.1: Example snap-shot of the in-plane- v velocity vectors (every'8 vector shown)
and out-of-plane vorticity contouras,, under quiescent conditions for afD| = 0.25,6*/D, =
0.00,U* = 0o andM; = 0.58

The corresponding in-duct total pressure measurementsteight-to-diameter ratio
(h/Dy) of 0.25, under quiescent conditions, is shown Fig. 4.2. Tees regions are
clearly identified at the 155 and 20positions (measured top dead centre clockwise)
which indicates ingestion of two contra-rotating vorticé=or this configuration the
vortices are clearly ingested very close to the intake wglt{(= 0.94), with the highest
total pressure loss being measured at the closest poing tdutt surface. As will be
discussed later, this has additional consequences on #ralbwtake aerodynamics.
What is interesting, in comparison to the PIV measuremest$at the vortices are
now symmetrically placed relative to the intake centre.lifféhis indicates that the
vortex position relative to the intake axis has changed eeitthe PIV plane and the
fan face. For all three sets of experiments performed undefind and headwind
conditions the position of the vortices was asymmetrictnadato the intake centre
line.

4.1.1 Unsteady Behaviour

The PIV measurements under quiescent conditions revealesting flowfield fea-
tures. As mentioned above (and§@.2.1), the flowfield under quiescent conditions
is dominated by vorticity bound in the flow travelling in thegativey-direction be-
tween the intake and ground plane (i.e. the gap flow). Howdlere is also a strong
induced velocity field in the positivedirection, which is expected have a near equal,
but weaker, source of opposite sign vorticity (Fig. 4.4)ac®i both flows are of near
equal strength, travelling in opposition to each otherdhe expected to be a strong
interaction between the two vorticity sources. This resinlta flowfield that is con-
siderably unsteady in time as illustrated in Fig. 4.3 whibbvgs example snapshots
for the datum height configuratioh/D, = 0.25) that have been consecutively taken,
equi-spaced by /7.5 seconds. During this particular sequence, the flowfielibliy
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Measurement point locations

—~ Two ingested vortice:

PIV measurement plane

———————————— e h/D,=0.083

Figure 4.2: Fan face total pressure measurements fon/dn = 0.25 andM; = 0.58. Also
included in the figure are the measurement point locatiohé,niReasurement plane position
relative to the intake and the height-to-diameter ratiorldin

contains two contra-rotating vortices (Fig. 4.3a) as etguec However due to the
strong interaction there are pockets of both positive arghtive vorticity surround-
ing the two dominant vortices which can be seen in Fig. 4.8kdhé next snap-shot,
0.13slater, four vortices are observed in the PIV plane (Fig. %#.8eo dominant vor-
tices associated with the negatieirection flow and two weaker vortices rotating in
the opposite direction associated with the approachindfitdav(positivey-direction)
(Fig. 4.4). In the following frame (Fig. 4.3d) the positiverdinant vortex appears to
have strengthened from inspection of the vorticity levetsilst the dominant negative
vortex has split into two smaller regions of high vorticigust 0.13 seconds later, the
dominant positive vortex has completely broken down withpast existence being
inferred from a long thin region of smeared out vorticitygF4.3e). Further advances
in time see the anti-clockwise vortex reappearing, but weakth now the negative
vortex appearing stronger (Fig. 4.3f-g). Finally, in thstifbowfield snap-shot, no clear
vortex structure can be seen, however there are multiplens@f relatively weaker
positive and negative vorticity present. The sequence apsimots shown in Fig. 4.3
demonstrates the severe complexity of the flowfield.

The highly unsteady, time variant behaviour described aliias not been observed to
the same level under any other conditions (i.e. headwindpanticularly crosswind
conditions). As will be discussed §b the ground vortex under headwind conditions,
which essentially possesses the same formation mechasismder quiescent con-
ditions, does contain similar unsteady features, howewdea vortex in general can
always be detected within the measurement domain.

To quantify the spatial unsteadiness of the nowind groumtéxahe time average flow-
field is displayed for all three non dimensional heights (Hidp) along with the locus
of both positive (i.e.+ve w,) and negative (i.e. -ve,) vortex core locations over all
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Figure 4.3: Example flowfield snapshots of the ground vortex under qeigsmonditions taken
consecutively at &/D; = 0.25,6*/D; = 0, U* = o0 andM; = 0.58 illustrating the unsteady
behaviour
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Figure 4.4: Vortex formation under quiescent conditions showing thduged vortex lines
approaching the intake in both the positive and negatidieections

flowfield snapshots. At the lowest height-to-diameter rétij®, = 0.25) two regions
of relatively high vorticity is seen (one positive and ongaiive) (Fig. 4.5a). Both
regions are small with a radius of approximatel@3D,. Inspection of the vortex core
positions (Fig. 4.5b) show that the two regions of high aityiencapsulate the move-
ment of the vortex, as expected. An increase in the grouratahee to 0.32h(/ D))
leads to an reduction in the peak vorticity levels (Fig. %.9de core locations show
that this reduction in partly due to a small increase in ttegiapunsteadiness. However
the unsteadiness is not notablyfdrent from the lower ground clearance configuration
suggesting that the average vortex strength has also red\idéh a further increase
to 0.4 (/D) similar observations are seen, however the negativemegjigorticity is
now significantly smaller. The vortex centre locations fastconfiguration show that
this is due to an increase in the unsteadiness of the cloekwiating vortex as well as
an expected reduction in the strength.

4.1.2 Flow Modes

Perhaps the most interesting observation from the expatsnader quiescent condi-
tions is the various flow modes that have been captured atthpl&ne. As illustrated

in Fig. 4.1 two contra-rotating vortices form at the PIV m@&snent plane, which
agrees with previous qualitative observations (Fig. 4.68 mentioned above, the
vortices that form are highly unsteady which is expectede@ besult of a strong in-
teraction between the gap and the approaching flowfields. eMerytwo vortices are
not always observed at the PIV plane. In this case the flowfireldulates with a single
dominant vortex being observed which is found to switch fymort (Fig. 4.6b) to star-

board (Fig. 4.6c¢) sides. As the vortex switches from sidede the sense of rotation
of the dominant vortex changes with a contra-rotating vopir generally always ex-
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isting between the flow mode change (Fig. 4.6a). As one damw@atex appears it
increases in size and strength, with the other diminishintg 1 disappears. Full scale
engine test visualizations of ground vortex ingestion umaewind conditions also

show a similar characteristic behaviour, as shown in AppeAd.. The condensation
induced by the high velocity gradients within the vortexezaive a clear indication of
the vortex rotation. Fig. A.1 shows two example flowfield sishpts taken from the
same engine test run. A dominant vortex is clearly observgdiwis found to switch

from side to side with a corresponding change in the rotadiotine vortex. Similar

to that in the scaled model experiments, the vortex systenhéfull scale visualiza-

tions was also found to favour one side of the intake. Thisoofree may be a result
of asymmetries in the flowfield, particularly for the full $edests, which were con-
ducted outside in an uncontrolled environment where thetéaanbient’ conditions

are unknown.

4.1.3 Vortex Characteristics Quantification

As explained in§3.4.1.1 for each configuration two runs of approximatelys2® du-
ration were performed to obtain 300 flowfield samples of tHeaity field. For each
snapshot the vortex is identified from the location of peakadtplane vorticity,w,.
Using this parameter allows both positive and negativeicestto be identified indi-
vidually. The vortex strengti, core sizeI(;), and Vatistas shape factan)(are then
determined using the methods outlined in Appendix E for lotdbkwise and counter-
clockwise vortices. As explained above, the flowfield undeescent conditions varies
considerably with time and often no clear vortex structar@iserved in the PIV plane.
For this reason outliers were present in the calculate@xattaracteristics data which
had to be removed prior to averaging the results. These ssad themselves in a
number of ways, such as the 'identified’ vortex being at thgeeaf the measurement
domain underneath the intake or possessing an unredligti@ege vortex core size
(see Appendix E.5 for further details of how the outliers evegmoved). As a result,
under no-wind conditions, typically 25% of the data pointswemoved prior to aver-
aging. The resulting variation for all three parametersaurgiiescent conditions at a
ground clearance of 0.32/(D)) for the positive vortex is displayed in Fig. 4.7.

Initial inspection of Fig. 4.7a would indicate a long waveg¢h oscillation associated
with the variation in the vortex strength. However as expdi above the data was
taken over two acquisition runs and the variation in both Ib@sn included in Fig.
4.7. The first 120 data points are associated with the firstwitim the rest being
associated with the second (Fig. 4.7). Nevertheless, iea that there is some form
of unsteadiness present which is resulting in gradual drowtthe vortex strength

*For the engine test visualizations pictures shown in trésiththe tests are performed on an outdoor
test bed. A large scale blower is used to simulaféedint wind speeds at the test site. The visualizations
shownin§A.1 are with no external blower in operation. However sifieetests are performed outdoors,
there may be a small level of ambient wind present, hencerthp-shots shown may not be strictly
under no-wind conditions. The rotation of the left and rigbitices however indicates that the intake is
operating in the no-wind mode.
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for the first data acquisition run. Although no further aséyhas been conducted, a
discussion of the dierent unsteady sources is provided beloy4r2.2.1.

The characteristic behaviour in the vortex strength, iisd in Fig. 4.7a, has only
been observed under quiescent conditions and relates dalck previous section re-
garding the flow modes observed. Typically, under quiescentlitions, two contra-
rotating vortices where always observed at the start of datdacquisition run. This
can be inferred from the relatively low vortex strength floe fpositive vortex for the
first 50 or so data pointdn Fig. 4.7a. Taking into account the amount of data that
was filtered in this region, this equates to a time scale of@pmately 7s. Be-
tween the data points of 50 and 80 a steady growth in the vsttergth is observed
(Fig. 4.7a). A corresponding reduction in the negativeaors also seen (although
not shown in the figure). At approximately the 108ata point, the vortex strength
has reached a maximum and fluctuates arord1 n?s™. This is approximately
double the vortex strength observed during the first 50 daitatg where two contra-
rotating vortices were present. In this region, where théexdhas reached a maximum
strength, a single dominant vortex was seen for all flowfielgpshots. The flowfield
has essentially 'locked’ into a specific flow mode, and becaerg steady in space
and magnitude. This is considerablyfdrent from the initial phase of the run where
two contra-rotating vortices formed which were considgrainsteady in time.

In general this characteristic behaviour was observed Ifdnzestigated configura-
tions under quiescent conditions (Fig. 4.8), although mast evident at a height-to-
diameter ratio of 0.32h/D,). The flowfield initially begins with two contra-rotating
vortices and with time a dominant vortex appears which exahytbecomes prevalent
in all snapshots. The transition between the first and senamglis clearly visible for
all configurations (Fig. 4.8) which is evidence of this bebav. It is also worth not-
ing that the dominant vortex was always found to be the vartegest to the engine
centreline (the positive vortex) for all configurations.ig perhaps suggests that these
observations are a result of the initial asymmetries preisethe flowfield (i.e. the
occurrence of two contra-rotating vortices asymmetngaliiced relative to the intake
centreline).

In addition to the vortex circulation, the correspondingter core sizer() and Vatis-

tas shape factom variations are also displayed in Fig. 4.7. Some sengjtiwith
snapshotis observed in thetrend (Fig. 4.7b), where a drop in the average core size is
seen in the region of the single dominant vortex. During pihiase the vortex core size

is small, approximately equal to 2Mdm However for all other snapshots, a relatively
large variation is experienced. This is attributed to theriactions associated with the
opposite sign vorticity of the second vortex. The averaggexocore size across all
snhapshots for this configuratioh/O, = 0.25, M; = 0.58) was found to be 2.ihm

In quiescent conditions the engine induces a flow-field antioity created within this flow-field,
along the ground, is the source of vorticity for the vortegteyn. Hence when two vortices are present
the sum of the vorticity levels within the vortices is exptto be approximately equal to that for the
single vortex case. For example, in Fig. 4.7a, the vorteengtth at the start of the run, when two
vortices are present, is approximately half that when aasidgminant vortex is observed
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In contrast, the Vatistas shape factor shows a fairly ctersigrend for all flowfield
samples (Fig. 4.7c¢) with a mean value of 0.97. Generallyattezgage Vatistas vortex
model constant and vortex core size were unchanged for esgent configurations
and were equal to approximately 1 anchgrespectively.

4.2 Hfect of Non-dimensional Parameters

In this section the féect of varying the ground clearand®,D;, and the intake Mach
number,M;, on the average non-dimensional vortex strenfjtrand fan face distor-
tion, DCq, is shown. From the dimensional analysis presente§Bit.1 the appro-
priate parameters for non-dimensionalising the vorteangjth are the intake highlight
diameter,D; and the intake velocity); (Eq. 4.2.1). As explained i§3.6 the aver-
age total vortex strengthh;, is the absolute sum of the average vortex strengths (Eq.
4.2.2). Itis expected that non-dimensionalising the ¢atton in the fashion shown in
Eq. 4.2.1 should give the same non-dimensional vortex gtinefor any given Mach
number and intake diameter combination. This hypothedldeitested with regards
to the intake Mach number throughout this thesis for all stigmated ground vortex
formation mechanisms. Thdfact of D, has not been experimentally investigated in
this thesis, however a discussion of this parameter on thewstrength is given in
§8.3, with use of supporting CFD studies conducted in cortjanavith this project.

(4.2.1)

where

[ =]+ (4.2.2)

4.2.1 Ground Clearance

Although the &ect of ground clearance has already been discussed in térthe o
vortex topology and unsteadiness, this section discusgemfiluence oh/D, on the
non-dimensional vortex strength; and fan face distortion parametd&®Cg,. Fig.
4.9 illustrates the féect of reducing the ground clearance Ion for an intake Mach
number,M;, of 0.58. The lowest ground clearances are associated kétkttongest
vortex. This is expected given the mechanism of vorticitgegation under quiescent
conditions. As mentioned above, the intake velocity fielduices a flowfield external
to the intake. This flowfield interacts with the ground whiadnsequently forms an
induced boundary layer along the ground plane. The highewréhocities close to
the ground, the higher the level of induced vorticity getiera Hence for a given
mass flow, if the intake is closer to the surface, the velesitire expected to be larger
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immediately adjacent to the boundary and therefore thécityrin the flow is expected
toincrease. Thisis the reason for the higher vortex stheaigbwer ground clearances.

0.08¢ X M. =0.58,Re, = 1.26x 10°
m M, =0.14,Re, =0.27x 10°
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Figure 4.9: Effect of ground clearance on the average non-dimensionahwettength under
no-wind conditions 0 * = co)

The corresponding in-duct total pressure contours platalfanvestigated non dimen-
sional heights are displayed in Fig. 4.10. The distortioeffotent, DCq, for each
respective configuration is used to characterize the levdisbortion at the nominal
aerodynamic interface plane (AIP) and is plotted in Fig.14. TheDCgo parameter is
used extensively in this thesis and is defined as being tleeveegghted average fan
face total pressureR, subtracted by the worst area averaged 60 degree secter pres
sure,Pgo, divided by the dynamic head at the AR, (Eq. 4.2.3). For further details
on this parameter see Appendix F which also includes otlstortion descriptors that
have been examined but not included in the main text.

DCqo = % (4.2.3)

f

At the highest intake Mach numbel() of 0.58, a change in the ground clearance,
h/D;, from 0.25 to 0.4 has no noticeable impact on the total prespattern (Fig.
4.10a-b). This is also evident from th¥Cg, trend (Fig. 4.11) which does not alter
significantly. As explained above two regions of high locdht pressure loss is seen
immediately adjacent to the intake wall, which is a clearigation of two ingested
vortices. This is seen at both height-to-diameter ratigg (#10a-b). The run time for
the total pressure measurements wasvghich is not long enough to see the change in
the flow mode from two contra-rotating vortices to a singlatreely stronger vortex,
as observed in the PIV measurements. At the lower intake Ntachber of 0.43
(Fig. 4.10c-d) there is also no clear change in the loss foutpetween the ground
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clearances, although the vortex closer to the intake axisa to have strengthened
with a corresponding reduction in the low pressure regiaselto the duct surface.
The largest change in the loss footprint is seen at the lowesstigated intake Mach
number of 0.14. At &/D, = 0.29 two loss cores are observed (Fig. 4.10e) but with
a change to 0.5h(D)) leads a larger single loss region which is closer to thekata
centre line (Fig. 4.10f).

The change from two loss cores to a larger single loss cordirget result of a change
in the flow topology from a flowfield that is dominated by two t@arotating vortices
to a flowfield where only a single vortex is observed. Only @lgrvortex is seen at
the largeth/D,, due to the increase in ground clearance amplifying thecaghess of
the ground vortex. Consequently a relatively larger lose ®seen at the fan face due
to the increased vortex movement. The change in the vortgestion is expected to
be due to a ’biasing’ féect introduced by increasing proximity to the ground. When
an intake is far from the ground the sucked streamtube is stnizal relative to the
engine axis; air is drawn in equally above and below. As thakim is brought to
within close proximity of the ground, the capture streamstllecomes considerably
asymmetric. Air drawn in between the ground and the intdke '@ap-flow’) reduces,
causing more air to be drawn in from above. As the ground afear gets smaller,
the gap flow gets weaker. Consequently the vortex horizémtak position (in plane
stagnation point) moves closer to the highlight plane ofitiake which forces the
vortex to take a sharper trajectory into the intake and isefloee ingested closer to
the intake wall (Fig 4.10e). At high Mach numbers the vortexniuch less sensitive
to changes in the horizontal locus position, whereas a lowhiMaumbersi¥; = 0.14)
there is a clear sensitivity to changes in ground clearance.

4.2.2 Intake Mach Number and Reynolds Number

Due to the nature of the experiments it was impossible to treyntake Mach number
whilst keeping the intake Reynolds number fixed since onlyngls intake model
was constructed. Thefect of varying the intake velocity);, and consequently the
intake Mach number and Reynolds number, on the non-dimealsimrtex strength
is also included in Fig. 4.9. By non-dimensionalising thetew strength data by the
intake velocity and intake diameter, no notabl&atience is seen in the trend with
non-dimensional height. This indicates that vorticity gextion on the ground plane
directly scales with the intake velocity, and is an apprajerscaling parameter.

However in terms of the total pressure contours at the faa there is some sensitivity
with the average fan face ingestion location (as explairm/e) (Fig. 4.10) and a
significant sensitivity wittDCgq (Fig. 4.11). A change in thil; from 0.58 to 0.43 and

a corresponding change in the intake Reynolds number fr@tb.0.94x 1P leads

to a considerable change in the right of the two vortices.(Ei0c) where the vortex
has moved from 0.97 to 0.64,(r;). In tandem a marked reduction in the distortion
codficient is observed (Fig. 4.11). At the lower intake Mach nundé®.43 (M;) the
DCqo is approximately three times smaller in magnitude. HoweMeirther significant
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Figure 4.11: Effect of ground clearance on the distortion f@éent under no-wind conditions
(U* = o0) for various intake Mach numbers

reduction in the intake Mach number to 0.14 (at a slightlyhkigground clearance,
h/D;, of 0.29) sees both vortices being ingested very close tontia&e wall again

with the radial position again being equal to G.94/r,). It is unclear whether the
sensitivity in the ingestion location is an intake Mach n@mbr Reynolds number
feature.

The sensitivity in theDCgg trend, however, appears to be linked to the ingestion loca-
tion. As highlighted in Fig. 4.11, for the configurations imieh the lowest pressure
loss region is not in contact with the intake wall (i.e. Figl@c-d & f) theDCqq is
relatively lower in comparison to the cases when the minirpuassure region is inter-
acting with the duct surface (i.e. Fig. 4.10a-b & e). Thisaadles that when the vortex
is ingested close to the duct surface the vortex interadts te wall such that it in-
duces local separation thereby increasing the overalspregoss in that region. With
no wall interaction thedCgq trend with ground clearance is similar to the circulation
measurements (Fig. 4.9) in that lower ground clearancehipgoa stronger vortex and
therefore higher fan face distortion value (Fig. 4.11). ldger, with the minimum loss
region in contact with the wall the trend witl{ D, is slightly different with the higher
ground clearance exhibiting a largeCgo. These diferences are a testament to the
added complication of the vortex-wall interaction. Theadpbint at an intake Mach
number of 0.14 is expected to bdfdrent to theVl; = 0.58 data points because, for the
latter case, measurements were taken as close as /0,98 wall whereas in for the
former the closest data point to the duct surface was ar{194As a consequence,
the distortion observed is not just due to the vortex but alsssult of local separation.
This will be discussed in further detail §b and will be clarified in§8.

This is slightly diterent to theM; = 0.58 case as the measurement point locations are not the same
(see Figs. 4.2 and 4.10e).
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4.2.2.1 Sources of Unsteadiness

It is clear from the data presented in this chapter that theresome unsteady features
(see Fig. 4.7a), however the source of this unsteadinessiear. For the experiments
presented in this thesis there are four primary sources steadiness. The first is
the start-up transient associated with the non-continnatisre of the experiment run.
The second source is associated with the broadband tuthuisteadiness with the
third being associated with the characteristic unsteadinaused by the interaction of
the flow with the physical features of the rig. The most obsiexample of this is
under crosswind conditions where there is vortex sheddiom the outer surface of
the intake. Finally there is the inherent unsteadinessefjtbund vortex itself.

With regards to the first unsteadiness source, quantitstiidBes conducted in this the-
sis (see§7.1.1), reveal that the ground vortex start-up transiesisléor a period of
approximately 1s. For all configurations, data acquisition did not commencgl u
approximately 2 after the intake suction was initiated, hence the initiahsient has
been avoided. Given the results§id.1.1), is known that the during the transient the
vortex is relatively weak and rapidly increases in strerigth quasi-steady state mag-
nitude. For all configurations, where the transient has lpegposely avoided there
has been no evidence of this behaviour at the start of eaahadquisition run.

Before discussing the other two sources individually thpeeixnent set-up and data
acquisition methodology for the PIV experiments is reeiditDue to the nature of the
intake suction system the maximum permissible run timecanatant maximum mass
flow rate of 1.4%gs?, is approximately 2. The SPIV system implemented in this
thesis allows a data acquisition rate of H3 Hence avoiding the initial transient of
the ground vortex start-up, each run allows 150 data sanmples acquired. In order

to obtain a good statistical representation of the flowfield tuns were performed for
each configuration giving a total of 300 flowfield snapshotseréfore although 48

of data has been taken, only 2®f continuous data has been acquired and it is this
that determines the lowest frequency oscillation that Gaodptured.

The broadband turbulent unsteadiness is associated withrtbulence within the free-
stream of the tunnel, the approaching boundary layer, ttakénboundary layer and
also the near wake of the intake for crosswind conditiongh\\dgards to the tunnel,
the free-stream turbulence is 0.1%/U.) which is very low and is therefore not
expected to fiect the flowfield significantly. However for most cases thealketis
partially submerged in an approaching boundary layer wisieixpected to cause high
frequency variations in the vortex strength.

In terms of the natural frequency of the ground vortex, Kamsand Fuch? present
Large Eddy Simulations which provides frequency data ofgteeind vortex. Simu-
lations were performed under headwind conditions at a loynBlels numberRe,,,

of 5.5 x 104, based on the intake velocity;, and intake inner diameteR;. Non-
dimensional frequencies of between 0.009 and 0.045 werenadx$ (normalised by
U; andD). Scaled to the current experiments, indicates a frequeargye of between
12 and 63Hz Despite the large eerence in Reynolds number, this frequency range
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agrees well with the Unsteady RANS simulations conductefidntopp'* which were
performed to simulate the current model and Reynolds nuifieeRe, = 1.3x 1(P).

Given that the SPIV data acquisition frequency is A5this is not large enough to
resolve the smallest frequencies associated with the dgreartex, as observed by
Karlsson and Fuct8. However the intention is to obtain an accurate represientat
of the average vortex strength. Given that the run time is,2his is enough time to
capture frequencies down to 0.B&.

Under quiescent conditions the flowfield was occasionallgeoked to gradually lock
into a single vortex flow mode (Fig. 4.7a) which perhaps iathd that a low frequency
oscillation was dominant. However the analysis of Karlsand Fuchs indicate that
the lowest frequency observed is B2, which can easily be captured in the run time
that has been implemented. In addition, it should be stht&idthe primary aim of this
research is to characterize the total circulation of théexosystem. Hence although in
Fig. 4.7a the vortex strength of the positive vortex gralyuatcreases, there is also a
corresponding reduction in the negative vortex strengtnsgquently the variation in
the total vortex strength does not show any indication ofravi@velength oscillation.
This feature will only have an impact on the time average fleldfivhich is not used
quantitatively in this thesis.

4.3 Summary

Ground vortex formation under quiescent (no-wind) coodisihas been quantitatively
examined for the first time. PIV measurements external toritade and in-duct total
pressure measurements have been taken to assess the flowheldesults are in-
line with previous qualitative observations for this foioa mechanism. The velocity
measurements reveal a flowfield which is rich in features arsieady, time depen-
dent, characteristics. Thefect of intake ground clearanck/D,) and Mach number
(Mi) have been studied. The main features of the flowfield and &t mMmportant
conclusions are outlined below.

e Under no-wind conditions the intake velocity field inducefiaavfield which
emanates from all directions in the external vicinity of théake. With the
ground plane in close proximity, this induced velocity fighderacts with the
surface generating vorticity.

e This induced velocity field is strongest between the intalegtthe ground plane
resulting in two ingested contra-rotating vortices thaate such that the left
vortex has positivev, vorticity at the PIV plane. However there is also a rela-
tively strong source of induced vorticity approaching thiake travelling in the
opposite direction.

e The interaction of the two vorticity sources is the expectemkson for the un-
steady formation of two contra-rotating vortices.
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e A number of flow modes are observed at the PIV measuremene;pkavo
contra-rotating vortices, and a single clockwise and ceudliockwise vortex.

¢ With time the flowfield eventually falls into a specific flow meuh which only a
single vortex prevails. This vortex is now both steady ingiamd space. With no
external disturbances the flowfield does not recover itgairstate and appears
to be locked into this specific flow mode.

e Low ground clearances generate a stronger vortex due toiginerhinduced
velocities close to the ground plane.

e The vortex strength under quiescent conditions scalesthgtlntake velocity.

e The vortex ingestion location was found to be sensitive ®ititake velocity,
but it cannot be determined whether this is a intake Mach rumabReynolds
number feature.

e When the vortex is ingested immediately adjacent to the dudace a higher
distortion is observed which is expected to be caused byducad separation.
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CHAPTER 5

Headwind Conditions

The aerodynamic features and characteristics of grountdx&rmation under head-
wind conditions is presented in this chapter. The experimiender quiescent condi-
tions (U* = oo) provide a reference point for the results presented hene.vElocity
ratio is reduced fromo, by introducing a non-zero headwind speed with PIV and in-
duct total pressure measurements being taken at seleegsirrfam velocities, ranging
from 10 to 50ms?! (U* = 20 to 35). As well as the fect of velocity ratio, the im-
portant geometric and aerodynamic parameters are alsstigated. Three height-to-
diameter ratios have been studiéd@, = 0.25, 0.32 and 0.4) which are applicable to
current and future conventional wing mounted engine itetahs. In addition, three
approaching boundary layer configurations have been esgbliar establish its sensi-
tivity, which to the authors’ knowledge has not been ingetied experimentally to
date. From this dataset a new vortex formation criteriorsialdished, which includes
quantitative information to provide greater understagdihregions of strong vortex
magnitude.

The first section of this chapter discusses the flow topoloijly particular focus on

its sensitivity to reductions in velocity ratio frord. Both PIV and total pressure
measurements are used to describe the key flowfield feaflinesetects of the non-

dimensional parameters are then discussed primarily mgef the vortex strength
and flow distortion parameter.

5.1 Flow Topology

With an intake operating under quiescent conditidhs £ o) a pair of contra-rotating
vortices form ahead of the highlight plane (Fig. 5.1a). Aplaed in the preceding
chapter, at a velocity ratio &* = oo, the flowfield is dominated by vorticity gen-
erated by the induced intake velocity field along the groulahe travelling in the
negativey direction (between the intake and the ground). With the dami vortic-
ity source emanating from this direction the left vortexatets anti-clockwise at the
PIV plane (i.e. has positive, vorticity)(Fig. 5.1a). As discussed ig¥4.1.3 for all
investigated non-dimensional heights under quiescerditions with sdficient time
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Figure 5.1: Typical vortex snapshots showing thieet of velocity ratio on the flowfield topol-
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the flowfield eventually develops into a specific flow mode wehamly a single domi-
nant vortex prevails. This dominant vortex was always fotmde the vortex closest
to the intake centreline and always had positive vortichygw,). When a small non-
zero approaching wind speed is introduced the flow field imately enters this flow
mode (Fig. 5.1b). At a velocity ratid)*, of 19.8 and a non-dimensional height of
h/D, = 0.25 a contra-rotating vortex pair almost never forms with aifdee rotating
vortex prevailing for all flowfield snapshots. The singletearcreated under such con-
ditions is found to be steady in space, as illustrated in Figa, which shows the locus
of vortex core positions over all flowfield snapshots.
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Figure 5.2: Effect of velocity ratio on the vortex core positions over allsfield snapshots
(h/Dy = 0.25,M; = 0.58,6*/D; = 0.11)

Careful inspection of the flowfield suggests that the dontinarticity source is still
associated with the gap-flow (i.e. negatwdirection), despite the introduction of an
additional approaching vorticity source in the positwdirection. This can be seen
in Fig. 5.3 which shows an example snapshot at*a= 19.8 where a very weak
clockwise ve w,) vortex is seen to the right of the dominant anti-clockwiset@x.
With the vortices in such positions with respect to each rattne flowfield topology is
in agreement with the no-wind formation mode (Fig. 5.1a)e $hapshot shown in Fig.
5.3, however, is perhaps the only example where arguablywbstices are observed
at the PIV plane for this particular configuratidd(= 19.8 andh/D; = 0.25). Given
these findings it is expected that the flowfield, at this paldicvelocity ratio and non-
dimensional heighty* = 19.8 andh/D, = 0.25), is on the verge of a change in
the dominant vorticity source from that associated withititiced flowfield to the
approaching vorticity source. This will be discussed farthelow.

With a further increase in the headwind velocity, at the daheight of 0.2514/D)), to

a velocity ratio of 13.3 still only a single dominant vortexabserved at the PIV plane
(Fig. 5.4c). However, as the approaching wind speed inessfasther the flow topol-
ogy changes again with the return of a pair of contra-rogatiortices (Fig. 5.1c and
also Fig. 5.4e). In comparison with the vortex pair genefateder quiescent condi-
tions (Fig. 5.1a) the vortices are stronger and with a recesense of rotation. This is
in line with expectation and the change in rotation is as alte$ the source vorticity
now being associated with the approaching flow figigee Fig. 2.5a). This vortex
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Figure 5.3: Example snap-shot of the in-plane velocity vectors andaitytfield under head-
wind conditions /D, = 0.25,U* = 19.8, M; = 0.58,6*/D, = 0.11)

structure increases in strength and symmetry with furthereiases in the approach-
ing wind speed. In addition, as the velocity ratio reducesgpatial unsteadiness of
the vortex system significantly increases. This is illuslan Fig. 5.2b which shows
the vortex core locations at a velocity ratio of 4.6. In conmgzan to the single vortex
generated at the higher velocity ratld*(= 19.8) the vortex movement of the positive
vortex, at the PIV plane, has increased by approximategettimes.

With regards to the vortex rotation switch boundary, Brixalthad also shown that
the rotation of the vortices under headwind conditions wdkiis the same fashion
as the no-wind mode but at a much higher velocity ratio of & {£.2.1). It was
shown that when the velocity ratio was reduced to 12 the xqueer had changed
its sense of rotation and was now rotating in accordance thighheadwind mode.
Although the exact velocity ratio at which the mode changaiogwas not given, Brix
et al noted that during this change the vortex pair becam&bies This is a possible
reason for only a single vortex being observed at interntedialocity ratios. In the
current study, at the higher ground clearance of B/8() where the induced vorticity
is lower (se€§4.2.1), again only a single vortex was observed at the hidtezxiwind
velocity ratio of 19.1 (Fig. 5.4b). At this intake height ibuld not be determined
whether the flowfield was still dominated by the induced witgti However, with
a reduction in the velocity ratio to 12.1 (Fig. 5.4d), the wrence of two contra-
rotating headwind vortices appeared. This compares toaciglratio of 9.1 for the
lower ground clearance of 0.26/D,) (Fig. 5.4e). This perhaps demonstrates that the
switch in the flow mode is height dependant and depends orethtve strength of
the induced vorticity. This theory will be further exploradthe theoretical headwind
model presented i§8.2.

An explanation for the observation of just a single vortexthe datum height con-
figuration for intermediate velocity ratios, can also beegi\by considering the two
dimensional flow topology in the PIV measurement plane. Fomp&al headwind
configuration U* = 4.6) the time averaged in-plane vector flowfield clearly show
a contra-rotating vortex system (Fig. 5.5a). The basic flopotogy is further high-
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lighted by considering the in-plane flow streaklines andalgh there are caveats with
applying this techniquefBsurfacé®, in this case it serves to clarify the flow structure.
The topology is characterized by two saddle points whiclcarsected to each other,
denoted byS1andS2in Fig. 5.5b. Saddle poirs1l defines the edge of the capture
stream-tube and saddle poB2 forms just upstream of the intake highlight plane and
forms part of the vortex system. The existence of this secadle point is vital for
two vortices to form. Furthermore, the saddle to saddletpmnnection $1-S2)is
indicative of an inherently unstable flow topolajy Therefore small changes in the
flow field (such as the flow angle), could result in significamtmges in the flow struc-
ture (twin vortex to single vortex flow-field). At high veldgiratios the flowfield is
characterized by lower headwind speeds and is more senitavreduced tunnel flow
quality. In addition, the flowfield maybe more sensitive te seeding rake positioned
upstream of the intake at these low headwind speeds (Fig).3[Bis may also explain
why only a single vortex is seen at high headwind velocitiogat

5.1.1 In-duct Total Pressure Patterns

In conjunction with the external velocity field measurensean in-duct total pressure
survey was conducted for the majority of configurations exaschusing the PIV tech-
nique (see Appendix D). The measurement coverage withimtake is identical to
that in quiescent conditions. A total of 432 data points waken for each configura-
tion over a number of runs by rotating the intake (Fig. 4.23.eXplained ir§4.1, the
total pressure flow topology under quiescent conditionb@acterized by two regions
of high local total pressure loss immediately adjacent éodhct surface. This plot is
again shown in Fig. 5.6a for an intake Mach numby)(of 0.58. It was concluded in
§4.1 that the loss seen under quiescent conditions at thestigitake Mach number
and Reynolds number is not only due to the vortex, but alsotoltiee interaction of
the vortex with the duct surface. As will be discusse¢&3, Zantopp! has shown
that the vortices induce local separation within the intaléth the vortices rotating
as shown in Fig. 5.6b this will result in two regions of inddeeparation. With the
addition of a modest approaching wind speed ofri®! (U* = 19.8), the loss pat-
tern changes at the fan face with the two loss regions mowwvgrids each other (Fig.
5.6¢). However two regions of high total pressure distortian still be identified. It
is expected at this velocity ratio the flowfield is in a traisial state, as interpreted
by Brix et aP, in which the &ect of the approaching vorticity source is starting to
become dominant. This is signified by the two vortex coretiooa moving towards
each other, which is expected to be due to the influence ofggheoaching vorticity
source, as depicted in Fig. 5.6d. However, since the twodosss can still be identi-
fied, the flowfield is still expected to be dominated by the getuvorticity bound in
the flow travelling in the negatiwedirection underneath the intake. This agrees with
the PIV measurements described above. With a further isergathe approaching
wind velocity and a corresponding reduction in the veloc#io to 10 (J*), only a
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Figure 5.6: Fan face total pressure contours under (a)-(b) quiescemdittins U* = oo)
and (c)-(d) headwind condition®J{ = 19.8), (e)-(f) headwind conditiond* = 10.1) with
6*/Dy = 0.11 at an intake Mach number &; = 0.58
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Figure 5.7: Variations in (a) vortex circulationl;, and (b) vortex core size radius,, for an
h/D, = 0.25,U* = 19.8, §*/D; = 0.11 both at an intake Mach number i = 0.58

single loss core can now be identified at thel@@cumferential location(Fig. 5.6e).
For this configuration only the approaching vorticity doatis with the vortices rotat-
ing in the intake duct as shown in Fig. 5.6f. Due to the sensetafion of the vortices
for this velocity ratio only a single region of induced segtéom is observed.

5.1.2 Snapshot Variations

As explained in the previous chapter ang$6, for each PIV configuration 300 flow-
field snapshots have been acquired. Each vortex snapshbébasnalysed to deter-
mine the vortex parameters such as circulation, core sidé/atistas shape factan,
When both positive and negative vortices are present in g@saorement domain the
vortex characteristics are determined for both individiatices.

Fig. 5.7 displays typical signatures of vortex strength aack size over 300 vortex
snapshots for a single configuration in which only a singl¢esois present at the PIV
plane. For this example the average vortex strefgtiias found to be 1.47s™* with

a standard deviatiom;-, of 0.2n?st. For most configurations the vortex strength was
found to exhibit a near normal statistical distribution ahd standard deviation was
typically around 15-30% for th&/D, = 0.11 approaching boundary layer. This varia-
tion in vortex strength is expected to be primarily due tolével of fluctuations within
the boundary layer. For a much thinner approaching bourldgey /D, = 0.03), the
standard deviation in the circulatioo/T" was typically around 10-15%. Since the
measurement plane is fixed relative to the tunnel coordsydtem, it is closer to the
edge of the boundary layer for this configuration; hence ¢hellof turbulent fluctu-
ations in this region will be lower. In contrast to the vorsrength, the vortex core
radius,r. reveals a positively skewed statistical distribution (Fg7b). The average
vortex core radius size is 2am (0.05D;) with a standard deviation of 0/8m As
with quiescent conditions, the average vortex core sizefaasd to fluctuate around
a value of 3.0mm(0.06D;) for all configurations.

Further to the basic flow topology understanding, it is oérast to assess the charac-
teristics of the vortices relative to existing vortex madetich usually parameterise

*measured top dead centre clockwise
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Figure 5.8: Typical (a) plot of non-dimensional swirl velocity agaimsin-dimensional radial
distance(* = r/rc) and (b) variation in the Vatistas vortex modglpver all flowfield snapshots
for a single configurationh(/D, = 0.25,U* = 19.8, 6*/D; = 0.11 andM; = 0.58)

the vortex based on a non-dimensionalised core size, peakv®locity ratio and
potential field decay factét. The measured velocity flow field snapshots provide
suficient data to enable the vortices to be evaluated againkt\sartex models. An
example distribution of the non-dimensional swirl velg@gainst radial distance from
the centre for a single vortex snapshot is given in Fig. 5.8east squares fit of the
non-dimensionalised swirl velocity distribution showattht the PIV plane the ground
vortex has a Vatistas shape factor of 1.04 for this exam@egsmot. The commonly
guoted general vortex distribution o2 has also been added for comparison. The
variation of the Vatistas vortex model constant with theivithal snapshots is also
shown in Fig. 5.8. Outliers were removed if the least squeesislual of the velocity
distribution was greater than 0.3 (see Appendix E.5 fohierdetails). This typically
led to 5% of the results being removed. For the configuratioiig. 5.8 the average
shape factom, was found to be 1.03. Across all configurationgas approximately
1.0 and indicates that the ground vortex best fits the Scuiyex modef®? (n=1)
from the measured data that has been taken. This result @ninast to the previous
experimental research by Brix etakhich found that the ground vortex was best ap-
proximated by the Vatista®i£2) vortex model. It should be noted however, since the
spatial measurement resolution is low relative to the woctare size, measurements
will tend to under-predict the model constant (bias towdoslger values) as determi-
nation of this parameter strongly depends on the measurk tpagential velocity.
Using ann=1 vortex model to investigate théfects of this low spatial resolution, it is
expected that this would introduce+®.2 and -0.15 uncertainty in the Vatistas shape
factor.
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5.2 Hffect of Principal Parameters

In this section the féect of the important non-dimensional parameters are preden
and discussed in terms of the average non-dimensionalxvettength [*) and fan
face distortion DCqp). As explained in the previous chapt@d(2) the vortex strength,
I' is determined for each individual vortex snap-shot for bpbisitive and negative
vortices. The average circulation of the vortex systEnis then determined by taking
the sum of the absolute mean values of the clockwise (negatnd counter-clockwise
(positive) vorticesI is then non-dimensionalised by the intake velodity,and intake
highlight diameterD, to giveI™. In §4 it was shown that non-dimensionalizing the
vortex strength in this fashion leads to an invariant patam&ith changes in Mach
number. This will again be tested under headwind conditions

5.2.1 Contraction Ratio
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Figure 5.9: Total average non-dimensional vortex strendth, against velocity ratioJ* for
anh/D, = 0.25, M; = 0.58 ands*/D, = 0.11)

The influence of headwind velocity(,) on the average non-dimensional vortex strength
(™) is presented in Fig. 5.9. The no-wind results are also ptede denoted by the

U* = oo data point. Overall the change from quiescéhiU., = ) to a modest head-
wind configuration (J, = 10ms?, U;/U,, = 19.8) results in no notable change in the
total circulation (Fig. 5.9). In terms of the vortex stremgyend with reducing velocity
ratio, the variation is clear. High velocity ratiod?) are associated with a weak vor-
tex and as the headwind speed increases the vortex stremgdases monotonically
up to a local maximum, before reducing thereafter. The oleskvariation in vortex
strength with the velocity ratioU*) is the result of a balance between two aspects;
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the size of the sucked streamtube intersection with thergtqlane and the level of
ingested vorticity. At low wind speeds, the capture stredratsize is large but the ap-
proaching boundary layer vorticity levels are low. Bs increases vorticity within the
ground boundary layer increases resulting in a strongeexoHowever, with further
increases itJ,, the capture streamtube size will also decrease at a ratemiayal to
the inverse of the free-stream speed. The total vorticithiwithe sucked streamtube
therefore peaks, at a specific velocity ratif,, and reduces thereafter with decreasing
velocity ratio. Eventually the blow-away condition is read when the sucked stream-
tube lifts df the ground plane. This point is shown in Fig. 5.9 denotedUfjy, and
calculated from continuity considerations using Eq. 5.2The critical velocity was
not examined for the datum heiglit/QO, = 0.25) due to tunnel limitations. In addition
to measurements being taken at the datum intake Mach nurhBes®) a limited set
was taken at amM; of 0.43. These results are also included in Fig. 5.9. As is the
case under quiescent conditions, by non-dimensionalth@gortex circulation by the
intake velocityU;, no notable change is observed between the two Mach numbers.

U, Dih DY
N P =40 | — — + — 521
et (Uw)crit P (Di D 2Di) ( )

As can be seen in Fig. 5.9 at approximately the predictectakivelocity ratio the
experiments give a non-zero vortex strength. This disecrepss due to the definition
of U*. The velocity ratioU*, in Fig. 5.9 is defined as using the free-stream velocity,
U... However, to be consistent withftBrent approaching boundary layers the velocity
ratio definition should strictly use the area weighted agenzelocity within the sucked
streamtubel.,. This is what is inherently assumed when estimating thécative-
locity ratio using Eq. 5.2.1. Therefore since in the experits there was a relatively
large approaching boundary layet (D, = 0.11) the critical velocity ratio appears to
be too high. It will be shown below that with a thinner appitiag boundary layer,

in which the velocity profile is near uniform in the suckedesimtube, the predicted
critical velocity ratio matches the measured blowaway e&yaatio.

As introduced above, an extensive total pressure survexwatucted at the nominal
aerodynamic interface plane in conjunction with the PIVadat. The corresponding
total pressure contour plots for the majority of PIV confagions (see Appendix D)
at anh/D, = 0.25 andé*/D, = 0.11 is shown in Fig. 5.6 and 5.10. For all configu-
rations illustrated in Fig. 5.10 a single region of relalyvieigh local loss is observed
immediately adjacent to the duct surface at the°186ation indicating that induced
separation occurs for all cases. As discusse$iiz, theDCgy parameter is used to
quantify the level of in-duct flow non-uniformity. THBCg, trend with velocity ratio,
U*, is shown in Fig. 5.11 for the datum height of 0.28[),). The same characteris-
tic trend is captured with velocity ratio in comparison te thortex strength variation;
high velocity ratios are associated with a relatively lowtdition value and as the

TEq. 5.2.1 was derived assuming a uniform velocity profilehweitcircular, axi-symmetric sucked
streamtube at far-field upstream of the intgkeis the density ratio equal ja,/p; and can be calculated
from the isentropic flow relationship for a given intake Maaimber,M;
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Figure 5.10: Effect of increasing headwind speed in the total pressure e the fan face
foranh/D; = 0.25, M; = 0.58 ands*/D; = 0.11)
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Figure 5.11: Fan face distortion, DCgp, against velocity ratio,U*, for two intake
Mach/Reynolds number combinations* (D, = 0.11).
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Figure 5.12: Effect of intake velocity on the in duct total pressure pattethédD, =
0.256*/D; = 0.11). NOTE: The scale has changed relative to the plots piedean Fig.
5.10.
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velocity ratio reduces th®Cg, monotonically increases to a local maximum before
reducing. The velocity ratio at which the maximum distant@ccurs Uy, ., iS approx-
imately the same as for the PIV vortex circulation measurégmand is equal to 4.9
(U*). This clearly demonstrates that the same characterestittifes are observed at
the PIV plane in comparison to that inside the intake duct.

However as was seen under quiescent conditions there issdigénin both the in-
gestion location and thBCgo with intake velocity,U;. Fig. 5.11 shows that when the
intake Mach number and Reynolds number is reduced from 6.6818 and from 1.26
to 0.94x 1P respectively, there is approximately a 40% reduction inQig, across
all investigated velocity ratios. As explained§a.2.2, this reduction is coupled with
the ingestion location moving away from the intake surfaoe/ards the duct centre-
line (Fig. 5.12). As a consequence no vortex induced separet experienced and
therefore theDCqy is lower. As will be discussed i§8 Zantopg! has demonstrated,
via CFD simulations, that this vortex induced separatioa RBeynolds number de-
pendant feature and does not occur for a full-scale sinaatit is expected that the
distortion present at the lower Reynolds number of &34¥ is directly related to the
loss associated with the vortex core. In contrast, at thedriBeynolds number of 1.26
x 10, the loss is associated with the vortex and the consequeutéa separation.

5.2.2 Ground Clearance

The influence of non-dimensional height on the vortex stiteagd fan face distortion

is shown in Fig. 5.13. Although the basic vortex strength B, trend with velocity
ratio remains the same forfterent non-dimensional heights, there is some sensitivity
to h/D,. For a higher ground clearance of 0.4, the peak vortex dindmas decreased
and there is an increase in the associdtéd,. For intermediate values df;/U.

the vortex strength is greater when the intake is furthanftbe ground until under
quiescent conditiondJ)j/U,, = o) when it again reaches a relatively lower value.
Similar trends are also observed dCq; as a function otJ; /U, andh/D, (Fig. 5.13b).

The increase in peak vortex strength and the reduction icah@sponding velocity
ratio for the lowerh/D, are expected trends. Due to the lower ground clearance there
will be a greater interaction of the sucked streamtube viighground plane, enabling

a vortex to form at lower velocity ratios (i.e. higher headdielocities). With vortex
formation being possible at higher headwind speeds, tregrievels of approaching
boundary layer vorticity inherent at these larger wind siseleads to a higher peak
vortex strength as the velocity ratio further reduces. H@xefor intermediate veloc-
ity ratios the underlying mechanism for the observed seitgitvith ground clearance

is unclear. The flowfield will be ffected by a number of factors such as the ground
induced intake flow, the primary sources of vorticity and ithteraction between the
ground plane and the sucked streamtube shape. Within #misitionary region, the
topology changes from being dominated by flow from undeimaatl behind the in-
take to a flowfield principally controlled by the approachupsgtream flow. The overall
balance between these aspects results in a stronger vgsiexsfor a larger ground



86 Headwind Conditions

0.3r
—e— ND,=0.25
- --B-- WD =032
N — 4 1D, =0.40
B ) U::rit
0.2f
) \
L 0.15F \
a
i K S
0.1k
{ WD, =0.40
0.05F [\ ND=0.32 3
! E h/D\ =0.40
. I , 1 L l /\/_‘
I L = 15 20 0o
U
@
0.04r — Wpoa
0.03f
3
O 0.02
0.01F
\\ h/D, = 0.40
h/D, =0.25
0 1 ' 1 l /\/_‘
. t 10 , 15 20 "
U
(b)
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clearance at these intermediate velocity ratios. Thisquaar aspect will be discussed
in further detail in§6.

As can be seen in Fig. 5.13a the vortex blowaway conditidi, | is reached for the
intermediate lf/D, = 0.32) and largest ground clearand¢¥ D, = 0.40) investigated.
For an approaching boundary layer®fD, = 0.11, the critical velocity ratiolJ?;,
was found to be 4.29 and 4.90 respectively. This comparestto @d 5.59 using
Eq. 5.2.1. Hence the blowaway condition has been over pgeztlifor both height-to-
diameter ratios, and as explained above, this is a diregl r@the freestream velocity
being used in the velocity ratio definition, rather than theaaweighted average ve-
locity in the sucked streamtub¥,,,. This will be discussed further in the following
section.

5.2.3 Approaching Boundary Layer

Another important aspect is théfect of the approaching boundary layer on vortex
characteristics and formation mechanism. In practicefuthscale intake is immersed
in the near wall region of a thick atmospheric boundary |laysich is at least an order
of magnitude larger than the intake dimension. It is anétag that the vortex for-
mation is d@fected by both the total ingested vorticity and vorticitytdizition within
the sucked streamtube. For the current wind tunnel expetsrescaled atmospheric
boundary layer could not be replicated, so thre®edent boundary layer thicknesses
(6*/D; = 0.11, 0.07 and 0.03) were used to establish the sensiti¥itiyeoflow-field

to this parameter. The boundary layer profiles and chafatitey; for all investigated
approaching boundary layer configurations across all fuspeeds, are documented
in Appendix C.1.

The dfect of the approaching boundary layer thickness on the xsttength is illus-
trated in Fig. 5.14 for both height-to-diameter ratibgld,) of 0.25 and 0.4. In general,

a reduction ins*/D, from 0.11 to 0.07 has no notabl&ect on the vortex strength for
both non-dimensional heights (Fig. 5.14). However, withrHer reduction in the ap-
proaching boundary layer thickness to 0.63D,) reveals some sensitivity. Although
there is no notable change in the peak vortex strength/or = 0.25, there is an alter-
ation in the velocity ratio at which the peak occuss,,,, which has increased from 4.9

to 5.7 (Fig. 5.14a). This subtle change is much clearer ahidfiger non-dimensional
height of 0.4 where there is a notable change in the shapeedfeéhd with velocity
ratio in whichU'’. . has increased from 8 to 10.1 and with a modest reduction in the

corresponding peak vortex strength.

The increase itJ; ., is due to an alteration in the capture streamtube area foreagi
velocity ratio between the two boundary layer profiles. 8itlee velocity ratioJU*,

in Fig. 5.14 is defined using the free-stream velocity, a gkan the boundary layer
thickness results in no changelili. However, as explained above, the velocity ratio
strictly should use the area weighted average velocity raiihin the sucked stream-

tube, sincaJ* is a measure of the contraction of the capture streamtuktb. a¥hinner
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approaching boundary layer, the average velocity of thesteg air will be higher in
comparison to a highe¥/D, configuration. Hence the velocity ratio based on the av-
erage velocity in the sucked streamtube will therefore bgela This is therefore why
the data fow* /D, = 0.03 is shifted to higher velocity ratios in Fig. 5.14a and bisTh
will be further clarified in§8.2.4.

However most significantly, with a more uniform velocity pl@in the sucked stream-
tube for thes*/D, = 0.03 case the velocity ratio at which the vortex is blown away no
matches the predicted velocity ratio given by Eq. 5.2.1. ydaned above, Eq. 5.2.1
assumes a uniform velocity profile within a circular axi-syetric sucked streamtube,
this is therefore the reason why both the experiment andgisetivalues are now in
agreement. This is a significant finding and shows that thiexdriowaway condition
matches when the capture streamtube liffstioe ground plane. This is very useful
from a modelling point of view and will provide the basis ftrettheoretical model
presented i§8.2.

In terms of the comparative insensitivity of the vortex sg#h to the approaching
boundary layer, the relative magnitude is dominated by thece of vorticity for the
vortex. For the head-wind formation mechanism this sourfceodticity primarily
comes from the approaching ground boundary layer. Withimadent boundary layer
most of the vorticity lies close to the surface. The approagboundary layers were
measured using pitot rakes and, for all the boundary lay#iles tested, at least 90%
of the integrated vorticitywas positioned between the PIV measurement plane and
the ground (see Appendix C.1). Furthermore it was found tbag& given tunnel ve-
locity, the total vorticity within the dierent approaching boundary layers were largely
the same. Consequently the boundary layer thickness igiftuhave no significant
influence on the vortex strength measured at the PIV plane.

The corresponding plots for theCg, are shown in Fig. 5.15. ThBCg trend is
observed to be considerably more sensitive to changes iagpeaching boundary.
At a ground clearance of 0.2%/D),) the peak distortion cdicient, DCsomax has
reduced by 26% from 0.034 to 0.025, with the velocity rationaiximum distortion,
U} .. Increasing from 4.9 to 5.7 (Fig. 5.15a). Similar obseadi are also seen for
the higher ground clearance bfD, = 0.4 (Fig. 5.15b). The change in the velocity
ratio of peak distortion is the same as that for the vortegngjth and is due to a
change in the sucked streamtube size for a gién As explained above, this is
because the average velocity within the capture streamiilliacrease for the thinner
approaching boundary layer. The decrease in 2@k for the thinner approaching
boundary layer{*/D, = 0.03) is associated with the lower integrated total pressur
loss within this boundary layer for a given freestream vigyoand intake streamtube.

A further discussion on theftect of the approaching ground boundary layer on the
vortex strength and fan face distortion will be giver§$2.4.3, where the theoretical
model is used to illustrate the aforementioned points dised above.

This is calculated by assuming that the only contributohttorticity within the boundary layer
is the wall normal velocity gradient terrly/ 0z
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5.3 Vortex Formation Regions
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Figure 5.16: Headwind vortex formatigistrength map& /D, = 0.11, M; = 0.58)

Based on the quantitative experimental observations a ei@y¥no-vortex map can
be constructed, as shown in Fig. 5.16a. This map applieh&s*yD, = 0.11 ap-
proaching boundary layer and three data points are usede¢ontee the vorteio-
vortex line. The data point at the lowest non-dimensionagtiteof 0.25 /D)) is
extrapolated using the trend in Fig. 5.9 since the critiedbeity ratio could not be
established due to tunnel limitations. In contrast to maesimaps, this dataset con-
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centrates in a non-dimensional height range that is of nmistest to conventional
wing mounted engine installations. Relative to earlieeagsti®?’, it has been found
that a vortex can form at lower than previously reported eigyaatios and a new cri-
terion had been established. The revised boundary (Fig) tslalso in agreement
with the limited experimental data of Nakayama and Jéhea addition to the vortex
formation boundary, a locus of maximum vortex strength heenbestablished which
indicates for a given non-dimensional height what velo@tyo produces the strongest
vortex and hence distortion at the fan face. Interestiritly,previous vortex forma-
tion criterion'®3’ is in a similar position to the currently measured maximurnteso
strength line (Fig. 5.16a). This could be explained by th¢onitst of previous work
being based on visualizations which would tend to idenkify¢essation of a maximum
strength vortex rather than a formation boundary.

In addition to the boundary determined from experiments nestious research, the
predicted boundary at which the sucked streamtube lfftsh@ ground plane using
Eq. 5.2.1 is also included. As stated above Eq. 5.2.1 givestitical velocity ratio
based on the area weighted average velocity within the sustkeamtube. Since the
velocity ratio used in Fig. 5.16a is based on the free-streglocity (U..), the theoret-
ical boundary plotted in Fig. 5.16 is therefore applicalded boundary layer that is
infinitely small (i.e. 6*/D, = 0). If one knows the state of the approaching boundary
layer and the sucked streamtube characteristics at fdrtfpdtream of the intake, then
Eq. 5.2.1 can be used to determine the free-stream velbkitytequired to blowaway
the vortex, for any approaching boundary layer configuratio

Using the vortex characteristics averaged over 300 snépstumtours of average non-
dimensional vortex strength have been added to Fig. 5.16h@sn in Fig. 5.16b.
This is a significant development relative to previous datevhich simply proposed

a vortex formation criterion without any measure of the erstrengti®3’. The map
applies for they* /D, = 0.11 approaching boundary layer, although the general tiend i
expected to be the same for any approaching boundary lag&gaaation. Within this
contour map there are three important vortex formationoregyi The first, indicated
by Region 1(Fig. 5.16b), shows that for a givas* an increase im/D, results in a
stronger vortex, although the gradient is mild. This canxy@aned by the lines of
constant vortex strength in this region being approxinygparallel to the formation
boundary. This suggests that the strength of the vortextibysés relative distance
fromU;,, ata given non-dimensional height. Stated in another wayaintex strength
depends on the level of interaction the sucked streamtubeviia the ground plane.
Hence if one was to compare two intakes at twibedlent non-dimensional heights, the
vortex strength will be the same for both configurationséf telative interaction of the
capture streamtube with the ground is the same (i.e. if the /U’ is the same for
both cases). The second regi®&egion 2 is a transitional region which is just above
the maximum distortion line and below the dashed line (Fi@6B). In this region, for
a givenU*, the higher ground clearance may no longer result in a setovgytex, as
the rate of increase in vortex strength with reducesRegion 3s defined as being the

region below the locus of maximum strength vortices and alibe vortexo-vortex
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boundary. In this region the vortex can still be relativalpsg in comparison to high
velocity ratios, but its strength rapidly decreases wittihfer reductions in velocity
ratio.

5.4 Aerodynamic Self-Similarity
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Figure 5.17: Example non-dimensionalization of the characteristiasexostrength curves to
obtain the self-similarity property

When all the distributions of non-dimensional vortex sgn(™) and fan face dis-
tortion (DCgp) against velocity ratio (Fig. 5.13a and 5.14 for the cirtiolaand Fig.
5.13b and 5.15 for thBCgp) are normalised by the appropriate local maximum values
and the corresponding velocity ratid;, ., (Fig. 5.17) the profiles exhibit a self-similar
trend (Fig. 5.18). This data reduction is based on a broaglerah configurations in-
cluding three non-dimensional heights and three boundagmsrlthicknesses. Both the
distortion and non-dimensional vortex strength exhibibaver law distribution with
reducing velocity ratio until the local peak is reached. ther reductions in velocity
ratio, where the vortex strength reduces, can be reprabeisiag a linear approxi-
mation. The intersection of this linear line with theaxis then gives the percentage
reduction from the maximum velocity ratio, required to blaway the vortex. Both
the fan face distortion and PIV vortex strength measuresgne the same blow-away
velocity ratio which is approximately 65% of the velocityiceat which the maximum
occurs (Eq. 5.4.1). This finding will be used in the empiricadel presented if8.1.

Uz
UT"”‘ = 0.65 (5.4.1)

max
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The self-similarity property associated with charactarigortex strength and distor-
tion trends with velocity ratio is useful from a modellingipbof view. With knowl-
edge of normalization parametef3,(,, DCsomax@andU;,,,), for a given intake ground
clearancelf/D,), the vortex strength and distortion can be determinedrignalocity
ratio in question. As will be shown i§8.1 an empirical vortex strength prediction
tool is developed which is centred around the aerodynaniiesseilarity property
demonstrated abovéJ; . is determined using Eq. 5.4.1 and 5.2.1 and an additional
correlation is used to establish the corresponding pedlexstrength];. ... Since it

has been demonstrated above that the ground vortex agriesnaivn vortex models
and that the vortex core size, is reasonably constant across all investigated configu-
rations, the vortex only velocity field can therefore be deiaed. As will be discussed

in §8.1 this tool could be used as part of a boundary conditiore ¢odCFD analysis

of vortex induced fan vibration analysis.

5.5 Summary

A quantitative investigation of the headwind ground vomeschanism has been con-
ducted using a generig 20" scale intake model at a representative intake Mach num-
ber of 0.58. Stereoscopic PIV measurements have been takemma to the intake
along with fan face total pressure measurements for supganhalysis. The influ-
ence of velocity ratio (at constant intake velocity), heightdiameter ratio, intake
Mach number and approaching boundary layer thickness heee investigated. The
experiments have enabled a more sophisticated undenstantithe ground vortex
characteristics and provide an improvement on currengdeasiles. The fects of the
important non-dimensional parameters investigated arersarized below.

1. Arange of flow modes have been captured using the PIV tquabrthat funda-
mentally depend on the velocity ratio and vorticity source.

2. At high velocity ratios the vortex strength and correspog DCq is low, as the
velocity ratio is reduced the vortex strength and distorilicrease and even-
tually reach a local maximum before reducing to zero at thréexdolow-away
condition. This characteristic behaviour was observedafonon-dimensional
heights and approaching boundary layer configurations supdimarily due to
the variation of the integrated approaching vorticity witthe sucked stream-
tube. This fundamentally is set by the balance between tbease in the
approaching boundary layer vorticity as the headwind and the corre-
sponding reduction in the sucked streamtube size as theityetatio reduces.

3. The velocity ratio at which the vortex no longer forms nhate the predicted
velocity ratio at which the sucked streamtube no longer haisrgl plane contact.

4. All characteristic vortex strength curves were foundileitia self-similar trend
when non-dimensionalised by the local peak vortex streagthcorresponding
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velocity ratio. This property is also demonstrated for thiake total pressure
flow distortion parameter.

. The vortex circulation scales with the intake veloclty, for a given velocity

ratio, non-dimensional height, and approaching boundayrgrl

. Reducing ground clearance was found to increase the metk«\strength and

to reduce the velocity ratio at which the maximum occurred.

. For intermediate velocity ratios (¥ U* > 20) the vortex strength is greater

when the intake is further from the ground.

. A reduction in the approaching boundary layer thickness%./D, = 0.11 to

0.03 leads to a 26% reduction in pekqo. This decrease is due to a reduction
in integrated loss within the sucked streamtube. The pedlexastrength was
largely undfected as the integrated vorticity within the approachingrutary
layer is dominated by the headwind velocity.

. Anew ground vortex map has been constructed which quasitiin-dimensional

vortex strength as a function of ground clearance and ugloatio. The min-
imum velocity ratio required for vortex formation is lowdran previously re-
ported and the map highlights regions of strong ground xartagnitude.



CHAPTER 6

Take-off Simulations

An investigation into the fect of a moving ground plane on the formation of ground
vortices with and without ambient wind has been completetie &periments are
aimed at further understanding the fundamental mecharirsimsadwind conditions,
whilst also understanding the formation characteristiesng) aircraft take-&. The
experiments were conducted in the Cranfield University &' low speed wind tun-
nel, which is equipped with a rolling ground plane to simeltte ¢fect of a forward
moving aircraft over a stationary surface. Quantitativasueements have been taken
of the vortex strength using Stereoscopic Particle Imadecifaetry and fan face dis-
tortion from total pressure measurements inside the irdake This is the first known
study to quantify the féect of a moving ground plane on the vortex formation and
characteristics.

Due to the implementation of the rolling road, dfdrent optical set-up was required
for this series of experiments. This chapter thereforeriselgy giving a short descrip-
tion of the tunnel configuration, measurement set-up andhodst Following this a
detailed description of the flow field is given using the PI\8ukts. Subsequently,
detailed analysis of the vortex strength and distortionsueaments is presented.

6.1 Experiment Method

The tunnel configuration for the rolling road experimentshewn in Fig. 6.1. The
moving ground plane is 2.4 long and 1.2nwide. The intake is located in the centre
of the tunnel, approximately t from the leading edge of the moving belt rig. Due
to the implementation of the rolling road, the cameras haveetplaced inside of the
working section for this dataset (Fig. 6.1). Thigfdrs from all other experiments
where the cameras were located underneath the tunnel flmpr3R2). However, the
camera orientation relative to the laser light sheet, therlposition and height above
the ground plane all remained the same as for the head@t)dagid crosswind§(7)
configurations. The measurement area is also approxintaelsame at 112 80 mm
size leading to a 0.8mmspatial resolution.

With regards to placing the camera inside the tunnel therénsy major consequences.
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Figure 6.1: Tunnel layout for rolling road experiments

The first is the blockage within the tunnel that it introdudes to the support structure
and camera mounts. This increases from approximately @0@i8hout to 9.1% with
the cameras. However this was principally accounted for bgsuring the tunnel ve-
locity in the working section using a pitot static tube, aswane for all experiments.
The second limitation is that the camera field of view to theasueement plane is
obstructed by the intake. This therefore limits the ared wihich velocity measure-
ments can be taken. Consequently, the number of confignsati@at can be tested is
restricted, as at high headwind speeds the vortex foot mdivestly underneath the
intake highlight plane and therefore out of the measuremiemain.

6.1.1 Test Configurations

Measurements were predominately taken at the datum heidiftDp = 0.25. With

the intake placed at this ground clearance enables a graatge of headwind speeds
that can be investigated. Limited measurements were disn ta ah/D, of 0.4. All
experiments were performed at an intake Mach nunvhenf 0.58. The velocity of
the rolling road is denoted by, and can be varied from 5 to 48s*. The diference
between the free-stream velocity,., and the ground speedy, is given byAU (Eq.
6.1.1). The velocity ratiolJ*, is defined as usual and is equal to the ratio of the intake
velocity, U;, to U...

AU = U, - Uy (6.1.1)

Two types of experiments have been performed for the rofjnogind plane tests which
relate to diferentAU velocities. For the first experiment the tunnel and the gdorex
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locities were synchronized (i.eAU = 0 ms1)(Fig. 6.2a). To simulate a takefdhe
ground and tunnel speeds are increased together from zstegn of 5ms* whilst
keepingAU constant and equal to approximately zero (Table 6.1). Ttps@ment is
of particular interest because it removes the approachonicity source, which has
been known to feed ground vorticés This experiment is akin to an aircraft také-o
in quiescent conditions. It should be noted that during dnadake-dt the aircraft
is accelerating from a static position at the start of thevay In the experiments it
was impossible to simulate aircraft acceleration. Measerds were therefore taken
at a number of discrete points during the acceleration phiagang data acquisition
the ground and tunnel speeds are kept constant. Since thef dims experiment was
to simulate an aircraft takingfiounder no ambient wind conditions there should be no
boundary layer growth on the rolling ground plane. Any baamydayer growth up-
stream of the moving belt was removed by utilizing the priyreaxd secondary suction
methods (Fig. 6.1). A discussion of the expected boundasyr Istate for the rolling
road case is given in the subsequent section.

Config. U, (ms?) Ug(ms?') U*

I 0 0 00

I 9.9 10 19.5
11 15.2 15 12.7
v 20.3 20 9.5
\Y 25.7 25 7.5
VI 30.9 30 6.2

Table 6.1: Summary of configurations investigated for the synchrahimead and tunnel ve-
locity experimentsAU ~ 0 ms)

The second type of experiment performed was where the topgland ground)
speeds were unsynchronized (i8J # 0) (Fig. 6.2b). This configuration simulates
an aircraft take-fi with an ambient headwind present. Two unsynchronized corafig
tions were investigated withU equal to approximately 10 and 20s* respectively.
This configuration dfers from the synchronized experiments as there is an agproac
ing boundary layer developing on the ground upstream ofrttake (Fig. 6.2b). But it
also difers from the static ground experiments (Fig. 6.2c, Chaptas3he wall shear
stress and hence approaching boundary layer vorticity élemDuring experiments,
the ground velocity is increased from zero and measuremests taken at selected
rolling road velocities. The configurations for the unsymchized experiments are
summarized in Table 6.2. For this case the aim is for the @ghiog boundary layer
to be most representative of in-service engines, theregforboundary layer suction
was implemented upstream of the intake. The thickness didbadary layer in these
conditions is expected to be similar to that for the sameicuconfiguration as for
the static ground case (i.6%/D, = 0.11). However no measurements of the boundary
layer have been taken for this type of experiment.
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Config. U, (ms?) Ug(ms?') U*
AU = 10ms?
VI 9.8 0 19.8
VI 15.6 5 12.4
IX 20.8 10 9.3
X 26.1 15 7.4
Xl 31.3 20 6.2
Xl 36.6 25 5.3
AU ~ 20ms?
Xl 19.1 0 10.0
XIV 26.1 5 7.4
XV 31.2 10 6.2
XVI 36.6 15 5.3
XVII 41.9 20 4.6

Table 6.2: Summary of configurations investigated for the rolling raageriments under
headwind conditions

6.1.2 Experiment Uncertainties

The uncertainty analysis discussed in Chapter 3.7 andmeben detail in Appendix

G still applies for this experiment dataset, however duéhéoditerent nature of the
current tests, additional uncertainties apply. The rgllioad velocity was measured
using a optical sensor on the roller of the rolling road. Téreseor measures the roller
RPM and is converted to a velocity. The RPM is set by varyirgubltage supplied
to the motor and velocity was set to within 0.6% . Belt suction was implemented
throughout testing to ensure that the road did not lift or entaterally during tests.
For the synchronized wind and road configurations althodghlly there should be
no boundary layer growth on the rolling ground plane therexisected to be a thin
boundary layer present. Dimitriétimeasured the boundary layer over the moving
belt rig in the Cranfield University 8« 6’ wind tunnel with the tunnel and ground
speeds synchronized at 8% (i.e. AU = 0 ms!). The measurements revealed that
the boundary layer thickness, was approximately 2Jnmwithin the central portion
of the road at the approximate intake highlight plane lagati Although inevitably
there was some boundary layer growth on the rolling roadwihié normal velocity
gradient is expected to be very low. This is the most impadrfiartor with regards to
the strength of the vortex under headwind conditions.
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6.2 Synchronized Wind and Road Velocity Experiments

In this section the results are presented for the synchedmand and ground velocity
experiments. As a reference, measurements are first cothpétte the results pre-
sented in Chapters 4 and 5 on the ground vortex aerodynamdey guiescent and
headwind cases for a static aircraft. First the PIV measentsmare discussed, with a
description of the flowfield topology. The vortex characges at the PIV plane are
then discussed which is then followed by analysis of thel {otessure survey con-
ducted at the fan face.

6.2.1 PIV Velocity Flowfield Quantification
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Figure 6.3: Time average flowfields af — y in-plane velocity vectors (only every®vector
shown) and vorticity field for (a) static ground§ = 0 ms1) under quiescent conditions)
=0ms?) (Config. |, Table 6.1) and (b) for a s synchronised wind and ground velocity
case (Config. I){i/D; = 0.25,M; = 0.58)
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As a reference, the time average in-plane vector and viyrfield for quiescent con-
ditions (with no moving ground) is shown in Fig. 6.3a and tleaeral features are
summarized. Under such conditions two regions of oppogjtewrticity is observed
(Fig. 6.3a). This is due to the formation of two counter roigtvortices, with the
left vortex rotating anticlockwise. As discussedSih the vortices rotate in this sense
due to the dominance of the vorticity bound in the flow betwienintake and ground
which travels in the negativwedirection (Fig. 6.3a). For this configuration a dominant
vortex exists which has positive vorticity (Fig. 6.3a)haligh two vortices are often
observed.

Q o2}
=
-0.4F
U/U, =
R DR 7 R— Y 0 02 03 0.6
x/D,
(@) Ug=0ms?, U, =0ms? (Config. I))
0.2F 1 ]
1 1
1 1
1 1
o -- -1
Q o2}
=
0.4}
4
U/U, =195
R DR 7 R— Y 0 02 03 0.6
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Figure 6.4: Example snapshots of vorticity axd- y in-plane velocity vectors (only every®
vector shown) with and without a rolling ground plane (Cosfig & I, Table 6.1) /D, =
0.25, M; = 0.58)

To simulate forward aircraft speed under no ambient windd@ems the ground and
tunnel speeds are increased with the magnitudes the sagi&(Ea). In this situation,
there should be little or no boundary layer growth on the mg¥ielt. The time average
flowfield for a ground {g) and wind speedU.,) of 10 ms? is shown in Fig. 6.3b
and is considerably fferent to quiescent conditions. A single dominant vortex is
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observed, which is in a comparable position to the dominariex seen in quiescent
conditions, but with the rotation in the opposite in direati(Fig. 6.3). This is due
to the flowfield now being dominated by the relative headwipgraaching flow due
to the moving aircraft. For this configuratiold = 10 ms™) only a single vortex
is seen for all flowfield snapshots, which is in contrast teegoent conditions where
two counter-rotating vortices were often observed. Given abservations seen in
§5.1 a single dominant vortex was anticipated and is expdotbée a result of small
asymmetries inherent in the tunnel flowfield at low wind spgeEge§C.2). Inspection
of the moving ground case average flowfield shows that thecityrtevels are also
considerably higher (Fig. 6.3b). This is due to the singlenoh@ant vortex for this
configuration being steadier in space and magnitude in cosgueto the two vortices
observed in quiescent conditions where in contrast thecesrtvere highly unsteady
in time and to a lesser extent in space. Example instantarnemges (Fig. 6.4) reveal
that when a vortex is present in both cases the vorticityl$eaee in general the same,
which indicates that the strength as not altered signifigzant

The time average flowfield for the moving ground case also sleoregion of weaker
opposite sign vorticity (Fig. 6.3b). This is not due to a seteortex, but rather it is
vestigial vorticity associated with the opposite leg of Woetex line. As the advancing
flow gets stronger, the contraction ratio of the sucked sitebe gets smaller. In turn
the streamline curvature radius ahead of the intake at thepRine gets larger (i.e.
the streamlines straighten). Consequently the flow hasrtortore sharply into the
dominant vortex and at a I6s! wind and ground configuration (Config. Il the for-
mation of a second vortex appears sporadically howeversading vortex still exists
(Fig. 6.5a). An increase of justfis® to 20ms reveals two equal strength contra-
rotating vortices (Fig. 6.5b). The two vortices that fornm this configuration are
considerably steadier in time in comparison to quiescentitmns. This is because
the flowfield is dominated by the induced vorticity approachthe intake (see Fig.
4.4). With a further increase in the ground and free-strep@ed to 25ms ™ reveals a
symmetric flowfield (Fig. 6.5c).

The observations described above is generally what ocoutisd static ground config-
urations with an increasing approaching headwind (as et §5), however there
are a number diering features. Firstly the occurrence of two equal stiemgintra-
rotating vortices does not occur until the headwind is araxmately 40ms™. This
compares to 2ths* for the moving ground plane configurations. Furthermorevtite
tices are considerably steadier in space in comparisoretstétic ground experiments
for all investigated approaching headwind speeds. Thelsmainplitude of vortex
wandering ahead of the highlight plane is expected to bealtleetfollowing reasons.
Since there is little or no approaching boundary layer thellef turbulent fluctuations
present will be very small which will contribute to a steadiertex being observed. In
addition the sucked streamtube size will be smaller dueddither average velocity
in the capture streamtube. This will result in the streaedibeing compressed to-
gether which restricts the movement of the vortex. Thiseadi evident in the spatial
average flowfield for a ground speed of 25 (Fig. 6.5c).
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It is also of interest to compare the bls* moving ground, no ambient wind, con-
figuration (Config. Il) to the static ground case with the sapproaching headwind
(Config. VIII). With little or no approaching vorticity thishould reveal more on the
dominant vorticity source at these low wind speeds. As dised in Chapter 5.1, for a
non-dimensional height of 0.28/D,) with the velocity ratioU*, equal to 19 the dom-
inant vorticity source appears to still be related to thdigity associated with the flow
between the intake and the ground travelling in the neggtdiesction. This is evident
in Fig. 6.6a where there is a region of negative vorticityn® feft of the dominant vor-
tex. With the introduction of a moving ground plane (Fig. ,&8he sense of rotation
of the primary vortex has changed and now has negative itgrtithe presence of a
rolling road dfectively increases the average velocity in the suckedrstrgze, as the
approaching boundary layer is removed, hence the area tedighierage velocity ratio
for this configuration will be lower. As was discussed this clearly demonstrates
that the rotation switch between nowind and headwind maglas a velocity ratio of
approximately 20. Knowledge of this mode alteration is imgmot, as a change in the
flow topology such as this may result infldirent flow incidences being seen at the fan
face, which is important with regards to fan vibration. Rermore, in this velocity
ratio region U;/U,., ~ 19) the flowfield is clearly in a transitional state, and ishagrs
why only a single vortex is observed. In terms of the vonyitgtvels between the two
cases no significant fiierence can be seen (Fig. 6.6) which suggests that the vortex
strength has not altered significantly. This is discussatiéu in the following section.

6.2.1.1 Hfect of Synchronized Rolling Road on Vortex Strength

To quantify the &ect of the moving ground further the average vortex stremgth
calculated by individually analyzing the circulation of mlentified vortices, over all
flowfield snapshots, as described®i6 and in more detail in Appendix E. The results
are plotted against the velocity ratigd;, for all synchronised wind and road cases and
are compared to the static ground configurations in Fig. Bti& roman numerals in
the figure represent the configurations as labelled in Talile 6

For low ground speeddJg = 0-15ms*), with the approaching boundary layer vortic-
ity removed, the vortex strength is almost identical to theesponding static ground
configurations (Fig. 6.7). Since there is almost no approgchoundary layer, this
indicates that the dominant vorticity source, for a stataugd at intermediate to high
velocity ratios, is the induced vorticity. This is vortigithat has been generated by
the flowfield induced by the intake suction along the groundweler since the vor-
tex rotation has changed from a zero to ari®* ground velocity (Fig. 6.6), it is
not the vorticity bound in the induced flow travelling in thegativey-direction (as
is the case for quiescent conditions), it is the vorticitgasated with the flow in the
positivey-direction (see Fig. 4.4). As the ground speed increasdisefiyrat this non-
dimensional heightt{/D, = 0.25), a deviation in the strength from the static road con-
figurations is not seen until the ground speed reaches2b(U;/U,, = 9.5). At this
headwind speed it is expected that the approaching boutagy vorticity becomes
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Figure 6.7: Average non-dimensional vortex strengdfti,against velocity ratiolJ* for a mov-
ing ground with comparison to a static groung@; = 0.25, M; = 0.58). Note the roman
numerals represent the test configurations in Table 6.1

dominant. With a further increase to 2&s* there is approximately a 50% reduction
in the strength in comparison to the static ground case atdahee approaching wind
speed (Fig. 6.7). Witld; = 30ms™* and the free-stream speddl,,, also equal to ap-
proximately 30ms? (Config. VI) no vortex was present in the PIV measurement,area
however the vector orientation at the edge of the domainestgdhat a vortex is still
forming and is directly underneath the intake highlighin@laHowever, unexpectedly
Fig. 6.7 shows that the vortex strength is still increasirithh\ground speed, although
the increase is moderate.

As explained above, although eveffjicet was made to remove the boundary layer up-
stream of the intake by synchronizing the wind and road vlend by implementing
the primary and secondary boundary layer suction methodsagm of the moving
belt, there is expected to be some boundary layer growthatticplar since the mov-
ing ground is of a finite width (equal to 1r8) the boundary layer thickness is expected
to be relatively large at the edge of the rolling ground pla@ee potential source of
vorticity at high velocity ratios is that the sucked streab# is larger than the width of
the moving ground and therefore includes vorticity from ilegindary layer growth at
the sides of the belt. However for highest rolling road vejoratio tested of 20J*)
the sucked streamtube width upstream of the intake is etgthia be approximately
0.9mwhich is smaller than the width of the moving grotind

*This is estimated from continuity considerations but igrsothe interaction of the sucked stream-
tube with the ground plane. This interaction is expectechtwdase the sucked streamtube width by
approximately 0.In at this velocity ratio. This was calculated using the asgionp described i1§8.2
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Figure 6.8: Average non-dimensional vortex strengdth,against velocity ratiolJ* for moving
and static ground cases with no ambient wind at two non-déioeal heights. Note the roman
numerals represent the test configurations in TableM;1=(0.58)

A limited set of PIV measurements were also taken to quatiiéydfect of ground
clearance for the synchronized wind and road velocity condiions. Ground speeds
of 10 and 15ms?! were examined (Configs. Il & lll) at a non-dimensional hejght
h/D, of 0.4. The vortex strength at this higher height-to-diaaneatio is plotted in
Fig. 6.8 and compared with the static ground cases at the bahealong with the
measurements at the datum height of 0.2AX). Surprisingly, the two velocity ra-
tios investigated show no variation in the vortex strengtitcomparison to the static
ground case at the same respective velocity ratios. Simcedittex strength is higher
for the larger ground clearance, this suggests that thecedluorticity is stronger at
the highe/D,. This finding is somewhat surprising for the following reasgor the
no ambient wind configurations, it has been assumed thahtheed vorticity is the
governing vorticity source. This is generated due to theived intake velocity field
external to the intake interacting with the ground genegatiorticity. Hence for low
ground clearances and high intake velocities, the induoeticity should be highest.
This is believed to be why the vortex strength is strongerdar h/D, in quiescent
conditions, where there is no additional vorticity soursee§4). It is expected that
synchronised wind and road configurations are akin to garmgsconditions. How-
ever, the above result contradicts this argument and stgytfes there is perhaps an
additional mechanism at play.
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6.2.2 In-duct Total Pressure Survey

To accompany the vortex strength measurements and to reddaional features of
the flowfield inside the intake duct, total pressure measamtsnwere also taken at
the fan face. The resolution and number data points takes@diguration was the
same as the headwind datasegth The probes were also positioned inbncloser
to the wall, in the same fashion as the headwind measuremerasticipation of the
vortex ingestion location being close to the intake walé(B&. 3.5a for the data point
locations).

Fig. 6.9 displays the total pressure contours at the fanfeagacreasing ground speed
with the wind and road velocities synchronised at a fixed gdodearance of 0.25
(h/Dy). As mentioned ir§4.1, under quiescent conditions, the total pressure comtou
at the fan face is characterized by two regions of relativegjh total pressure loss
immediately adjacent to the duct surface (Fig. 6.9a). Th®duction of a 10ms™?
ground and approaching wind speed (Config. II) reveal onlingls region of rel-
atively high total pressure loss adjacent to the wall at 8@ degree position (Fig.
6.9b). This change is conjectured to be a consequence oh#mge in the rotation of
the vortices as mentioned in Chapter 5. Nonetheless, igat that the moving ground
plane has no significant influence on the average vortex iiogelecation.

The distortion cofficient, DCg, is plotted against velocity ratidJ; /U, for all inves-
tigated ground speeds under no ambient wind conditioncfspnised wind and road
conditions), in Fig. 6.10. The trend is comparativelffelient to the circulation mea-
surements at the PIV plane. With the exception of the datat abia velocity ratio of
approximately 10 th®Cgo monotonically decreases with increasing ground speed (re-
ducing velocity ratio). With no approaching boundary latfer associated air within
the sucked streamtube will have high momentum. In compayiso the static ground
case, the intake will be ingesting flow associated with th@agching boundary which
inherently has a loss penalty. Therefore the loss withirvtneex, for the static ground
case, will be greater due to its association with the low mutoma air associated with
the ground boundary layer. This interpretation explaireséiative diference between
the static and moving ground cases, however it does notiexpkareduction irDCgg
with ground speed (Fig. 6.10). Inspection of the total puesgontours at the fan face
(Fig. 6.9) reveal that the single loss core observed at angrepeed of 10ns? re-
duces as the ground speed is further increased with thedogint also diminishing.
As mentioned in Chapter 5, this single loss region is expktiebe a result of vor-
tex induced separation. However with the vortex strengtdenately increasing with
ground speed one would expect the induced separation tasifite The spatial time
average flowfield, however, shows that as the ground speeshbises the two vortices
that form get progressively closer to each other. Sincerttleded separation occurs
in between the two vortices this mechanism is expected tibitllbcal separation in
this region. Therefore although the vortex strength ineesanodestly with reducing
velocity ratio U;/U., the induced separation decreases due to the separatioa of th
vortex cores getting smaller. Since the loss associatddtivit induced separation is
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Figure 6.9: Contours of total pressure normalized by the working sactial pressure for
increasing ground speed from zero under no ambient windittonsl (/D = 0.25, M; = 0.58)
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dominant, the distortion at the fan face decreases witleasing ground speed.

6.3 Unsynchronized Wind and Road Experiments

In this section the results of the rolling ground plane ekpents are presented in
which the wind and road velocities are not equal in magnifudeAU # 0 ms?). This
particular rolling road experiment is schematically shawRig. 6.2c and simulates an
aircraft take-€f in ambient headwind conditions. For this configuration aditamhal
source of vorticity associated with the approaching bowndapresent which diers
from the no ambient wind case where there is no approachirigig. It also differs
from the static ground case as the wall shear stress and hertimity generation at the
wall is smaller, with the relative change between the twoethelng on the respective
difference between the ground and approaching wind speeds.nibiera headwind
speedsAU, of 10 and 20ms* were investigated and the results are presented together
below.

6.3.1 PIV Velocity Flowfield Quantification

Fig. 6.11b illustrates the time average flow field for a wintbedy, U.,, equal to 20
ms* and a road velocityJg, of 10ms™ (i.e. AU = 10ms™, Config. IX, Table 6.2).
Also included in the figure is the time average flow field for axi§* headwind with
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a static ground for comparison (Fig. 6.11a, Config. VII). A®ady discussed, the
flowfield for Config. VII still appears to be dominated by thepdéow between the
intake and ground (as is the case under quiescent conditigvigh the introduction
of a 10ms?! ground speed and a corresponding increase in the freessieeed U,
to 20ms? (Config IX), Fig. 6.11b shows, as expected, the region of tiegaor-
ticity changes its position relative to the dominant voréexi is now on the left side.
However Fig. 6.11 clearly shows that the dominant vortexrfashanged its sense of
rotation, only its position relative to the opposite soustgorticity has changed. This
differs from the synchronised case (Fig. 6.6), where the domwaatex rotational
sense changes. This is expected to be due to the approadntigity source having a
surplus amount of positive vorticity.
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Figure 6.12: Time average flow-field for (a) ground speét},, equal to 20ms* with a 31.3
ms* approaching wind speed)(.,) and (b) ground speed of 28s! with a 36.6ms™* free-
stream speech(D, = 0.25, M; = 0.58)

As the ground speed increases the trends are largely theasathe no ambient wind
(synchronised wind and road) configurations in terms of e tbpology. Two equal
strength contra-rotating vortices were observed at a itgloatio, U*, of 6.3 (Fig.
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6.12a), which compares to 9.5 for the no ambient wind casg (Bi5b). The spa-
tial unsteadiness of the vortex at the PIV plane increas#stWe introduction of an
approaching boundary layer. As the ground speed increasdghe velocity ratio re-
duces the the average vortex position at the PIV plane mdussrcto the highlight
plane. With a velocity ratio{;/U.,), of 5.3, the vortex has moved outside of the mea-
surement domain (Fig. 6.12b) and could be detected directtierneath the intake
highlight plane from the vector orientations at the edgehef interrogation region.
With the ambient wind at 2@ns? (i.e. AU = 20 ms!) a vortex was present in the
PIV plane at a velocity ratio as low as 53;(U,,). Further reductions in the velocity
ratio to 4.6, however, saw the vortex move outside the domade again. These ob-
servations are expected as the relativitedence between the ground and wind speeds
increase (i.e. as the ambient headwind increases) the boutayer thickness will
increase which results in lower average velocity in the sdadtreamtube. As a conse-
guence the capture streamtube size will increase.

6.3.2 Hfect of Asynchronous Rolling Road on Vortex Strength

Fig. 6.13 plots the vortex strength against the velocitiorfir both 10 and 20ns?
ambient headwind cases. The results are again compareel baskeline static ground
configurations which were presentedi. For the moving ground experiments under
a 10ms! ambient wind the reference condition is indicated by thtetetin Fig. 6.13.
This is for a static ground in a s headwind. With the addition of a small ground
speed of just 5ns? and with the approaching wind increasing by the same amount,
the vortex strength is largely unchanged and most significao deviation from the
static ground configuration is seen. Clearly in this velpgitio region U;/U,, > 12),
the approaching vorticity has no influence on the vortexngfitewhich is undoubtedly
seen in the no ambient wind measurements (Fig. 6.7). A funticeease in the ground
speed sees the constant headwind likid & 10 ms?) deviating away from the static
ground configuration characteristic curigy(= 0 ms?). In this velocity ratio region
the approaching vorticity has a dominatin@eat. Therefore with the rolling road in
operation, the vortex strength reduces as the approachitigity decreases due to the
lower shear stress at the ground plane. With the ground spkgdncreasing to 15
ms* a sharp increase in the vortex strength occurs (Fig. 6. Weter the strength is
still significantly lower than the static ground case. Atthelocity ratio,U;/U,, of
7.4, the vortex strength has reached a maximum. This is dinetategrated vorticity
within the sucked streamtube reaching a maximum. A furtbéuction in the velocity
ratio leads to a small decrease in the vortex strength. Bt/&., = 5.3 the vortex
moved outside the measurement domain and therefore n@fut#ta could be taken.

At an ambient headwind of 2Ms* the characteristic trends are the same. However
with the relative diference between the ground and tunnel speed being largegithe
tex strength is higher. For this ambient wind configuratithre, reference position is
indicated by the letteb in Fig. 6.7 and is the point associated with a static ground
with the intake under a 2@s* headwind. As the starting point is in the most sensitive
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Figure 6.13: Non dimensional vortex circulatio;* against velocity ratiolJ*, for increasing
aircraft speedUg, in a 10 and 20mst ambient wind with comparison to a static aircraft
increasing headwind speed. The roman numerals represenbtifigurations summarized in
Table 6.2 fi/D; = 0.25, M; = 0.58)

velocity ratio region in terms of vortex strength, a smatignd speed of ns! and a
corresponding increase in the approaching wind leads tamgp shcrease in the vortex
strength (Fig. 6.7). As expected the increase is not asfgignt as the static ground
case, since the vorticity levels are lower. With furthereases in ground speed, the
vortex strength reduces until the vortex could not be seen.

6.3.3 Fan face Total Pressure Survey

A comparison of the total pressure contours at the fan faca &tatic ground in a 10
ms* headwind (Config. VII) and a 2ts* moving ground with a 3ins* approach-
ing wind (Config. XI) is shown in Fig. 6.14. A clearftierence can be seen between
the two contour plots. With a greater approaching wind vigjatie vortex strength
increases and it is expected that there is also an incredlse unsteadiness at the fan
face which ultimately leads to a larger loss footprint witthe intake duct. A small re-
gion of relatively high local loss immediately adjacenttie intake wall is still evident
at the 180 degree position, which is expected to be a resalvoftex induced separa-
tion. The loss in this region is not as high as the static gidatonfiguration due to the
expected increase in the vortex unsteadiness at this hagipeoaching wind speed. In
general the total pressure pattern is very similar to thigcsg@ound configuration at
the same approaching headwind speed ai3d as shown ir§5. These observations
agree with the PIV vortex strength measurements.
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Figure 6.14: Comparison between fan face total pressure contours ftic stad moving
ground cases ind,, = 10ms* headwind k/D; = 0.25, M; = 0.58)

The distortion cofficient, DCqq is plotted against the velocity ratio for both ambient
wind conditions in Fig. 6.15. The variation DCgq is again the same as for the vor-
tex strength measurements; at an ambient headwind ofig8 the introduction of

a small ground speed and corresponding increase in the agpng wind velocity
(Config. VIII) sees no departure from the static ground camfigon at the same ef-
fective velocity ratio (Fig. 6.15). For theCg, the line of constanAU does not depart
from the constant/y = 0 line until the velocity ratio reduces below approximately
This is slightly diferent to the circulation where the value was roughly 12. Téekp
distortion for both ambient headwind cases also occurslaglaly lower velocity ratio
(Fig. 6.15).

6.4 Further Discussion

Given the trends observed, particularly for the no ambientiwonfigurations, some
significant conclusions can be made with regards to the dambivorticity source as
a function of velocity ratio. Previously it was thought thlaé velocity ratio at which
the vortex or vortices change rotation from the nowind todwgad modes was in-
dicative of a change in the dominant vorticity source frora thduced vorticity to
the approaching boundary layer vorticity. It is clear frane results that even with
the vortices rotating in accordance with the headwind mtigeinduced vorticity still
dominates. However, it is the induced vorticity associatéth the streamwise flow
(positivey-direction) rather than vorticity bound in the flow induceetleen the in-
take and the ground travelling in the opposite directiogétizey-direction). This was
clearly evident with the removal of approaching vorticithiieh lead to no change in
the vortex strength from the corresponding static groundigaration. Both the cir-
culation and the distortion measurements suggest thapihraching vorticity only
becomes influential on the strength of the vortex for vejotios roughly lower than
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12 (Fig. 6.16, Region B). However, what is unclear is why tphpraaching vorticity
has no influence on the vortex strength at the investigatgu\elocity ratios.
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Figure 6.16: Vortex strength against velocity ratio revealing two regiof difering dominant
vorticity sources for the datum height of 0.2%D))
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The limited results at the higher non-dimensional heiglt smewhat counter in-
tuitive, suggesting that the induced vorticity is strongehigher ground clearances.
However, at this height the transition between the nowindl leeadwind modes was
not observed; the headwind mode was always dominant. Téisftire suggests that
the interaction between the gap (negatndirection) and approaching (positiyedi-
rection) flows is smaller and therefore the vortex reachegtzeh level of strength, as
the approaching induced vorticity appears to be stronger.

6.4.1 Implications to Aircraft Operations

As well as aiding in understanding the fundamental mechasishich determine the
vortex strength in headwind conditions, the rolling gropfmhe experiments have im-
plications on aircraft operations. The circulation agaugdocity ratio is again shown
in Fig. 6.17, but also included in the figure is the approxersart and end of runway
conditions with no ambient wind (Fig. 6.17a) and with ar2é* ambient wind (Fig.
6.17b). The results have demonstrated that a vortex isegpkcted to form with the
aircraft moving. However it will not only form, but also intsify before the blow-
away condition is reachedJ(;). The larger the ambient headwind, the stronger the
vortex will be. But with a larger ambient headwind the vorte blowaway faster
as the aircraft moves down the runway (Fig. 6.17b). Althoaghntake at a higher
height-to-diameter ratio may experience a stronger varean formed, its blowaway
condition will be reached at a much lower aircraft speed.

6.5 Summary

In this chapter experiments investigating the vortex fdrameand characteristics with
a rolling ground plane have been conducted. The results sigmficance on both
the formation mechanisms and aircraft operations. Exparimhave been performed
to simulate an aircraft takefioin no ambient wind and headwind conditions. For the
former it is believed that the only source of vorticity is tineluced vorticity whereas
in the latter there is also a contribution from the approagthoundary layer. The
following conclusions can be made:

1. The results suggest that the ground vortex will increas¢rength before reduc-
ing during take-€.

2. The synchronised wind and road experiments, which sitesin aircraft take-
off under no ambient wind conditions, have shown that ftw B, = 0.25 the
approaching vorticity source has no impact on the vorteangfth for velocity
ratios greater than 12J().

3. This result implies that for /D, = 0.25 andU* > 12, it is not important to
simulate aircraft take{t
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4. As the velocity ratio reduces below 12, the approachingjeity becomes the
dominant source for ground vortex formation and a 50% redncdh the vortex
strength is observed between the static and moving growsebsca

5. For ah/D; = 0.25 andU* < 12, it is therefore important to simulate aircraft
take-dt to capture the correct trends.

6. The asynchronous experiments, which simulates an Hitake-df under head-
wind conditions, reveal that as theff@dirence between the ground and the tunnel
speeds increase the vortex circulation reaches a highalr ldence the stronger
the headwind during takefipthe higher the level of strength reached by the vor-
tex as the aircraft speed increases. However the fastepttexwill blowaway.
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CHAPTER 7

Crosswind Conditions

An intake operating statically in crosswind conditionssedo the ground represents
one of the severest conditions that an aircraft engine @wék encounter in practice.
Not only is the intake susceptible to lip separation butiit aso ingest a strong ground
vortex. It is therefore important to understand the charastics of vortex formation
under such conditions and also to understand the interechetween the vortex and
the separation behaviour. This chapter presents an ex¢esisidy of the crosswind
ground vortex. In the same fashion as for the headwind mésfmarthe important
aerodynamic and geometric parameters are discussed in turn

In the first section of this chapter, the salient featuredefdrosswind ground vortex
flowfield are discussed. Both PIV and in-duct total pressueasurements are pre-
sented which represent typical configurations and the neatufes of the flowfield
are highlighted. This is then followed by a quantitativeraxaation of the parameters
of fundamental interest, from both an industrial and fluichayic perspective. First
the dfect of contraction ratio is discussed with the primary foousortex strength and
distortion variation. This is followed by a sensitivity guto changes in ground clear-
ance and also to alterations in the approaching boundaey thickness. Finally, the
effect of reducing the yaw angle from ninety degrees to a purdvii@d configuration
is quantified. The chapter concludes with a discussion ottmparative dierence
between the crosswind and headwind formation mechanisms.

7.1 Flow Topology

At the lowest crosswind velocityd; /U, = 183), a single ground vortex forms ahead
of the highlight plane approximately in line with the intatentreline. Fig. 7.1a shows
an example single snapshot of the out-of-plane non-dimeasiorticity contours,
w,D;/U;, and the in-plane&l — v velocity vectors. As expected, the rotational sense
of the vortex is clockwise, due to the direction from whicle thind approaches the
intake. This is due to the vortex being associated with theetoof the two trailing
vortices that form on the leeward edge of the intake when tickexd streamtube has
no interaction with the grourtd (Fig. 2.10a). The corresponding total pressure con-
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tour plot at the nominal fan face location (Fig. 7.2) ill@és that the vortex location
relative to the engine centreline is at a more upwind pasiteative to its position
external to the intake. This observation has been repontgadavious studies and is
due to the interaction with the intake surface.

_Measurement point locatior
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0.89
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©00,,

oo
000

Single
ingested vortex
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h./D, =0.083 U/u,=18.3

___\W___/ =

Figure 7.2: Example total pressure contour plot at the fan face &i/&n = 0.25 and a velocity
ratio, U* = 18.3. Also included in the figure are the measurement point imestfor the in-
duct total pressure measurements, the intake height defimnd the PIV measurement plane
location relative to the intake.

As the velocity ratio (Ji/U.,) reduces to 6.1, the vortex position changes considerably
in the positivey-direction (i.e. in the windward direction) and moderatelyhe nega-
tive x-direction (Fig. 7.1b). Inspection of the peak vorticitydés shows an increased
level and there is also a considerable change in the ovenditity field. A feature at
intermediate to low velocity ratios is a region of high, piv& and negative, vorticity
emanating from underneath and behind the intake which srdnato the vortex (Re-
gion |, Fig. 7.1b). This trail of vorticity, which is travetig towards the vortex, is due
to a strong interaction between the approaching flow and dhiex induced velocity
field. As a result a dividing streamline forms which dividée two diferent flows
apart. This dividing streamline emanates from a region of Velocity magnitude
(Region I, Fig. 7.1b) and is expected to be related with fbsaly positioned saddle
point which is associated with the edge of the sucked strgaentAs the velocity ratio
reduces the vortex approaching vorticity will strength@hthe same time the sucked
streamtube will get smaller and the approaching flow emagdtom the underneath
the intake will have to turn more sharply into to the vortexeda the smaller capture
streamtube size. Hence the levels of vorticity along thédidig streamline will in-
crease which may act as a source of vorticity for the vortdxs Will be discussed in
further detail at the end of this section.

Fig. 7.3 illustrates theftect of reducing velocity ratio on the average vortex core-pos
tion at the PIV plane. The horizontal and vertical bars regn¢ the standard deviation
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Figure 7.3: Average vortex core locations for selected velocity raflodD, = 0.25 M, =
0.55). Bars indicate the standard deviation in ¥ core position and the shapes indicate the
full extent of movement over all 300 snap-shots

of the core locus relative to the time averaged location. fllieextent of the vortex
movement is approximated by the enclosed shapes centré @vérage vortex core
locations. As the crosswind velocity increases and thecigioatio (U;/U,,) reduces
the vortex position at the PIV plane moves across the intagelight plane in the
positivey-direction. A reduction in velocity ratio from 18.3 to 6.1rcesponds to a
movement in the average core location frgnd, = 0.01 to 0.33(;/U,, = 6.1) with
the standff distance from the highlight plane also increasing fref®, = -0.12 to -
0.22. The error bars indicate that the unsteady vortex mewnémcreases significantly
with reducing velocity ratio and that the spatial unsteadgis predominately confined
to they-direction.

For each configuration 300 flow-field snapshots were acqunetlas with quiescent
(§4), headwind §5) and rolling road experiment§g) each vortex snapshot has been
assessed to determine the vortex characteristics asloes$on Appendix E. Fig. 7.4
shows example variations in vortex strength, vortex care and Vatistas shape factor
across all snapshots for a single configuration. At thisaigtaatio (U;/U,, = 18.6),
non-dimensional heighh({D, = 0.4) and approaching boundary layét/O; = 0.11)
the average vortex strength, was calculated to be 318?s™* with a standard devi-
ation of 0.5m?s™! (12% of the mean). As the crosswind velocity increased aad th
corresponding velocity ratio reduces, the standard dewatas to found to increase
moderately. The increase in the standard deviation at l@elecity ratios is expected
to be a result of an increased level of velocity perturbaiodne to an increase in vor-
ticity within the approaching boundary layer. Further @ride of this hypothesis is
seen when there is a thinner approaching boundary laye¢b( = 0.03); with all
other conditions the same, the vortex strength increased3ta¥s?, but with the
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Figure 7.4: Typical variations in vortex circulation, core size andistts shape factoh(D, =
0.4,U;/U, = 186 ands*/D, = 0.11)

standard deviation reducing to M8s™ (7% of the mean). This reduction in the vari-
ation of vortex strength is due to the measurement planeggh®oser to the edge of

the boundary layer which is associated with lower levelsudbilence intensity, and

hence velocity perturbations (see Appendix C).

The average circumferential swirl velocity distributiomsvdetermined for all vortex
snapshots (as described§.6) and was used to determine the vortex core radiys,
for each vortex realization. Fig. 7.4b shows the variatibmostex core size for a typ-
ical configuration across all PIV flow-field snapshots. Therager. value was found
to be 2.8mm (= 0.056;) and is generally typical of all investigated configuraton
The average core radius over all configurations was appatei;n3mm (= 0.06r;).
The tangential velocity distribution for each vortex wascalised to determine Vatis-
tas shape factom, across all PIV snapshots (Fig. 7.4c). The averagalue for
this particular example is 0.96 and across all configuratisron average a value of
approximately 1.

With each individual vortex core being identified for all flld snapshots, a vor-
tex alignment average of the flowfield was performed for a eaofyvelocity ratios

at a fixed heighth/D,, of 0.25. This averaging technique, sometimes referredto a
the conditional average in the literatltgis used to evaluate the flowfield topology
in further detail with particular focus on thefect of velocity ratio,U*. The vortex
alignment average is advantageous because it removes biguaiy of vortex wander
associated with the simple time average metfiod

The average vector field (after alignment of all vortex cesitr for four diterent ve-

locity ratios, is shown in Fig. 7.5a-d. Also included in thguiie are contours of
non-dimensional out-of-plane vorticityg D, /U;) with Fig. 7.5e-h showing the cor-
responding profiles of non-dimensional out-of-plane vigyov/U;). For the highest
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non-dimensional tangential velocityy/U;, with radial distance from the centre of the vortex
for the conditional average fielth(D, = 0.25, M; = 0.55 andJ;/U., = 18.3)

velocity ratio (U;/U,, = 18.3) a predominately axi-symmetric vector and vorticioy
field is observed (Fig. 7.5a). The highest out-of-plane ciéiks are observed in the
region of the core of the vortex (Fig. 7.5b) with the maximuetoeity occurring at
a radial position equal to the core radius and at a circumfeigposition,3, equal to
45° (Fig. 7.6a). Not surprisingly, the tangential velocity immaximum at a circumfer-
ential position where the crosswind and local vortex veb#re the same directions
(i.eg = 270) (Fig. 7.6b).

As the velocity ratio reduces, the sucked streamtube sizedses and the average in-
plane velocity vectors become more asymmetric due to areasang influence from
the crosswind velocity and the flow between the intake andtbend plane (Fig. 7.5).
As a consequence, a dividing streamline forms that segatageapproaching flow,
which is between the intake highlight plane and the vorteav@lling in the positive
y-direction), and the clockwise rotating fluid associatethwhe vortex (Fig. 7.7).
This dividing streamline forms part of the expected saddimtpat the edge of the
capture streamtube. The presence of the dividing strearhlis an impact on the out-
of-plane velocity contours, which show that for reducingpeéy ratio an increasingly
large region of downward velocity (negatigélirection) is drawn in towards the outer
region of the vortex (Fig. 7.5e-h). This is accompanied bynalker peak region, of
upward (i.e. away from the ground), out-of-plane velocity.

An explanation for these observations relates to the caioreof ambient vortex lines
associated with the approaching (posityweirection) flow. At low crosswind veloci-

ties (high contraction ratios) the flow-field is dominatedabgtrong clockwise vortex
(Fig. 7.5a). As explained above this vortex is associatel thie lower trailing vortex

that forms when the capture streamtube has no interactitintiné ground (see Fig.
2.10a)(i.e. the vortex is associated with the viscous floer dlie intake). However
there is an additional vorticity source proceeding towdhdsintake associated with
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the approaching boundary layer. It is believed that it isititeraction between the
two primary vorticity sources that causes an increasingigd region of downwara/
velocity to form (Fig. 7.5e-h). The expected situation istsked in Fig. 7.7 which
shows the deformation of the vortex lines associated wehctiosswind velocity. Far
upstream of the intake the vortex lines are perpendicultr@dlow and parallel to the
ground. As the vortex lines approach the intake they will biodmed by the strong
velocity gradients associated with the vortex and intakeaed flowfields as sketched
in Fig. 7.7. The ambient vortex lines wrap around the domtirarticity source and
as a consequence the leg of each side of the deformed limadtgewill each other
to result in a region of downward velocity as indicated in.Fig7. As the crosswind
velocity increases the approaching vorticity will incread his therefore results in a
larger interaction of the ambient vortex lines with themeslas they wrap around the
dominant vorticity source.

7.1.1 \Vortex Start-Up Transient

A limited set of measurements were taken to examine the-gpattansient of the
crosswind ground vortex. PIV measurements were takerhabDaof 0.25 at a veloc-
ity ratio, U;/U,,, of 18.4 with the intake angle to the wind directian,equal to 50.
The PIV flowfield snapshots were acquired at A5 For this experiment data ac-
quisition commenced and the intake suction was initiatgg@pmately between the
first and second flowfield snapshots. The quasi-steady steties velocity is reached
approximately 1s after the shutter valve is released ($&2.1 for further details).
Fig. 7.8 and 7.9 shows the vorticity field and in-plane stri@gaapatterns for the first
12 flow-field realizations acquired (i.e. the first 1.4@f data acquisition). Fig. 7.8a
represents the flowfield just before the suction started sittaerefore at time, ~ 0s.
Each subsequent snap-shot is acquired at times equi-spadéd5 s.

At t ~ Osthe streamline lines are approximately straight and egsglhced across
the whole measurement domain (Fig. 7.8a). There is no ptes#ra vortex inside or
outside the region of interest. The angle in the streamliakive to the wind direc-
tion is expected to be due to the presence of the intake. Witlntake suction being
triggered betweeh = 0 and 013s, an immediate but subtle change in the streamline
pattern is observed at= 0.13s (Fig. 7.8b). Within the central proportion of the mea-
surement domain, the streamlines appear to be convergiayds each other as they
travel in the positivey direction. This can clearly be seen at a coordinate posgfon
(-0.2,0.3) (Fig. 7.8b), where the streamlines are muchechwgyether in comparison to
an upwind position of say (-0.2,-0.3). This is an indicatibat there is a contraction
in the streamlines in the near field wake region of the int&td.= 0.27s, the stream-
lines have further converged together at (-0.2,0.3) ancktisea clear indication of a
vortex just outside the interrogation region at a coordir@isition of approximately
(-0.2,0.4). This is apparent as there is a small local regfaaverse flow at (-0.2,0.3).
With a further advance in time to= 0.4s a weak vortex materializes in the measure-
ment domain (Fig. 7.8d) which appears to have emerged frermthke wake region.
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Figure 7.9: Vortex start-up transient in 50 degree crosswind conditiaontinued
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As time progresses further the vortex grows in strength eackts upwind (i.e. nega-
tive y direction) until a quasi-steady state is achieved. Theexgobsition appears to
have reached a quasi-steady state position at the PIV plereapproximately 1.03

The vortex strengtH;, core sizer., and Vatistas shape facter, have been computed
for each time step, as shown in Fig. 7.10. Only the firstsdf the total 40s run
time is shown for clarity. The dotted line represents theetemerage value for each
respective parameter over all 300 snap-shots. As expedtted tlie vortex first appears
in the measurement domain the vortex is weak (Fig. 7.10a@.vbintex continuously
grows in strength for approximately 1%before a reduction is seen (Fig. 7.10a).
Interestingly the core size and the Vatistas shape factow $to noticeable variation
between the transient and quasi-steady state regions{Higb-c). In order to obtain
an approximate transient formation time, the averdgend standard deviatiomy,

of the vortex strength was calculated over all snapshotiidxagy the transient. The
formation time t,, was defined as being the time taken for the circulation to iti@nv
two standard deviations of the mean (Eq. 7.1.1). Using thierion gave a transient
formation timep,, of 0.93s.

r@t)>T - 20 (7.1.1)

The only other known study to examine the transient stafupe ground vortex was
conducted by de Siervi etdl In this particular work the transient start-up mechanism
was investigated with a twin inlet configuration (i.e. with approaching boundary
layer vorticity) and was also under 90 degree crosswind itiong. This difers from
the current experiments which uses a single intake closegi@and plane partially
immersed in the approaching boundary layer which is at 5@edmsgorientation to
the wind direction. As explained above, the qualitative fiasualization studies by
de Siervi et al were instrumental in understanding the féilonamechanism of the
crosswind ground vortex. In their work it was concluded ttiat source of vorticity
for the vortex was associated with the vorticity emanatifighee intake surface. This
vorticity is convected back upstream during the start-apgient by the induced intake
velocity field to form a vortex. The findings from this currestidy clearly agree with
these observations. It is quite evident that a weak vortexgodownstream of the
intake, which can be inferred from the streamline curvatun@pattern in Figs. 7.8b-d.
Once formed the vortex grows in strength and moves upstne@naiquasi-steady state
(Fig. 7.9). De Siervi et &P also provided a time scale for the transient formation time,
which was quoted to be in the order ofHQJ,.,. For the current study the formation
time scale is approximately 180U.. It is expected, however, that the velocity ratio
will have an d€fect on the formation time since this should dictate how Hgpidrticity
from the intake surface is shed into the near wake of the éentald then convected
back upstream to form a vortex. Perhaps a better time scaloftex formationi,,
which gives more realistic values for both experimentsvegiby Eqg. 7.1.1.

4D y;

t,~ — —
V7 UL Uy

(7.1.2)
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7.2 Hffect of Principle Parameters

In this section the féect of the important aerodynamic and geometric parameters a
discussed. First thetect of contraction ratiol; /U.,) is dealt with and is split into two
subsections; vortex strength quantification and in-duil foressure measurements.
Following this the éect of non-dimensional height will be discussed as well a&s th
approaching boundary layer thickness. Finally tiea of yaw angle is presented, in
which the crosswind and headwind formation mechanismsbgitompared.

7.2.1 Hfect of Contraction Ratio

Although the &ect of contraction ratio has already been discussed abotteediow
topology, this section primarily concentrates on the giaation of the vortex circu-
lation and in-duct flow distortion and how both vary with vely ratio.

7.2.1.1 \Vortex Strength Quantification

PIV and total pressure measurements were taken for a rangesgwind velocities
varying from 10 to 4éns? (19 -7&ts). For each configuration the average vortex
strength has been determined by averaging the circulaatres over all flow-field
shapshots (see Appendix E for full details). Fig. 7.11 shtvesefect of reducing
the velocity ratio U*) on the average non-dimensional vortex strenfjth,For a low
ground clearanceh/D, = 0.25, the vortex strength monotonically increases with de-
creasing velocity ratio. By non-dimensionalising the earstrength by the intake
highlight diameterD,, and the intake velocity);, shows that there is very little dif-
ference when the intake Mach number is reduced from 0.554t8. QAt this ground
clearancel{/D, = 0.25) the critical point at which the sucked streamtubers|¢ae
ground plane is expected to beldt,, = 3.88, as indicated in Fig. 7.11. This assumes
a circular, axi-symmetric, sucked streamtube and has beshcped from continuity
considerations. The critical velocity ratio, under crosgivconditions, could not be
investigated due to tunnel limitations at the time of tegtiAt the higher ground clear-
ance of/D, = 0.4, the vortex strength initially increases and reachesal lneximum
atU* = 9.1. A further reduction in the velocity ratio results in a desse in the vor-
tex strength. This attributed to the 'cross-wind’ groundter intermittently detaching
from the ground to form a second trailing vortex due to a reduevel of interaction
between the sucked streamtube and the intake outer suffdme.point will be dis-
cussed in further detail below. The critical velocity ratior this height-to-diameter
ratio is expected to occur &, = 5.6.

Within previously published literature thefect of velocity ratio on the crosswind
vortex strength has been the subject of conflicting rep@tsne workers postulated
that a higher velocity ratio would result in a stronger grdwortexé:>° - perhaps due
to larger footprint of the sucked streamtube with the grouix et al° reported
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Figure 7.11: Effect of velocity ratio on the vortex circulation for two hetefo-diameter ratios
and intake Mach numbers at a fixed approaching boundary tdygyD, = 0.11

quantitative results for crosswind configurations whicbvséd that the vortex strength
increased with reducing velocity ratio, within the intakectl This is in agreement
with the current observations (Fig. 7.11). De Sievri éf ahowed that the formation
of the ground vortex requires no upstream ambient vortiditgnsient start-up studies
of the formation mechanism in crosswind showed that the mgfawrtex forms in the
near wake region of the intake and is associated with thecitgrof the separated shear
layer on the outer surface of the intake, as discussed alvthis basis it is expected
that the increased vorticity levels within the boundaryelagn the intake surface, with
reducing velocity ratio, would result in the formation ofteofiger ground vortex.

7.2.1.2 In-duct Flow Distortion

Total pressure measurements have been taken at a nominfalc&atocation within

the duct for a range of streamtube contraction ratios. Tieeeof velocity ratio on the
total pressure contours at the fan face is shown in Fig. Biifilar to the observations
in the PIV plane, the average vortex location moves furtlogvrdvind (or clockwise),

as the velocity ratio reduces. A reduction in velocity rdtiom 18.3 to 6.1 results
in the average vortex position moving circumferentiallpard the intake from 140

to 162.5 with the corresponding radial position moving slightly tmgs the intake
centre line (,/r; = 0.84 to Q74) (Fig. 7.2 and Figs. 7.12a-d). As the contraction ratio
reduces below 7.3, crosswind lip separation occtirs 80° to 140) which increases
in strength and size as the velocity ratio reduces furthigr. (F.12d-f). At the lowest
velocity ratio U* = 4.6) the separation has extended radially away from the wall
considerably (Fig. 7.12f).
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Figure 7.12: Total pressure contours at the fan face for increasing wiodsspeed
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Figure 7.13: Effect of velocity ratio on the (alPpCgg and (b) Py for two height-to-diameter
ratios and intake Mach numbers for a fixed approaching boyrdger of5*/D; = 0.16
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From the total pressure measurements the distortion aathi@aée has been character-
ized using thédCgo parameter, as with the quiescent and headwind measurerii@ets
DCg trend with velocity ratio is displayed in Fig. 7.13a for tweight-to-diameter ra-
tios. As expected, the general trend with velocity ratiansilar to the vortex strength
measurements (Fig. 7.13). At the datum heidiiDy = 0.25) a reduction in the veloc-
ity ratio leads to a monotonic increase in the distortioitidHy the increase ilDCqq is
small with velocity ratio, owing to the small increase in tx strength. At a velocity
ratio of 6.1 lip separation occurs on the windward side ofititake (Fig. 11d) and
grows with further reductions in velocity ratio (Fig. 7.28d The onset of separation
leads to a sharp increase in the distortion (Fig. 7.13a)aleases with lip separation
the peak loss within the vortex is higher in comparison toltiss associated with the
separation, thereforey is always associated with the vortex.

P, = P = Poo (7.2.1)
Pe

To clarify the impact of the separation on the vortex indudesdortion an additional
distortion descriptorPy, has been examined which is based on free-stream total con-
ditions, P, rather than the fan face average pressBfg[Eq. 7.2.1). This distortion
parameter isolates the loss due to the vortex only since¢ieestream conditions (i.e.
P.) does not include thefiects of separation ané, is always associated with the
loss within the vortex. This revised distortion paramesaplptted Fig. 7.13b for both
investigated height-to-diameter ratios. It is quite ewtdkeom this plot that the onset
of separation significantlyfiects the distortion within the vortex. As separation is ini-
tiated a step increase in the distortion is observed withénviortex. As the velocity
ratio reduces further the separation grows radially awaynfthe wall (Fig. 7.12e-f)
and the rate of increase in distortion with reducing velodatio is now significantly
larger (Fig. 7.13Db).

------- u/u,=12.1

0.95r / g U/u,= 9.1
o’ Wl - U/, = 7.3
~ | 7 1 — - U/U, = 6.1
I

0.9

Separation :
L \\/ortex
0-8% 05 T 15 3

Figure 7.14: Radially averaged circumferential pressure plots forawsivelocity ratios at a
h/D; = 0.25

To further examine theffect of separation on the vortex, the radially averaged pircu
ferential pressure distribution has also been plotted fearaous velocity ratios with
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and without separation (Fig. 7.14). At a velocity ratio of,6when separation first
occurs, a broadening of the vortex loss signature is obdetemg with a greater pres-
sure loss (Fig. 7.14). This can clearly be seen in Fig. 7.1%alwplots the loss extent,
672, at 50% of the minimum pressure [08% min, (Fig. 7.15b for definition) against ve-
locity ratio. Also included in the figure is the minimum raldé&erage pressur®; min,
loss against velocity ratio. At the onset of separationwbenhU* = 7.3 and 6.1, a step
increase in the loss extent of the vortex is observed. Thease in the extens; 2,

is considerably larger than the increase in the minimumatalierage pressure. It is
therefore the increase in pressure loss foot print at théaf@which largely accounts
for the step increase in distortion as separation occurs.

The reason for the increase in the total pressure loss andhasvortex circulation,
as separation occurs, is expected to be related to a charige sucked streamtube
characteristics. A significant flow blockage is introducedtbe windward side of
the intake and as a consequence it is possible that a larggonion of mass flow is
therefore drawn in from behind the intake on the leeward.siiece the source of
vorticity for the ground vortex under crosswind conditiamgssociated with that shed
off the intake surface, the ingested vorticity will therefarerease.

At the higher ground clearance bfD, = 0.4 the distortion initially increases and
reaches a local maximum Bt = 7.4, this is slightly diferent to the vortex strength
measurements where a local peak occurrddat 9.1. This discrepancy is attributed
to the intermittent attachment of the lower trailing vortexthe ground at &J* =
7.4. At this velocity ratio the lower trailing vortex was gnbery occasionally seen
to attach to the ground and it is expected that when no vodexbe detected at the
PIV plane, the ground vortex instead forms a trailing voréixthe leeward edge of
the intake. Full scale engine visualizations in crosswiAl8) show that, during this
intermittent attachment phase, when the vortex is not lagt¢o the ground and trails
in the crosswind direction (positivedirection), the vortex is still ingested into the
intake at approximately the same location as when the vastéx contact with the
ground. Only when the velocity ratio is further reduced reaclvortex can be seen at
the fan face.

7.2.2 Hfect of Ground Clearance

Two height-to-diameter ratiof(D;) of 0.25 and 0.4 have been studied and Fig. 7.11
shows the ffect of this height variation on the PIV vortex strength ang. F{.13 on
the fan face distortion parameter. Both the PIV vortex giteiiFig. 7.11) and fan face
distortion (Fig. 7.13) show that the lower non-dimensidr&ght fi/D, = 0.25) results

in a stronger vortex and consequently larger fan face distor At the larger veloc-

ity ratios the diterences are modest and both the vortex circulation (Figl) atd
the intake distortion (Fig. 7.13) show that the ground voreduces with increasing
velocity ratio for both ground clearances investigatedr. the highest velocity ratios
(Ui/U, > 7), when a vortex is ingested at both non-dimensional hejghits evident
that a 60% increase in the ground clearance (i.e. frorh/& = 0.25 to Q4) only



7.2 Hfect of Principle Parameters 143

results in a modest decrease in the vortex strength andttistoThis is particularly
evident in the distortion measurements (Fig. 7.13a).

However, there are some notablé&éiences due to the ground clearance at the lower
velocity ratios U; /U, < 7) where the results diverge depending on the non-dimeakion
height f/D,) (Figs. 7.11 and 7.13). For the larger ground clearah¢B (= 0.4), as
mentioned above, the vortex circulation reaches a maxinmuanvalocity ratio of 9.1,
below which the vortex diminishes. A similaffect is seerDCgy measurements, al-
though the local maximum occurs at a slightlyfdient velocity ratio(;/U., = 7.4).
This is in contrast with the lower height configuratidniD, = 0.25) where the vortex
strength and duct distortion monotonically increase ayv#hecity ratio reduces. The
reason for these flerences is due to thefterent interaction of the sucked streamtube
with the ground plane. As discussed above, a necessarytioomir the ground vortex
formation is that the sucked streamtube ifisiently large to intersect with the ground
plane. The approaching sucked streamtube reduces in tandbrthe velocity ratio
and, for this reason, at each intake height there is a spegeificity ratio at which the
approaching sucked streamtube lifts clear of the grounds iShhe expected point at
which the ground vortex will cease to occur and is indicaed g, in Figs. 7.11 and
7.13. As already mentioned these limits are never reachethéoindividual height
configurations due to wind tunnel limitations.

For the larger height dfi/D, = 0.4, some interesting behaviour is observed for veloc-
ity ratios below 9.1 (i.e. as the vortex strength is dimimgfwith reducingU*). As
already explained the discrepancy in the velocity ratio akimum strength and max-
imum distortion is attributed to the intermittent attachmnef the ground vortex to the
ground plane. As can be seen from the full scale engine tesahzations in Appendix
A.3, the vortex can be ingested into the intake, but is noagsnattached to the ground.
This is clearly evident in Figs. A.5a and A.6e-fin Appendix8AThis is believed to be
what is occurring at a velocity ratioJJ{/U.,) of 7.4 at the highest ground clearance of
0.4 (h/Dy). The PIV measurements for this configuration show that onbyasionally,

a strong clockwise vortex is observed at the PIV plane (Fig6&). Due to the strength
and rotation of the vortex, this is clearly the 'cross-windrtex which is associated
with the lower trailing vortex that would form if the intakeas far from the ground.
When this strong vortex is not observed inside the measuredognain, sometimes it
can be detected just outside from the vector orientatiodsw@agnitude. However, of-
ten no strong vortex can be detached inside or outside thgdagiation region. When
this is the case, weaker clockwise, counter-clockwise amadesimes contra-rotating
vortices were observed at the PIV plane (Fig. 7.16b-c). @Hlkesv features under
crosswind conditions has never been reported previouslycantradicts the ‘rotation
bias’ reported by de Siervi et 'l It is clear that since the 'crosswind’ ground vortex
is expected to have formed a trailing vortex, a switch in tbmghant vorticity source
has occurred and is now associated with the approachinglaoylayer vorticity. This
can be seen in Fig. 7.16b which shows two contra-rotatingjoes rotating in accor-
dance with the headwind formation mechanism. This behavias also been seen in
full scale engine tests, as shown in Fig. A.8.
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The above observations suggest that the disappearancetming sortex does not
necessarily coincide with the sucked streamtube liftifighee ground plane, but rather
there is instficient interaction of the capture streamtube with the nedwewagion
of the intake to cause the lower trailing vortex to attachh® ground. In this case
the approaching boundary layer vorticity dominates and this that causes weaker
vortices to form. This will be discussed further when conmmathe headwind and
crosswind formation mechanisms in the discussion sectitmeaend of this chapter.
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Figure 7.17: Contours of total pressure at the fan face for (a)h@ab, = 0.25 and (b) an
h/D; = 0.40 at a comparable velocity ratio bf/U,, ~ 6.2 and at constant‘/D; = 0.93.

Also of significant importance is the sensitivity of grouridarance to the separation
behaviour. It has already been mentioned above that lipragpa dfects the vortex
characteristics; however it is also clear from the totabpuee survey, that the vortex
affects the onset of separation. One of the major consequehgesumd vortex in-
gestion is the mass flow distortion that it introduces to ereflice. This distortion is
most significant when in crosswind due to the large size otdke pressure loss re-
gion at the fan face (in comparison to headwind) (Fig. 7.8ce the ingested mass
flow is held constant, the non-uniformity introduced by thgested vortex forms an
effecting flow blockage and additional mass flow must be ingeskselvhere in the
intake to account. This places additional local lip loadorgother areas within the
intake resulting in a premature lip separation on the windvgde. This has clearly
been demonstrated in Fig. 7.17 which shows fffiec¢ of ground clearance on the fan
face total pressure contours. For the low ground clearamd® (= 0.25), due to the
interaction of the sucked streamtube with the ground, alamgle ground vortex is
ingested (Fig. 7.17a) which is also accompanied by lip sejmar on the windward
side of the intake, at this velocity ratio. In contrast, a g#ame velocity ratio but at
a higher ground clearance bfD, = 0.4 (Fig. 7.17b), no clear vortex is ingested and
no significant lip separation occurs. This is clear evidesfqgaremature lip separation
induced by ground vortex ingestion and is very significartamdy to the performance
of the engine but also to fan vibration. In addition, thisaclg demonstrates that the
ground plane must be incorporated to assess intake liprpeatftce during the design
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process.

In terms of the vortex strength sensitivity to ground cleam(Figs. 7.11 and 7.13),
although the dterences at high velocity ratios are small it is expected tthatower
ground clearance generates a stronger vortex due to theasent interactionafiect

of the suck stream-tube with the ground. It is known in therditure that an intake
in proximity with the ground redistributes the pressuredfilound the intake circum-
ference, increasing lip loading towards the top. This tssual a larger proportion of
mass flow being ingested from above the infdkés a consequence, the local sucked
streamtube size over the intake increases which leads tacagased level of interac-
tion with the intake surface. As a consequence the levelgested vorticity shed from
the outer intake will increase leading to a stronger vortex.

7.2.3 Approaching Boundary Layer Thickness

As mentioned ir§5.2.3 an atmospheric boundary layer, which is applicable fiall
scale intake in practice, could not be replicated in the viumhel. Hence, in order to
establish the sensitivity of the approaching boundaryrl#tyiekness on ground vortex
formation and characteristics a number of boundary layiektiesses were studied by
utilizing the boundary layer suction methods upstream efitliake (see Fig. 3.2).
The dfect of the orientation of vorticity within the approachingumdary layer has
previously been studied qualitatively on the crosswindni@tion mechanisi?. How-
ever, this study concentrated on itseet on the vortex rotation, rather than the vortex
strength and distortion characteristics. From this pnevieesearch, it was found that
the upstream vorticity orientation had no influence on thiexosense of rotation. The
conclusion was that the dominant source of vorticity fortbeex was associated with
the lower trailing vortex that would form when the suckeaatntube has no ground
plane contact (see Fig. 2.10). Itis therefore the rotatidhevorticity associated with
this trailing vortex that determines the sense of rotatarilie ground vortex. As far as
the author is aware no sensitivity study has been conductedeodfect of boundary
layer thicknessg, under 90 crosswind conditions. Within this research (foe 90°)
two boundary layer thicknesses &f/D, = 0.11 and 003 were investigated and Fig.
7.18 shows theféect of this variation on both the non-dimensional vortegsgith and
in-duct distortion parameter.

Both the vortex strength at the PIV measurement plane (Fij8aj and the distor-
tion at the fan face (Fig. 7.18b) show that a reduction in thgr@aching boundary
layer thickness fromd*/D; = 0.11 to Q03 has no notablefkact. In terms of the vortex
strength this is not surprising given the results under Wwaatl conditions (§5.2.3)
where the peak vortex strength was largelyfieaed by the same change in the ap-
proaching boundary layer thickness (i&/D, = 0.11 to Q03). In addition, as men-
tioned in§5.2.3, the integrated vorticity within the approaching bdary layer, per
unit width, is approximately the same between the two bonnidger configurations

*Particularly since under headwind conditions the primanyigity source is the approaching bound-
ary layer
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Figure 7.18: Effect of approaching boundary layer thickness on (a) the Piexacstrength
and (b) fan face distortiorl)Cgg, for anh/D; = 0.25

(see Appendix C.1). One would expect that if the vortexiisaed by the approaching
flow, a smaller distortionDCgp, would be observed at the fan face for #1igD, = 0.03
boundary layer. This is because the ingested air withindloked streamtube will con-
tain higher momentum flow in comparison to #i¢D, = 0.11 configuration (as with
the headwind mechanism). The negligibl&elience observed between the boundary
layer thicknesses implies that the source of flow for theesois not associated with
the approaching flow. This finding agrees with the obsermatiout forward by de
Sievri et al that the vortex is associated with the near wake region aifiiade.

7.2.4 Hfect of Yaw Angle

A study has also been conducted to examine the sensitivityeofortex characteris-
tics to the mean wind directiony{ relative to the intake. Within previously published
literature the ground vortex formed in pure crosswind cbads (i.e.y = 90°) has al-
ways been regarded as the strongest vér{eative to smaller yaw angles), however
this has not been quantitatively proven, and no data isaaito quantify the relative
difference between the headwind and crosswind mechanismdditioagdsince cross-
wind conditions generally represent the design limit odk&s (due to separation), it is
of interest to understand how sensitive the vortex streagthdistortion is to moder-
ate reductions in the crosswind direction. Within this warkange of yaw angleg/{
have been investigated between 0 and 90 degrees primaailyedbcity ratioU* = 19
(U, = 10ms?). Due to slight diferences in the intake velocity as the yaw angles
changes, the velocity ratio ranged from 18.3 to 19.4. Meaments were predomi-
nately taken at the fan face distortion with a smaller dafasig taken to quantify the
effect on the vortex strength at the PIV measurement plane.

The vortex aligned average has been used to demonstratée¢bed reducing yaw
angle from a 90 degree crosswind£ 90°) to a pure headwind configuratiop & 0°)
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Figure 7.20: Total pressure contours at the fan face for reducing yaweanght a fixed height
of h/D; = 0.25 and approaching boundary layer thickngggD; = 0.11 and velocity ratio of
U* =19
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on the vortex flow-field at the PIV measurement plane (Fig9)/.2A reduction from

v = 90° to ¥y = 70° shows no notable ffierence in the velocity vector magnitudes
however there is a fference in the peak vorticity level which has reduced from ap-
proximately -80 to -704D,/U;). The largest dference in the vector field is observed
between yaw angles of 50 and°3@here there is a significant reduction in the velocity
vector magnitude (Fig. 7.19c-d). For all investigated neroxrosswind angles, with
the velocity ratioU* at 19, only a single vortex is observed which has negativicror
ity. However a change from a 36 a 0 headwind configuration leads to a change in
the rotation of the dominant vortex (Fig. 7.19e) which now pasitive vorticity. The
change in rotation is expected to be due to a change in thendonvorticity source or
possibly due to an increasing influence from the inducedaityrfor a pure headwind
configuration. As discussed f5 it is expected that only a single vortex is observed
under headwind conditiong (= 0°), for a velocity ratio of 191(*), due to very small
asymmetries present in the tunnel flowfield.

The dfect of reducing the yaw angl¢, from 90 degrees on the total pressure contour
patterns at the fan face is shown in Fig. 7.20. As mentionevegbat 90 degrees
crosswind the vortex is ingested at the 140sition and at a radial position equal to
0.84,/ri. The contour plot for this configuration is again shown in.Fi§j20a. As
the crosswind angle/) reduces the vortex moves clockwise around the intake and
slightly inboard; at 50yaw the vortex is at a circumferential position of 170 degree
and a radial position of 0.7¢/r; (Fig. 7.20e). The most notableftirence in the
fan face total pressure contours occurs between the yaveso§50 and 30(Figs.
7.20e-f), as with the vector plots (Figs. 7.19c-d), wherdass core can be identified
at a yaw angle of 30The contour plot at this yaw angle looks largely the saméas t
Y = 0° configuration. This change in the radial location of the @odnd loss footprint
perhaps indicates a cessation in the formation of a trauortex df the leeward edge

of the intake between the yaw angles of 50 antl 30

In terms of the vortex strength a reduction in the yaw angls feand to have a sin
variation on the vortex strength. This is shown in Fig. 7.@/tere the vortex circu-
lation data with yaw angle has been non-dimensionalizethéyorresponding values
at 0 and 90 degrees yaw & 0 and 90) in the form given by Eq. 7.2.2. Similar
observations were also seen for the distortld@g,, however this parameter followed
a sirf variation (Eq. 7.2.3) (Fig. 7.21b). This is expected to be tiuthe fact that the
pressure scales with the velocity squared.

-1
n= % = sirfy (7.2.2)
=90 =0
cho B DCZSO i 6
= sin 7.2.3
DC.% - DCY° v (7:2:3)

The variation in the vortex strength can be partly explaingdonsidering the expected
mechanism that sets the vortex strength under crosswinditemms. As explained
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Figure 7.21: Normalized (a) non-dimensional circulatiofi;, and (b) fan face distortion,

DCgo, against yaw angle for ah/D; = 0.25 and approaching boundary layer thickness,
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above the vorticity source, at least under significant evoss$ angles, is related to the
vorticity created over the intake surface. This fundamgndepends on the crosswind
component of velocityvelocity); the stronger the velocity, the higher the levels of
vorticity that will be generated over the intake surface tredefore into the near wake
of the intake. The crosswind component varies as the singeofrosswind anglej.
However what also matters is the total area of the intakerapessed by the sucked
streamtube. The larger the crosswind angle the larger tloeianof vorticity ingested
from the intake outer surface. This will fundamentally degp@n the orientation of
the capture streamtube relative to the intake axis and Vgidl @ary with the sine of
the crosswind directiony). Equating the two factors gives a sine squared variation,
which has also been plotted in Fig. 7.21a and does not shogn#isant diference
from a sine function to the power of three. The extraysterm, required to give a sin
relationship, could be related to the change in the suckedrstube shape as the yaw
angle and hence interaction of the capture streamtube etmtake increases.

7.3 Further Discussion

A comparison between the crosswind and headwind formatiechamisms in terms
of vortex strength and distortion is shown in Fig. 7.22. Tiead with velocity ratio is
largely the same for both mechanisms; high velocity ratresaasociated with a weak
vortex and as the velocity ratio reduces the vortex streagthdistortion progressively
increase to a local maximum. In terms of vortex strength ldngest diferences be-
tween the headwind and crosswind mechanisms are seen atgkstlvelocity ratios
and at the lowest non-dimensional heights. One of the masibfeditferences be-
tween the two formation mechanisms, however, is the opgosand with ground
clearance for intermediate velocity ratios (U} j 19). For crosswind, low ground
clearances result in a strong vortex whereas for headwirttljs velocity ratio region,
the opposite is true. In crosswind it is the ingested vdstitom the intake surface that
matters. This will increase at lower non-dimensional heigtiue to the larger interac-
tion with the ground plane which ultimately results in a Ergteraction of the sucked
streamtube with the intake surface. In contrast, underaeadconditions, it is the
approaching and induced vorticity sources that dominaiejtas the balance between
both which is expected to result in a stronger vortex beingeoled at higher ground
clearances (for intermediate velocity ratios). Howevernas seen in the foregoing
chapter, at high velocity ratios with the removal of the agmhing vorticity source,
a stronger vortex was still seen at higher ground clearantieis implies that the in-
duced vorticity is the cause for a stronger vortex at higheugd clearances; however
the exact mechanism is unknown.

The most significant conclusion must be taken from the in-digtortion measure-
ments where the ffierence between headwind and crosswind conditions is vgry si
nificant. The reason for the greateiffdrence being observed in tl¥Cq, trend in
comparison to the circulation measurements is twofoldstlyirin headwind condi-
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tions, two vortices were observed and the vortex strengthlt®plotted in Fig. 7.22a
is a sum of the absolute magnitudes of both average vortergitis. In contrast,
under crosswind conditions predominately a single vortag wbserved for all config-
urations. This single vortex is in general three times thensjth of any single vortex
generated under headwind conditions with all other coodgtithe same. Since the
pressure is proportional to the velocity squared, a crasswortex that has a strength
of say 6r°s™* will generate a distortion in the order of 9 times larger tl@asingle
headwind vortex with a strength ofifs™. For two headwind vortices ofri®s™* the
distortion will be approximately 4.5 times larger. Secgritile difering distortion lev-
els is related to the ffiering vorticity sources between the two mechanisms, wtsch i
the reason for a stronger vortex being observed under cnod®wnditions. However
an important distinction between the headwind and cros$wases is that approx-
imately 40% of the distortion for the former is a result of terinduced boundary
layer separation within the intake duct. Therefore poglytithe diference between
the two mechanisms in terms BICq is even larger than portrayed in Fig. 7.22b. On
the other hand, as will be discussed in the following cha@t@ntopg* has shown that
the vortex induced separation is a Reynolds numifece Hence, although there is
no evidence, a similar feature could be present in the crioslskesults, but because
the loss under such conditions is significantly larger, sieeltures are not as easily
identifiable.

7.4 Summary

Ground vortex formation under 90 degree crosswind conustitas been comprehen-
sively characterized. Both external velocity flowfield me&asnents and in-duct total
pressure measurements have been used to establish thiyungdeatures of the flow-
field. The important non-dimensional parameters have beasiigated, including the
velocity ratio U;j/U.), ground clearanceh(D,), approaching boundary layer thick-
ness §*/D)) and intake Mach numbeiM;). In addition the &ect of yaw angle has
been quantitatively established and the relatiiedence between the crosswind and
headwind mechanisms has been identified and discussedsTheésfirst known study
of its kind to provide both vortex strength and in-duct distm measurements for such
a vast array of configurations. The most important conchsare summarized below:

1. Ground vortex formation under crosswind conditions sgadoremature lip sep-
aration.

2. The crosswind ground vortex generates at least a thress ttnonger vortex in
comparison to any single vortex produced in headwind candit However
the distortion,DCq, is at best 20 times greater and at worst 40 times larger in
comparison to headwind conditions.

3. At the datum height of 0.25 (D) the vortex strength and distortion monotoni-
cally increase with reducing velocity ratio.
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4.

10.

The increase in vortex strength with reducing velocityorgs believed to be
related to the greater level of vorticity being generateer alie intake surface as
the crosswind velocity increases.

The vortex strength scales with the intake Mach number.

Lower ground clearances generate a more intense vorteisaonjectured to
be a result of a greater interaction of the sucked streamtithehe intake outer
surface leading to higher level of ingested vorticiffthe intake surface.

At ah/D, of 0.4 the vortex strength reaches a maximum and reducessatfter
at a velocity ratio approximately 1.5 times the expecteticai

. The reduction in strength is associated with a changeerdtminant vorticity

source, from that associated with the near wake of the intakbe approaching
boundary layer vorticity. This change was signified by theusence of a range
flow modes in which clockwise, counter-clockwise and a painta-rotating
vortices were observed.

. The approaching boundary layer thickness was found te hawnotable dfer-

ence in the vortex strength and in-duct distortion.

The variation in yaw angle from a ninety to a zero degre#igoration was
found to have a sthvariation on the vortex strength and Sirariation on the fan
face distortion DCg.
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CHAPTER 8

Discussion and Synthesis

In the preceding chapters a wealth of quantitative expertadedata on the ground
vortex, under a number of operating conditions, has beesepted. This dataset has
provided a significant insight into the formation charastézs and understanding of
the ground vortex behaviour. In particular trends have le=stablished on the vortex
strength at the PIV plane and distortion at the fan face byingrimportant geometric
and aerodynamic parameters, such as ground clearafigg,{elocity ratio (J;/U..),
and approaching boundary layer thickne$g ;). In this chapter a number of meth-
ods are proposed for modelling the ground vortex charatiesiwhich capture the
trends observed. One approach is to develop an empiricatibasthod and the sec-
ond approach is a purely analytical model.

The motivation for this section is driven by two aspects. nfrian industrial perspec-
tive it is advantageous to have accurate knowledge of thexcharacteristics (i.e. the
vortex strength, size and distortion) to determine its iotjwe the downstream turbo-
machinery. For example current vortex induced fan vibratioalysis relies on CFD
predictions of ground vortex ingestion. The solution at fdae face, which includes
the ingested vortex, is imposed as a boundary conditiorregost of a modelled fan
assembly®. However this method has drawbacks as there is no controedfaundary
conditions and it is dicult to interpret the results without knowing the charasters
of the vortex which has been imposed. This therefore presenificultly in ascer-
taining whether any change in the modal forces between fashebdlesigns is a result
of a change in the vortex characteristics or due to a chanteeiblade design itself.
For this reason it would be advantageous to have a boundaditmm code which
can prescribe a 'standard’ or user defined vortex upstreatineofan blades. Exper-
imental results have shown that the ground vortex agredskmibwn vortex models
(§4-7). Such models can be used to predict the vortex only igléield, which is
vital in being able to determine the boundary conditionsyéner knowledge of the
vortex strength and size is required. Although generatmgnidary conditions is be-
yond the remit of this project, a method of determining theesostrength for a given
configuration is possible and this is one aim of this chapter.

In addition to the industrial viewpoint, from an academicgpective it is desirable
to seek an analytic solution that can predict the vortexhgtie If such arma priori
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prediction exists it would demonstrate that the underlyimgchanisms involved are
fully understood. Even if such a tool cannot completely aepthe physics, it should
be instructive in understanding the fundamental mechasnism

This chapter presents two prediction methods, both of wbérhbe used to determine
the vortex strength. The first is an empirically based mambiired on the self-similar
property of the characteristic non-dimensional vorterrggth against velocity ratio
profiles. The second is a theoretically based model, whiahasily takes into ac-
count the vorticity source within the approaching boundayer to predict the vortex
strength. This theoretical model first is compared to theegrpental results and then
is used to examine additional configurations that have nen lexperimentally inves-
tigated. Finally a discussion is given which summarizesrésilts from the model
and includes a discussion of results from supporting worlckwvaddresses important
issues such as Reynolds and Mach number influences.
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8.1 Empirical Model

In this section an empirical vortex strength predictionl tiegoresented. The model
is based around a function which is used to model the aeradignself-similarity
property presented i§5.4, along with additional correlations to determine theex
strength for a variety of configurations. This model can pieithe vortex strengthy,
and distortionDCg, at the fan face for any height-to-diameter rabigh,, U;/U., and
approaching boundary laye¥;/D;, under headwind conditions. An extension to this
model is also presented with enables the vortex charatitsri® be determined for
any yaw angle between 0 and°90rhe following section describes the methodology
behind the model which is then followed by an example appboa

8.1.1 Headwind Vortex Strength Empirical Model
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Figure 8.1: Self-similar profiles of (a) non-dimensional vortex strindg™ and (b) distortion
codlicient, DCgg in headwind conditions
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The self-similar vortex strength against velocity ratiotpbriginally shown ir§5.4, is
again shown in Fig. 8.1a, but in a slightly altered form tothiel curve fitting process.
Here the abscissa has been transformed using Eqg. 8.1.1tdbdtdata goes through
the origin and enables the results to be modelled using Bc3.8The parametedy, in
Eq. 8.1.3, isthe ratity,;, /U .., This is the ratio of the vortex blow-away (or critical)
velocity ratio to the velocity ratio at which the maximumestgth vortex occurs, for
a given non-dimensional height. This ratio is determineanfthe intersection of the
self-similar vortex strength curve with thxeaxis and is a constant equal t®b (§5.4).
This value represents the average for all configuratiotede3 he critical velocity ra-
tio, U, is the velocity ratio at which the sucked streamtube lifthe ground plane.
This is calculated using Eg. 8.1.2 and is derived from caityrconsiderations assum-
ing a circular axi-symmetric capture streamtube at far figistream of the intake. The
ratio p* = p./pj in EQ. 8.1.2 is ratio of the density of the approaching floneatfield,

0w, divided by the density of the flow at the intake thrgat,
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Figure 8.2: Correlation of maximum strength vortices against the @poading velocity ratio
W =0)

With the vortex strength self-similar profile in the form shoin Fig. 8.1 a least
squares curve fit of the data has been performed to deterherfadtork in Eq. 8.1.3.
For the vortex strength thefactor equals approximately 1.1. In order to determine the
vortex strength for any velocity ratio and height-to-didemeatio f/D;) knowledge

of I'nax and UZ,;, is required. From experiments it has been shown that thexort
blow-away conditionU?;;, approximately matches the velocity ratio when the sucked
streamtube has no ground plane cont§ét3). This criterion is given by Eq. 8.1.2
and is crucial to the model, as it accounts for tifiea of ground clearancén(D)).

In terms ofl;,,,, by correlating all maximum strength vortices, for all coufiations,

against the corresponding velocity ratid; ., (Fig. 8.2) a relationship is found in the
form of Eq. 8.1.4. The constantg,andc are equal to 0.83 and -0.7 respectively. At
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this point it should be emphasized that use of Eq. 8.1.3 igduirto the velocity ratios
below approximately 19. This is because as the velocity gdies to infinityl™ /Ty,
would tend to zero (i.e. the vortex strength would be zerdjis Df course is not the
case as under quiescent conditions the vortex strengtmizeim (se€4). However
results indicate that there is no notabl&elience in the strength betwedn = 19 and
oo. Hence it would be reasonable to assume that for velocityggreater than 19 the
vortex strength is approximately equal to the no-wind vosteength.

Iﬂ*max =b- (U;Fnax)c (8-1-4)

From experiments under headwind, crosswind and rollind omefigurations, the vor-
tex core size is on averagednor 6% of the intake inner diametdd;. It has also been
found that the Vatistas shape factoy,s also generally constant across all configura-
tions and on average is equal to 1. This is a significant findegith knowledge of
the vortex circulation, using the above method, the in-Jaortex only, velocity field
can be calculated for any configuration under headwind ¢immdi using the Vatistas
vortex model. This model gives the tangential and radiabsi®y components given
by Egs. 8.1.5 and 8.1.6 respectiviiyvherer* = r/r...

I re
Vy = 8.1.5
o 2nr 1+ r*zn)l/”l ( )
21+ n)r@-07,
V, = — 8.1.6
' [ 1+ r<2n re ( )

Using the above vortex model the tangential, and radial V;, velocity components
can be calculated. The velocities can then be convertectG#ntesian velocity com-
ponents using Egs. 8.1.7 and 8.1.8.

u=-Vysind + V, cosd (8.1.7)
v =V, cos6 + V, sind (8.1.8)
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8.1.2 Headwind Vortex Distortion Empirical Model

It is also useful, particularly from a CFD validation perspee, to have knowledge of
the corresponding distortiomCsgg, at the fan face. The simplest method, to predict
DCq for any configuration under headwind conditions, is to eelatculation ™) to
DCgo. A straight correlation between the circulation and disborfor each configura-
tion is given in Fig. 8.3. Two trends are shown; the first isdorintake Mach number,
M;, of 0.58 and the second fdvl; = 0.43. The correlations given by Egs. 8.1.9 and
8.1.10 are dterent due to the lower distortion magnitude being seen ldtier case
as it does not dter from a vortex induced local separation at the duct surfates

is due to the ingestion location being away from the intaké (gsae §5.2.1) for the

M; = 0.43 configuration. As will be discussed 8.3, the vortex induced separation
is a Reynolds numbeiffect, therefore although the trend atldn= 0.58 is at a more
representative Mach number, tMg = 0.43 correlation is also given as this does not
include the vortex induced separation.

O D, =0.25,5/D,=0.11
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Figure 8.3: Correlation between the headwind fan face distort[mﬁgg0 and non-dimensional
circulation,I”) _, at two intake Mach numbers

In addition, Fig. 8.3 shows that the regression fit of the dats not go through zero,
for both correlations. This is surprising as one would exgeco vortex strength to
correlate to zero fan face distortion. It is believed thas tondition is not satisfied
because of the fferences in the shapes of the self-similar curves betweetwihe
parameters (se$b.4). ldeally this correlation would go through the origihmgwever
since no data is available close to zero, the correlatiooasin Fig. 8.3, given by Eq.
8.1.9 forM; = 0.58 and Eg. 8.1.10 foM; = 0.43, are used to determine the fan face
distortion assuming that the corresponding vortex stieisgknown.
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DCY° = 0.0567 + 0.0141 (8.1.9)

DCY:5 = 0.069™ + 0.00451 (8.1.10)
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8.1.3 Extension to Crosswind

Although the formation mechanisms in headwind and crosswonditions are con-
siderably diterent, it is possible to use the headwind empirical modeleterthine
the characteristics at other yaw angles by making use otiaddl experimental cor-
relations and assumptions. This would then enable thewortly velocity field to be
determined for any yaw angle between zero and ninety degngtsuse of Vatistas
vortex model (as shown above).

r,-T;

v ¥=0 : 3
I] = - = SINn lﬁ (8111)
rl//:go - Flp:o
cho B DCZSO i 6
5070 _ Do 0 =siny (8.1.12)
60 60

In §7.2.4 the trends of vortex circulation amCg, were presented as a function of yaw
angle. It was shown that by non-dimensionalising the catwah trend with crosswind
angle by the respective values at zef),, and ninety degrees yawy_g,, in form

given by Eq. 8.1.11 the data can be modelled by & &inction (Fig. 8.4a). The
fan face distortion also follows a similar trend (Fig. 8.4mwever for this parameter
the data follows a sfhfunction (Eq. 8.1.12). Since the vortex characteristias loa
calculated under headwind conditions € 0) using the above method, a means of
determining the characteristics under ninety degree wiagisconditions is required.
This will enable the properties at intermediate yaw angbealso be computed. In
the following, a crude method of determining the charastes under ninety degree
crosswind conditions is proposed. This will then enablectireelations given by Egs.
8.1.11 and 8.1.12 for intermediate yaw angles to be impléaaen

DC4% = ¢ - DCL° (8.1.13)

where

¢ = f(h/D)

In general the variation in the vortex strengih, and distortionDCgg, With velocity
ratio, between the two mechanisms is the same; high velatitys are associated with

a weak vortex and as the velocity ratio reduces the strengtiotonically increases

to a local maximum before reducing to zero at the criticabe#y ratio. In contrast
the dfect of ground clearance isftérent between the headwind and crosswind mech-
anisms; at intermediate velocity ratios low ground cleeesrgenerate a strong vortex
for the latter and a weaker vortex for the former. One apgrazEccapturing these
trends is to correlate the distortion under headwind camit DCY;°, with the distor-
tion under crosswind;)CZggo, for all investigated velocity ratios)*, at each respec-
tive non-dimensional height(D,), as shown in Fig. 8.5. Here tHBCgq parameter
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O  hD,=0.25

0.4r O  WD,=0.40

Figure 8.5: Correlation between the distortion under headwind=(0°) and crosswindy =
9(®) conditions for varying velocity ratio at two non-dimens# heights

is used, rather than the vortex circulation, as it providestéer correlation. In addi-
tion the M; = 0.58 distortion data has been implemented, as there is a ldajaset
available (Fig. 8.3b). Since the variation with velocityioafor both mechanisms is
largely the same, the correlation results in a linear retetnip through the origin, for
both non-dimensional heights. The gradient of the line ptlesh by, is then assumed
to be purely a function oh/D, (Eq. 8.1.13). Therefore in order to determine the
characteristics for a given height-to-diameter ratio,lati@nship is needed between
and the ground clearanclk/D,. Due to only two common non-dimensional heights
being investigated for both mechanisms, a linear depenydsngssumed betweeh
andh/D, as shown in Fig 8.6. Therefore for a given non-dimensiongghigp can be
calculated using the linear relationship in Fig. 8.6 givgrHg. 8.1.14. Hence with
the fan face distortion under headwind conditiolbé;ggo, being given by the method
described ir§8.1.2, the distortion under ninety degree crosswind céreit DCY;*°,
can be calculated using Eq. 8.1.13.

¢ = 253 (Dﬂ) +15.3 (8.1.14)
|

[} _go = 1.11- DCL* +0.0075 (8.1.15)

To determine the vortex circulation under ninety degressnand conditions, denoted
by I';,_g, the distortion and vortex strength fgr= 90 are again correlated to establish
a relationship, as shown in Fig. 8.7. A good correlation isnfth, however as for the
headwind mechanism, the regression fit does not pass themrgh Again this is not
ideal and one would expect the data to go through the origoweéver since there is
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no additional data available at low distortion values tl@Brot be confirmed and the
equation of the line given by Eq. 8.1.15 is used to deternﬁee:trculationl‘;zgo.
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8.1.4 Example Application

In this section an example application of how to determimevibrtex strength and dis-
tortion using the empirical model is given. The input valussd in this example are
summarized in Table 8.1. The procedure to determine thexasittength under head-
wind conditions from the initial input parameters is ougithin flow diagram schematic
in Fig. 8.8a. The method is also outlined mathematicallpWwelAs explained above
the vortex core size and Vatistas shape factor are appreedyneonstant across all
configurations in headwind and crosswind. The core sizeughly 6% of the intake
inner diameterD; and the Vatistas shape factar,is on average 1. These findings are
significant as, along with the empirical prediction toohttvill be outlined below, the
vortex only velocity field can be calculated using the Vasstortex model (as shown
above). This is very useful in developing a boundary coaditiode for vortex induced
fan vibration analysis.

Parameter Value

Ui 190ms?
Us 18mst
h/D, 0.315

D 0.12m
D,/D; 12

v 70°

M; 0.58

Table 8.1: Input values for example application of empirical modeldicgon tool

First the equivalent vortex characteristics under headwinditions must be calcu-
lated using the input parameters given in Table 8.1. Frongithen intake velocitylJ;
and headwind spedd.,,, the velocity ratioU*, is as follows:

. U 190
u" = U.- 18 - 10.556
Since the vortex blow-away velocity ratit);;, is function of the non-dimensional
height,h/D,, this can be calculated using Eq. 8.1.2. However first thesitieratio,
p*, must be calculated. This is the ratio of the density at &ldfp.., to the density at
the intake throaty;, and can be calculated using isentropic relations for angiviake
Mach number assuming= 1.41.
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- _ 1 1/(7_1)
ot =P= (1+YTM5)
Pi
o _ (1+02x (05872)"
Pi
P _ 1178
Pi

Hence the critical velocity ratid)? ;. , can be determined given that the non-dimensional
height,h/D,, is equal to 0.315, the diameter rati®,/D;, is equal to 1.2, and; equal
to 0.1 via Eq. 8.1.2:

: (1) _4*(9£+&)z
crit — 0. crit_ /Y D, D, ' 2D,
0.12)2

=4x%x1178(1.2x 0.315+ —
X 8( x 0.315+ 02

= 4.507

From experiments the ratio of the critical velocity ratiothe velocity ratio at which
the maximum strength vortek); .., occurs is 0.65. This is displayed mathematically
below.

U
Ui = - - 065
R U*

max

HenceU?

rax1S given by:

Yo _ 4507
Unax= 568 = 065 = 934

The maximum vortex strength’ .., for ah/D, = 0.315 can then calculated using the

max?

empirical relationship given by Eq. 8.1.4:

Ihax = 0.83- (Ury;wax)_a7
= 0.83x (6.9347°7
=0214

Now in order to calculate the vortex strength for the velprittio in questiorJ~ needs
to be computed via Eq. 8.1.1 as follows:
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u* .
UE ~Ur

U~ — max
1-U;
10,556

6.934 0.65

1-065
= 2492

The ratiol*/TI,,, can then be calculated using Eq. 8.1.3 given kiatequal to 1.1.

r 21U~
l—‘yrsnax - [1 + UNZk]l/k
20909492
[1+ 2.4922]%999
=0.672

Therefore the non-dimensional vortex strength under heatleonditions is:

3k £ F*
1—‘¢//=0 = Fhax X T
=0.214x0.672

=0.144

With the intake highlight diameteB,, equal to 0.1fh and the intake velocity;, is
190ms?, the average vortex strengih,is therefore equal to 3.28s ™.

The distortion under pure headwind conditios= 0 can then estimated using Eq.
8.1.9:

DC.% = 0.056 1" + 0.0141
= 0.022
(8.1.16)

Note that if this prediction method is to be applied to a folle intake, Eq. 8.1.10 may
give a more representati@Cg, value as this correlation does not includes tifeats
of vortex induced separation within the intake duct at tlegloReynolds number. This
will be discussed further i§8.3. However théCg, value given by Eq. 8.1.9 still must
be calculated, as it is this value that is correlated withdbeesponding distortion
under 90 degree crosswind conditions.
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Now the characteristics need to be estimated for the ninetye# crosswind case.
First » must be evaluated for the non-dimensional height of inter€his given via
Eq. 8.1.14.

h
¢ =-253- (a) +153

=7.331

Therefore the relationship between the distortion undee peadwind and crosswind
conditions is given by:

DCL:% = 7.331- DC/° (8.1.17)
= 7.331x 0.0223
= 0.163

The corresponding circulation value under 90 degree cliosseonditions can then be
estimated by Eq. 8.7:

I} = 1.11- DCY%* +0.0075
= 0.189

Since the circulation is desired at = 70° this is now possible using Eqgs. 8.1.11.
Rearranging this relationship yields:

T)—70 = |T)og0 = Do S + T g
= [0.045] sir? 70+ 0.144
=0.181

The distortion at the conditions of interest can also beutated using Eq. 8.1.12.
DC, " = [DC™ - DCYo° | sin’ y + DCL° (8.1.18)

= [0.141]sirf 70+ 0.0223
=0.119
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Figure 8.8: Flow chart illustrating the procedure to determine theeostrength in headwind
conditions using the empirical prediction tool

Parameter Value Eq.
U 10556 -

Uy 4507 8.1.2
Urax 6.934 U /Uy = 0.65
U /Ura 1522 -

T ax 0214 8.1.4
U~ 2492 8.1.1
[*/Tha 0672 8.1.3
I, 0144 8.1.4
DCL° 0022 819
DC4™ 0163 8.1.17
T g0 0189 8.7
DC® 0181 8.1.18
T 2 0119 8.7

Table 8.2: Summary of results from example application of empiricabeigrediction tool
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8.2 Theoretical Model

In this section, a theoretical based model is presentedhmten predict the vor-
tex strength under headwind conditions € 0). In Chapter 5 the vortex strength
trend with velocity ratio was established. It was found tloatdifferent intake non-
dimensional heights and approaching boundary layer camafiigims the general trend
with velocity ratio was the same; high velocity ratios areasated with a weak vortex
and as the velocity ratio reduced the vortex strength irse@#o a local maximum and
then reduced thereafter until the critical velocity ratifj,,, was reached. It was pos-
tulated in§5 that this trend is a result of two opposing mechanisms. Thg fihich
acts to increase the vortex strength, is related to theaseran vorticity within the ap-
proaching ground boundary layer as the headwind speedisese The second, which
acts to reduce the total vorticity within the capture stredm, is the reducing sucked
streamtube size with decreasing velocity ratio. Howevestsurprisingly, in Chapter
6.2, it was found that at high velocity ratiod{ > 12) the approaching vorticity had
no impact on the total vortex strength. This indicates thaiigh velocity ratios it is
the induced vorticity that dominates the flowfield.

One of the primary aims of the model is therefore to predietttital approaching cir-
culation within the sucked streamtube and to see how thievavith velocity ratio.
The results will then be compared with experiments and shoeweal, firstly, how
large the approaching circulation is and how this compardbhe experiments. Sec-
ondly, it should reveal whether the trend observed with siglaratio is as expected
and is due to the variation in the integrated vorticity witkihe sucked streamtube. In
addition given the rolling ground plane results, extensitmthe model will also be
presented which attempts to account for the induced citionlgource.

This section first begins by discussing the vorticity soarewolved in the headwind
mechanism to calibrate the reader. Following this thedent levels of the model that
will be presented are briefly discussed. The methodology tsealculate the total
approaching circulation within the sucked streamtube és@nted and subsequently
the results for each level of the model is presented and skecl

8.2.1 \Vorticity Sources

In Chapter 4 quantitative results of the vortex strengtheugiiescent conditions were
presented. Under such conditions in general two vortice®g wbserved and it was
found that the rotation of the vortices was such that thevtatiex had positive vorticity
and the right negative vorticity. Taking into account th&atmn of the vortices this
suggests that it is the vorticity associated with suctiauced boundary layer, on the
ground, beneath the intake that dominates (see Fig. 2.63. Cliculation is positive
and is denoted bl (Fig 8.9). Itis also envisaged that there will be a near egoaice
of circulation approaching the intake. This is also asgediavith the suction induced
velocities and will have negative sigh; (Fig. 8.9). Ignoring vorticity sources from
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the intake surface it can therefore be assumed that thendtated circulation is given
by Eg. 8.2.1.

T
Z \\\
b )
\
y N
R
. U
— ro=r, -
I d G
\

i
Jis
it

Figure 8.9: Primary vorticity sources under headwind conditions

Tig =Ty + I (8.2.1)

Experiments in quiescent conditions revealed that as thengk clearanceh/D,, in-
creases the strength of the vortex decreases (Fig. 8. 34%keThis is a result of lower
local induced velocities immediately adjacent to the gobanhigher non-dimensional
heights. It is therefore expected that the level of indudecuation is a function of
the intake Mach numbeMl;, the Reynolds number based on the intake diamBy,
and most importantly the degree of interaction betweenubkes] streamtube and the
ground plane (Eq. 8.2.2). This fundamentally dependb/@) andU;/U.. The in-
duced circulation will be highest for the largest intakendéer,D, and intake Mach
number,M;, and the lowest non-dimensional heightD;.

[ h U,
id = ﬁ = f [E U—; M;, Reb] (8.2.2)
Sinceljy is a function of the contraction ratio, in headwind condigdhere will be
a contribution to the total vortex strength from the inducedulation. Experiments
with a rolling plane with no ambient wind (i.e. with the graland tunnel speeds
the same) demonstrated that the induced circulation atsdamall of the circulation
at intermediate to high velocity ratios (i.&l;/U., > 12). Furthermore at the lowest
investigated non-dimensional heightD,) of 0.25 the induced circulation is roughly
constant for all velocity ratios tested with a moderateease being seen at the lowest
Ui/U.



8.2 Theoretical Model 175

For the case of an intake in headwind conditions an additismarce of circulation
is introduced into the flow-field which is associated with tleadwind approaching
boundary layer. This circulation source has negative sign(Fig. 8.9). As the
approaching headwind speed increases the vortieity, within the boundary layer
willincrease, leading to an increase in circulation. Disienal analysis shows that the
approaching boundary layer circulatidn,, is a function of the following variables:

=t o[ Yy Re, 2

_ T , d 8.2.3
~ = UD D’ UL S (82.3)

Experiments revealed that the change from quiescent to @shdéadwind configu-
ration U;/U, = 19) revealed no notable change in the vortex strength {Se&2).
It can therefore be assumed that at high velocity ratios ($dy., > 19) the vor-
tex strength has reached an asymptotic limit where no furtguction in the vortex
strength is seen as the velocity ratio is increased. Hentteeaé high velocity ratios
the vortex strength is equal to the no-wind vortex strength.

8.2.2 Estimatation ofl’jg

0.081
x M, =0.58
& a] M, =0.14
RN o] M, =0.43
0.06f- ~.0
~ \x\ - -
6\ =~ o
s 0.04r - R
0.02f
1 1 |
035 0.3 0.35 0.4
h/D,

Figure 8.10: Effect of ground clearance on the vortex strength under no-eonditions J* =

©0)

An estimation of the induced circulatiolyy, can be taken from the quiescent con-
ditions experiments. Since under such conditions, by d&fimino approaching cir-
culation is present, the total vortex strength for this qumiation must be due to the
induced circulation alone. The circulation generated issalt of the induced intake
flow field interaction with the ground plane, generating iitt. Hence the strength
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will reduce as the ground clearance increases, as the iddigtecities immediately
adjacent to the wall will reduce. Three height-to-diamedtins were tested under qui-
escent conditions at the same intake Mach numidgof 0.58 and the vortex strength
results as a function of ground clearance, originally showg4, are again plotted in
Fig. 8.10. The vortex strength trend wiiD, shows approximately a power law de-
pendency and can therefore be modelled using Eq. 8.2.4.drtstantsd andein Eq.
8.2.4 are are equal to 0.0125 and -1.2 respectively.

h\e
i*d,max: (EI) (8.2.4)

0.3F
0.25
0.2
"L_0.15+
0.1+ E\S\ Static ground M s
0.05 4 ; a
,/\ . Rolling road results
/7 id
0 L I 1 1 /\/_1
0 5 10 ., 15 20 00
U

Figure 8.11: Non-dimensional vortex strength variation with velocigtio for the static and
moving ground configurations with the predicted variatiéthe induced circulation[;, also
included for arh/D; = 0.25 andM; = 0.58

To estimate how the induced circulation will vary with rethgcvelocity ratio the syn-
chronised rolling road plane results can be usggi). For these experiments no
approaching boundary layer was present, therefore it camn@sd that the primary
source of circulation is that associated with the inducecutation,I';y. Under such
conditions, at the datum height of 0.2% D)), the vortex strength was found to be ap-
proximately constant for all investigated velocity rat{@as. fromU* = o to 7) (Fig.
8.11). Most significantly, however, it was found that foraty ratios greater than
12 the vortex strength was the same as for the static groumfiiyaoations (i.e. with
an approaching boundary layer present) (Fig. 8.11). Asaex@tl above this indicates
that for a ground clearance bfD, = 0.25 the approaching circulation has no impact
on the vortex strength for velocity ratios greater than 18 .mfeasurements were only
taken to a velocity ratio of approximately 7, for the tak€simulations, an assumption
must be made as to how the induced circulatlgg, varies fromU* = 7 to the critical
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velocity ratio UZ,;,). By definition a necessary boundary condition is thiatmust
go zero as the sucked streamtube liffstbe ground plane. With no additional infor-
mation available, it is therefore assumed that the indugedlation reduces linearly
from a velocity ratio of 7 (foh/D, = 0.25) where the induced circulation is approxi-
mately equal td'ig max to the critical velocity ratiolJ? ., wherel'iy must be zero (Fig.
8.11). This can be expressed mathematically below for adiumensional height of
0.25 (/Dy):

U -UZ;
Il - % S
g max u*>12

Since very little data was taken at other ground clearararaté synchronised rolling
ground plane experiments, some additional assumptionssarkto enable the induced
circulation model to be implemented at other height-tavdiger ratios. The fundamen-
tal affect of increasing the non-dimensional height of the intaka reduction in the
interaction between the ground plane and sucked streanBytaefinition the induced
circulation is strongly influenced by this interaction. dttherefore expected that the
velocity ratio at which the approaching circulation becerdeminant over the induced
circulation, denoted by;. .., is also a function of the capture streamtube interaction
with the ground. Hence it is therefore expected that thestti@am velocity ratio will
scale with the critical velocity ratid)J;,,. For the datum height of 0.2%&J; s is 12
which normalised by the critical velocity ratio gives 34dnd is denoted byl; (Eq.
8.2.5). This empirically based constant can be used tometerthe transition veloc-
ity ratio for a given non-dimensional height given that thié@al velocity ratio can be
calculated using Eq. 8.1.2.

I, = LLJJLa”S =31 (8.2.5)
crit

In the same manner it is also expected that the velocity attihich the induced

circulation starts to diminish, symbolized by, is also a function of ground clearance.

As mentioned above, for a non-dimensional height of OI®(), this is assumed to

occur at a velocity ratio of 7 which non-dimensionalised I tritical velocity ratio

gives 1.8. This empirical constant is designatedlbyas shown in Eq. 8.2.6.

_ Y
- o

crit

I,

=18 (8.2.6)

Therefore the variation in the induced circulation, for giwen non-dimensional height,
can be predicted by:

*For a non-dimensional height of 0.25 the critical velociyio, U, is equal to 3.88 and can be
calculated using Eq. 8.1.2
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G U
Fa =1 (ug U;m)rid’max vt
;Zj,max U* > Ué

whereU} is determined from Eq. 8.2.6 witll?,;, being determined by Eq. 8.1.2.

crit
The induced circulation trend with velocity ratio for theek non-dimensional heights
investigated under headwind conditions is shown in Fig.28.Note that the as-
sumptions used in the above ignore the single data poinhtakéhe higher height-
to-diameter ratio of 0.4, for the synchronised rolling grdyplane experiments.
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Figure 8.12: Predicted variation in the induced circulation for the &hmon-dimensional
heights investigated in the headwind experiments. Alstuded in the figure is the predicted
velocity ratio at which the approaching circulation staothave an fect,U;;, s

Since the induced circulation under quiescent conditiensfiopposite sign to the

approaching boundary layer circulation, it is assumed ttatotal circulation of the
vortex system is a linear fierence between the circulation sources (Eq. 8.2.7).

r=r,-Tg (8.2.7)

8.2.3 Calculation ofT",

The approaching boundary layer circulatidn, is determined by integrating vorticity
over the whole cross-section of the sucked streamtube r-éefd, upstream of the
intake. The total amount of vorticity within the boundaryéa is given by Eq. 8.2.8.
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w=VxV

= (wx, Wy, wz)
(c’)w oV 0u Ow ov  ou

———————— (8.2.8)

At far-field, upstream of the intake, it is assumed that the flouniform in thex and
y directions. Hence the only source of vorticity is due to theation in streamwise
(positivey direction) velocityy, normal to the wall. Therefore Eq. 8.2.8 reduces to:

B ov
0z

~ (8.2.9)

Boundary layer measurements in the wind tunnel show thatdloeity profile follows

a power law approximation, of the form given in Eq. 8.2.1Gwj, ~ 7 (see Appendix
C.1 for the profiles).

V() (z)n

o - (5) (8.2.10)
The vorticity can therefore be determined by taking thevdgitre of Eq. 8.2.10. This
has been evaluated using a second order cenftateince scheme with a forward dif-
ference being implemented at the wall (whéte- L,/dzwith dzbeing the resolution
andLg is the height of the sucked streamtube (Fig. 8.13):

Vist — Vi .
a_v ~ dz =1
5z Vi+ld_ZVi_l i 2N

In order to integrate this vorticity distribution an estimoa of the length scale of the
sucked streamtube sizkgq, is needed (Fig. 8.13). For a given mass flow, and
average approaching headwind speed within the suckedrdtrba,U., (Eq. 8.2.11),
the capture streamtube ared, and radiusy.,, at far field upstream of the intake
can be estimated from the continuity equation, and are givéy.8.2.12 and 8.2.13
respectively (Notd, = 2r., + H). As mentioned above, a vortex can only form if
ro > H (Fig. 8.14).

. = —fAmv(z)dAw (8.2.11)

(8.2.12)
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Figure 8.13: Side view of model topology
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Figure 8.14: Criteria for vortex formation
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—
o = —(—m ) (8.2.13)
T \UcoPoo

SinceU,, depends orA., and vice versa, an initial estimate must be madél gfto
determineA.,. An obvious choice is to use the free-stream velotity,to provide an
initial guess forA.,. Using this value an estimate for the average velocity withie
sucked streamtube can be determined using Eq. 8.2.11.

(a) (b)

Figure 8.15: Model assumption for thefiect of the capture streamtube shape on the interaction
with the ground plane, also including the definition of thegmaeters used

An issue is the interaction of the capture streamtube shatbethe ground. Since
the sucked streamtube is assumed to be circular there wil peportion of total
area,Ayq, that will be below the ground plane (Fig. 8.15). This, of &) is not
physically possible and conservation of mass states timtatka must be accounted
for elsewhere. Here it is assumed that the sucked streameuisns circular with its
radius increasing by an amoun;, such thath,; = A, (Fig. 8.15), wheréAoq is the
area above the ground. In order to calculate the increasading required to meet
the necessary condition thagy = A, the area above the ground is first split into two
sub-regionsAsecandAy (Fig. 8.15a) with the equations and relationships betwien t
areas given in Eqgs. 8.2.15-8.2.16).

As = Aog + Aug (8.2.14)
= (Asect Aui) + Aug (8.2.15)

where
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Asec= 1260, (8.2.16)

Ayi = ToH (8.2.17)
H

6, = n —cos? (r—) (8.2.18)

It is then assumed that the aréq,, increases byr such that it equals the original,
Asccarea plus the area underneath the grodggl(Eq. 8.2.19).

1
E (roo + Ar)z 91 ~ Asec+ Aug (8.2.19)

Rearranging yields:

2(Asect Aug)

Ar? + 2r JAr +
01

r2 — =0 (8.2.20)

Eg. 8.2.20 is a quadratic equation/in of the formaAr? + bAr + ¢ and is solved using
Eq. 8.2.21 where only the positive solution is needed.

- Vb2 + 4
Ar = B+ VP +dac (8.2.21)
2a
Hence the new sucked streamtube size is then:
lonew = oo + AI (8.2.22)

Sinced; in Eqg. 8.2.19 is also dependent npnthis method has an error, ikr. This is
due tod; not accounting for the changetin. This therefore results in a small fraction
of the increased area being added below the ground pland (Eip).

Now that an estimate of the sucked streamtube size has béginedh the mass flow
rate is computed (using Eq. 8.2.23) and compared with tlgetanass flowmgger.
This givesAm (Eq. 8.2.24) which is converted to an area#,, (via Eq. 8.2.25). This
area represents the error due to the initial estimatg ahd due to the error associated
with Eq. 8.2.19. The whole process is then repeated by gettf, = Ay in Eq.
8.2.15 and by calculating a nes, Ayi andd, based on the corrected, in Egs.
8.2.16 - 8.2.18. By iterating a number of times, the solutonverges to the required
mass flow. In general 5 iterations were required and Fig. $hbfvs an example of the
convergence.

= pe fo DA (8.2.23)
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Am = rhtarget - rhactual (8-2-24)
AR
AA, = 21 (8.2.25)
PooUc
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Figure 8.16: Example convergence of intake mass flow using the model

Now that an estimate of the sucked streamtube size and slapegeken obtained the
total circulation within the capture streamtulig,, can be calculated. The integra-
tion was performed using a numerical trapezoidal scheme 8E£426), with the area

parameters being defined in Fig. 8.17.

N
| :f WA, = widA 8.2.26
N Z ( )

where
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Figure 8.17: Schematic of a typical sucked streamtube cross-sectiocrides the suction
envelope parameters

8.2.4 Model Results

In this section the model results are presented. Given bwinduced circulation
appears to have a significant influence at high velocity satwee diferent levels of
the model are presented and discussed separately. A desctdpeach model is given
under each sub heading.

8.2.4.1 Model A

For this model (Model A) only the approaching circulatiouste is considered. The
total vorticity within the sucked streamtube at far-fieldritegrated for the full range
of investigated velocity ratios. The results for the moded aon-dimensional height,
h/D, of 0.25 with an intake diameteD), and velocity,U;, equal to model scale (i.e.
0.12mand 19@ns! respectively) within a* /D, approaching boundary layer equal to
0.11isshowninFig. 8.18. The results are in line with exaohs; high velocity ratios
are associated with a weak vortex and as the velocity ratioces the vortex strength
increases to a local maximum before reducing to zero at tiieatrvelocity ratio.
This result confirms the hypothesis stated above that thalaiion trend with velocity
ratio observed in the experiments is largely a function efititegrated approaching
boundary layer vorticity within the sucked streamtube.

Comparing with the experiments, the agreement is encauydgr such a simple pre-
diction tool. The peak vortex strength is within 8% of the esiments. The corre-
sponding velocity ratio is predicted to be 6.33 which comepan 4.9 for the experi-
ments, although the model results show little deviatiortiarsggth from the maximum
as the velocity ratio is reduced further to 4.9. However tipee@ament at high veloc-
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Figure 8.18: Predicted total non-dimensional total circulation of tleetex,I'™, with compari-
son to experiments fdr/D; = 0.25 ands*/D; = 0.11

ity ratios is not good; at &*, of 19 the vortex strength has been considerably over
predicted, with circulation three times larger than theezkpents. Given the find-
ings from the synchronised rolling ground plane experim¢@.2), where the vortex
strength did not deviate from the static ground configureg¢ien with the approaching
circulation being largely removed, this result is perhapissurprising.

Predictions have also been computed for height-to-dianmnaties of 032 and &4 for
direct comparison with the experimental results (Fig. 8.19 general as the ground
clearance increases the prediction improves, partigularterms of the peak vortex
strength, where dt/D, = 0.4, the value is within 0.8% of the experiments. Again the
corresponding velocity ratio has been slightly over predicat 9.52 (;,,,) in com-
parison to 7.88 for the experiments, but as for the lowerhteig-diameter ratio there
is little change in the predicted strength between thesevilacity ratios. The rela-
tive difference between the model and experimental results at highaction ratios
is roughly the same for all investigated non dimensionagisi and has been over
predicted by three times approximately. This perhaps dsinates that the discrep-
ancy at high velocity ratios is not a function of ground cteare, but rather there is an
additional mechanism that is not being captured by the model

8.2.4.2 Model B Results

The second level of the model (Model B) not only accountstierapproaching circu-
lation but also the induced circulatidng. Sincel'iy cannot be determined analytically,
empirical correlations are used along with some additiasalmptions, as discussed
in §8.2.2, to provide an estimate for the induced circulatiomrse. In this model the
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Figure 8.19: Predicted total non-dimensional circulation of the vortex for Model A with
comparison to experiments for (B)D; = 0.32 and (b)h/D; = 0.40 with§*/D; = 0.11 and

M; = 0.58
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total circulation is assumed to be a lineaffelience between the approaching and cir-
culation sources (Eg. 8.2.7). The results for Model B arevshim Fig. 8.20 and
compared with the experiments at the datum height of h2B,].

—e—— h/D,=0.25 (Exp)

0.3 —+&—— h/D, =0.25 (Model B)

0.25

T

0.2

T

*_0.15F

0.05F

Figure 8.20: Predicted non-dimensional total circulation of the vortex for Model B with
comparison to the experiments fohgD, = 0.25 ands*/D, = 0.11, M; = 0.58

The inclusion of the induced circulation now gives the correelocity ratio at which
the peak vortex strength occurs (Fig. 8.20). The shape airéimel is also improved
with a higher relative strength being observed at lower cigtaatios in comparison
to higher contraction ratios. However the model is still cotrect as the circulation is
again over predicted at high velocity ratios. In additiothathe assumptions used for
the induced circulation the vortex strength at low velodattyos is now under predicted.

8.2.4.3 Model C Results

The third and final model (Model C) also takes into considergboth the approaching
and induced circulation sources. However this model alsiders the results from
the synchronised rolling ground plane experimef&2Z) where the it was found that
for velocity ratios greater than 12 at a non-dimensionajjlieof 0.25 t/D,), the ap-
proaching circulation had no impact on the vortex strength explained above, it is
expected that this transition point scales with the critvedocity ratio as given by Eq.
8.2.5. Model C therefore only accounts for the approachirguiation source when
the velocity ratio reduces below a certain threshold givetb,,.. (Eq. 8.2.5). The
total circulation is therefore given by the following:

- { i*d for U* > U
Foo “lid for U < Utrans
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Figure 8.21: Predicted non-dimensional total circulation of the vortek for Model C with
comparison to experiments ahaD| = 0.25 andé*/D; = 0.11 andM; = 0.58
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=I1LU;

whereU; it

trans

The results for Model C are shown in Fig. 8.21 for the datunfigomation /D, =
0.25,6*/D, = 0.11). The shape of the trend with velocity ratio now almostotiya
matches the experimental results. As required the prethcigex strength at high ve-
locity ratios (i.e.U* > 12) is almost exactly that of the experiments. However ttre vo
tex strength at lower velocity ratiodl{ < 12), where both the induced and approaching
circulation sources contribute, is still under predict®g. multiplying the circulation
prediction by an empirical constant for velocity ratiosslesan 12 J* < 12), such
that the predicted peak vortex strength matches the mahpaek vortex strength, the
prediction gives very good agreement against the expetahdata (Fig. 8.21b). The
empirical constantg,, is equal to 1.32, and is expected to represent the inadesrac
in the prediction of the induced circulation, the interantbetween the two primary
vorticity sources (i.e. the approaching and induced) asd #ile assumptions relating
the sucked streamtube size, shape and interaction withrtlad plane.

Model C has also been applied to other height-to-diametersréo validate the as-
sumptions relating to the induced circulation and alsogottee empirical constang,.

The results for the model at a non-dimensional heighb() of 0.32, using the same
empirical constant as fdr/D, = 0.25, shows excellent agreement. Although the model
has been manufactured from the experimental results, éngaps demonstrates that
the assumptions used relating to the induced circulatidnvatocity ratio at which the
approaching circulation becomes influential are valid. Eesv, at the higher height-
to-diameter ratiol{/D;) of 0.4 the vortex strength is over predicted using the same
constant. By reducing,, for this non-dimensional height, so that the predicteckpea
vortex strength matches the experiments, good agreemagéis found. The empir-
ical constant in this case is equal to 1.16. The reductiafpiis not surprising since
the constant is expected to represent the interactionseleetworticity sources and the
assumptions relating to the sucked streamtube charautsyiall of which will be a
function of ground clearance.

In addition to the &ect of non-dimensional height, alternative approachingnioary
layer configurations have been investigated to furtheidasdi the model and also to
support the comments made§h.2.3 relating to the influence @ on the vortex char-
acteristics. Fig. 8.23a illustrates thffexrt of changing the boundary layer thickness,
6*/D, from 0.11 to 0.03 which is directly comparable to the chamyestigated in the
experiments§5.2.3). A reduction in the approaching boundary layer théds leads
to a 22% reduction in the peak circulation with the corresidon velocity ratio U;,..,)
increasing from 4.75 to 5.46. Although the reduction inrsgté was not observed
in the experiments, at this particular ground clearamg®( = 0.25), a correspond-
ing reduction in the velocity ratio was encountered. Theegxpents also revealed,
at a higher ground clearance lofD, = 0.4 that the critical velocity ratio moderately
increases, ag*/D, decreases from.D1 to Q03. This is also captured in the model
where at a lower ground clearancelgD, = 0.25 the critical velocity ratio increases
from 3.4 to 3.8. As stated numerous times, the changes inritieat and peak vor-
tex strength velocity ratios is due to the incorrect defimtbeing used. The correct
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Figure 8.22: Predicted non-dimensional total circulation of the vortex for Model C with
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definition of velocity ratio, denoted by*?, uses the area weighted average velocity
within the sucked streamtube. Fig. 8.23b illustrates tlyatising this definition the
same critical velocity ratio is seen across all boundargidalgicknesses. Since in the
literatureU* is commonly used this is believed to be one of the reasons hdrg tare
discrepancies in the vortex formation criterion as disedss §2.1.

v _ log(@z) (8.2.27)

Vier  log (Zref/zo)

With the prediction tool being validated against the expents and showing reason-
ably good agreement the model has been used to exploré&duot af an atmospheric
approaching boundary layer, which is representative ofevise engine operating
conditions. The velocity profile prescribed for this sintida was taken from Hoxey
and Richard® where a logarithmic profile is presented for heights belom2Bqg.
8.2.27). This profile is normalised by the velocity at a refere height.s and is given

by Viet. At full scale,zes is typically 10m with the height being non-dimensionalised
by the roughness height,, of the site in question. For airport runaways the recom-
mended value of, is equal to 0.061'3. Since this is a model scale simulation the
reference heights have been scaled by the full to model sate(i.e. /30"). The
velocity ratio,U*, has been calculated using the reference velocity, whichaatel
scale is at a height of 0.388 Results for the simulation are illustrated alongside the
boundary layer configurations investigated in the expemi@-ig. 8.23a). Since there
is a contribution to the vortex strength across the combleight of the sucked stream-
tube the vortex strength is predicted to be considerabbnger at all velocity ratios,
particularly in terms of the peak vortex strength (Fig. &3

8.2.4.4 Extension of Model to Total Pressure Observations

The theoretical model can also be used to illustrate théivela greater sensitivity of
the total pressure measurements to changes in boundaryhajeess, in comparison
to the vortex strength. As observed§hb.2.3, it was shown that a change in the ap-
proaching boundary layer thickneg$/D;, from 0.11 to 0.03 leads to a 26% reduction
in the peak distortion cdicient, DCgomax, Whereas no such decrease was observed
for the vortex circulation. It was hypothesized that theuettbn isDCg is associated
with the lower integrated loss within the sucked streamtubecontrast the circula-
tion, which is dominated by the vorticity levels, does né¢asignificantly because the
vorticity is largely influenced by the magnitude of the figeeam velocity, which does
not change. Although the distortion deient cannot be predicted, the model can
be used to integrate the loss within the approaching boyrdger inside the sucked
streamtube between the two boundary layer configuratiomes rdlative diference can
then be compared with the change in the predicted vorteuleiion between the two
6" /Dy configurations, as shown in Fig. 8.23.

Using the known boundary layer profile given by Eq. 8.2.10ltiss in dynamic head
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from free-stream, at eadth station within the boundary layer, can be calculated by
first computing the change in the local velocity from that ieefstream conditions
using Eq. 8.2.28. The change in dynamic pressure can thealbelated via Eq.
8.2.29.

Av; = Uy, -V, (8228)
AG = 1/20,AV? (8.2.29)

In the same way as the approaching vorticity, the loss is th@grated across the
whole of the sucked streamtube using a numerical trapeizedti@me (Eq. 8.2.30).
The parameters used in the integration are shown in Fig.&as béfore.

N
AQuw=— [ AgdA.~— > AqdA (8.2.30)

where

30
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Figure 8.24: Intergrated loss within the sucked streamtube for twifedént approaching
boundary layer thicknessels/D, = 0.25 andM; = 0.58)

The results from the two boundary layer configurations aottgd in Fig. 8.24 and
the diference is quite evident. Increasitg D, from 0.03 to 0.11 leads to approxi-
mately a five times larger peak loss within the sucked strebentThis provides good
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evidence that the change in ti¥Cs, between the two approaching boundary layer
configurations is associated with théfdrence in the integrated loss between the two.

8.3 Further Discussion

The prediction tools presented above enable the vortergitreo be estimated for
any height-to-diameter ratio over a wide range of veloaiyos. In both methods an
intrinsic assumption is that the strength scales with thake diameterD,, and ve-
locity, U;. This is vitally important as it enables the predictions &dpplied to any
Reynolds and intake Mach number. Experiments indicateithirms of the intake
velocity this is a valid assumption. However it is unknowmtbe strength will scale
with Reynolds number by increasing the intake diam@&grand there is no data in the
open literature. As well as vortex strength it is importantihderstand how the im-
portant aerodynamic parametefteet the fan face distortiom)Cgo. In contrast to the
vortex strength, some sensitivity was observed with intadecity which is believed
to be related to the vortex proximity with the wall and its sequent interaction with
the intake boundary layeg§%.2.1). In the following section these issues are discussed
in further detail.

8.3.1 CFD Studies

In conjunction with this research two MSc. projett& were conducted to provide
supporting CFD studies. The simulations were designed astBxreplicate the ex-
periments in terms of model design and size and in terms oéxperiment configu-
rations tested. In the most recent stifdgignificant advances were made and a range
of configurations were investigated not only to compare wiperiments but also to
investigate other important aspects which were impossibieg the current test rig.
Comparison between the experiments, CFD simulations amdtidel are displayed
in Fig. 8.25. The agreement between the three datasets &kahte. This demon-
strates the quality of the CFD simulations and the experimdaut also shows that a
simple prediction model which takes a matter of secondsngpeae, gives largely the
same predictions as the CFD, which in contrast takes wegbarform.

In addition to the configurations examined in the experimefutl-scale simulations
were conducted by Zantoppto investigate the Reynolds number dependency in both
headwind and crosswind configurations. In this study thlesitdle intake has an in-
side diameterD;, of 3 m which is thirty times larger than the model scale simula-
tions. This corresponds to a Reynolds number based on thkeimtner diameter,
Rey,, of 3.91x 10” which compares to 1.2& 10° for the scaled simulations. Fig.
8.26a compares the CFD results for the experiment and falessimulations under
headwind conditions. Also included in the figure is the magatediction at full scale.
By non-dimensionalising the vortex strength by the intaleeter and velocity good
agreement is found between the two Reynolds numbers with bgder agreement
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Figure 8.25: Comparison between experiments, CFD and theoritical m@del= 0.58 and
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Figure 8.27: Comparison between experiment results at twifedént intake Mach numbers
and the CFD results for model and full scale simulations umgedwind conditions both at
h/D, = 0.25 ands*/D; = 0.11

being found under crosswind conditions (Fig. 8.26b). Thauits therefore justify
the rationale behind the choice of non-dimensionalizadiod warrants the utilization
of the empirical and theoretical vortex strength modelsighér Reynolds numbers
applications.

For the distortion, however, aftierent story is seen in terms of Mach and Reynolds
number dependency. Fig. 8.27 comparesii@, values between the CFD scaled
and full scale simulations with the experiment data at twiedent intake velocities
corresponding to intake Mach numbers of 0.43 and 0.58 aa#teriReynolds numbers
of 1.3 and 0.94x 1(P. As illustrated in§5.2.1 the relatively modest increase in the
Mach number and Reynolds number alters the average fanddad mgestion loca-
tion (ry/r;) from 0.64 to Q94. This coincides with a two fold increase in the distortion
at the fan face (Fig. 8.27). With limited additional knowdgdt is dificult to ascertain
whether this increase in the distortion relates to the sm@en Mach number ajmt

the Reynolds number or to the vortex proximity with the itakall. CFD analysis
by Zantopg! clarifies this issue with Fig. 8.28a contrasting the fan tatal pressure
contours between the experiments and the model scale drstdlg simulations. The
plots shows there is a marked resemblance between the mguerand CFD plots,
which both show a region of low total pressure adjacent tonthak at the 180 degree
position. Zantopp points out that this low pressure reggoim ifact a result of vortex
induced separation; locally between the two vortex coretipos and that the loss
within the vortex core is considerably smaller. This obadpn agrees with the exper-
iments and illustrates that the increas®i@sg Seen as the Mach number and Reynolds
number increases is in fact driven by the change in vortekipngo one in proximity
with the wall which has additional consequences of vortexiaed separation. Further
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Figure 8.28: Comparison of the fan face total pressure contours betwddh $taled and
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analysis by Zantopp shows that for the high Reynolds nuniberlation no such sep-
aration region is observed. This indeed indicates that ¢fparstion region between
the two vortices is a Reynolds number dependent featurdaPsmore significantly,
with the complication of the vortex induced separation reed the predictedCgg
at full scale agrees very well with the experiments at theclointake Mach number
(Fig. 8.27). This result suggests that the distortion imdLavithin the vortex alone is
Reynolds number independent, but due to the global seitgiti’the intake aerody-
namics at low Reynolds number additional features may maskeasults, which may
suggest otherwise.

8.4 Summary

Two model prediction methods have been developed, one mapand one theoreti-

cal. The former method gives a more accurate prediction @dsethe latter has been
developed to aid in further understanding the mechanisitrstita the vortex strength
under headwind conditions.

The empirical model is centred on the aerodynamic selftanity property and imple-
ments additional experimental correlations to deterntieetormalization parameters.
The model is applicable to velocity ratios between 20 andctitecal (i.e. the blow
away velocity ratio) and can be used to estimate the vortexgth and distortion for
any height-to-diameter ratio, approaching boundary Ityiekness, and any yaw angle
between zero and ninety degrees.

The theoretical model has been developed based on the gnrdicity sources under
headwind conditions. This model considers both the apping@and induced circula-
tion sources as being the major contributors to the vortength and is only applica-
ble to the headwind mechanism. The approaching circuldasnbeen determined by
integrating the vorticity within the sucked streamtube welas the induced circulation
source is empirically determined from the rolling groundrm@ experiments. Due to
the nature of the findings in for the aforementioned expemisieditferent levels of
model development were presented and are summarized below:

e Model A: The first model only considers the approaching source asdoumnd
to give good predictions at low velocity ratios, but overgioted the strength at
high velocity ratios.

e Model B: Considers the approaching and induced circulation ssunoel as-
sumes that the total strength is a linedfatience between the two. This model
predicts the peak velocity ratio correctly and also givetdb@rediction at higher
velocity ratios, but is still over predicted. In additioraiso now under predicts
the strength at low velocity ratios.

e Model C: Given the results of the rolling ground plane experimeatdy the
induced circulation is considered for velocity ratios geedhan a specified frac-
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tion of the critical velocity ratio. For when both the appchang and induced
circulation sources are applicable, the total strengtlg@ragiven by a linear
difference of the two and an empirical constant is applied tomtate peak vor-

tex strength with the experiments. This represents theaatens associated
with the circulations source and also the inaccuracieseradsumptions relat-
ing to the sucked streamtube size, shape and interactibrtingtground plane.
Model C was found to give good predictions and captures theecbtrends at

all investigated ground clearances.

With the aid of supporting CFD studies by Zantdppome important conclusions can
be drawn:

e The vortex strength scales with the intake diamBteand velocityU;.

e At model scale, foM; = 0.58, 40% of the distortion under headwind conditions
is due to vortex induced local separation within the intaideich is not present
under higher Reynolds number conditions according to CRiukitions.
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Conclusions

An extensive quantitative study of the characteristicsartiges forming between the
ground and a generic/30" scale model intake has been conducted at a representa-
tive intake Mach number. Both external velocity flowfield rme@ements using the
Stereoscopic Particle Image Velocimetry (SPIV) technigoé in-duct total pressure
measurements have been used to quantify the underlying ésaaf the flowfield. The
important non-dimensional parameters have been indeppdssessed including the
velocity ratio U;/U..), the intake non-dimensional heiglhy/D,), approaching bound-
ary layer thicknesss( /D), intake Mach numbem\(;) and yaw angley). In addition to
the non-dimensional parameters of fundamental intefestgfect of moving ground
plane has been studied whichiextively removes the approaching vorticity source to
reveal a greater understanding of the mechanism under heddonditions as well as
giving greater insight into the formation of vortices duyitake-dt. The key findings
from each dataset is summarised in the following sectiortse implications of the
conclusions on engine design and testing is then stated.

9.1 Quiescent Conditions

Under quiescent conditions the flowfield is dominated by tbes femanating from
underneath and behind the intake. This results in the foomaind ingestion of two
contra-rotating vortices.

e The two vortices that form are considerably unsteady anehadinly a single
vortex prevails. This vortex can switch from side to sidehwatcorresponding
change in the rotation of the vortex. An alteration in thatioihal sense of the
vortex is likely to lead to a corresponding change in thellGarablade incidences
and therefore fan stress behaviour.

e After an initial phase featuring two unsteady contra-latatortices, the flow-
field ultimately locks into a single vortex flow mode which @nsiderably more
stable, with the rotation of the vortex remaining unchanged
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The primary vorticity source under quiescent conditionadsociated with the
intake induced flowfield which interacts with the ground garConsequently
as the non-dimensional height increases, the interacfitreonduced flowfield
with the ground decreases. This therefore reduces vegrfioitduction and hence
the overall vortex strength.

9.2 Headwind Conditions

A completely new vortex formation map has been establisiwaibh not only
indicates when a vortex will be present for a given configamtbut also quan-
tifies its strength. This is a significant improvement frorepous correlations
established in the literatut€® and provides advanced design rules for engine
installations and operations.

A characteristic trend has been established between \&triexxgth and velocity
ratio. At high contraction ratios the vortex circulationimtially low and as

the velocity ratio reduces the vortex intensifies, reachkexa maximum and
then rapidly reduces to zero thereafter. This characketisnd is a result of
the integrated vorticity within the sucked streamtube aad found for all non-
dimensional heights and approaching boundary layer conafiiguns.

When the trends are non-dimensionalised by the local pedéoustrength(;,,,)
and corresponding velocity ratitJf,,,) all curves exhibit a self-similar property.
The distortion cofficient also demonstrates the same characteristic. Thigageri
that the relative level of vortex strength, for a given namehsional height, is
fundamentally determined by the corresponding level arenttion between the
sucked streamtube and the ground plane. For a certain #)etatio range, this
can lead to a larger vortex strength being encountered aehiground clear-
ances.

The vortex was found to blow-away when the sucked streamsueedicted to
lift off the ground plane.

The aerodynamic self-similarity property has been usedete@ldp an empiri-
cal vortex strength prediction method. This tool can prettie vortex strength
for any configuration under headwind conditions and mostiBaantly enables
the operating conditions of the worst case vortex to be &shadal for any non-
dimensional height and approaching boundary layer.

9.3 Take-df Simulations

Experiments were performed to investigate the formatiogrofind vortices during
aircraft take-d& using a rolling ground plane in the wind tunnel. Two typeseaxts
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were conducted. The first was to simulate an aircraft acaéderin no ambient wind
conditions. This was achieved by synchronising the tunndl ground speeds and
increased both from zero with measurements being takerneatee velocities. The
second test was where the speeds were unsynchronised tatemuake- in head-
wind conditions. The findings are summarized below:

e The synchronised experiments reveal that the approachirigity source has
no impact on the vortex strength at high velocity ratios. e telocity ratio is
lowered below a specific threshold the approaching voytlsicomes influential
and significant dierences are observed between the moving and static ground
configurations at the same respective velocity ratio. Tiseltesuggests that
during the early stages of aircraft tak&;aunder no-ambient wind conditions,
the strength of the vortex remains largely constant, befxuacing thereatfter.

e The asynchronous configuration, experiments imply thaafoaircraft acceler-
ating down the runway during takefa vortex will not only form but will in-
crease in strength, before being removed. The strongeetdwind, the higher
the level of strength reached by the vortex, but the fasendrtex will blow-
away down the runway.

9.4 Model Development

An additional model has been developed to predict the vatrexgth under headwind
conditions primarily from theoretical considerations. iS'model considers both the
approaching and induced circulation sources. The formerpvedicted by integrat-
ing the vorticity within the approaching boundary layeriit the sucked streamtube
whereas the latter was estimated empirically from the ssoribed rolling ground
plane experiments.

The approaching circulation within the sucked streamtulbs ¥ound to agree very
well with experiments at low velocity ratios. However at lnigontraction ratios the
predicted circulation was three times larger than expanmerhis result concurs with
the rolling ground plane experiments, that the approachiraylation source has no
impact on the vortex strength at high velocity ratios. Byluiiing the éfects of the
induced circulation, in light of the rolling ground planesudts, good agreement was
found across all velocity ratios and all non-dimensionadhts.

9.5 Crosswind Mechanism

The ground vortex aerodynamics in crosswind is considgrdifierent to that under
quiescent or headwind conditions. The vortex formed is grily associated with the
vorticity shed from the intake outer surface. For this reathe traits associated with
this formation mechanism are considerablffetient.
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9.6

For the majority of configurations only a single vortex formisich is approxi-
mately three times stronger than any single headwind voif&e distortion at
the fan face is at best 20 times larger and at worst 40 timegare

In crosswind conditions the vortex strength trend with eéioratio is similar to

thatin headwind conditions. As the velocity ratio is rediitfee vortex is initially

weak, grows in strength, reaches a local maximum and redbeesafter. This
increase in strength is expected to be primarily associatédthe increase in
vorticity over the intake outer surface, rather than thaugtbplane.

For all velocity ratios in crosswind conditions, lower graliclearances pro-
duce a stronger ground vortex. In 90 degree crosswind dondithe associated
ground vortex was found to initiate premature lip sepamatio

The dfect of yaw angle exhibits a sig variation on the vortex strength for
yaw anglesy, between 0 and 90 degrees. In contrast the distortion paeame
demonstrates a gig variation which is expected given that pressure inherently
scales with the velocity squared. These findings along wiitlerocorrelations
have been used to extend the empirical model non zero yaw apglications.

When the operating velocity ratio is close to the blow-away dominant vor-
ticity source changes and is now associated with the approgélow. This is

signified by the occurrence of weaker clockwise, countecialvise and contra-
rotating vortices which have never been reported prewosigine test visual-
izations reveal a similar behaviour (see Fig. A.8).

Implications on Model Scale Tests

Experiments have shown that for a given intake yaw anglejrgitaclearance and
velocity ratio, the non-dimensional vortex strength is edor different intake

Mach numbers. Therefore in order to determine the vortength for a given

configuration, experiments do not have to be performed girasentative intake
Mach number §/;).

However in headwind conditions, tests have revealed atsatysin the vortex
ingestion location withVi;. Since the radial location of the vortex at the fan face
significantly éfects fan vibration, experiments focused on this aspectlghizu
conducted at a representative intake Mach number.

With the aid of supporting CFD studies by Zantdft has been concluded that
the ingested vortex under certain circumstances at moaét,simduces local
separation within the intake, which leads to a higher digior CFD simulations
have shown that this does not occur at higher Reynolds nunilberefore, in
order to interpret model scale results to full scale, onetrhasaware of such
Reynolds numberféects.
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e Take-df simulations imply that in order to model th&ects of moving aircraft a
rolling ground plane must be used. Experiments performél avstatic ground
will lead to pessimistic results.

9.7 Applicability of Research to Full Scale Engines

In the following the application of the model scale expenmseto full-scale engine
operations is discussed. Given the findings from this sthidystection concludes how
the vortex characteristics (i.e. the vortex strength &d,) are expected to vary from
the scaled model results when considering tfeots of Reynolds number, intake Mach
number and also thefiiering geometry associated with a full scale intake.

9.7.1 Reynolds Number Hects

As stated above for all headwind configurations the ingestetgx induced local sep-
aration within the intake. Supporting CFD studies by Zapféshowed that for a full
scale intake, this feature was not evident. It is therefapeeted that th®Cgg val-
ues presented in this thesis will be higher in comparisoméoequivalent full scale
situation. However, for the measurements at the lower enbich of 0.43 the vortex
was ingested away from the intake wall and no induced separatas experienced.
The DCyq for this configuration agreed very well with the full scalensilations con-
ducted by Zantopfd. In terms of vortex strength, the full scale simulations @nzZ
topp showed that the vortex strength approximately scaistie intake diameter in
both headwind and crosswind cases. This finding along welfdbt that the circula-
tion scales with the intake velocity for all experiment cgofiations investigated, war-
rants the utilization of the empirical and theoretical earstrength models to higher
Reynolds numbers applications.

9.7.2 Compressibility Hfects

All experiments have been primarily performed at an intakecMnumber of 0.58.
This is representative of full scale intakes, hence congibéiy effects are already
accounted for in the experiment results. Nonetheless ibears shown that the vortex
strength scales with the intake velocity over a wide rangMath numbers varying
from 0.14 to 0.58 which indicates that compressibility hasimpact on the vortex
characteristics. However it is expected that the operdiiagh number will have a
small impact on the sucked streamtube size, which thergfdrdave a minor influ-

ence on the velocity ratio at which the blow-away velocitya & reached (Eq. 5.2.1).
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9.7.3 Geometric Hfects

The model intake implemented in the experiments conduat#us thesis, is a generic,
cylindrical, axi-symmetric intake. In comparison to a fatlale intake the model has
no droop, no scarfing, no hub or rotating fan and rféudier and the intake lip is also
considerably thicker to ensure that the intake does notratpander most conditions
at the lower Reynolds number. The droop and scarfing of tlekeénare expected to
have a small impact on the sucked streamtube charactsrifie this reason both ef-
fects may slightly reduce the velocity ratio at which thekadstreamtube liftstbthe
ground plane due to the engine axis being directed towagdsuttface. Consequently
this potentially could increase the vortex strength as ¢tedive interaction of the cap-
ture streamtube with the ground plane will be greater. Isgnond the vortex strength
is primarily set by the vorticity generation over the intak@face, hence the exact
geometry within the intake should not significantly altes ttortex characteristics.

9.8 Implications on Engine Testing and Design

The key conclusions stated above have the following impboa on engine testing
and design.

9.8.1 Test Bed Experiments

e The empirical model presented §8.1 can be used to pinpoint the conditions
which generate the strongest vortex under both headwind@sdwind condi-
tions. With the aid of this prediction tool tests can be famien such conditions
to simulate the worst case scenario that an engine will épes.

e When determining the velocity ratio at which the engine israting under, one
must account for the boundary layer thickness.

e If it is desirable to conduct tests which generate the mostrdental vortices,
reducing the non-dimensional height of the intake signifilyaincreases the re-
quired capability of the blower to reproduce such condgioRor example re-
ducing the ground clearance of the intake from 0.4 to Ol2B)), at an intake
Mach number of 0.58, doubles the headwind speed at whichritregest vortex
occurs from 20 to 4Ms™.

e To assess intake lip performance in crosswind the groumeptaust be included
and must be at the correct ground clearance.

e For engine tests focused at high velocity ratios, the finglingder quiescent
conditions, imply that in order to capture the correct ctinds during engine
testing, the ground plane must be correctly positioned auost rextend as far
back behind the intake as possible.
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¢ Inaddition since itis the suction induced flowfield betwdwsminhtake and ground
that matters, the nacelle shape may also influence this flowfieis therefore
recommended that engine tests should include as much oattedl@ as possi-
ble underneath the engine, for high velocity ratio headwestis. Exposing the
appendages around the outside of the fan casing to the flow,cstomarily
done during engine tests (see Fig. A.7), may introduce iaadit vorticity to the
vortex which in the real situation would not be generateder&fore the vortex
strength and hence fan forcing behaviour maylgetent between testing and
the real situation. For low velocity ratio headwind casas th not vital as a
significant proportion the ingested flow emanates from intfiad the engine.

e Similarly, under crosswind conditions, it is the flow ovee tintake nacelle that
Is important to the vortex strength. Hence under such cmmditthe complete
nacelle should be installed on the engine.

9.8.2 Engine Installations

As mentioned in the introduction of this thesis, the genteaid of turbofan configura-
tions is to increase the by-pass ratio, in order to strivggfeater propulsivefgciency.
For wing mounted engine installations this has implication ground operations be-
cause the intake is non-dimensionally closer to the grouadep In this study, pri-
marily two ground clearances have been investigated wigiphesent potential future
changes.

¢ Reducing the non-dimensional height of the intake incredise interaction of
the sucked streamtube with the ground plane. As a consegiehigher wind
velocity is required to lift the capture streamtube cleanfrthe surface. Higher
wind velocities are associated with greater levels of edytiand therefore the
vortex reaches a higher level of strength. This is the bigdesdvantage in
reducing the ground clearance.

¢ With current engine installations being roughly at the lestiground clearance
investigated in this thesis, the vortex would be quickly osed as the aircraft
increases in speed down the runway. A rolling takepsocedure potentially
could be used to ensure that a vortex never forms during Keed® envelope.
However a reduction in the non-dimensional height meansativartex will be
sustained for longer periods of time and will also reach adidevel of strength
during the take-fi phase. The number of vortex events during the lifetime of the
engine is therefore set to significantly increase.

e As explained above the model prediction methods developatle the condi-
tions of the strongest vortex to be predicted for any conéiion under head-
wind conditions. This is a very useful tool to have during tlesign phase of
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engine development, as with knowledge of the exact worst opsrating con-
ditions, CFD simulations or engine test bed experimentsbeaperformed to
determine its impact on engine performance.

¢ In crosswind the reduced ground clearance has additioreqoesices. The in-
creased strength and sustainability of the vortex leadsdmature intake lip
separation. This would severely compromise the engin@paence as well as
significantly increasing vibrational stresses on the fabs.

9.9 Recommendations for Future Work

This thesis provides an extensive quantitative study ofigdovortex formation. The
majority of areas have been covered, experimentally; hewtere are still a number
of outstanding issues which are outlined under the follgwieadings.

9.9.1 Further Experimental Investigations

1. Further examination of thefect of a rolling ground plane at fiiérent ground
clearances to further understand the variation in the iadwirculation source.

2. The velocity measurements presented in this thesis wetakan external to
the intake. Therefore an obvious extension to this work Wdd to take PIV
measurements inside the intake duct which is at a locationast interest to
engine performance.

3. As already explained the experiment rig used in this ptoglimited to exam-
ining flow directions between zero and ninety degrees. Toerea follow on
project might look at the formation characteristics of grdwortices forming in
flow angles greater than ninety degrees, as well as the famatt vortices dur-
ing reverse thrust operation. Both of which have not beeastigated in great
depth in the literature.

4. Conduct full scale experiments to validate the scalinglassumed in the model.

9.9.2 Further Model Development

The theoretical model developed in this thesis has been faetved from the exper-
imental results. However it is believed that with furthesearch this model can be
developed further without any reliance on experimentah.dSome of the main tasks
in achieving this are:

1. Develop a method of predicting the level of induced vidtifor a given config-
uration.
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2. Understand the interaction between the induced and aplpireg circulation
sources.

3. Understand how the sucked streamtube interacts withrthend plane.



210 Conclusions




Bibliography

[1] J. Anderson.Modern Compressible FlowMcGraw Hill, New York, 39 edition,
2003.

[2] G. K. Batchelor. An Introduction to Fluid Dynamics Cambridge University
Press, 1967.

[3] M. Bhagwat and G. Leishman. Correlation of helicoptetordip vortex mea-
surementsAIAA Journa) 38:301-308, 2000.

[4] N. Bissenger and G. Braun. On the inlet vortex system. NASR-132536,
National Aeronautics and Space Administration, 1974.

[5] S. Brix. Untersuchungen zur Entstehung undar& von Triebwerksein-
laufwirbeln PhD thesis, RWTH Aachen, 2004.

[6] S. Brix, G. Neuwerth, and D. Jacob. The inlet-vortex sysbf jet engines oper-
ating near the ground. AIAA Paper 2000-3998, 14-17 Augu8020

[7] C. Burley, T. Brooks, B. van der Wall, H. Richard, M. fRal, P. Beaumier, Y. Del-
rieux, J. Lim, Y. Yu, C. Tung, K. Pengel, and E. Mercker. Rot@ke vortex def-
inition - initial evaluation of 3-c piv results of the haitstudy. In28" European
Rotorcraft Forum number 50, Bristol, England, 17-20 September 2002.

[8] J. F. Campbell and J. R. Chambers. Patterns in the skyrhlatisualizations of
aircraft flow fields. Technical Report NASA SP-514, NASA LémngResearch
Centre, 1994.

[9] J. Colehour and B. Farquhar. Inlet vortedaurnal of Aircraft 8(1):39-43, 1971.

[10] F. de Siervi, H. C. Viguier, E. M. Greitzer, and C. S. Tavlechanisms of inlet
vortex formation.Journal of Fluid Mechanicsl24:173-207, 1982.

[11] L. Di Mare, G. Simpson, and A. Sayma. Fan forced respahseto ground
vortex ingestion. IrProceedings of ASME Turbo Expo 2006: Power for Land,
Sea and Airnumber GT2006-90685, Barcelona, Spain, 2006.

[12] | Dimitriou. Use of a narrow belt for moving ground sinatilon and its &ects on
the aerodynamic forces generated on a formula-1 car. Mastesis, Cranfield
University, 2001.



212 BIBLIOGRAPHY

[13] ESDU. Data item 82026: Strong winds in the atmospheoigrigary layer. part
i: Hourly-mean wind speeds. Technical report, ESDU Inteomal Ltd., 2002.

[14] P. Funk, D. Parekh, D. Smith, and J. Dorris. Inlet vorédbeviation. volume
AlAA 2001-2449, 2001.

[15] D. Glenny. Ingestion of debris into intakes by vortetiae. Technical Report
C.P. No. 1114, Ministry of Technology, Aeronautical ReseaCouncil, 1968.

[16] J. Green. Forced response of a large civil fan assentbRroceedings of ASME
Trubo Expo 2008: Power for Land, Sea and Aiumber GT2008-50319, Berlin,
Germany, June 9-13 2008.

[17] C. Hall. Fan Nacelle Interactions in Natural WindPhD thesis, Cambridge Uni-
versity, 2001.

[18] J. Heineck, G. Yamauchi, A. Wadcock, L. Lourenco, andego. A. Application
of three component piv to a hovering rotor wake. S@"Annual Forum of the
American Helicopter Societyirgina Beach, VA, USA, 2000.

[19] R. P. Hoxey and P. J. Richards. Structure of the atmaspheundary layer
below 25n and implications to wind loading on low rise buildingdournal of
Wind Engineering and Industrial Aerodynamid4-44:317-327, 1992.

[20] H. Huang, D. Dabiri, and M. Gharib. On the errors of dagjiparticle image
velocimetry.Measurement Science and Techno|@®)$427-1440, 1997.

[21] TSI Incorporated. Insight 3g - data acquision, analyamid display software -
user’s guide, 2005.

[22] SAE International. Gas turbine engine inlet flow digmmtguidelines. Aerospace
Recommended Practice ARP 1420, Febuary 2002.

[23] J. Jeong and F. Hussain. On the identification of a vortéaurnal of Fluid
Mechanics285:69-94, 1995.

[24] M. Jermy and W. H. Ho. Location of the vortex formatiorrébhold at sunc-
tion inlets near ground planes by computational fluid dyramsimulation.Pro-
ceedings of the Institution of Mechanical Enginget22 Part G: J. Aerospace
Engineering:393-402, 2008.

[25] C. Johns. The aircraft engine inlet vortex problem. AlIAA’ s Aircraft Tech-
nology, Integration and Operation (ATIO) 2002 Technjcadlume AIAA 2002-
5894. AIAA, 1-3 Oct 2002.

[26] A. Karlsson and L. Fuchs. Time evolution of the vortexvibeen an air inlet and
the ground. AIAA Paper 2000-0990, 10-13 Jan 2000.



BIBLIOGRAPHY 213

[27] A.Karlsson and L. Fuchs. Vortex systems and the intevadetween an air inlet
and the ground. ICAS2000 Paper ICA0522, 2000.

[28] R. D. Keane and R. J. Adrian. Optimization of particleaige velocimeters. part
i: Double pulsed systemd/easurement Science and Technoldg§202-1215,
1990.

[29] H. J. Klein. Vortex inhibitor for aircraft jet enginedJS Patent 2,915,262, De-
cember ¥ 1959.

[30] G. Leishman.Principles of Helicopter Aerodynamicshapter Rotor Wakes and
Blade Tip Vortices, pages 567—-654. Cambridge Aerospadessétew York, 2¢
edition edition, 2006.

[31] W. Liu, E. Greitzer, and C. Tan. Surface static pressumean inlet vortex flow
field. Journal of Engineering for Gas Turbines and PowE07:387-393, 1985.

[32] D. MacManus. Personal communication.

[33] D. Motycka. Ground vortex - limit to engiri@verser operation. Ifransactions
of the ASME Gas Turbine Conferenecaeimber Paper No. 75-GT-3, March 2-6
1975.

[34] D. Motycka and W. Walter. Experimental investigationiet ground vortices
during reverse thrust operation. MAASAE 11" Propulsion Conferengerolume
AIAA Paper No. 75-1322, 29 Sept - ' Oct 1975.

[35] D. Motycka, W. Walter, and G. Muller. An analytical andperimental study
of inlet ground vortices. IMIAASAE 9' Propulsion Conferengesolume AIAA
Paper No. 73-1313, Nov 5-7 1973.

[36] J. Murphy, D. MacManus, and M. Taylor. A quantitativedy of intake ground
vortices. ISABE Paper ISABE-2007-1209, Beijing, ChinapSe-7 2007.

[37] A. Nakayama and J. Jones. Correlation for formatiomgtivortex. American
Institute of Aeronautics and Astronautj&(4):509-510, 1998.

[38] C. Petracci, C. van Doorne, J. Westerweel, and B. Laeordnalysis of Stereo-
scopic PIV Measurements Using Synthetic PIV Imagages 199-210. Particle
Image Velocimetry: Recent Improvements. Springer, Be#(04.

[39] A. K. Prasad. Stereoscopic particle image velocimekyperiments in Fluids
29(2):103-116, 2000. Review paper.

[40] M. Raffel, H. Richard, K. Ehrenfried, B. van der Wall, C. Burley, R&imier,
K. McAlister, and K. Pengel. Recording and evaluation mdghof piv investi-
gations on a helicopter rotor modé&xperiments in Fluids36:146—-156, 2004.



214 BIBLIOGRAPHY

[41] M. Raffel, C. Willert, and J. KompenhanBarticle Image Velocimetry: A Pratical
Guide Springer-Verlag, Berlin, 1998.

[42] L. Rehby. Jet engine ground vortex studies. Mastegsif) Cranfield University,
2007.

[43] L. Rodert and F. Garrett. Ingestion of foreign object®iturbine engines by
vortices. Technical Report NACA TN 3330, National Advis@@gpmmittee for
Aeronautics, 1953.

[44] F. Scarano. lterative image deformation methods in pheasurement Science
and Technologyl3:R1-R19, 2002.

[45] F. Scarano and M. L. Riethmuller. Iterative multigrioloach in piv image pro-
cessing with discrete windowfizet. Experiments in Fluids26:513-523, 1999.

[46] A. Secareanu, D. Moroianu, A. Karlsson, and L. Fuchspdfimental and nu-
merical study of the ground vortex interaction in an aiekd. AIAA Paper
2005-1206, 10-13 Jan 2005.

[47] J. Seddon and E. L. Goldsmittntake AerodynamicsBlackwell Science, Ox-
ford, 1999.

[48] C. Sheaf. Personal communication, 2008.

[49] H. W. Shin, W. K. Cheng, E. M. Greitzer, and C. S. Tan. tnertex formation
due to ambient vorticity intensificationAmerican Institute of Aeronautics and
Astronautics24(4):687—689, 1986.

[50] H. W. Shin, E. M. Greitzer, W. K. Cheng, C. S. Tan, and CShippee. Circula-
tion measurements and vortical structure in an inlet vdittex field. Journal of
Fluid Mechanics162:463—487, 1986.

[51] A. Shmilovich. Active system for wide area suppressadrengine vortex. US
Patent 6,763,651, July £(004.

[52] A. Shmilovich and Y. Yadlin. Engine vortex flows and metls of ground vortex
alleviation. InProceedings of the'8 International Conference on Vortex Flows
and Vortex ModelsYokohama, Japan, 2005.

[53] A. Shmilovich and Y. Yadlin. Engine ground vortex cawitr AIAA Paper 2006-
3006, San Francisco, California, 5-8 June 2006.

[54] D. M. Smith and J. Dorris. Aircraft engine apparatushwiéduced inlet vortex.
US Patent 6,129,309, 11@ct 2000.

[55] W. J. Smith.Modern Optical EngineeringVicGraw-Hill, New York, 3¢ edition,
2000.



BIBLIOGRAPHY 215

[56] M. J. C. Swainston. Vortex formation near the intakesuddomachinery and
duct systemsHeat and Fluid Flow 4(2):92-100, 1974.

[57] J. R. Taylor. An Introduction to Error Analysis: The Study of Uncertagiin
Physical Measurement&Jniversity Science Books, California, 1982.

[58] K. Thomas. Personal communication. 2007.

[59] M. Tobak and D. J. Peake. Topology of three-dimensigeglarated flowsAn-
nual Review of Fluid Mechanic44:61-85, 1982.

[60] C. Tropea, A. Yarin, and J. Foss, editorSpringer Handbook of Experimental
Fluid Mechanics Springer Verlag, Berlin, 2007.

[61] B. van der Wall and H. Richard. Analysis methodology3ec piv data of rotary
wing vortices.Experiments in Fluids40:798-812, 2006.

[62] C. R. Vanfleet and W. C. Ruehr. Method and apparatus fioiting ingestion of
debris into the inlet of a gas turbine engine. US Patent 48270 3% Jan 1978.

[63] G. H. Vatistas and V. Kozel. A simpler model for concextéd vortices Experi-
ments in Fluids11:73-76, 1991.

[64] G. H. Vatistas, S. Lin, and P. M. Li. A similar profile foné tangential velocity
in vortex chambersExperiments in Fluids6:135-137, 1988.

[65] I. A. Waitz, E. M. Greitzer, and C. S. TarFluid Vortices volume 30 ofFluid
Mechanics and its Applicationghapter Vortices in Aero-Propulsion Systems,
pages 471-532. Kluwer Acedemic Publishers, 1995.

[66] S. Walker. Two-axes scheimpflug focusing for particteage velocimetryMea-
surement Science and Technolp§$:1-12, 2002.

[67] F. White. Viscous Fluid Flow McGraw Hill, New York, 39 edition, 2006.

[68] D. D. Williams and L. E. SurberPractical Intake Aerodynamic Desigohapter
Intake/Engine Compatibility, pages 21-71. Blackwell Science,3199

[69] J. Wu, H. Ma, and M. ZhouMorticity and Vortex DynamicsSpringer-Verlag,
Berlin, 2006.

[70] Y. Yadlin and A. Shmilovich. Simulation of vortex flowsif airplanes in ground
operations. AIAA Paper 2006-0056, Reno, Nevada, 9-12h 2006.

[71] S. Zantopp. Jet engine ground vortex studies. Mastiee'sis, Cranfield Univer-
sity, 2008.



216 BIBLIOGRAPHY




APPENDIX A

Full Scale Engine Visualizations

This appendix presents pictures from full scale enginealizations. The pictures
have been taken from both in service engines and during engats. The visualiza-
tions have been referenced throughout this thesis to ddnatathe similarity between
scaled wind tunnel model experiments and the full scalerobtiens.

A.1 No Wind

A

(a) Clockwise vortex (b) Anti-clockwise vortex

Figure A.l: Visualization of diferent flow modes under no-wind conditions for a single
run(h/D; ~ 0.40)48,

Fig. A.1 shows example video snap-shots of ground vorteastign within a full scale
engine during tests under near quiescent conditions. Baih-shots were taken during
the same run with the intake non-dimensional height at apmately 0.4 (/D). Only

a single vortex is observed which is found to switch from smlside. As the vortex
switches sides its rotational sense within the intake ceésndgrig. A.la shows the

*Note some of the pictures are of poor quality as they have lketacted from low resolution
videos.
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vortex rotating clockwise within the intake, whereas in.Fig§.1b the vortex is to
the right side and is rotating anti-clockwise within theaike duct. The experimental
results presented ¥4 are in accord with these observations.
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A.2 Head Wind

Fig. A.2 shows two example snap-shots taken from the sameetest video under
headwind conditions. In Fig. A.2a two contra-rotating W@t can just about be dis-
tinguished whereas in Fig. A.2b a single ground vortex isoled. These flow modes
are in accordance with the experimental observations.

| __— m——————————.

(a) Two vortices (b) Single vortex

Figure A.2: Full scale engine test visualizations of ground vortex stige under headwind
conditions during a single rh/D; ~ 0.30)48.



A-4 Full Scale Engine Visualizations

A.3 Cross Wind

The dfect of wind direction on the flowfield topology under crosssvsonditions is
shown in Fig. A.3. For a left to right cross flow (Fig. A.3a) thertex rotates clock-
wise within the intaké The rotation of the vortex can be inferred from the direttio
in which the vortex is travelling inside the intake duct daodhe vortex-wall interac-
tion. In Fig. A.3a the vortex moves anti-clockwise around ittake as it travels into
the engine. In contrast in Fig. A.3b the flow is going from tigh left generating
an anticlockwise vortex within the intake, which therefaeises the vortex to travel
clockwise as the vortex is ingested.

Y B2

Fa ~

(a) Flow from right to left (b) Flow from left to right
Figure A.3: Effect of wind direction on the flowfield topolod¥

Fig. A.4 illustrates the unsteady movement of the crosswgraind vortex across
the intake highlight plane for a ground clearance of appnately 0.3 /D). This
sequence of video snap-shots were taken from consecudireef over a time period
of 0.4s. This vortex movement was captured in the scaled model expats (see Fig.
7.3).

fwhen facing and looking into the engine
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(b) t = to + 0.08s
v g
? =

(c) t=1to+0.16s (d) t=1tp+0.24s
\ 2 — V= 4

V-

(e)t=1ty+0.32s (f) t=1to+0.40s

Figure A.4: Movement of cross-wind ground vortex ahead of the highligiiane
(h/Dy ~ 0.30)%8.
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@t=t (b) t =to + 0.04s
e

(c) t=1to +0.08s (d)t=1t+0.12s

— 4 —__4

(e)t=1ty+0.16s (f) t=1to+0.20s

Figure A.5: Reattachement of ground vortéx/D; ~ 0.30) andU;/U., ~ 7%
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Fig. A.5 illustrates some of the features of the ground vobighaviour, under cross-
wind conditions when the vortex is close to the blow-awayditton. For this image
set, the velocity ratio is around U() and the height-to-diameter ratio is approximately
0.3 (h/Dy). Therefore using the vortex map presented in Fig. 2.3 itmaseen that
the operating condition is close to the formation boundlinder such conditions the
vortex is observed to be very unsteady and often the vorssslground plane contact
and then reattaches randomly at a later time. The seriesapfsimots shown in Fig.
A.5 illustrates the reattachment phase of the vortex to tinkase.

In contrast, the series of video snap-shots shown in Fig.d&r@onstrates the blow-
away nature of the vortex under crosswind conditions. Aergdting feature is that
despite the vortex being downstream of the engine, theresttibe ground plane
contact (Fig. A.6). Eventually the vortex detaches fromghgace to form a trailing
vortex, however the vortex is still clearly ingested inte thtake.
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@t=t (b) t = to + 0.04s

(c)t=1t,+0.08s (d)t=1tp+0.12s

(e)t =1t +0.16s (f) t = to + 0.20s

Figure A.6: Blow-away of vortex at);/U., close to the critical valu.
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(@) (b)

Figure A.8: Crosswind flow modes af;/U,, close to the critical value illustrating the inges-
tion of two weak vortice®.
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A.4 Reverse Thrust

A series of video snap-shots shown in Fig. A.9 illustratesigd vortex ingestion in a
C-17 aircraft moving backwards under the influence of rexdreust operation. Vortex
formation under such conditions has been known to initiatgree surge because the
vortex often is ingested into the core of the engié&ig. A.9 illustrates that the vortex
is often ingested into the core. The image set also demdestilae highly unsteady
nature of the vortex at this height-to-diameter ratio.
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@t=to (b)t=1to+1s

(©)t=ty+2s (d)t=to+3s

(e)t=ty+4s ) t=to+5s

Figure A.9: Ground vortex ingestion during reverse thrust operatiaih tie aircraft moving
backwardslf/D, estimated to be approx 2.@Keith Thomas®.
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APPENDIX B

Experiment Set-Up

This appendix gives further details of the experiment geiaaluding the suction sys-
tem and the PIV configuration.

B.1 Suction System

The suction system consisted of a large vacuum tank situateside the tunnel. The
tank has a capacity of approximately 88 and was connected to the intake model via
a network of ducting. The network consisted of a total lerajtiapproximately 40n of
8inchbore ducting (Fig. B.1a). Once the ducting is above the tlmwogking section a
90 degree bend is used to direct the tubing directly towdre$uinnel floor. A difuser
is then used which is situated immediately above the tunnefiwg section (Fig. B.2)
to bring the diameter of the ducting down to approximatedt tf the intake (the start
of the difuser can be seen protruding the tunnel wall in Fig. B.1b). Alksection
of green flexible tubing (with an inside diameter ointhg is used between the start
of the difuser and the straight through duct section (Fig. B.1c). $timght through
duct section can be replaced with a sonic throat designea $pecific Mach number
(see§B.1.1), when a lower Mach number is required. A small seadiorgid ducting
approximately 1.5n in length then connects the straight through duct to the lock
the intake model (Fig. B.1c).

For the crosswind experiments, the ducting system withentéimnel working section
was slightly different. The turntable above the tunnel was rotated througgtyhde-
grees and the strut was attached to the second position fimoentre of the mounting
plate. A ninety degree bend is attached to therh.length rigid ducting and a smaller
length of rigid ducting, approximately Omh in length, is then attached to the other
end. The intake model was then attached to the end of the 2Agth ducting.

Above the tunnel, approximately® before the 90 degree bend that turns the duct-
ing in through the roof of the tunnel, a gate valve is locatddcv was always fully
open during these tests. A quick release shutter valve vgsad@tated approximately

*This differs from the headwind configuration where the mounting piatdigned with the flow
direction and attached to the most downstream location
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Above tunnel

Hanger wall | working section

1 20m
|
| 1
X O
I '
|
] Gate valve
! Diffuser
Quick release shut- | location
ter valve location I
i [
60m3 vacuum
tank
PLAN VIEW

|  Tunnel strut
connected to | i

turntable \ ¥
1

Siraight throughdiet ’

- X

Green flexible
& tubing

Figure B.1: Ducting set-up within the tunnel working section

2 m from the exit of the suction tank (Fig. B.1a). This was colha by a power
switch which was located inside the tunnel control room. Wtie suction was re-
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Figure B.2: Schematic side view of the tunnel working section illustrgithe ducting set-up
for the headwind configuration and thetdser location and dimensions

quired, the shutter was opened within approximately0This therefore exposed the
vacuum to the air within the tunnel creating suction throtilghmodel intake and the
associated ducting system. The mass flow was monitored 8stagic pressure ports
pneumatically averaged within the intake duct. A maximunssifow was achieved

of approximately 1.4%gs?, 1 s after initiation. For a fully vacuumed tank, in which
the pressure was at -9@@barwithin the chamber, a constant maximum mass flow was
achieved for approximately 22 Before each run it was ensured that the pressure in
the chamber was at least -95tbar, which guaranteed a run time of 20Two vacuum
pumps connected in series are used to draw all the air frotaitiketo create a vacuum
again. The pumps were run continuously throughout testigraquired roughly 10
minutes for a vacuum of -95@barto be achieved from atmospheric conditions.

B.1.1 Sonic Nozzle Design

A sonic nozzle and a straight through duct section were desidgo be placed just
behind the 1.5nrigid ducting in the working suction of the tunnel (Fig. B,1abelled
'straight through duct’ in picture). The sonic nozzle wasidaed so that the flow
chokes at the throat of the duct insert. The area ratio betwezsonic nozzle throat
and the intake inner diameter corresponds to a Mach numlie48f A diagram of the
sonic nozzle is shown in Fig. B.3a. To achieve the maximurnsrfla® in the system,
a straight through duct was implemented instead of the shroat. With this in place
the flow appeared to choke at the entrance to tifaskr which had an inside diameter
of 4 inchs(Fig. B.1b). It was expected to have occurred here due to denyrlayer
growth in the ducting system. For this duct configuration ititake Mach number,
M;, reached a value of 0.58, under headwind conditions and @n8®&r crosswind
conditions. This corresponds to a mass flow of 1.49 and Rg45' respectively. The
geometry of the straight through duct section is shown in Bi§b.
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Figure B.3: (a) Sonic throat designed for an intake Mach numbeMpf= 0.43 and (b) the
straight through duct

B.2 SPIV Set-Up

Within in this section additional information on the PIV g4t is given. A picture of
the camera location underneath the perspex insert for #ie ground tests is shown
in Fig. B.4. This picture illustrates the orientation of tb@meras relative the flow
direction. Both cameras were operated in partial scattdr respect to the light sheet
direction. For all set-ups the cameras were &t ihGlination to the light sheet for
optimum accuracy.

With the TSI system the calibration is performed using alylaquare calibration grid
of white dots displaced by 10mm. The dots are located on plavith alternating
depths displaced by a distance of @& A mirror is situated at one end of the plate,
perpendicular to the face and is located between the tw@plaihdots. The calibration
plate is positioned in the area of interest, with the miremig the laser direction. The
plate was orientated so that it was level with the groundepkard its height was 10mm
from the surface. The laser position was adjusted so thatehen reflects back into
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Figure B.5: Picture of camera mounts used in the experiments to satisfgtheimpflug con-
dition

The cameras are focused onto the calibration plate by watisthe Scheimpflug con-
dition, so that the dots on each plane are well focused. Thei®pflug condition was
achieved using custom made camera mounts in which the cameeated in a ball
joint enabling two-axis Scheimpflug focusing. Since the eeam were always at one
angle with respect to the object plane, focusing only ne¢ddue performed on one
axis. With the Scheimpflug condition satisfied, pictureshaf talibration plate were
taken.

Within Insight 3G the local magnification factor between theage and the object
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plane is determined using a second order warping approatie a@icquired calibration
plate pictures. Each image is cross-correlated with theetairon peaks indicating the
position of the white dots on the calibration grid. A threenpdaussian estimator is
then used to determine the points to sub pixel accuracy. dbelmates of the points
are constructed into a grid and a least squares fit of theiposits applied using a
third order polynomial to each image-object point pairs.e Téast squares solution
gives a total of six polynomial equations for each cameraetfo$ codficients is then

determined which enables the grid image to be reconstrunteda back projected
image with a constant magnification factor.

B.2.1 Optics Configuration

Laser beam
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. b

Cyligdegical plano- Circular mirror
conv /
~

(C-PCX)

Spherical plano- ' 5
concave
(S-PCV) \

Laser beam

(b)

Figure B.6: Optics configuration

The optics configuration used for all PIV experiments was ml@oation of spher-
ical plano-concave lens (S-PCV) and a cylindrical planovex lens (C-PCX). A
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schematic of the arrangement and photograph of the set-lptin@ laser in opera-
tion is given in Fig. B.6. The S-PCV lens diverges the lasanbe all directions. The
C-PCX lens is then used to restrict the divergence to oneef{leig. B.6a), whilst fo-
cusing on a plane perpendicular to the divergent stratura.digtance over which the
light sheet is focused is given by the back focal distabge,Given that the distance
between the optics and measurement plane is fixbe gap between the lend, is
adjusted to achieve optimal focus of the light sheet for &gi%,. This distance can
be determined from thin lens theGpy

First the combined focal length the two optics is determigieen by Eq. B.2.1:

fa fb

fap = R (B.2.1)

The back focus distancey,, from the second principal point of optig (Fig. B.6a)
is then calculated using the combined focal lendth, the distance between the two
optics,d,, and the focal length of the first optié,, via Eq. B.2.2°:

b = fab@ (B.2.2)
a

The optic configuration used in all experiments is given ibléd.1.

b f, Diameter f, Size do Azs

~ 2000 -33 10 +63 100x40 ~32 1.5

Table B.1: Optics configuration used in the experiments (all dimersene inmm)

TThis distance is fectively theby
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APPENDIX C

Empty Wind Tunnel Measurements

In this appendix measurements of the Cranfield Universig8wind tunnel flow with
no intake model or ducting installed is presented. This agpeincludes boundary
layer measurements on the tunnel ground plane at positigmogimately equal to the
intake location for a completely empty tunnel. In additidVv Pheasurements of the
tunnel flowfield are presented.

C.1 Boundary Layer Measurements

The location of the boundary layer measurements and itswejaosition from the dif-
ferent boundary layer suction methods is shown in Fig. Cot.af measurements the
PIV seeding rake was in place at the same location as thaimsael PV experiments
(Fig. C.1). Boundary layer data was also taken without tleelis®y rake in position for
the full range of configurations to quantify its influence be boundary layer charac-
teristics. Due to tunnel limitations at the time of testirsgalcould only be taken up to
atunnel speed).,, of 40ms. The profiles, for all three suction configurations, from
the lowest investigated tunnel velocity of i in steps of 5ms?, is shown in Figs.
C.2and C.3.

For each profile the primary boundary layer characteriiza® been determined. This
includes the boundary layer thicknegsat 99% of the free-stream velocity,.,. The
displacement thickness;, and momentum thicknesg, both of which are defined in
Eq. C.1.1and C.1.2.

*_ '— 00 _L

_fo (1 Uw)dy (C.1.1)
e—fy%i 1- L )g (C.1.2)
= . UDO Uoo Yy A,

The boundary layer shape factdty,, which is the ratio of the displacement to the
momentum thickness (Eqg. C.1.3) and the Reynolds numbedmasthe displacement
thicknessRe: (Eg. C.1.4), have also been determined for each profile.
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Figure C.1: Location of boundary layer measurements relative to thé®uslots used to
control the boundary layer thickness

6*
Hy = — (C.1.3)
0
6*Us
Re: = — (C.1.4)

In addition the wall normal velocity gradiendv/dz, has been integrated from the
ground up to the PIV plane locatioa € h.) (Eq. C.1.5) and also across the whole
boundary layer thickness, (Eq. C.1.6). Both parameters are an indication of the
amount of circulation within the boundary layer per unit thidknd will aid in inter-
preting the vortex strength data forfidrent boundary layer thicknesses presented in
§5.2.3. All parameters for all configurations both with andheut the seeding rake in
position are summarized in Tables C.1-C.3.

e gy
Lo = — .
piv fo azc’)xé)z (C.1.5)

* oV
ot = f(; a—zaxaz (C16)
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Figure C.2: Boundary layer profiles with the tunnel empty in the<8’ wind tunnel. NoteH
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Figure C.3: Boundary layer profiles with the tunnel empty in tH8’ wind tunnel, continued



Uo(ms?) /Dy 6/D1 /D Hp  1/ny Re  Tpiv/(UsD) Tiet/(UsDi)
With Seeding Rake

9.950 1.050 0.111 0.071 1.566 0.105 8700 11.983 14.018
14.434 1.050 0.110 0.070 1.612 0.104 12932 12.474 14.511
19.335 1.050 0.114 0.073 1.625 0.107 17880 12.419 14.465
24.152 1.000 0.111 0.071 1.635 0.108 21744 12.519 14.513
29.433 1.050 0.113 0.073 1.637 0.105 26478 12.384 14.335
34.235 1.000 0.111 0.071 1.640 0.106 30349 12.489 14.416
39.127 1.050 0.111 0.072 1.640 0.102 34800 12.553 14.456

Average 1.036 0.111 0.072 1.622 0.105 12.403 14.388
Without Seeding Rake
9.950 0.375 0.064 0.030 2.133 0.156 5005 12.228 13.963
14.434 0.375 0.063 0.030 2.067 0.151 7413 12.790 14.566
19.335 0.375 0.063 0.030 2.075 0.148 9853 12.833 14.540
24.152 0.400 0.064 0.031 2.083 0.140 12510 12.918 14.620
29.433 0.400 0.062 0.030 2.102 0.133 14597 12.914 14.504
34.235 0.400 0.062 0.030 2.111 0.130 16888 13.047 14.614
39.127 0.400 0.060 0.029 2.121 0.124 18903 13.199 14.697

Average 0.389 0.062 0.030 2.099 0.140 - 12.847 14.501

Table C.1: Boundary layer characteristics for when no upstream sugsiomplemented (NBLS)

Sluswainses|\ JaAe Arepunog 1°D
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Uo(ms?) /Dy 6/D1 /D Hp  1/ny Re  Tpiv/(UsDi) Tiet/(UsDi)
With Seeding Rake

9.633 0.475 0.068 0.036 1.634 0.118 5357 13.247 14.880
14.213 0.475 0.075 0.040 1.645 0.143 8849 12.739 14.741
19.168 0.475 0.073 0.039 1.646 0.138 11503 12.732 14.637
23.906 0.425 0.074 0.039 1.650 0.155 14537 12.720 14.653
28.874 0.450 0.076 0.040 1.649 0.150 17785 12.666 14.576
33.725 0.425 0.072 0.037 1.649 0.146 19657 12.875 14.679
38.602 0.425 0.072 0.038 1.648 0.145 22631 12.910 14.693

Average 0.450 0.073 0.038 1.646 0.142 14331 12.841 14.694
Without Seeding Rake
9.633 0.450 0.064 0.032 2.071 0.121 5004 13.225 14.742
14.213 0.425 0.061 0.030 2.064 0.117 7168 13.668 15.142
19.168 0.425 0.059 0.028 2.078 0.113 9261 13.610 15.018
23.906 0.425 0.054 0.025 2.094 0.098 10608 14.028 15.241
28.874 0.425 0.056 0.027 2.104 0.101 13255 13.900 15.156
33.725 0.425 0.055 0.025 2.116 0.101 15136 13.861 15.140
38.602 0.425 0.055 0.025 2.124 0.101 17294 13.871 15.147

Average 0.429 0.058 0.027 2.093 0.107 - 13.738 15.084

Table C.2: Boundary layer characteristics for when only primary sarcis applied (PSO)

9¢-0
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U, (ms?) 6/D; /D1 6/D Ho  1/ne Re  Tpiv/(UsDi) Tiot/(UsDy)
With Seeding Rake

9.357 0.100 0.029 0.003 1.645 0.122 2261 16.363 16.430
14.015 0.150 0.033 0.006 1.656 0.120 3865 15.655 15.973
18.822 0.150 0.034 0.007 1.654 0.129 5380 15.394 15.767
23.646 0.100 0.031 0.005 1.655 0.172 6094 15.591 15.807
28.575 0.100 0.031 0.005 1.652 0.171 7343 15.488 15.708
33.451 0.100 0.031 0.004 1.652 0.168 8469 15.474 15.684
38.373 0.125 0.031 0.005 1.651 0.133 9711 15.415 15.648

Average 0.118 0.031 0.005 1.652 0.145 - 15.626 15.860
Without Seeding Rake
9.357 0.100 0.024 0.002 2.039 0.115 1853 16.448 16.406
14.015 0.100 0.026 0.002 2.066 0.143 3095 16.145 16.200
18.822  0.100 0.028 0.002 2.086 0.148 4372 15.961 16.031
23.646  0.100 0.030 0.003 2.105 0.167 5821 15.661 15.836
28.575 0.100 0.030 0.004 2.114 0.168 7114 15.530 15.716
33.451 0.100 0.030 0.004 2.124 0.161 8216 15.568 15.722
38.373 0.100 0.030 0.003 2.131 0.152 9261 15.610 15.732

Average 0.100 0.028 0.002 2.095 0.151 - 15.846 15.949

Table C.3: Boundary layer characteristics for when both suctions pugtare in operation
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From the results summarized in Tables C.1-C.3 a number otpoan be made:

e The boundary layer characteristics are roughly constansaall tunnel speeds
both with and without the PIV seeding rake upstream.

e The PIV seeding rake has a large impact on the boundary |aygkniess when
no boundary layer suction is implemented upstreéf, increases from 0.389
without the seeding rake to 1.036 with. Thistdrence can be seen in Fig. C.4a.

e Forthe cases with just the primary suction and with bothisnehethods imple-
mented, the seeding rake has no obvious impact on the boucdidaracteristics
(Fig. C.4b-c).

e The integrated vorticity within the approaching boundayelr, ', is largely
only a function of the free-stream velocity,,. For the investigated boundary
layer thicknesseB;y; increases slightly asreduces.

¢ In general at least 90% of the approaching boundary layeuleition is located
below the PIV measurement plane.

C.2 PIV Measurements of Freestream

PIV measurements of the tunnel flow were taken subsequédrd tolling ground plane
experiments. Data was taken at the ground vortex measutéocation (i.e. at a plane
parallel to the ground at a height/D, = 0.083), with no intake or ducting installed in
the tunnel. For these tests the cameras were located im&darinel working section
(see Fig. 6.1) with the rolling road installed and with thediag rake in the usual
position. Data was taken at two tunnel speeds of 10 anoh& for two boundary
layer configurations (with no suction and with all boundaaydr suction). For each
configuration 500 flowfield snap-shots were acquired to al#aeasonable average of
the flow. The resulting average flowfields for all four combioas are shown in Fig.
C.5 which plots contours of-velocity. It is clear from contour plots and the average
streamlines that there is an asymmetry in the flow. For aksdkere is a negative
lateral velocity gradient (i.e@lu/dx = —ve). This could be due to asymmetries naturally
present in the flowfield or it may be a result of the light shexstheing parallel to the
ground plane.

The fluctuating velocities, v, w) have also be calculated for all four configurations

over all 500 flowfield snapshots. From this the rms fluctuati@.e. \/F \/F W)
have been computed at each grid point and averaged over tbke wieasurement
domain. The values for each configuration are summarizedeTC.4 and have been
compared with the measurements of the fluctuating veleditiea flat-plate presented
in White®” (Fig. C.6). The comparison between both datasets is in ggakement.
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Uo (ms?) BLS1 BLS2 y/6 Vu?/U, W2/U. YWw?/U.
9.950 n n 008 0059 0076  0.046
9.357 y y 083 0001 0009  0.007
19.335 n n 008 005 0072  0.043
18.822 y y 056 0028 0026 0033

Table C.4: Turbulence characteristics at the PIV measurement plarenfempty tunnel
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APPENDIX D

Test Matrix

D.1 Headwind

Table D.1: Test matrix for the headwind experiments

h/D, U, (ms?) U* PV TP TI* DCg

& /D, = 0.11,M; = 0.58

0.250 0.000 oo / v 0.070 0.015
9.580 190.808 v  0.066 0.016
14.434 13291 v x 0077 -
19.085 10.018 v v 0.111 0.022
23.906 8028 v v 0.194 0.026
28.874 6614 v v 0.248 0.030
33.725 5628 v 0.277 0.033
38.602 4891 + v 0278 0.034
43611 4380 x v -  0.032
48.421 3900 ~ v 0.184 0.024

§*/D, = 0.07,M; = 0.58

0.250 9.633 19.954 v~ 0.060 0.017
14.213 13.476 v x 0083 -
19.168 10.005 v v 0.144 0.022
23.906 8028 v v 0.201 0.026
28.874 6614 v x 0246 -

§*/D, = 0.03,M; = 0.58

0.250 9.357 20.657 v/~ 0.033 0.014
14.015 13.792 v  x 0.067 -
18.822 10.157 v 0.097 0.017

Continued on next page
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Test Matrix

Table D.1 —continued from previous page

h/D, U, (ms?) U* PV TP I* DCg
23.646 8118 + 0231 0.021
28574 6705 0.274 0.024
33.451 5676 v v 0.278 0.025
38.373 4937 +  0.258 0.024

6*/D, = 0.11,M; = 0.58

0.320 0.000 oo /  x 0050 -
9.633 19.954 v x 0.059 -
19.168 10.005 v/ x 0.136 -
28.874 6614 v x 0226 -
33.725 5628 + x 0258 -
38.602 4891  x 0160 -
44232 4291 / x 0000 -

6*/D, = 0.11,M; = 0.58

0.400 0.000 oo /  0.039 0.016
10.057 19.115 v  0.062 0.016
14.434 13291 v x 0113 -
19.414  9.893 +  0.167 0.026
24.211 7800 v  0.206 0.029
29433 6518 v v 0.146 0.030
34235 5604 v v 0.056 0.021
39.126 4903 + x 0.000 -

6*/D; = 0.07,M; = 0.58

0.400 9.633 19.954 v 0.069 0.016
14.213 13.476 v x 0117 -
19.168 10.005 v 0.157 0.026
23.893  7.997 v v 0.201 0.030
28.762 6.634 v x 0.134 -
33.768 5603 v x 0.066 -

6*/D; = 0.03,M; = 0.58

0.400 9.392 20486 v ~ 0.063 0.014
14.015 13557 v x 0.156 -
18.819 10.158 v~ 0.185 0.022
23.675 8076 v v 0.166 0.025
28.561 6.625 v v 0.085 0.013
33.768 5604 + x 0.000 -

Continued on next page
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Table D.1 —continued from previous page

h/D, U, (ms?) U* PV TP I* DCg

&*/Dy = 0.11,M; = 0.43

0.250 0.000 oo / v 0.068 0.003
11.655 11583 v v 0.101 0.011
16.145 8362 v 0.172 0.015
21.459 6291 v v 0.233 0.020
31.452 4292 x - 0.016

0.400 0.000 oo x - 0.003
11.681 11557 x v - 0.015
16.256 8304 x v -  0.020
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Test Matrix

D.2 Rolling Road Experiments

h/Dy U, (ms?) Ug(ms?) U* PIV TP TI* DCseo
AU ~ 0m/s
0.25 0.000 0.000 o0 v v 0.059 0.015
9.910 10.000 19515 v v 0.059 0.013
15.205 15.000 12679 v v 0.076 0.011
20.295 20.000 9499 v v 0.082 0.012
25.663 25.000 7503 v v 0.106 0.008
30.864 30.000 6.243 x V - 0.006
AU =~ 10m/s
0.25 9.580 0.000 19808 v v 0.067 0.016
15.580 5.000 12.403 v v 0.080 0.020
20.817 10.000 9.270 v v 0.085 0.022
26.130 15.000 7381 v v 0.137 0.022
31.321 20.000 6.155 v v 0.132 0.023
36.630 25.000 5279 x V/ - 0.020
AU =~ 20m/s
0.25 19.249 0.000 10.018 v v 0.113 0.022
26.080 5.000 7397 v v 0.178 0.024
31.231 10.000 6.184 v v 0.169 0.025
36.633 15.000 5269 v v 0.148 0.022
41.877 20.000 4629 x / - 0.020
AU ~ 0m/s
04 9.834 10.000 19.034 v x 0.070 -
15.102 15.000 12684 v x 0.124 -

Table D.2: Test matrix for the rolling ground plane experiment4 & 0.58)



D.3 Crosswind

D-37

D.3 Crosswind

Table D.3: Test matrix under crosswind conditions

h/Dy ¥ U, (mst) U* PIV TP T* DCeg
6*/Dy = 0.11, M; = 0.55
0.250 90.000 9.917 18.339 v/  0.256 0.116
14.933 12.178 v 0.268 0.160
20.004 9.095 v  0.288 0.217
25.119 7284 + / 0.331 0.219
30.223 6.077 v v 0.358 0.269
35.438 5249 v  0.422 0.300
40.662 4593 v 0.507 0.388
5*/Dy = 0.03,M; = 0.55
0.250 90.000 9.438 19.329 v/  0.245 0.110
14.544 12540 x v - 0.186
19.692 9379 v  0.266 0.183
24.812 7258 « / 0.318 0.274
29.966 6081 x v - 0272
6*/Dy = 0.11, M; = 0.55
0.400 90.000 9.819 18.630 v v 0.158 0.093
14.109 12.990 v  0.227 0.135
19.964 9241 0.243 0.155
25.088 7370 v  0.128 0.167
30.255 6249 x v - 0.050
6*/Dy = 0.11, M; = 0.43
0.400 90.000 10.224 14302 x 0.181 -
15.387 9504 0.225 0.177
20.420 7165 0.130 0.200
0.250 90.000 10.203 14245/ x 0252 -
15.089 9573 v  0.299 0.191
20.583 7.098 v / 0.339 0.227
6*/Dy = 0.11, M; = 0.55
0.250 90.000 9.917 18.339 v  0.252 0.116
80.000 9.523 19414 x - 0.105
70.000 9.482 19.392 v+ 0.221 0.085

Continued on next page
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Test Matrix

Table D.3 —continued from previous page

h/D v U, (msl) U* PV TP TI* DCe
60.000 9.715 19.101 x + -  0.054
50.000 10.393 17.604 v 0.149 0.032
30.000 9.991 18621 v~ 0.100 0.018

0.000

9.580

19.808 v v 0.066 0.016




APPENDIX E

Vortex Characteristics Determination

The PIV results presented in this thesis comprises of ov@P1U configurations. For
each configuration 300 snapshots were acquired to provide@guate sample of the
flowfield. Over all configurations in the order of 30000-60Q@0tex snapshots were
analyzed. In the following, the method used to determinevtitéex circulation, core
size and Vatistas shape factor for every single vortex $raps described.

This appendix starts by giving a detailed description otdodnique used to determine
the vortex characteristics. In subsequent sectionsftbetef the integration area and
resolution on the vortex parameters is demonstrated. $hisllowed by the issues

associated with applying the technique and methods usedttoa@me these problems.
Finally the methods used to detect and remove outliers acrissed.

E.1 Detailed Outline

The vortex core sizer,,, and Vatistas shape factar, were identified using the vor-
ticity disk method. The output of this method is a circumferentially averageitls
velocity distribution as a function of radial distancefrom the centre of the vortex.
After processing the raw PIV data in Insight 3G version 8.@lbthe data files, for
each flowfield snapshot, are loaded into Tecplot 360 usingnight 3G add-on. By
default the data is constructed in rectangular zones, Wélytid resolutionj,q, typi-
cally between 0.8 and On@macross all PIV datasets. In order to determine the vortex
characteristics, using the vorticity disk method, each fileld snapshot is linearly in-
terpolated onto a structured circular zone, with its axisifgmned on the vortex centre
(Fig. E.1). The vortex core position is located using thekpma-of-plane vorticityw,
(Fig. E.1). Tracking of the vortex centre and the intergolaprocess were both per-
formed in the Tecplot 360 environment, using a macro, whocips over all flowfield
shapshots. Although there are caveats with using vortioityhis purpose, due to its
low signal to noise ratiow, was preferred because it can discriminate between posi-
tive (anti-clockwise) and negative (clockwise) rotatirgytices. Other more advanced
vortex identification parameters such as the swirling siiferQ and the eigenvalues
of the velocity gradient tensoi, 23, are less fiected by noise, but cannot distinguish
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Figure E.1: Example snapshot for the crosswind ground vortex showiegtlyinal PIV mea-
surement domain and the circular domain centred on thecitgrtieak for processing the vortex
parameters

between vortices of fliering rotational sense. Using the vorticity therefore déemb
both positive and negative vortices to be identified andteirtrespective character-
istics (such as circulatior; and core sizer,c) to be determined individually. Fig. E.2
shows an example flowfield snapshot under quiescent conslitiowhich two contra-
rotating vortices are present. The positive vortex is idiet by searching the peak
positive out-of-plane vorticityfve w, may With the negative vortex being located from
the position of minimum vorticity (-vey,min)-

0.4
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1
1
1
1
02F !
1
1
1
1
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Figure E.2: Example snapshot under quiescent conditions with two aenattating vortices
showing the original PIV measurement domain and two circzdaes centred on the vorticity
peak of each respective vortex for processing the vortexrpeaters

The radius of the circular domainy,ay Was fixed in size for all configurations and was
equal to 2B5nmor rp./Di = 0.25 (Fig. E.3). The determination of the disk radius
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is discussed iRE.2. The circular grid used had a total of 150 radigh{ and 261
circumferential grid pointsdnay). Jmax had to be an odd number and be divisible by
4 for reasons discussed §kE.4. The dect of varying the grid resolution for both
headwind and crosswind configurations is demonstrat§é& ig.

Vortex and circular
zone axis

Quadrant 4

Quadrant 3 !

Figure E.3: Example circular domain with its centre at the vorticity béacation illustrating
the domain parameters

With the vortex centre identified and data interpolated @ntircular zone centred on
the vortex axis, each individual circular zone was expofttech Tecplot in ASCII file
format. The data was then loaded into Matlab R2007a for éurémalysis. Following
the method described in Burley et’@he vorticity was integrated over circular areas
with increasing radial distance, from the centre of the vortex (Eq. E.1.1) (i.e. from
the middle of the circular zone). This gives a distributidrtioculation as a function
of radial distance (Fig. E.4).

Jmax
= [wdhs= Y oA (E.L1)

j=1
where

S [fim‘r =1
Aij — Jmax 2

T [(Tienj = Tij ) (ri,j —li_yj )]2 .
) - (—— +riq i>1
Jmax [( 2 h) 2 =

For configurations when two vortices are presdne. Fig. E.2), this introduces a
problem because both positive {e w,) and negative (- ve,) vortices are often in-

*This applies primarily to the quiescent, headwind andmgllioad configurations
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side each of the respective circular domains (Fig. E.2).r8foee when integrating
both positive and negative vorticity the total circulatieithin the circular domain, for
both vortices, will be near zero which is not wanted. An exbngs this is shown in
Fig. E.4b where the/- w, line represents the result of integrating both positive and
negativew, vorticity. The figure shows the integration for both the &wise (—ve)
and anti-clockwise vortices+(ve). For both cases the vortex strength significantly
reduces between a radial distancepf 0.015 and 0.02. As mentioned above, this is
not wanted because the calculated circulation will be neas for all cases that in-
clude two vortices. In addition the calculated circulatieii depend on the relative
distance between the vortices and the relative strengihse $he space between the
two vortices varies significantly between snapshots andidmt configurations, this
will introduce inconsistencies in the results.

x +/- ve w,
‘ } + ve vortex

5 . (@] +vew,only
——— +-vew, "
09 —6&— -vew,only } - ve vortex
4 0.8
0.7~
a a
' 3F o 0.6
E ¥ E
= ® x +-vew, —= 051 ®® XX
g L @ O - ve w, only g oak X® o
B ® = 2 x
0.3 b3
® X
1 0.2 Xxxxxxxxx
® 0.1
® 1 1 1 1 ] 1 1 1 1 ]
0
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
r(m) r(m)
(a) Crosswind snapshot (b) Quiescent snapshot

Figure E.4: Example plot of circulation as a function of radial distarficen the centre of the
vortex for (a) single crosswind snapshot and (b) single smgiet snapshot for both positive
(+ve) and negative (-ve) rotating vortices (see Fig. E.2)ya@very 4" symbol shown for
clarity). This figure also compares the results for intaggaboth positive and negative vorticity
and just integrating the dominant vorticity associatedhweiach respective vortex

To overcome this issue only the positive vorticity is integd for the+ ve rotating
vortex (as shown by the ve w, line in Fig. E.4b) and vice versa for the negative
vortex (i.e. the - vew, line in Fig. E.4b). The result of performing this integratitor
both clockwise and anti-clockwise vortices is also showkign E.4b). As can be seen
in the figure, the vortex circulation for both cases now iases monotonically with
radial distance from the centre of the vortex. This is algaodeal as the resulting circu-
lation therefore depends on the integration area. Howenee she aim of calculating
the circulation is to determine the relative strength of thetex between dierence
configurations, this is not an issue as long as the integratiea stays constant across
all configurations.

In order to be consistent between the headwind and crosswaathanisms, only neg-
ative vorticity is integrated for all crosswind cases ayamle vortex forms under such
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conditions which always has negative vorti¢i{fFig. E.1). A comparison between
both integration methods is also shown for the crosswind gafig. E.4a and as can
be seen the tlierence between the two is small.

For all configurations the circulation is taken as being thtaltintegrated, positive
or negative vorticity, (which one depends on the rotatiorth&f vortex) within the
whole circular domain. Therefore referring to the exampl€ig. E.4, the circulation
for the crosswind case is calculated to be #8F*. For quiescent conditions, the

positive vortex has a calculated circulation of 01$% ! whereas the negative vortex
is -0.881Ps™1*

I
Vy= —— (E.1.2)
2nr;|
x +-vew,
120 v 201~ O +vew,only
Vs o rhvew, } ve vortex
1w00kZ % &® ——6c— -vew,only
®® x +-vew,
P ® O +vew,onl
80—@ : ® z y
n |
Qa |
Eeof |
|
> =
40 |
|
|
20
: rC
0 \,/ 1 1 1 1 ]
0 0.005 0.01 0.015 0.02 0.025
r (m)
(a) Crosswind snapshot (b) Quiescent snapshot

Figure E.5: Circumferentially averaged swirl velocity against radistance from the centre
for (a) crosswind snapshot and (b) quiescent conditionbditn positive and negative vortices
(only every 4" symbol shown)

With the distribution of circulation obtained as a functioivadial distance, the swirl
velocity distribution,V,, is then obtained by dividing the local circulatidn, at each
radial position by z2r (Eq. E.1.2). The resulting plot is shown in Fig. E.5 for both
crosswind and quiescent conditions.

V9 21/n

" ] (E.1.3)

Ve,max (1 + r*2”)1/”

"This is not strictly true as just before the vortex blows-gwander crosswind conditions, multi-
ple vortices can be observed which are associated with theaphing boundary layer vorticity (see
§7.2.2). However this situation only occurred for two confagions under crosswind conditions and
for such cases the same processing methods were applieshpadgon to that in headwind conditions

#Note in Fig. E.4 the abscissa is the absolute value of citicmla
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Figure E.6: Normalised tangential velocity against non-dimensioaalial distance showing
experimental data for a single vortex snapshot with the irfitdaso included (only every %
symbol shown). For the quiescent case, results for only dis@ipe rotating vortex is shown in
the figure for clarity.

The radial position of peak swirl velocity¥smax gives the vortex core sizeg (Fig.
E.5a). Non-dimensionalizing the swirl velocity distritart by the peak value, and
the radial distance by the vortex core size enables thet¥atghape facton, to be
calculated using a least squares fit of the velocity distioiou(Eq. E.1.3). The total
individual vortex strength is obtained by integrating wty over the whole circular
domain.

The vortex strengthl], core sizef. and Vatistas shape factar, was determined for
both positive and negative vortices (if both are presentafidlowfield snapshots (i.e.
300). The total average strength of the vortex systéms determined by comput-
ing the average of all positive vortex strengths, and all negative vortex strengths,
'™ over all 300 vortex snapshots and summing the absolute ragsi of both (Eq.
3.6.4).

T = +|r| (E.1.4)

For the majority of crosswind configurations only a negativeex was present, hence
the total circulation is given by:

= (E.1.5)

The total average non-dimensional vortex strengjthjs then calculated by dividing
I" by the intake velocitylJ;, and intake diameteD,, from the dimensional analysis
presented i43.1.1:
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I

=
UiD,

(E.1.6)

E.2 Disk Size Determination

In order to establish the size of the circular domain usegfocessing a number of
disk sizesrmax Were initially used to determine the sensitivity. In gealeris desir-
able to make the circular zone as large as possible. Howsseause the measurement
domain was fixed in space, the vortex was occasionally closiee edge of the area
which consequently has implications on the measuremeantthet can be used. In
addition, with multiple vortices being observed at the Plgne for some configura-
tions, it is preferable to ensure that the integration doneaily includes the vortex of
interest. As well as the above, a very large area size hagisagrt implications on the
processing time and given the amount of configurations tbedito be processed, this
is an important issue. To examine thi&eet of the domain size on the vortex charac-
teristics four diferent circular zones were tested with,,/D; values of 0.15,0.25,0.35
and 0.45. In doing this, the resolution of the disk was kepistant by satisfying the
following ratios:

Mmax _ g (E.2.1)

Imax

Jmax _ 1.74 (E.2.2)

Imax

Table E.1 summarizes the circular zone characteristios instne tests. In these tests
both positive and negative vorticity was integrated wittiie whole domain of each
respective circular zone. Fig. E.7 shows the variationncutation with radial distance
from the centre of the vortex for a typical crosswind snap$tioall four zones. The
general criteria used to determine the zone radius, was to ensure that the change
in circulation for a given change in the disk size was less th#% (Eq. E.2.3). For
the example shown in Fig. E.7 the vortex circulation withiaadistance reaches a
plateau at a radial positiom, of approximately 0.0&. The vortex characteristics
for all the domain sizes tested are shown Table .E.1. Thegeh&tom 0.15 to 0.25
(rmax/Di) leads to a 5.6% increase in the circulation which thereifmdecates that the
0.15 domain size is not large enough given the criteria ubkmvever an increase in
the radius from 0.25 to 0.35 corresponds only to 0.24% irserea the circulation.
Hence theax/Di = 0.25 was deemed large enough for processing.

AT
<005 (E.2.3)
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Figure E.7: Circulation as a function of radial distance from the cenfrhe vortex for various
circular domain sizes (only every"&ymbol shown for clarity)

rmax/Di Imax Jmax r(st—l) rc/ri n

0.15 90 157 3.89 0.058 0.94
0.25 150 261 4.11 0.058 0.89
0.35 210 365 4.12 0.058 0.88
045 270 469 4.15 0.058 0.87

Table E.1: Effect of circular domain radius;ax 0n the vortex characteristics for a crosswind
vortex snapshot

E.3 Effect of Disk Resolution

As well as the domain size, the grid resolution was also tnyated to establish its
sensitivity during the interpolation process. This studdsveonducted using the cir-
cular domain radius of 0.2% {.,/D;). The grid resolutions in terms of the number of
radial, | nax and circumferentiallmay grid points are summarized in Table E.2. Again
the vortex circulationl, is calculated by integrating both positive and negativiieo
ity. The sensitivity of the vortex characteristics to th&gesolution is in general very
small. Since the circumferential and radial grid points egei-spaced, the cell area
increases with radial distance from the centre of the donrstithe lowest resolution
tested the cell area at the edge of the domain was largerliearotresponding area for
the original rectangular structured data. As a result #asl$ to some sensitivities in
the results in comparison to the higher resolution casdsd€2). The vortex param-
eters were found to have converged with the resolution sgtat Jmay) = (150,261),
hence this was the grid resolution chosen for the circulanalo.
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Imax \]max F(mzs_l) rc/ri n

30 53 4.18 0.034 0.54
90 157 4.12 0.054 0.89
150 261 4.11 0.058 0.89
210 365 4.11 0.058 0.89
270 469 411 0.058 0.89

Table E.2: Effect of circular domain resolution on the vortex charactiess

E.4 Method Limitations

As already stated above, for some configurations the vopaia unsteadiness was
relatively large, which consequently means that the vageccasionally at the edge
of the measurement domain (Fig. E.8a). In this case thecigrtvithin the portion of
the circular domain that is outside the PIV measurementiarset to zero during the
interpolation process. This can be seen from the contoetden Fig. E.8b. Typically
this situation happened for approximately 10-20% of allesasTo overcome this is-
sue the ground vortex is assumed to be axi-symmetric (i.ba¥e an axi-symmetric
vorticity distribution). Vorticity on the opposite side tie vortex axis is mirrored to
fill in the missing data (Fig. E.8c). This is mathematicatypeessed below using the
example in Fig. E.8.

The circular zone is split into four quadrants (Fig. E.3)htihe edges being defined
by the grid pointsl,, J; andJ, (Fig. E.3 and Eq. E.4.1 - E.4.3).

J = M (E.4.1)
Js = M (E.4.2)
Jy = w (E.4.3)

Within Matlab grid points with zero vorticity are locateddadata is mirrored with
respect to the symmetry plane depending on the quadranthdahissing data lies
in. Using the example in Fig. E.8, a point ) with zero vorticity will be found in
quadrant 1. From this point the equivalent position on theeoside of they-axis
will be identified (i.e. in quadrant 2 for this example) andyigen by the coordinate
position {, (J, + (J> — }))). If this data point has a non-zero value of vorticity then
value is copied to the grid point, ():

wAl, J) = (i, (B2 + (J2 = ) (E.4.4)

However if this data point also has zero vorticity, as is tasecin Fig. E.8b, then the
mirrored position with respect to theaxis is used which in this case is in quadrant 4:
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Figure E.8: Example application of the data filling method. (a)Exampteuar domain that
is over the edge of the original PIV measurement area (b) Aeclg of the circular domain
with zero vorticity at the top and (c) the resulting contolat @after the filling process.

wAi, J) = wAi, (B2 + (Ja = ]))) (E.4.5)

This process is repeated for points which have zero voyrtigiall four quadrants. The
resulting plot is shown in E.8c. Thefact of applying this method on the resulting
vortex characteristics is shown in Table E.3 for the exanddplayed in Fig. E.8.
Since the circulation for a clockwise vortex is determingdriegrating all negative
vorticity only, the vortex strength increases, as expectedwever the data filling
method has no significant impact on the core sizeand Vatistas shape factan,
(Table E.3).
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I (mPs™)  re/r n

Without filling 2.89 0.068 0.69
With filling 3.14 0.068 0.67

Table E.3: Effect of filling data at the edge of the measurement domain

E.5 Outlier Detection

In this section the methods used to detect spurious datdspeithin the processed
vortex characteristics is demonstrated and discussediéthse of an example. Most
outliers manifested themselves with either a very largéexozore radius (of a similar
size to the circular domain radius), possessing a very lgegistas model constant
or being identified in an area in which a vortex could not ofrrfied (for example
underneath the intake at the edge of the measurement domain)

Two primary methods were used to detect outliers within tiad

¢ Within the Matlab code developed to process the vortex ciariatics, a vortex
formation region range was manually inputted. If a 'vorte's detected outside
this range the data was discarded and the code moved ont@xhéowfield
snhapshot.

o Data points were also deemed to be unreliable if the leasireqtit of the Vatis-
tas vortex model with the experimental circumferentialhgr@ge swirl velocity
distribution was greater than 0.3. This is expressed madheatly in the fol-
lowing inequality:

|max

2
. r*
> { V } D J L) [ — > 0.3 (E.5.1)
V, 2N 1/n
- fmax] exp (l+ri ) mode

€=
i=1

The value of 0.3 was chosen after a number of trials in whiehdentified data
points were manually checked. This threshold was found ¢gjaately remove
all the erroneous data points across all configurationsde$t general the aver-
age vortex circulation was noffacted by the filtering, but didféect the vortex
core size and Vatistas shape factor, as both of these pa@watre more sen-
sitive and resulted in unrealistically large values wherciear vortex structure
was present in the flowfield. An example plot of the least semiaesidual of
the Vatistas curve fit is given in Fig. E.9 for the positive tesr under quies-
cent conditions. The figure also includes the thresholdyakldich data points
were rejected. Selected cases which passed and faileditdr@acare shown in
Fig. E.10, which includes the vector field and correspondingumferentially
average swirl velocity distribution.
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Figure E.9: Example plot of the least squares residual of the curve fivben the Vatistas

vortex model and the experiments for all 300 vortex snapshoter quiescent conditions for
the positive vortext{/D; = 0.25, M; = 0.58, U* = o). Also included in the figure is the

threshold used to determine if a data point is unreliable.

E.6 Summary

In this appendix the methods used to determine the vorteractaistics from the
PIV data is described in detail. This includes the vortexudation, I', core size,

r., and Vatistas shape factam, In addition to this, some of the issues associated
with processing the results are discussed and methodsrimepted to overcome the
problems are presented. This appendix also describes havogp data points were
identified and removed.



E.6 Summary E-51

0.1r

—=—— Exp

Model

-0.2

Image 52
€=0.43

1 1 1 1 1 1 | T TR SN TR T TR T N N N N |
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.25 05 0.75 1 1.25 1.*5 175 2 22525 275 3

XD, r

@) (b)

0.1

-0.1F

y/D,

0.2+

0.1r

-0.1F

y/D,

-0.2

15

; Image 180
€=0.14

| | | 1 1 1 | L L L L |
03 0.2 0.1 0 0.1 0.2 0.3 0.4 2 4,8 8 10

(e) ()

Figure E.10: Example snapshots with the corresponding circumferdytilerage swirl ve-
locity distribution as a function of radial distance (Nobte tscales change due to théfeling
vortex core size) for cases which fail the threshold (b & d) ane example that passes the
criteria (f).
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APPENDIX F

Distortion Descriptors

This appendix describes the distortion descriptors camnsdtlin this thesis. Results are
presented for each of the parameters using the crosswiadaldemonstrate the trend
of each respective descriptor with velocity ratio and nanahsional height.

F.1 Loss Cofficient

The loss cofficient, P, is defined in this work as being thefidirence between the area
weighted fan face average total presséeand the minimum average 60 degree sector
pressurePgo hormalised byPs (Eq. F.1.1). To illustrate the use of this paramd®er
has been determined for a range of crosswind velocity ratiéao non-dimensional
heights, as shown in Fig. F.1. The corresponding total presglots for the non-
dimensional height of 0.2%(D,) are shown ir§7.2.1.2.

P; — P
p=— % (F.1.1)
P¢
where
~ 1
P :ZdeA (F1.2)

F.2 TheDCgyParameter

The distortion cofficient, DCq, is defined as being theftikrence between the area
weighted average total pressure and the minimufns@@tor pressure normalised by
the average dynamic head in the intake daet(Eg. F.2.1}". The definition of the
parameters is illustrated in Fig. F.2. TB&4, trend with velocity ratio is plotted in
Fig. F.3 for two diferent non-dimensional heights under crosswind conditidesan
be seen this parameter exhibits similar features to theclogBcient.
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Figure F.1: Loss codficient descriptor,P, as a function of velocity ratio for two non-
dimensional heights under crosswind conditiofis=(90°)

P; — P,
DCeo = % (F.2.1)
f

F.3 TheKD, Index

This parameter considers circumferential distortion @ets. At each radial location
(i.e. for each ring pressure distribution) théference between the ring average pres-
sure, Pying, and the corresponding minimum probe press&gn probe: IS determined
and is then normalised b,y (Fig. F.4). This value is then multiplied by the loss
extent,d-, which is the size of the low pressure region in degrees $hatver than the
average ring pressure (Fig. F.4).

Nrings F_)ring — Pminprobe
05 . (F.3.1)
i

=1 I:)ring

where

_ 1 360
Pring,i = %L P(H)I d9 (F32)
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Figure F.2: Definition of DCgo parameters (a) example total pressure contour plot undss-<r
wind conditions showing the 8Gsector region and (b) the radially averaged circumferentia
total pressure plot against theta (Note: the line marked s/tAeP+ line and B is thePgq line)

F.4 Intensity

SAE?* recommend a distortion descriptor for assessment rel&tingrodynamic sta-
bility and performance called the Intensity (Eq. F.4R)is the ring average pressure
(Eqg. F.3.2, Fig.F.6a) whilB,,,; is the average pressure of the low-pressure region (Eq.
F.4.2, Fig. F.6a).
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Figure F.3: DCgp against velocity ratio for two non-dimensional heights eincrosswind con-
ditions
Nrings ~ ~
Intensity= ( (F4.1)
; P
where
_ 1 ]
i Joi

with

0 = 0y — 0y (F.4.3)
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Figure F.4: (a) lllustration of ring definition and index system (b) arae¥le ring pressure
distribution fori=8 ring location (i.e. through the centre of the vortex) ithasing the ring
average pressuringi, and the minimum pressurBin probe

F.5 Summary

A number of distortion descriptors have been introduced apyulied to the current
problem. The loss cdicient andDCgo are sector descriptors whereas #B, and
the Intensity are based on circumferential distortion eets. Despite the fferences
all parameters exhibit the same trends.
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Figure F.6: (a) Typical ring pressure distribution through the cenfrthe vortex (see Fig. F.4a
for ring location) illustrating the ring average pressupg.g), the low-pressure region and the
low-pressure region average pressiiig, and (b) A plot of intensity as a function of velocity
ratio for two non-dimensional heights under crosswind dioms
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APPENDIX G

Uncertainty Analysis

The uncertainties associated with the intake heilghd(), tunnel velocity U.,), intake
velocity (U;), and also an estimation of the velocity error of the PIV hessis given in
this appendix. The latter error estimation is derived usiyigthetic images presented
in Raffel*!. All other uncertainties were derived following the metbqmoposed by
Taylor®’

G.1 Intake Ground Clearance

The intake ground clearance was set by placing blocks of avkrn®ight underneath
the intake. The variable height strut was manually adjustechatch the clearance
between the lowest point of the outer intake surface and thengl with the block
height. In total three non-dimensional heights were ingas¢d and were equal to
0.25, 0.32, and 0.41(D,). The clearance between the lowest point of the outer intake
surface to the ground plan, for each height-to-diameter ratio was 20, 32 and38
respectively. Foh. = 20 mmthe height was measured using ar@thblock, whereas

for h, = 32 mmthe clearance was set using a combination of engtblock and two 1
mmblocks. In contrast foh, = 38 mman amalgamation of a 20, 15, and thresth
blocks were implemented.

The relationship betweehg, andhis given by Eq. G.1.1:

h= hc+% (G.1.1)

The intake heighth, is then non-dimensionalised by the intake highlight dieen®,.
In this appendix the intake height-to-diameter ratio wéldeenoted by*:

~h
=5 (G.1.2)
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G.1.1 Error Sources

Sources of uncertainty in the ground clearance are:

1. Uncertainties in the block heights
2. The human error in setting
3. Uncertainty in the intake highlight diameter sigxg,

4. Uncertainty in the intake outer diameter dimension,

The block heights were manufactured from a CNC machine amefibre the uncer-
tainty is expected to approximately 0.06%n for each block. However, the human
error in setting the height is expected to be considerabetaat 0.5mm It is there-
fore assumed that the uncertaintyhinis solely due to the human error factor. Hence
éh. = 0.5 mm The uncertainty in the intake outer diamet&b, is also expected to
be 0.5mm Following TayloP’ the uncertainty irh given bysh can be estimated as
follows:

sh = 4/(6he)? + (5D)? (G.1.3)
= /(0.5)% + (0.5)

= 0.707mm

Hence for the lowest intake non-dimensional height of Ot ®() the uncertainty can
be calculated as follows:

2 2
s (o)

(e sy

= 3.6% (G.1.6)

Following the same process for the larger ground clearah@4ahe uncertainty is
estimated to be 1.9%
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Figure G.1: Schematic of the pressure system used in all the experiments

G.2 Pressure System and Associated Measurements

A schematic of the pressure system used in all experimestwiwn in Fig. G.1. The
system comprises of 40 PX139-005D4\ftfdrential pressure transducers, three Fur-
ness FC-044 transducers and one FC-3fi@wintial pressure transducer. The PX139s
are used to measure both the static and total pressures Withintake duct. The ref-
erence pressure for the intake measurements (i.e. for tA8%X is the tunnel static
rings pressureps; (Fig. G.1). This pressure is the arithmetic average of fauie
spaced static pressure measurements around the circacdeoé the tunnel in the
contraction at the location marked Ipy; in Fig. G.1. In addition a Furness Controls
FC-044 pressure transducer is used to measure the refenesseireps, against am-
bient pressure?,mpand also the tunnel static and total pressures in the wodantjon

via the pitot static tube (PST, Fig. G.1). Therefore by ngptime ambient pressure be-
fore each run the absolute pressure can be determined whihintake. All channels
from the PX-139s and the FC-044 were passed through a Natimsteuments PCI-
6255 16-bit DAQ card which converts all signals from all chals into digital. Data
acquisition was controlled using Lab View version 8.5 arelgampling frequency and
period was set at 608z and 5srespectively for all tests.

G.2.1 Determination of Tunnel Speed

During tests the tunnel speed,,, was set by measuring thefidirence between the
ring static pressures in the contraction, using a Furnesdr@e FC-318 dterential

pressure transducer (Fig. G.1). This pressure is thenphiattiby a tunnel calibration,
kwun, to determine the dynamic pressuege, in the working section (Eq. G.2.1). The
density is calculated by measuring the temperattirenside the settling chamber of
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Figure G.2: Calibration curves for (a) all 40 PX139-005D4V transducand (b) all FC-044
transducers

Transducer A RangePa) Supply VoltageV) Error (% Full-scale)
PX139 005D4V 34474 5 0.1%
FC-044 960738 2500 12 0.3%
960740 2500 12 0.3%
960739 2500 12 0.3%
FC-318 0603242 981 12 0.3%

Table G.1: Transducer characteristics used in the experiments

the tunnel (Fig. G.1) and the atmospheric presseyg, (Eq. G.2.2).

O = (pstrz - pstr) X ktun (G-2-1)
I:)amb
po~ BT (G.2.2)

The tunnel velocity can therefore be calculated as follows:

U = 4|2 (G.2.3)
Peo

The above method of calculating the tunnel velocity was oslgd as guidance during
tests. This is because the calibration factor only appbesih empty tunnel and the
ambient pressure is used to determine the density. Theltueloeity quoted in text is

that measured from the pitot static tube in the working secthAs explained above the
pressures from the pitot-static tube are measured using@h@44 transducer which
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Measurement Transducer Value

Po—Pamp  T1 413.480Pa
Do — Pamy T2 -79.093Pa
T - 289K

Pamb - 98204Pa

Table G.2: Typical measurement values for the calculation of tunnigoiy at 30ms?

uses the ambient pressuR,,, as the reference pressure. Hence the tunnel velocity
is determined by first calculating the dynamic pressqeg as follows:

O = (Poo — Pamb) — (poo — Pamb) (G-2-4)

The density is therefore calculated using Eqg. G.2.5:

LS
N —

~ G.25
RTo ( )

The tunnel velocity is then calculated using Eq. G.2.3 above

G.2.1.1 Error Sources

For the pressure system the error sources comprise of fbefiog factors:

Calibration error of the transducefs,
Resolution error of the transducefgs
Accuracy of the transducers quoted by the manufactusgrs,

Uncertainty in ambient pressui,my

o & 0 oE

Uncertainty in total temperatur&,

G.2.1.2 Uncertainty in Tunnel Speed

An uncertainty band for the tunnel velocity,., is calculated for the median speed
investigated which was 3Ms . The typical measured pressures for this tunnel speed
are summarized in Table G.2.

Given the above sources of error, the uncertainty in thesthacer readingjr, can be
calculated using the following relationship:

61 = (e + (610 + (51 (G.2.6)
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The calibration errord.,, is calculated from the calibration curve (Fig. G.2) for the
specific transducer that was used and is calledyteeror. This was calculated in
Microsoft Excel using the LINEST function. Since the deteration of the tunnel
speed uses two transducers, T1 and T2 (Table G.2) the asgbuiacertainties are as
follows:

6cal,T1 = 2.854Pa (G27)
5caI,T2 = 1.180Pa

The resolution errog,.s, is determined from the number of bits the DAQ card has and
the voltage range that it operates in. In these experimbatBAQ card implemented
has 2° bits with a voltage range of 2 Hence the minimum voltage that the DAQ
card can resolve is:

12
Vmin = o1 = 0.00018%

Converting to pressure using the calibration of the transtiigives:

5resTl = 0.22333

The transducer error is the error quoted by the manufactaned is typically a per-
centage of the full-scale range. For FC-044 transducers tasdetermine the tunnel
velocity the range is 250Pa and the quoted error is 0.3% of the full range. Hence

5te,T1 = 5@1’1 = 7.5Pa

oty = \/(5ca|,T1)2 + (Srest1)” + (SeT1)? (G.2.8)

= (28547 + (02237 + (7.5
_ 8026Pa

As a fractional uncertainty this is:

611 _ 8028
Pr; 413480

= 0.0194

In a similar fashion:

o12 = 7.595Pa
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612 7.595

— = ——=0.096

Pro  79.093
The static pressur@,., is calculated using the pressure reading from the T1 trasesd
and the ambient pressure. The ambient pressure for thisydartexample is 98204
Pa(Table G.2) and the associated uncertaiéity,,, is 5Pa. Hence:

5o = \J (6722 + (Bp,e)? (G.2.9)

= /(7.5992 + (5)?

= 9.093Pa

5o 9.093
MLt 27
0. ~ 98124907 00009

In terms of the density,.,, the uncertainty, can be estimated as follows:
Firstp., is calculated:

_ P _
Po= o7 = 1.18%gn?
Given thatyor = 0.5K:
Op.. (5poo )2 (5T )2
—_— = — | +|(= G.2.10
Peo \/ Peo T ( )
= \/(0.00009272 +(0.00173? (G.2.11)
=0.00173 (G.2.12)

The dynamic pressure is given by thdfdience in the pressure transducer readings.
Hence the uncertaintyy_, is given by:

Sq. =  (610)% + (612) (G.2.13)

= /(80297 + (75957 (G.2.14)
_ 1105Pa (G.2.15)

Hence given thad),, = 492.573kgnPs2
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Measurement Transducer Value

Pi — Pstr T1 -19914Pa
Pstr — Pamb T2 -2.176Pa

T - 290K

Pamb - 96952Pa

P T1 96857.676Pa
pi T1,T2 77035.460Pa

Table G.3: Typical measurement values for the calculation of the mtadocity,U;

5. 11052
L = 0.0224
G 492573

The uncertainty in the tunnel velocity can then be calcdlatgng the following:

6UN (5’000 )2 (6%0 )2
— =054/|—]| +|— G.2.16
Uoo J Poo qoo ( )

=1.1% (G.2.17)

G.2.2 Determination of Intake Velocity

The intake velocity was determined by placing the intakeffam the ground and
measuring the average static pressure and area weighteajavietal pressure in-
side the intake duct. The average static pressprewas measured by connecting
12 equi-spaced static pressure ports around the intakentiecence together to give
an arithmetic average (see Fig. 3.1a for static pressutelgmations). The average
total pressureR;, was determined using four total pressure rakes equi-dpaue ro-
tating the intake twice to give 108 total pressure measunésneithin the intake duct.
A summary of typical measurement values for the deternmonaif the intake velocity
is given in Table G.3.

The intake static pressure determined from the sum of théramsducer readings and
the ambient pressure:

Pi = Pr1+ Pr2 + Pamo (G.2.18)
= -19914+ 2.176+ 96952
= 77035460Pa
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PR = P
p
96858
77035
= 1.257

(G.2.19)

Given thatTg is 290K and for airy = 1.4 the static temperature can be calculated
using the pressure rati®R:

_ To

N PR(V—J-)/V

290
(1.257)%7

= 2716K (G.2.22)

T, (G.2.20)

(G.2.21)

The density within the intake duct can then therefore beutaied:

|
77035

= 287x 2716
— 0.988Kgn?

The intake velocity is then calculated using the energy topia
Ui = V2Cp (To = T)) (G.2.24)

= /2 x 1005(290— 2716)
=1921ms*?

The mass flow within the intake duct is calculated given thatihtake aread, is
calculated using the intake inner radigswhich is equal to 0.05:

= 1921 x 7 (0.05)* x 0.988
= 1.4%gs*



G-70 Uncertainty Analysis

The intake Mach number can also be computed given that tlelsgdesound is equal

to VyRT:

U;
M = G.2.26
= GRT (G.2.20)
~ 1921
V1.4 x287x 2716

= 0.582

G.2.2.1 Uncertainty in Intake Velocity

Determination of the intake velocity implements 37 PX13thsducers and one Fur-
ness Controls FC-044 fierential pressure transducer. Similar to the tunnel vloci
uncertainty analysis the calibration slope and assoceted are all approximately the
same for the PX139 transducers, therefore an averageor is taken.

The calibration error for the PX139s transducdar$, and the FC-044T2, is as fol-
lows:

Seat1 = 27.1Pa (G.2.27)
Seal12 = 2.85Pa (G.2.28)

For the resolution error for the two types of transducers is:

VininT1 = % = 0.000076/ (G.2.29)
12
VininT1 = 575 = 0.000183/ (G.2.30)

Converting to pressure using the calibration of the transiigives:

Srest1 = 1.314Pa (G.2.31)

Srest2 = 0.223Pa (G.2.32)

The transducer error for the FC-044 transducer is 0.3% ofntagimum pressure
range, whereas for the PX139s the error is 0.1% of the maxipressure. Hence:

6te,T1 = 34.474Pa
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5te,T2 = 7.5Pa

611 = \Fears)’ + (Bress)’ + (GeeTs)? (.2.33)

= \/(27.1)2 +(1.314)° + (34.474?
= 43.860Pa

As a fractional uncertainty this is:

or1 43860
— = —— =0.0022
Pr1 19914 0.00

In a similar fashion:
o012 = 8.028Pa (G.2.34)

612 4.106

— = —— =23.690

Pr, 2176
The static pressure in the intake dugt, is determined from Eq. G.2.19. Given that
the uncertainty in the ambient pressugm,, iS 5 Pa hence the uncertainty ip; is

given by:

5 = \(6712)2 + (6512)% + Goums)” (G.2.35)

- 438602 + (80287 + (57
= 44.868Pa

As a fractional uncertainty this is:

5, 44868

o T8 0.00058
b 77035460

For the fan face average pressure, the uncertainty in thiéigrosf the probes and
areas that each probe is associated with is ignored. Siecgrtibes are equi-spaced
in the radial direction from the intake centre, the areaeased with each probe,
increases. The uncertainty of each total pressure reaéing given by Eq. G.2.33.
With three diferent circumferential positions being measured withinitiiake, the
number of probe measurements at each radial localignis 12 (since 4 rakes were
implemented). An estimate for the uncertaintyRp is determined by multiplying
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2
Ap Apbp ApdpNp (Ap5 pr)
4.729E-06 2.074E-04 2.489E-03 6.194E-06
2.695E-05 1.182E-03 1.418E-02 2.012E-04
3.534E-05 1.550E-03 1.860E-02 3.460E-04
4.843E-05 2.124E-03 2.549E-02 6.498E-04
6.152E-05 2.698E-03 3.238E-02 1.049E-03
7.461E-05 3.273E-03 3.927E-02 1.542E-03
8.770E-05 3.847E-03 4.616E-02 2.131E-03
1.008E-04 4.421E-03 5.305E-02 2.814E-03
1.139E-04 4.995E-03 5.994E-02 3.593E-03
1.005E-04 4.409E-03 5.291E-02 2.800E-03

2
% (ApopNo) /A 15.662Pa

Table G.4: Calculation of the uncertainty in the area weighted avefagdace pressurePTf

each areal,, by the uncertainty in the probe readiiag,and the number of probeN,,
(Table G.4). All resulting values are then squared and sunimgether and divided
by the total area of intake dud¥, to give an uncertaintys, (Table G.4).

From Table G.4 the uncertainty iB; denoted byss, is 15.662Pa. In terms of a
fractional uncertainty this is:

55, 15662

The uncertainty in the pressure ratio is therefore given by:

OpR (55f)2 (%)2
Ser _ (%) (On G.2.36
PR \/ Ps pi ( )
- /(0000589 + (0.000162?
_ 0.000604

In terms of the intake static pressure, given that the uaitgyt in the tunnel total
temperaturegr,, is 0.5K, then:

RS

Ti vy ) PR To
= \/(35x 0000609 + (0.00179
- 0.00273

(G.2.37)




G.2 Pressure System and Associated Measurements G-73

The intake velocity is then calculated using Eq. G.2.25 drddrror estimate can
therefore be given by first calculating the uncertainty ia tamperature éierence

(To — T;) here denoted aAT:

Oat = \/(5To)2 + \/@ (G.2.38)
- \/(0.5)2+ {(0.742)?

= 0.894K

As a fractional uncertainty this is:

bur _ 089 _ 50487

AT 18365

Hence the uncertainty in the intake velocity is thereforegiby:

ou; OAT
— =05— =24%
U, AT °
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G.3 PIV Velocity Error

The overall measurement accuracy in PIV involves marfiedint contributing fac-
tors. These factors include how the experiment was seteugxample the laser sheet
alignment with the calibration plate) to how the images asduated (for example how
the size of the interrogation arefiects the measurement accuracy).

The total error associated with a single vectgf,can be decomposed into two groups;
the sum of the bias errorg,;s, and the random errorg,s:

€tot = €pias T €rms (G.3.1)

G.3.1 Bias Errors

Typically three point Gaussian peak approximators areemginted for peak detection
and displacement estimation in the correlation plane. Wisamg this technique bias
errors can occur if the particle image diametkr,is less than one pixel, resulting in
the displacements estimates being biased towards intagexsy This phenomenon is
known in the literature as peak-locking. For the experirmé@mthis thesis the particle
image diameter was typically around 1.5-2 pixels in diamiterefore peak locking is
not expected to have occurred.

0.6
0.5p

0.4 N

0.2 N

0.1

O, (Pixels)
I
|
|
|
|
|
|
|
1
|
y

-0.2-

N
1 N
1
|
1
|
1
|
|

0.3 ] ] ] ] ]
1 -0.75 -0.5 -0.25 0 0.25 0.5

e, (mm)

Figure G.3: Registration errorjreg, as a function of the degree of misalignment of the light
sheet with the calibration plate (data after Petracci &) al
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An additional source of error, which is expected to be thgdat single contributor
to the error in the velocity measurement, is the misaligrinoémhe laser sheet with
the calibration plate. Petracci efahuantified this so-called registration error source
using synthetic images of a pipe flow. In their analysis theea orientations are
at +/-45° to the light sheet, the light sheet thickneag,s, is 1 mm the f-stop is 4
and the magnification is 0.22, all of which are very similathe values used in the
experiments within this thesis. In addition the interregatwindow size used in the
processing was 3% 32 which is again comparable to this work. In the simulatitres
light sheet is traversed with respect to the reference ipasih the calibration target
and the error is recorded. The results have been extractedHetracci et & and are
shownin Fig. G.3. Itis expected that the misalignment ofitjie sheet thickness with
the calibration plate was no larger than Or@gthroughout the experiments applicable
to this research. Hence this leads to a registration efxgr,at worst of 0.13 pixels.

G.3.2 RMS Errors

Huang? identifies a number of sources that contribute to the RMS icgy of the
PIV velocity measurement. These are as follows:

e Poor particle seeding
e Strong velocity gradients
e Out of plane motion
¢ Non-uniformity reflection of particles at flierent angles and orientations
e Nonlinear, non-uniform response of the cameras
e Camera’s dark current noise
e Seeding size
e Optimizing particle image diameter
e Optimizing particle image shift between pulses
e Particle image density
e Image quantization levels
e Background noise (such as a external light sources)
The non-linear and non-uniform response of the camera iergéhas a very minor

effect and is therefore ignored. Also the non-uniform reflectbparticles at dierent
locations and angles is very complicated and can therefarrbenquantified’.
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Poor particle seeding, strong velocity gradients, and éuyilane motion generally
effect the correlation peak, resulting in a weak signal. This m@sult in the noise
peak being detected rather than the actual displacemekt [gédés results in outlier
vectors which are easily detected and removed after thelation. In this thesis
the deformation grid algorithm was implemented which actsdor strong velocity
gradients. Out of plane loss of pairs was avoided by ensuhagparticles do not
move by more than/B of the light sheet thickness between the laser pulsesgitiran
experiment&.

One approach, adopted by fRa et al!, to assess measurement precision in PIV mea-
surements is to uses synthetic particle image recordingsaBing a single parameter

at a time each uncertainty source can be assessed agaiksotine answer to provide

an uncertainty band. Within R&l et al’s analysis a three point Gaussian peak approx-
imator and FFT correlation engine were used in the analybistwis applicable to
this research. Theflect of particle image diameter, interrogation window sjzati-

cle image displacement, seeding, quantization levels ankigsound noise have been
assessed independently. Similar to an approach usedtiel Beal® the diagrams pre-
sented Rfel et al*! for each uncertainty source are used to determine an appatei
uncertainty for the displacement estimate for each camera.
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Figure G.4: Optimizing particle image diamet&r

Fig. G.4 shows thefeect of particle image diametet,, on the measurement precision.
In the experiments performed in this thesis the particlegendiameter was approxi-
mately 1.5 to 2 pixels in diameter and the final interrogatiamdow used was 32 32.
Hence using Fig. G.4 the uncertainty as a result of the paititage diametesy, is
approximately 0.03 pixels.

Particle Image Displacement

Fig. G.5 displays theftect of the particle image shift on the RMS uncertainty for
different interrogation window sizes andtdrent particle image diameters. The post-
processing method used in this thesis implements a muds-paocedure which en-
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Figure G.5: Effect of particle image displacement on the measurement taiagf

ables the interrogation windows téfset between passes, according the displacement
field estimated from the previous pass. This increases theauof particle image
pairs detected and also increases the detectability ofdirelation peak. By imple-
menting such a procedure the particle image shift is exgdoté®e no more than 0.5
pixels. In the experiments the particle diametkr,was between 1.5 and 2 pixels and
the final interrogation window size was 3232. Hence the uncertainty due to the
particle image displacemed,q, is expected to be approximately 0.01 pixels.

Particle Seeding
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Figure G.6: Measurement uncertainty for a single expogilwable frame PIV as a function of
particle image shift for dferent particle densitiés$

Fig. G.6 shows thefiect of particle image shift against uncertainty for variouage
densities (note with windowftsetting being implemented, the particle image shift is
expected to be no greater than 0.5 pixels). In the expersmetdted to this thesis the
interrogation area was 32 32 pixels in size and typically there was approximately
15-20 particle images within each region. This would resudt maximum uncertainty
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level due to the seedingys, of approximately 0.02 pixels.
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Figure G.7: Effect of image quantization levels on the measurement unaigrth

The dfect of image quantization levels on the measurement umaria shown in
Fig. G.7. The cameras implemented in this thesis were E2-Hiénce using Fig. G.7
the uncertainty is expected to be at worst 0.03pixels.

Background Noise

In terms of background noise Fig. G.8 illustrates tffed of this aspect on the RMS-
uncertainty. In the simulations normal-distributed (vhihoise at a specified fraction
of the image dynamic range was linearly added to each flixéh the experiments
background noise can be introduced due to unwanted refsctas well as addition
light sources. It is expected that the background noisddevere no larger than 5%
during tests therefore the uncertainiyy, as a results of this is expected to be no larger
than 0.03 pixels.

G.3.3 Uncertainty Estimation

Speak= 03, + 02+ 2y + 0% + 0B (G.32)
= V0.032 + 0.012 + 0.022 + 0.032 + 0.0 = 0.057px
St = Tt Peasc g (G.3.3)

= V0.0572 + 0.0572 + 0.12 = 0.15px
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Figure G.8: The dfect of background noise on the RMS-uncertainty for varyiagiple image
shift distance®

To obtain an uncertainty band for the measured velogifyneeds to be converted
into a displacement in physical space. For the cameras nsedgeriments the CCD
size was 15mmwith 2048pixels which leads to 7.324 10°® m/pixel. Since the
uncertainty estimate is 0.15pixels, this leads to a digplent uncertainty of 1.k
10° m. Typically the measurement area was approximately 2 1000 mmwith a
spatial resolution of 0.86hm This gives a magnification factor of 1510 or 0.136.
Hence the displacement error in physical spagds equal to 8.05% 10°°® m. For the
experiments the pulse separation time was on averagéénce the uncertainty in the
velocity can be calculated as follows:

Sy 9.131x10° .
=——=—— =1611Im 3.4
“TAtT T5x10° 6Lims (G.3.4)
For an average velocity),,, of approximately 50ns close to the core of the vortex
across all configurations the relative error is therefore:

6y 1611

— = —— =3.2% 3.

U ) 3.2% (G.3.5)
To obtain an uncertainty estimate for the out-of-planeieiiyt w,, first an error band
for the velocity gradientyu/dy, is computed as given by Eq. G.3.8 whereis the
grid resolution.

1
Oaujay = AX [\/55 + 55] (G.3.6)

= 132651 (G.3.7)

Since the uncertainty in the velocities is the same an emadlfor the out-of-plane
vorticity is then given by the following:
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2
Sw, = \/(%umy) + (Savjn)’ = 18751 (G.3.8)

Since the circulation was calculated by integrating theieiby within a circular do-
main, the area of each cell increases with radial distarmee fthe centre of the circular
zone. As described in Appendix E, the circular zone used B&dradial (. and
261 circumferential {nax) grid points. The uncertainty in the circulation was theref
calculated by multiplying,,, by the area of the cell at each radial locatiénand by
the number of circumferential grid pointd,ax (Eq. G.3.10 where is a radial index
from the centre of the circular zone).

Imax
S = JZ [AGuna] (G.3.9)

i=1

= 0.3mPs?t (G.3.10)

G.4 Summary

Measurement Uncertainty

h/D, 1.9-3.6%
Us 1.1%

U; 2.4%

u, v, w 3.2%

Wy 1875s!

r 0.3ms™

Table G.5: Summary of uncertainties in selected variables



